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A novel catalytic kinetic method is proposed for the determination of Se(IV), Se(VI) and total inorganic selenium 
in water based on the catalytic effect of Se(IV) on the reduction of bromate by p-nitrophenylhydrazine at pH 3.0. The 
generated bromine, Br2 or Cl2 plus Br2 in 0.1 M NaCl (or NaBr) environment efficiently decolorized Calmagite and 
the reaction was monitored spectrophotometrically at 523 nm as a function of time. In this indicator reaction, bro-
mide acted as an activator for the catalysis of selenium (IV) and a reducing agent for selenium (VI) at pH 3.0, which 
allowed the determination of total selenium. The fixed time method was adopted for the determination and speciation 
of inorganic selenium. Under the optimum conditions, the calibration graph are linear in the range 1 - 35 µg L‒1 of 
Se(IV) for the fixed time method at 25 oC. The detection limit based on statistical 3Sblank/m-criterion was 0.215 µg L‒1 
for the fixed time method (7 min). All of the variables that affect the sensitivity at 523 nm were investigated, and the 
optimum conditions were established. The interference effect of various cations and anions on the Se (IV) determina-
tion was also studied. The selectivity of the selenium determination was greatly improved with the use of the strongly 
cation exchange resin such as Amberlite IR120 plus. The proposed kinetic method was validated statistically and 
through recovery studies in natural water samples. The RSDs for ten replicate measurements of 5, 15 and 25 µg L‒1 
of Se(IV) and Se(VI) was changed between 2.1 - 4.85%. Analyses of a certified standard reference material (NIST 
SRM 1643e) for selenium using the fixed-time method showed that the proposed kinetic method has good accuracy. 
Se(IV), Se(VI) and total inorganic selenium in environmental water samples have been successfully determined by 
this method after selective reduction of Se(VI) to Se(IV).
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Introduction

The determination of selenium in natural waters has received 
great attention during the past years owing to the biological 
importance of this element. Selenium is an essential trace ele-
ment but at elevated levels it is toxic to biological systems.1-2 
It is generally recognized that the toxicity and the bioavailability 
are controlled not only by the total concentration but also by 
the chemical forms. The physiological behavior of selenium 
is dependent upon its oxidation state Se(IV), Se(VI) and Se(-II), 
selenide being generally present in organic forms (selenocys-
teine, selenomethionine, methylated compounds). The con-
centration of selenium generally encountered in natural waters 
is in the ng L‒1 or sub-mg L‒1 range. So it is important to have 
selective and sensitive methods to identify each species and 
determine their levels.

Over the past two decades various instrumental techniques 
including UV-visible spectrophotometry,3 atomic/molecular 
fluorescence spectrometry,4-7 high performance liquid chromato-
graphy,5 hydride generation atomic absorption spectrometry,8-12 
differential pulse cathodic stripping voltammetry,13 inductively 
coupled plasma mass spectrometry,14 ion chromatography15-16 
and flow injection analysis coupled with hydride generation 
atomic fluorescence spectrometry17 have been developed and 
used for Se speciation.

However, the catalytic kinetic spectrophotometric methods 
offer distinct advantages for being of high sensitivity, low cost 

and simplicity for a large majority of analytes in water sam-
ples.18-22 A significant number of methods for selenium deter-
mination in real samples are based on catalytic effect of Se(IV) 
on the reduction of dyes such as Toluidine blue,23 Methylene 
blue,24 Gallocyanin,25 Semicarbazide26 and Ponceau S.27 Some 
of these methods have high limit of detection, or suffer from 
many interfering ions such as Te(IV) and As(III), or have time 
consuming procedures, or these reagents used are unstable. Addi-
tionally, few catalytic kinetic methods for the determination of 
Se(IV) in water systems have been reported in the literature as 
presented in Table 128-35 but only one catalytic kinetic method36 
exists which allows the determination of Se(IV), Se(VI) and 
total inorganic Se in water samples. Therefore, there is still 
need to develop the more sensitive and selective catalytic kinetic 
spectrophotometric method for the determination and speciation 
of selenium in real samples.

We found that bromate slowly reacts with p-nitrophenyl-
hydrazine using Calmagite as chromogenic reagent in weak 
acidic media and Se(IV) catalytically accelerates this reduction 
reaction at 523 nm. In the present study, a sensitive and selective 
catalytic spectrophotometric method is described for the deter-
mination of Se(IV) and Se(VI) by using reduction of Se(VI) to 
Se(IV) and the Se(IV)-catalyzed reaction of bromate with p- 
nitrophenylhydrazine in the presence of Calmagite. The propos-
ed method could simultaneously determine Se(IV) and (IV + VI) 
in the concentration range of 1 - 35 µg L‒1 without serious inter-
ferences, which allows to monitor easily the selenium species. 
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Table 1. Comparison of some catalytic kinetic spectrophotometric methods for determination of selenium in natural waters and real samples

Reagents
Detection limit, 
detection range, 
µg L‒1 or µg mL‒1

Remarks Sample(s) Ref.

Toluidine blue, Sulfide 0.08, 0.2 - 2 
Flow injection spectrophotometry, The method is suit-

able for routine analysis; about 35 samples can be 
injected per hour.

Ores and pharma-
ceutical preparations

[23]

Methylene blue, Sulfide 2.5 - 30
Induction period method, the catalytic method was 

applied to urine samples with 84.9% recovery
Blood, hair and urine 

samples
[24]

Gallocyanin, Sulfide 0.002, 0.010 - 0.500 620 nm, 30 oC Real samples [25]

Semicarbazide, Hydrazine, 
Bromate

43, 50 - 4000
The method is based on the catalytic effect of Se(IV) 
in redox reaction of bromate with semicarbazide in 

hydrochloric acid media.

Kjeldahl tablets and a 
health-care product

[26]

Ponceau S, Bromate, 
Hydrazine

3.3, 4.5 - 400
525 nm, initial rate(or slope)  method,  pH 1.4, 40 oC, 
There is a serious interfering arising from As(III) and 

Te(IV) ions

Spiked water, kjeldahl 
tablet, Selenium tablet, 

Shampoo
[27]

Bromate, Hydrazine sulfate, 
Ascorbic acid, Activated 
carbon, Methyl orange

0.012, 0.02 - 20.0
525 nm, preconcentration of Se, fixed time method 

(30s), recovery 89 - 105%, RSD 1.0 - 7.1% for Se(IV) 
and Se(VI)

Environmental water [28]

Methylene blue, Sulfide 2.5 - 30
668 nm, interference removed with organic solvents, 
room temperature; recovery 91.8% and RSD 2.3% 

for 15 ppb
Natural water [29]

Maxilon blue-SG, Sulfide 0.205, 0.004 - 0.200
654 nm, fixed time method (4.0 min), 30.0 oC, pH 6.5, 

interference removed by cation-exchange resin, 
recovery > 91%, RSD < 2.27% for 0.004 - 0.16 µg mL‒1

Spring water [30]

Sulfonazo, Sulfide
0.3, 0.5 - 180 and 

50 - 2300
680 nm, by fixed time method; interference removal 

with cation exchange resin
Natural and synthetic 

water
[31]

p-Hydrazinobenzene-sul-
fonic acid (HBS), N-(1- 

Naphthyl) ethylene-diamine 
(NED), Bromide

0.2 - 6
538 nm, flow injection with two schemes, 25 oC and 
100 oC, RSD 1.2 and 1.3% for 3 ng mL‒1 Se(IV) and 

Se(VI) (n = 10)
Natural water [32]

Iron(II) ethylenediamine- 
tetraacetate, 4-Nitroaniline, 

Nitrate, N-Diethyl-N-(1- 
naphthyl)-ethylenediamine

0.1
540 nm, interference removal by ultrasonic 

treatment, RSD 6% and 2% for 0.2 and 2 ng mL‒1 Se
Potable and natural 

water
[33]

Etheylenediamine tetrecetic 
acid disodium salt (EDTA), 

Nitrate, Ammonium 
iron(II) sulfate hexahydrate

2.5 - 200 and 
200 - 2000

Flow injection with 7 samples h‒1, recovery 95 - 104%, 
RSD 3.4% for 5 × 10‒ 8 g mL‒1 Se(IV) (n  = 11), 2.7% 

for 5 × 10‒7g mL‒1 Se(IV) (n = 11)
Seawater [34]

4,5-Dihydroxy-3-(p-sulfo-
phenylazo)-2,7-naphthalene 

disulfonic acid, Sulfide
0.3, 0.5 - 100

515 nm, RSD 2.10 and 1.95% for 0.02 and 0.10 µg mL‒1 
Se(IV), fixed time method (2.5 - 7.0 min)

Natural water [35]

Bromate, Hydrazine dihy-
drochloride, Methyl orange

1.3, 0 - 789.6
507 nm, recovery 97 - 102%, RSD < 6% for 31.6 - 

126.3 µg L‒1 Se(IV) and Se(VI) (n = 5), 25 oC, pH 1.6, 
fixed time (5 min) and initial rate methods

Drinking, natural and 
synthetic water

[36]

Bromate, p-Nitrophenyl-
hydrazine, Calmagite

0.215, 1 - 35
523 nm, recovery 99.2 - 105%, RSD 2.1 - 4.85% for 
2 - 20 µg L‒1 of Se(IV) and Se(VI) (n = 5), 25 oC, pH 

3.0 acetate buffer, fixed time (7 min) method

River water, lake water 
and certified Standard 

reference material

The 
present 
study
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Table 2. Analytical characteristics for the determination of [Se(IV)] using fixed time method in the range 1 - 35 µg L‒1 under optimum con-
ditions of [Calmagite] = 12.5 mg L‒1, [BrO3

‒] = 3.5 × 10‒3 M, [p-nitrophenylhydrazine] = 2.5 × 10‒3 M, 1.5 mL pH 3 acetate buffer, temperature =
25 oC at λmax: 523 nm

Parameters
Fixed‐time method

1 min 3 min 5 min 7 min 9 min 12 min

Linear dynamic 
range, ng mL-1 1 - 35 1 - 35 1 - 35 1 - 35 1 - 35 1 - 35

Linear regression 
equation

∆A1 = 9.96 × 10‒5 

[Se(IV), ng mL‒1] 
‒ 1.19 × 10‒4

∆A3 = 2.25 × 10‒4 

[Se(IV), ng mL‒1] 
‒ 1.87 × 10‒4

∆A5 = 3.46 × 10‒4 

[Se(IV), ng mL‒1] 
‒ 8.86 × 10‒4

∆A7 = 3.95 × 10‒4 

[Se(IV), ng mL‒1] 
‒ 2.40 × 10‒3

∆A9 = 4.64 × 10‒4 

[Se(IV), ng mL‒1] 
‒ 2.55 × 10‒3

∆A12 = 4.87 × 10‒4 

[Se(IV), ng mL‒1] 
‒ 2.86 × 10‒3

Correlation 
coefficient (r)

0.9942 0.9955 0.9975 0.9985 0.9768 0.9634

aDetection limit, 
ng mL-1 13.75 5.62 2.76 0.215 1.85 4.54

aBased on statistical 3Sblank/m-criterion for ten replicate blank absorbance change (∆A0) measurements

The method has successfully been applied to the determination 
of Se(IV) and (VI) in spiked natural water samples such as 
lake water and river water.

Experimental 

Apparatus. In the present study, a Shimadzu model UV- 
visible 1601 PC spectrophotometer equipped with a 1 cm quartz 
cell and a temperature-controlled cell holder (TCC-140A) was 
used for absorbance measurements at a fixed wavelength of 
523 nm. A Grant LTG-6G model thermostatic water bath was 
used to control the temperature of reaction medium with an accu-
racy of ± 0.1 oC. A stopwatch was used for recording the reaction 
time. All solutions were preheated to a temperature of 25 oC 
shortly before the initiation of indicator reaction with and without 
catalyst. A Sartorious Docu-model pH meter supplied with a 
combined electrode pH meter was calibrated with standard 
buffers of pH 4.0 ± 0.1 and 7.0 ± 0.1 and used for measuring 
pH of solutions.

Reagents and solutions. All chemicals were of analytical 
reagent grade. All solutions were made up in Triply distilled, 
de-ionized water. A 0.01 M Se(IV) standard solution was pre-
pared by dissolving 0.173 g of Na2SeO3 in 100 mL water. A 
0.01 M Se(VI) standard solution was prepared by dissolving 
0.1889 g of Na2SeO4 in 100 mL water. A 1000 mg L‒1 stock 
calmagite solution was prepared by dissolving 0.10 g of cal-
magite in 100 mL water. A 0.05 M bromate solution was pre-
pared by dissolving 0.835 g KBrO3 in 100 mL water. A 0.05 M 
p-nitrophenylhydrazine solution was prepared by dissolving 
0.5249 g p-nitrophenylhydrazine in approximately 2 mL 2 M 
H3PO4 and diluting with water up to 100 mL water. The HAc/ 
Ac buffer solution of 100 mL pH 3 was prepared from 0.1 M 
HAc and 1.0 M NaAc solutions.

General procedure. All solutions were thermally equilibrated 
at 25 oC in a thermostatic water bath before addition of reagents. 
A suitable portion of Se(IV) solution in the range of 1 - 35 µg L‒1 
was added into a 10 mL calibrated flask, then 1.5 mL of pH 3.0 

HAc/Ac buffer solution, 0.5 mL 0.005 M p-nitrophenylhydra-
zine and 0.7 mL 0.05 M BrO3

‒ were added and the solution was 
diluted to about 7 mL. After 2.5 mL 50 mg·L‒1 calmagite was 
added, the mixture was diluted to 10 mL. Time was measured 
just after the addition of the last drop of calmagite solution. 
The solution was mixed and a portion of that was transferred 
within 30 s into a 1 cm spectrophotometric cell to measure the 
absorbance change (∆AC) against water at 523 nm over the 
period 0.5 - 7.0 min after the initiation of the reaction by using 
fixed-time method. By the use of a serial of standard Se(IV) 
solution, a calibration graph of net change of absorbance, ∆(∆A) 
at a fixed time versus selenium (Se(IV)) concentration was con-
structed. The detailed calibration data are given in Table 2 as 
follows.

Recommended procedures for inorganic Se speciation in 
water samples. Selenium content in water samples was found 
below the detection limit of the method. Thus the environmental 
water samples were spiked simultaneously with Se(IV) and 
Se(VI) standards giving three different concentrations of 5, 10 
and 20 µg L‒1 and the recovery for Se(IV) was carried out using 
fixed time method of 7 min. The content of Se(VI) in the spiked 
samples was determined after reducing procedures.37 For re-
duction 25 mL of the spiked solution was mixed with 25 mL 
of 12 M HCl in a 100 mL capped hard glass test-tube and heat-
ed in a water bath at 90 oC for 30 min where Se(VI) is quantit-
atively reduced to Se(IV). The resulting solution was diluted 
to 100 mL with 6 M NaOH solution to adjust the pH.37 The an-
alysis for total Se(IV) was carried out using recommended fixed 
time method. The Se(VI) was determined as a difference bet-
ween the recovered total inorganic Se(IV) found after reduc-
tion and Se(IV) found without reduction.

Results and Discussion

Preliminary studies. For the optimization of indicator reac-
tion, the impact of reaction variables such as KBrO3, p-nitro-
phenylhydrazine, calmagite, ionic strength and temperature 
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Figure 1. Effect of time on analytical sensitivity for the net reaction 
rates in the presence of 5, 12.5 and 20 µg Se(IV) L‒1. Optimum con-
ditions: [Calmagite] = 12.5 mg L‒1, [BrO3

‒ ] = 3.5 × 10‒3 M, [p-nitro-
phenylhydrazine] = 2.5 × 10‒3 M, temperature = 25 oC, fixed-time, 7 min
at 523 nm.

of environment on analytical sensitivity, ∆(∆A) was investigated. 
It was found that the maximum change in absorbance as analy-
tical signal (∆(∆A): ∆AC-∆A0)) was occurred within the first 
7 min passing after the initiation of the catalytic reaction. Under 
optimum conditions, it was found that there is a linear relation-
ship with an increasing slope for the selenium concentrations 
of 5, 12.5 and 20 µg L‒1 between analytical signal and reaction 
time for the first 7 min. For this reason, the fixed-time measure-
ment of 7-min was chosen as the most suitable reaction time 
for the determination of selenium in real samples (Figure 1).

OH HO

H3C

OHN=N
O몠
S몠
O

The catalytic reaction mechanism. Calmagite, with the che-
mical name of 2-hydroxy-1-(2-hydroxy-5-methylphenylazo)-4- 
naphthalenesulfonic acid, is an azo dye, which is used as indi-
cator for Ca2+ and Mg2+ ions in water hardness measurement 
and also used as a redox indicator. The decolorization of Cal-
magite in presence of bromate ion is quite slow in weak acidic 
media. However, Se(IV) catalytically accelerates this reaction 
in weak acidic media but the catalysis is too fast to be monitored 
spectrophotometrically. The addition of p-nitrophenylhydrazine 
in the reaction medium slows down the reaction rate. A reason-
able catalytic route of Se is that the p-nitrophenylhydrazine 
reduce Se(IV) or SeOBr2 to elemental Se quantitatively in acidic 
medium as shown in Eq. (4). The elemental Se thus formed is 
oxidized back to Se(IV) by BrO3

‒, generating Br‒ {Eq. (5)}. The 
Br‒ in acidic medium is oxidized by BrO3

‒ to Br2 {Eq. (6-7)} 
which oxidizes i.e. decolorizes Calmagite as shown in Eq. (5) 
and similar observations have been obtained by other workers. 
Thus, the oxidation of Calmagite is significantly accelerated 
in presence of trace quantities of Br2 i.e. indirectly it is catalyzed 
in the presence of trace quantities of Se(IV) {Eq. (8)}. An evid-
ent increase, which is observed in rate of Se(IV)-catalyzed 
reaction at 523 nm may be attributed to a formation of SeOBr2 
as a reactive intermediate, formed in the activation step of indi-
cator reaction with bromide as follows:

OHSeBrOHOSeOBr

SeOOHSeOH
SeOHSeOSeOH pKapKa

22

2232

2
3

36.8:2
3

64.2:1
32

22 +=→+==+

+↔
 →← →←

+−

−−pKa1:2.64 pKa2:8.36

(1)

Again, dependence of catalyzed-reaction rate on acidity 
and activator concentration in determination of total selenium 
can be attributed to a nucleophilic attack of the bromide ion on 
protonated form of selenic acid in prereduction of Se(VI) to 
Se(IV) in acid medium in the temperature range of 20 - 35 oC.

OHBrHSeOBrSeOH

SeOHHSeOH

OHBrHSeOHBrHSeO

2343

4342

2234 22

+→+

↔+

++↔++

−+

++

−+−−

(2)

This intermediate product, HSeO3Br then undergoes further 
reactions, following the overall process:

−++→+ OHBrSeOHOHBrHSeO 3223 (3)

This interpretation based on consideration as a nucleophile 
rather than a reducing agent is also supported by the smaller 
reactivity of chloride ions as can be seen in Figure 8. As the 
formation of Se(IV) is controlled by reaction (2) as the rate deter-
mining step, rate of reactions summarized in Eq. (3) must be 
faster than the rate of the sequence (1) and (2). As reaction (3) 
is faster than reaction (2), no direct evidence is available about 
the sequence of steps in process (3). Nonlinear dependence of 
sensitivity as analytical signal on concentration of bromide ions 
may be due to participation of bromide ions in step (3). It could 
be concluded that the above observations and conclusions in 
this context will be useful in a development of a more reliable 
procedure for determination of Se(VI) in mixtures with Se(IV) 
in real samples.

  
25622 NHNHHCNOHSeO −−++ +

( ) 56222 2 HCNOOHNSe k
Slow −+++→

(4)

  
−− +→++ BrSeOHOHBrOSe 23323 3223 (5)

  
OHBrHBrBrO 223 3365 +→++ +−− (6)

  
In the presence of 0.15 M NaCl or NaCl plus NaBr,

HBrOBrCl 3 2441010 +++ +−−−

OHBrCl 222 1275 ++→
(7)

  
HCNNHCOHCH )( 510463 −=−−−− HSOOH )( 3−−

BrNOHBr 222 +→++ −

OHHCOHCHHSOOHHCBr ])()([ 3633510 −−−+−−−+

  (degradation products)

 (8)
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Figure 6. Effect of p-nitrophenylhydrazine concentration on analytical
sensitivity for the net reaction rates. Optimum conditions: [Calmagite] =
12.5 mg L‒1, [BrO3

‒] = 3.5 × 10‒3 M, 1.5 mL pH 3.0 acetate buffer, tem-
perature = 25 oC, fixed-time, 7 min at 523 nm.

It is well known38-42 that most indicator reactions used for 
kinetic-catalytic determination of selenium at trace amounts 
(where Methyl orange as chromogenic reagent is used) are based 
on oxidation-reduction reactions in which the catalyst that is 
usually a multi-charged ion such as Se(IV) and/or Se(VI) chan-
ges its oxidation state during the reaction especially in the pre-
sence of reducing agents such as hydrazine, hydroxyl amine 
and ascorbic acid. Therefore, the possible catalytic reaction 
mechanism for the indicator system in pH 3.0 acetate buffer 
media may be suggested by a series of reactions as the above- 

mentioned.
The optimization of analytical variables. The effect of pH 

on the rate of the net catalyzed reaction was studied in the pH 
range 1.0 - 5.0 as shown in Figure 2. It can clearly be seen that 
the maximum sensitivity obtained near to 3.0. Therefore, pH 3.0 
was chosen as optimum for further studies. In order to remain 
constant the pH of indicator system the effect of the buffer 
concentration was also examined. The results indicated that 
1.5 mL was optimum amount of NaAc-HAc buffer (Figure 3).

The effect of calmagite concentration on reaction rates was 
studied for a concentration range of 0 - 20 mg L‒1. The present 
study has shown that both the catalyzed and uncatalyzed reaction 
rates increase with increase in calmagite concentration up to 
12.5 mg L‒1 (Figure 4). For convenience and reliability, a cal-
magite concentration of 12.5 mg L‒1 was chosen as optimum 
value for further studies.

The effect of the concentration of BrO3
‒ on the net reaction rate 

was studied in its concentration range 5 × 10‒4 to 1.3 × 10‒2 M. 
Increasing concentration of BrO3

‒ increases rates for both the 
uncatalyzed and catalyzed reactions in the range of 5 × 10‒4 to 
7.5 × 10‒3 M. At the concentration range studied, the net reaction 
rate continued to increase with increasing concentration of BrO3

‒ 
(Figure 5). Hence, a concentration of 3.5 × 10‒3 M was chosen 
for further studies.

The effect of the concentration of p-nitrophenylhydrazine 
was studied for the concentration range of 0 - 15 × 10‒4 M. The 
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Table 3. Effect of interfering ions on the determination of 12.5 µg L‒1

Se(IV) under optimum conditions ([Calmagite] = 12.5 mg L‒1, [p- 
nitrophenylhydrazine] = 2.5 × 10‒3 M, 1.5 mL pH 3.0 acetate buffer, 
temperature = 25 oC, fixed-time, 7 min at 523 nm) and using the 
regression equation based on fixed time method given in Table 2

Interfering ion
Tolerance limit, 

Cinterfering ion/CSe(IV)

K+, Na+, Li+, NH4
+, Ca2+ and Mg2+ 5000a

Cl‐, F‐, CO3
2‒, HCO3

‐, H2PO4
‐, Mn2+, C2O4

2‒, 
CH3COO‒ and ClO3

‒ 1000

NO3
‐, Fe2+, Al3+, Cr3+, Zn2+ and Ni2+ 500

V4+, Ce3+ and CrO4
2‒ 250

I‐,C2O4
2‐, Sn2+ and SeO4

2‒ 100
Pb2+, Co2+, MoO4

2‒, SO3
2‒, I‒ 75

Cu2+, IO3
‒, NO2

‒, Br‒, SCN‒ 50
V5+, Ce4+, As3+, Sb3+ and Fe3+ 15

Hg2+ 1

Sn2+, Pb2+, Co2+, Cu2+,V5+, Ce4+, Fe3+, As3+ and Sb3+ 750 - 1250b

aMaximum tolerance limit tested. bAfter using the cation-exchange 
resin.

Table 4. The accuracy and precision of the proposed kinetic method 
for the determination of Se(IV) and Se(VI) under the optimum con-
ditions ([Calmagite] = 12.5 mg L‒1, [p-nitrophenylhydrazine] = 2.5 ×
10‒3 M, 1.5 mL pH 3.0 acetate buffer, temperature = 25 oC, fixed- 
time, 7 min at 523 nm)

Added (ng mL‒1) Found 
(ng mL‒1)

Precision 
(ng mL‒1)a

Accuracy, 
%Relative 

ErrorbSe(IV) Se(VI)

2.0 - 2.10
C = 2.10 ± 0.05

5SC = 0.10
RSD = 4.76%

10.0 - 9.92
C = 9.92 ± 0.07 ‒0.8SC = 0.14
RSD = 1.41%

20.0 - 19.88
C = 19.88 ± 0.02 ‒0.6SC = 0.05
RSD = 0.25%

3.0 3.05
C = 3.05 ± 0.02

1.7SC = 0.04
RSD = 1.31%

6.0 5.96
C = 5.96 ± 0.02 ‒0.7SC = 0.04
RSD = 0.67%

12.0 12.12
C = 12.12 ± 0.03

1.0SC = 0.07
RSD = 0.58%

aThe mean plus its standard error (C), standard deviation (SC) and 
relative standard deviation (RSD) for five replicate measurements. 
bAccuracy = [(Found-Added)/Added] × 100.
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Figure 7. Effect of temperature on analytical sensitivity for the net reac-
tion rates. Optimum conditions: [Calmagite] = 12.5 mg L‒1, [p-nitro-
phenylhydrazine] = 2.5×10‒3 M, [BrO3

‒] = 3.5 × 10‒3 M, 1.5 mL pH 3.0
acetate buffer, fixed-time, 7 min at 523 nm.
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Figure 8. Effect of ionic strength on analytical sensitivity for the net 
reaction rates. Optimum conditions: [Calmagite] = 12.5 mg L‒1, [p- 
nitrophenylhydrazine] = 2.5 × 10‒3 M, [BrO3

‒] = 3.5 × 10‒3 M, 1.5 mL
pH 3.0 acetate buffer, temperature = 25 oC, fixed-time, 7 min at 523 nm.

plot of initial rate against the concentration of p-nitrophenyl-
hydrazine is shown in Figure 6. It clearly indicates that the 
uncatalyzed and catalyzed reactions rates increase with increas-
ing concentration of p-nitrophenylhydrazine until 2.5 × 10‒4 M, 
where the net reaction rate starts leveling off between the range 
of (1.75 - 5.5) × 10‒4 M (Figure 5). Therefore, 2.5 × 10‒4 M was 
chosen as the optimum concentration of p-nitrophenylhydrazine.

Under the optimum conditions the effects of reaction tem-
perature on the net reaction rate was investigated in the range 
of 20 - 55 oC. It was observed that increasing temperature of 
the catalyzed and uncatalyzed reactions accompanied an increase 
in the rates of reaction. The temperature of 25 oC gives stable 
catalyzed reaction rates while the uncatalyzed reaction rate was 
relatively low and stable. Therefore, 25 oC was the chosen tem-
perature for all subsequent study and analyses (Figure 7).

The ionic strength dependence on the catalyzed and uncatalyz-
ed reaction was studied in the range of 0 - 0.30 M (NaCl or 
NaBr). A plot of ionic strength in terms of the concentration of 
NaCl or NaBr versus the net reaction rate showed that the cataly-
tic reaction rates dramatically increased with increasing ionic 
strength up to 0.10 M for both salt solutions. However, the analy-
tical sensitivity in the presence of NaBr increased with a larger 
slope than those of NaCl in the range of 0 - 0.1 M. Therefore, a 
concentration of approximately 0.15 M was considered as op-
timum value for further study (Figure 8).

Analytical data.
Analysis by the fixed-time method: Calibration graph of chan-

ge in absorbance at a fixed time (∆(∆A)t) versus concentra-
tion of Se(IV) at eight different concentrations were plotted at 
a fixed time (t = 1, 3, 5, 7, 9 and 12 min) in the range 1 - 35 µg L‒1. 
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Table 5. Determination of Se(IV) and Se(VI) in natural river watera

and lake waterb samples

Sample
Se(IV), ng mL‒1 Se(VI), ng mL‒1

Added Foundc Added Foundc

River water 
(Kızılırmak, 

Sivas)

- 1.39 ± 0.03 - 2.68 ± 0.03
5.0 6.43 ± 0.03 - -
10.0 11.36 ± 0.02 - -
20.0 21.42 ± 0.02 - -

- - 5.0 4.92 ± 0.03
- - 10.0 9.96 ± 0.02
- - 20.0 19.94 ± 0.02

Lake water 
(Hafik, 
Sivas)

- < 0.2 - < 0.2
5.0 5.04 ± 0.02 - -
10.0 9.97 ± 0.03 - -
20.0 19.95 ± 0.03 - -

- - 5.0 4.98 ± 0.04
- - 10.0 10.3 ± 0.03
- - 20.0 20.05 ± 0.02

aThe river water samples were collected from Kızılırmak River, Sivas
in Turkey on June 2009. bThe lake water samples were collected from
Hafik Lake, Sivas in Turkey on June 2009. cAverage of six replicate
determinations ± S.D.

It is apparent from Table 2 that the values of error, RSDs and 
detection limits were found to be lowest for fixed time of 7 min 
for 1 - 35 µg L‒1 Se(IV), respectively. Therefore, the fixed time 
of 7 min was adopted with the highest sensitivity and correlation 
coefficient for the analysis of inorganic Se in water samples.

Selectivity of indicator reaction: In order to establish the app-
lication of the proposed method to environmental samples, the 
selectivity of the proposed method was evaluated by determin-
ing 15 µg L‒1 of Se(IV) in the presence of varying amounts of 
cations and anions which are commonly present in environ-
mental waters. The tolerance limit was defined as the concentra-
tion of an added ion causing not more than ± 3% relative error43 
and the results are summarized inTable 3. The interference 
effect of cations could be removed by passing the solution 
through a column containing a strongly cation-exchange resin. 
The tolerance limit was increased up to a value changing the 
range of 750 - 1250 for each interfering species with Amberlite 
IR120 plus as a cation-exchange resin. It was found that many 
of these ions did not interfere, even when present in excess of 
5000 to 50 fold. Those ions which interfere, if present greater 
than 10 fold excess, are seldom present at the concentrations 
levels tested in natural waters.44 Thus the proposed method is 
suitable for the determination of inorganic Se in environmental 
waters in presence of its natural constituents.

The accuracy and precision of the proposed kinetic method: 
The accuracy and precision of the proposed kinetic method was 
established by determining the content of Se at different con-
centration levels in spiked water (in the range of 2 - 20 µg L‒1) 
for the determination and speciation of Se. The results of the 
recoveries by using fixed time method along with standard 
error (SE) and standard deviation (SD) are presented in Table 4. 
The recoveries data presented are quite satisfactory. Thus, it 
can be expressed that the proposed kinetic method may be 

very effective in the analysis of inorganic Se in water samples.
The analytical applications of the proposed kinetic method: 

In order to evaluate the analytical applicability of the proposed 
method it was applied to the determination of selenium in natural 
water samples. The water samples were collected and filtered 
and their selenium contents were measured by the proposed 
method after removing the cationic interference species with 
Amberlite IR120 plus (Table 5). As this table shows, the results 
of the recovery of added Se(IV) and Se(VI) were satisfactory. 
Additionally, the proposed method was applied to a standard 
reference material, NIST SRM 1643e “Trace Elements in Wa-
ter”, with a selenium content of 11.97 ± 0.14 µg L‒1. Mass con-
centrations of SRM 1643e were calculated using the measured 
density of 1.025 g mL‒1. Using the proposed method, the content 
of Se in this SRM was 11.92 ± 0.03 µg L‒1. A comparison using 
t-test, demonstrate that there is not significant difference among 
the achieved results using the proposed method and the certified 
values. By the other way, Certified Reference Material of River 
Water or Natural Water with certified values for Se(IV) and 
Se(VI) do not exist however, the method of standard addition 
is considered as a validation method,45 therefore, increasing 
quantities of Se(IV) and Se(VI) were added to the river samples 
and Se(IV) and Se(VI) were determined by the proposed method 
(Table 5).

Conclusions

The developed kinetic method can be used to determine sele-
nium at levels as low as 0.215 µg L‒1 without the need for any 
preconcentration step. This novel kinetic technique is suitable 
for the determination of the speciation of Se(IV) and Se(VI) in 
environmental samples either directly analyzing them or after 
removal of potential interfering cationic species using a strongly 
cation-exchange resin such as Amberlite IR120 plus when being 
necessary. The proposed method has the advantages of low 
cost, simple operation, a linear range of 35 fold, reproducibility, 
accuracy and, most importantly, low DLs, comparable with the 
DLs obtained by the existing catalytic kinetic techniques.23-36 
As a result, the proposed kinetic method can be simply replaced 
by the use of common chromatographic and atomics spectro-
scopic method with speedy analysis in order to determine and 
speciate inorganic Se and Se species in a simple matrix such 
as environmental surface waters. In addition, kinetic methods 
available, especially for use in underdeveloped and developing 
countries in order to detect the selenium present in real life 
samples can routinely be utilized for a local laboratory.
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