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case,	 the	 preconcentration	 step	 is	 necessary.	 Liquid‐liquid	
extraction	 (LLE)	 is	 widely	 used	 as	 a	 pre‐treatment	 technique	
for	 separation	 and	 preconcentration	 of	 both	 organic	 and	
inorganic	analytes	 from	aqueous	samples.	Nevertheless,	 it	has	
several	 drawbacks,	 such	 as	 emulsion	 formation	 or	 the	 use	 of	
large	 volumes	 of	 toxic	 organic	 solvents,	 which	 makes	 LLE	
tedious,	 and	 environmentally	 unfriendly.	 The	 search	 for	
alternatives	 to	 the	 conventional	 LLE	 using	 negligible	 volumes	
of	extractant	and	 in	minimum	number	of	steps	has	driven	the	
development	 of	 some	 new	 miniaturized	 methodologies	 like	
single‐drop	microextraction	(SDME),	hollow	fiber	 liquid‐phase	
microextraction	 (HF‐LPME),	 cloud	point	 extraction	 (CPE),	 and	
dispersive	 liquid‐liquid	microextraction	(DLLME)	[14].	DLLME	
developed	by	Assadi	et	al.	 in	2006	has	been	widely	applied	 to	
the	analysis	of	heavy	metals,	pesticide	residues	and	so	on	[15‐
18]	 due	 to	 its	 excellent	 analytical	 performance	 compared	 to	
other	microextraction	techniques.	

It	 is	 well	 known	 that,	 the	 ion	 pairing	 reagents	
tetraphenylphosphonium	 halide	 (TPP+	 X−)	 can	 form	 stable	
complex	 ion	 associates	 with	 several	 of	 oxoanions	 in	 organic	
media.	 One	 of	 these	 complexes,	 formed	 between	 tetraphenyl	
phosphonium	bromide	(TPP+	Br−)	and	halochromate	(CrO3Cl−),	
has	 been	 employed	 for	 developing	 a	 simple,	 convenient,	 and	
low	cost	 spectrofluorimetric	and	 spectrophotometric	methods	
for	 the	 determination	 and	 speciation	 of	 chromium	 (III,	 VI)	 in	
water	samples	[19,20].	Therefore,	the	aim	of	the	present	study	
was	to	develop	a	novel	environmentally	friendly	procedure	for	
the	 determination	 of	 bromate	 ions	 in	 water	 using	 the	 ion	
pairing	 reagent	 tetraphenylphosphonium	 iodide	 (TPP+	 I−),	
followed	 by	 DLLME	 of	 the	 formed	 ion	 associate	 into	 organic	
phase	and	subsequent	UV‐vis	spectrophotometric	detection.	
	
2.	Experimental	
	
2.1.	Apparatus	
	

The	UV‐visible	(190	‐	1100	nm)	spectra	were	recorded	on	a	
Perkin‐Elmer	 (model	 Lambda	 25,	 USA)	 spectrophotometer	
using	a	quartz	micro	cell	(45	mm	high,	internal	width	4	mm	and	
path	 length	 10	 mm)	 with	 800	 μL	 internal	 capacity.	 A	 digital	
micropipette	 (Volac)	 and	 an	Orion	 pH	meter	 (model	 EA	 940)	
were	 used	 for	 the	 preparation	 of	 more	 diluted	 bromate	 ion	
solutions	and	pH	measurements,	respectively.	Deionized	water	
was	obtained	from	Milli‐Q	Plus	system	(Millipore,	Bedford,	MA,	
USA)	and	used	for	preparation	of	solutions.		
	
2.2.	Reagents	
	

All	 chemicals	 and	 solvents	 used	 were	 analytical	 reagent	
grade	 and	 used	 without	 further	 purification.	 Stock	 solutions	
(1000	 µg/mL)	 of	 BrO3−,	 Cr(VI),	 Cr(III),	 As(V),	 MnO4−,	 NO2−,	
ClO3−,	 IO3−	 and	 H2O2	 were	 prepared	 from	 the	 BDH	 chemicals	
(Poole,	 England)	 KBrO3,	 K2CrO4,	 Cr(NO3)3,	 NaAsO3,	 KMnO4,	
NaNO2,	KClO3,	KIO3	and	H2O2,	(30%,	w/v)	in	water	(100.0	mL),	
respectively.	Solutions	of	other	metal	ions	were	prepared	from	
their	 nitrate	 or	 chloride	 salts	 in	 deionized	 water.	 A	 stock	
solution	 (0.1%,	w/v)	 of	 the	 reagent	TPP+I−(Merck,	Darmstadt,	
Germany)	was	 prepared	 by	 dissolving	 the	 required	weight	 in	
ethanol	 (3.0	mL)	 and	 the	 solution	was	 then	 completed	 to	 the	
mark	with	deionized	water.		
	
2.3.	Recommended	procedure	for	bromate	determination	
	

Various	 concentrations	 (0.01‐0.50	 μg/mL)	 of	 bromate	 ion	
were	 put	 into	 centrifugal	 tubes.	 Next,	 0.3	mL	 of	 5	mol/L	 HCl	
and	 0.2	mL	 of	 0.1	%TPP+I−	were	 added,	 and	 the	 volume	was	
filled	 up	 to	 1	mL	with	 deionized	water.	 After	 that,	 0.5	mL	 of	
methanol	 (as	 a	 disperser	 solvent)	 containing	 70	 µL	 of	
chloroform	(as	extraction	solvent)	was	rapidly	injected	using	a	
2.0	mL	syringe.	A	cloudy	solution	was	rapidly	produced	due	to	
the	 formation	 of	 fine	 droplets	 of	 extraction	 solvent,	 and	 the	

complex	 ion	 associate	 formed	 was	 extracted	 into	 these	 fine	
droplets.	The	mixture	was	gently	shaken	and	then	centrifuged	
at	 3000	 rpm	 for	 2	min.	 After	 this	 process,	 the	 dispersed	 fine	
droplets	of	CHCl3	were	sedimented	at	the	bottom	of	conical	test	
tube,	and	the	remained	organic	layer	was	then	removed	using	a	
Hamilton	 syringe	 and	 diluted	 to	 500	 µL	 by	 methanol.	 The	
absorbance	of	diluted	organic	phase	was	measured	at	365	±	3	
nm.		
	
2.4.	Determination	of	bromate	in	tap	and	bottled	water	
	

Tap	 water	 collected	 from	 the	 laboratories	 of	 Chemistry	
Department,	King	Abdul	Aziz	University,	 Jeddah	city,	KSA,	and	
bottled	 water,	 commercially	 available	 in	 Saudi	 market,	 were	
filtered	 through	 0.45µm	 cellulose	 membrane	 filter	 prior	 to	
analysis	and	stored	in	LDPE	sample	bottles	(250	mL).	Aliquots	
of	1.0	mL	of	each	sample	were	adjusted	to	the	required	acidity	
and	 analyzed	 following	 the	 recommended	 procedure	 of	
bromate	determination.	
	
3.	Results	and	discussion	
	

Preliminary	 study	has	 shown	 that,	 on	mixing	bromate	 ion	
with	 the	 ion	pairing	 reagent	TPP+I−	 (Figure	1)	 in	 aqueous	HCl	
solution,	yellow‐colored	species	was	developed.	The	electronic	
absorption	spectrum	of	the	mixture	in	water	showed	two	well‐
defined	peaks	at	290	and	352	nm	against	reagent	blank	(Figure	
2b)	confirming	 the	 formation	of	 triiodide	 ion	 (I3−)	 [21].	 In	 the	
absence	of	BrO3‐,	the	absorption	spectrum	of	the	reagent	TPP+I−	
in	 aqueous	 HCl	 solution	 showed	 no	 absorption	 band	 in	 the	
range	 of	 300‐500	 nm	 (Figure	 2a).	 Similar	 trend	 was	 also	
observed	 on	 shaking	 the	 reagent	 or	 bromate	 ion	 individually	
with	 chloroform.	 However,	 bathochromic	 shift	 of	 the	 above	
mentioned	two	peaks	has	occurred	at	295	and	365	nm	(Figure	
2c)	 after	 shaking	 the	 aqueous	 HCl	 solution	 containing	 the	
reagent	 TPP+I−	 and	 bromate	 ion	 with	 chloroform	 confirming	
the	formation	of	complex	ion	associate.	The	composition	of	the	
produced	 ion	 associate	 was	 determined	 by	 Job's	 continuous	
variation	and	molar	ratio	methods	at	365	nm	[22].	The	results	
revealed	 that,	 the	 ratio	 of	 I3−,	 equivalent	 to	 bromate	 ions,	 to	
TPP+I−	 was	 1:1	 molar	 ration.	 Thus,	 the	 most	 probable	
composition	of	the	extracted	species	is	[TPP+	I3−].	The	stability	
constant	of	the	produced	complex	ion	associate	calculated	from	
the	 Job's	plot	 from	the	ratio	of	 the	 true	absorbance	(A)	 to	 the	
extrapolated	(Aextp)	absorbance	was	found	equal	 to	4.43	×	105	
[22].	
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Figure	1.	The	chemical	structure	of	reagent	TPP+I‐.
	

Based	on	these	results	in	chloroform	and	the	data	reported	
earlier	for	the	complex	ion	associate	of	the	ion	pairing	reagent	
TPP+	Br−	with	chloro	chromate	(CrO3Cl−)	in	HCl	media	[20],	and	
the	reaction	of	bromate	with	iodide	ion	in	acidic	medium	[10],	
the	overall	reaction	of	bromate	with	TPP+I−	in	HCl	(1.5	mol/L)	
is	most	likely	proceeded	as	follows:		
	
TPP+I−				TPP+	+	I−		 	 	 	 (1)	
	
BrO3‐	+	9I−	+	6H+			3I3−	+	Br‐	+	3H2O	 	 	 (2)	
	
TPP+	+	I3−			[TPP+I3−]		 	 	 	 (3)	
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Table	2.	Figure	of	merits	of	the	developed	and	some	of	the	reported	fluorimetric	and	spectrophotometric	methods	for	bromate	determination	in	water.	

Method,	Ref.	 Reagent	 Linear	Rang,	
(µg/mL)	

LOD,	
(µg/mL)	 Remarks	

FI	‐	Spectrophotometry,	[23]	 Prochlorperazine	
(PCP)	

0.01	‐	0.13	 0.002	 Very	sensitivity,	the	interferences	of	NO2−,	ClO2−,	ClO−.	

Direct	‐	spectrophotometry,	
[2]		

KI	 0.05	‐	5.00	 0.014	 Low	sensitivity,	the	interferences	of	MoO42−,	WO42−,	NO2−	

FI	‐	Fluorimetry,	[26]	 Sulphite	‐	steroid	
hydrocortisone	

0.045	‐ 63.000 0.010 Low	sensitivity,	the	interferences	of	Br−,	Cl−	

Kinetic	‐	Spectrophotometry,	
[10]	

KI	 0.05	‐ 1.50 0.01 Low	sensitivity,	the	interferences	of	MoO42−,	WO42−,	NO2−	

FI	‐	Spectrophotometry,	[25]	 Chlorpromazine	 0.025	‐ 0.750
	

0.006 Moderate	sensitivity,	the	interferences	of	NO2−,	ClO2,	hypochlorite.

SIA	‐	Spectrophotometry,	
[11]	

5‐bromo(PADAD)	‐	
SCN‐	

0.18	‐	3.00	 0.15	 Very	low	sensitivity,	the	interferences	of	ClO3−,	IO3−,	Cr6+	

Spectrophotometry,	[Present	
work]	

TPP+I−	 0.01	‐	0.50	 0.003	 The	method	is	very	sensitivity,	and	free	from	the	interferences	of	
inorganic	oxyhalide	disinfection	by‐products	e.g.	ClO2−,	ClO3−	and	OBr−	,	
the	only	interferences	are	IO3−,	Cr6+,	MnO4−	

	
	
Table	3.	Comparison	of	conventional	LLE,	and	DLLME	procedures	for	determination	of	bromate	ions	in	water.	

Parameters	
Procedure
LLE	a DLLME

λmax	,	nm	 365	 365	
Regression	equation	 A	=	0.001+	0.186	×	C	 A	=	0.0037	+	1.912	×	C	
Linear	range,	µg/mL	 0.05	‐	1.2	 0.01	‐	0.5	
LOD,	µg/mL	 0.017 0.003
Volume	 of	 organic	 phase	 used	 for	 absorbance	
measurement,	µL	

4000	 500	

a	Conditionsof	LLE:HCl	and	reagent	concentrations	=	1.5	mol/L,	0.008%	(w/v),	respectively;	volume	of	extraction	solvent	=	shaking	twice	with	chloroform	(2x2	
mL)	;	shaking	time	=	3	min.		
	
	
Table	4.	Analysis	of	bromate	ions	by	the	developed	spectrofluorimetric	method	in	water	samples	(mean	±	standard	deviation,	n	=	5).	
Sample	 Bromate	ion,	Added	(µg/mL)	 Bromate	ion,	Found	(µg/mL)	 Recovery,	%	
Bottled	water		 __	

0.035	
ND
0.036	±	0.0012	

__	

102.1	±	1.2	
Ozonated	bottles	water	(1)	 __	

0.050	
0.015	±	0.0018	
0.062	±	0.0013	

__	

95.5	±	2.3	
Ozonated	bottles	water	(2)	 __	

0.05	
0.015	±	0.0018	
0.062	±	0.0013	

__	

95	±	2.3	
Tap	water	 __	

0.040	
ND	
0.039	±	0.00167	

__	

97.5	±	4.3	
ND	=	Not	detected.		
	
	
University,	 Jeddah	 City,	 KSA.	 The	 results	 are	 summarized	 in	
Table	4,	 the	percentage	recoveries	of	the	method	were	always	
higher	 than	 95%	 confirming	 the	 accuracy	 of	 the	 developed	
method	and	its	independence	from	the	matrix	interference.		
	
4.	Conclusions	
	

This	 work	 describes	 a	 new	 sensitive	 and	 selective	
spectrophotometric	 procedure	 for	 the	 determination	 of	
bromate	 ions	 in	 water	 samples	 without	 pre‐treatment	 step	
prior	 to	 the	 application	 of	 DLLME.	 The	 proposed	method	 has	
the	following	advantages:	high	selectivity,	good	reproducibility,	
stable	absorbance	up	to	4	h.	On	the	other	hand,	the	developed	
method	 is	 free	 from	the	 inferences	of	SO42‐,	Cl‐,	NO2‐	and	ClO2‐	
that	 can	 be	 considered	 common	 interferences	 in	 many	
chromatographic,	 spectrofluorimetric	 and	 spectrophotometric	
methods.	 The	 method	 provides	 LOD	 much	 lower	 than	 the	
maximum	 allowable	 level	 (10.0	 µg/L)	 of	 bromate	 ion	 in	
drinking	 water	 recommended	 by	 the	 US	 Environmental	
Protection	Agency	and	World	Health	Organization	(WHO).	
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