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Highly Sensitive Determination of Iron Ions in
Water With Bromopyrogallol Red by Light
Absorption Ratio Variation Spectrophotometry

Yi-Nan Tang, Yuan Yuan, Xing Chen, Qing Zhu,
Hui Gong, and Hong-Wen Gao

State Key Laboratory of Pollution Control and Resource Reuse,
College of Environmental Science and Engineering, Tongji University,
Shanghai, P. R. China

Abstract: The complexation between Fe ions (II, III) and bromopyrogallol red
(BPR) is sensitive at pH 6.23 with the composition ratio at 1:2 of Fe to BPR,
and it is selective in the presence of F~ and thiocarbamide. Using this reac-
tion, the light absorption ratio variation approach was applied to the direct
determination of Fe ions. The limit of detection is only 4.5ng/L Fe. The Fe
ions content existing in the Yangtze River, Taihu Lake, tap water and
Huangpu River in Shanghai was determined with the recovery rate between
95.5 and 106%.

Keywords: Bromopyrogallol red, Determination of Fe ions, Light-absorption
ratio variation approach, Spectrophotometry

INTRODUCTION

Iron is one of the most abundant elements in nature, widely present-
ing in a variety of rock and soil minerals. Iron can exist in organic
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species!!! of Fe(IIl) or Fe(Il), as complexes,”! colloids of oxides,
oxyhydroxides, or mixed with organic material, and suspended as
both biotic and abiotic particles.™ Iron is important in the biosphere,
serving as an active center of a wide range of proteins such as
oxidases, reductases, and dehydrases. As the most abundant tran-
sition metal, it presents in higher mammals with 3-4g of the
element present in the normal human body. Oxygen transport pro-
teins contain 70% iron; 0.7% is present in other intracellular protein
and enzymes. The rest ~29% is stored. It plays an essential role in
phytosynthesis.>®! Microbial processes result in the reduction of
Fe(1I1).l"! Siderophores and some humic and fulvic acids are major
ligands for iron(III) in surface and ground water.[®! The observed con-
centrations of the total dissolved iron in natural water systems vary
from 0.2 nmol/L in mid ocean surface water,” up to 400 mmol/L
in polluted urban clouds.['"!

It is well known that iron is a necessary additive in foods and med-
icines, e.g., wine,l'!! drinks, milk powder, health products, and multi-
vitamins. Human activities have resulted in a series of environmental
problems, e.g., water acidification, waste discharge, dissolution and
digestion of solid substances by acidic rain, soil extract and surface
run off and earth surface in filtration, so that a large amount of Fe
has been released into natural water. Iron detection has been studied
with many techniques'® such as MS, ICP, stripping voltammetry,
AAS, spectrophotometry, chromatography,'®! and flow injection che-
miluminescence.!'* The MS, AAS, and ICP equipment are expensive,
while spectrophotometry has advantages such as low cost, simple
operation, easy spread, and wide applications. Up to now, it is still
being studied and applied extensively, particularly in developing
countries.

For example, more and more ways are still being developed to
improve sensitivity and selectivity, such as H-point standard addition
method,"”! synthesis of novel chromophores, and coupling flow
injection analysis.'® It is still very important to establish simple,
sensitive, and selective ways for the determination of dissolved Fe.
Therefore, the light-absorption ratio variation approach (LARVA)!!”
can improve significantly the analytical sensitivity. In this work, it
has been applied to the spectrophotometric determination of dissolved
iron with bromopyrogallol red (BPR), which was synthesized and
applied for the determination of rare earth metals. The applicability
is in the linear range from 0 to 150ng/mL Fe(ILIII) and the
detection limit only 4.5ng/mL. In addition, the complexation between
BPR and Fe (II, III) was characterized by the spectral correction
technique.!'®!
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PRINCIPLE AND CALCULATION

Description of Spectral Correction Technique

A metal (M)-ligand (L) complexation is routinely applied to the analysis

of trace amounts of metal. The reaction equilibrium can be expressed
as below:

NL i M o ML,
Initial State Coo Cvo 0
Corresponding to A" and 4"z
Equilibrium C =0 Cwo
Corresponding to (1-17) A"x and(1-77) A" 22 A,

Both Ciy and Cyyg represent the initial molarities of L and M. N is
the maximal coordination number of L to M. y is the effective fraction
of L to complex M, and A. is the real absorbance of ML complex at
wavelength 4,. Both AL, and AL, are the absorbances of the L solution
that are separately measured at wavelengths 1, and 1, against water. In
the M-L reaction, excess L always coexists with ML, which would inevi-
tably affect the measurement of the absorbance of ML complex. The
spectral correction technique has successfully eliminated the negative
effect caused by excess L.[%1%)

4 =a= i (M)
where
"= % 6
and
B4 ®)
and
p— xS0 (4)
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where

_ AC - A),Z

+1 (5)
A

Both « and f are the correction constants, and y is the complexation
number of L to M. A;; and A, are the absorbances of the M-L solution
and AMY,; and AMY,, are those of the ML complex formed in an M-L
solution containing enough M, respectively measured at 4; and /, against
water. From Equations (1-5), A, «, f, n, and 7 can be calculated and
used to characterize the Fe-BPR complex.

Light Absorption Ratio Variation Approach

The primary principle of the light absorption ratio variation approach
(LARVA) can be described as the following relations:!'”!

AA, = pCuyo +q (6)
where
A, AL
Ady = A, — Ay =22 -2 7
0 Ail Aﬁ ( )

Where AA, is the absorbance ratio variation of the M-L reaction solution
measured at A; and 4, against the water reference. Factors p and ¢ are
both constants. Equation (6) can be directly used to determine trace
amounts (Cy19) of M. Because the sensitivity factor p is the inverse ratio
of Cpo,l'") the analytical sensitivity will go increasingly higher as the addi-
tion of L becomes less. Nevertheless, a too low L will cause an increase of
the interference of instrumental noise. A proper light absorption of L is
suggested to be between 0.01 and 0.1.

EXPERIMENTAL
Apparatus and Chemicals

The absorption spectra of the BPR and its metal complexes were recorded
on a Model Lambda-25 spectrometer (Perkin-Elmer Instruments, USA)
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with UV-WinLab software (Version 2.85.04). A Model pHS-25 acidity
meter (Shanghai Precise Science Instruments, China) was used to
measure the pH of the solutions. A Model BS110S electronic balance
(Sartorius Instruments, Beijing, China) was used to precisely weight the
standard substances and BPR. A Model SK3300H supersonic cleaner
(Shanghai Kedao Supersonic Instruments Co. Ltd., Shanghai, China)
was used to dissolve solutes completely.

A standard solution containing 100 mg/L Fe(II) was prepared by
dissolving 0.7020g of (NHy),Fe(SOy4),-6H,O (A. R. grade, Shanghai
Chemical Reagents, Chinese Medical Group) in 50 mL of 50% sulfuric
acid (A. R. grade, Shanghai Sihewei Chemicals). The solution was then
diluted to 1000mL with deionized water. A standard use solution
containing 1.00mg/L Fe(Il) was prepared by diluting the standard
stock solution. A standard solution containing 100 mg/L Fe(III) was
prepared by dissolving 0.8640g of (NH4)Fe(SOy),-12H,O with the
same method above. All the solutions were stored at less than 5°C. A
solution containing 0.500 mmol/L BPR (CAS number 16574-43-9,
A. R. grade, Shanghai Chemical Reagents) was prepared by dissolving
0.1395g in 500 mL of ethanol. The solution used in subsequent experi-
ments containing 0.100 mmol/L BPR was prepared by diluting 0.500
mmol/L BPR in deionized water. Both of them were stored at less than
5°C. In addition, a series of acetate buffer solutions from pH 3.86 to
7.16 was prepared with acetic acid (A. R. grade, Shanghai Chemical
Reagents, Chinese Medical Group) and sodium acetate (A. R. grade,
Shanghai Sihewei Chemicals). They were used to adjust the pH of the
solution so as to optimize the complexation conditions. Each of the
solutions was measured accurately with the pH meter. A stock thiocar-
bamide solution (0.5 M) was prepared by dissolving thiocarbamide in
100 mL of deionized water, while a stock F~ solution (100 mg/L) was
prepared by dissolving sodium fluoride in 100 mL of deionized water.

General Procedures
Characterization of Complex

The characterization of the BPR complex mainly consists of two steps:
determination of spectral correction constants « and f and calculation
of parameters A, 17, and y. First, into a series of 10 mL calibrated flasks
were added different amounts of Fe** from 0 to 100.0 ug. Then, 1.00 mL
of pH 6.23 buffer solution and 1.00mL of 0.100 mmol/L BPR were
added, respectively. The solutions were diluted to 10 mL with deionized
water and mixed well. The absorbances, Assgm and Aggonm Of these solu-
tions were measured at 558 and 600 nm against water, and the ratio
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Assgnm/Agoonm I each solution was calculated. The ratio value will
remain at a minimal constant when Fe’" is more than a certain free
BPR. From its spectrum, o may be worked out from Equation (2). Sec-
ond, into a series of 10 mL calibrated flasks were added 1.00 mL of pH
6.23 buffer solution and 0.100 mmol/L BPR from 0.05 to 5.00mL. The
solutions were then diluted to 10 mL with deionized water and mixed
thoroughly. The absorbances, A’sgnm and A%qgonm Of these solutions
were measured at 558 and 600 nm against water, and each § was calcu-
lated from Equation (3). Then, 1.0 pg of Fe’" was added into the solu-
tions above. After mixing thoroughly, the absorbances (A%sghm and
A%o0nm) Of these solutions were measured at 558 and 600 nm against
water. The parameters A., 1, and 7y were calculated according to
Equations (1), (5), and (4). Thus, the Fe>™ —~BPR complex was character-
ized. The same procedures were used in the characterization of Fe?'—
BPR complex.

Determination of Iron Ions in Natural Water

Water samples were collected from Yangtze River, Taihu Lake, tap
water, and two cross sections of Huangpu River in Shanghai, China.
After sample collection, the samples were sealed and then stored at
5°C before analysis. Usually, a clear water sample can be directly ana-
lyzed without any pretreatment. However, in order to investigate the
dissolved iron in water, the pretreatment of a sample is often necessary.
Of each water sample, 100mL was filtered by an acetate membrane
with a 0.45 um aperture and the filtrate was collected. These five sam-
ples were then measured according to the following procedures. A
known volume of a sample solution was added into a 10 mL calibrated
flask. Of the pH 6.23 buffer solution of 1.00mL, 0.40mL of 0.100
BPR, 0.5mL of 100mg/L F~, and 0.5mL of 0.5mol/L thiocarbamide
were added. After diluting to 10mL with deionized water and mixing
thoroughly, the absorbances, Assgnm and Agponm Of the solution were
measured at 558 and 600 nm against a water reference. Meanwhile, a
corresponding reagent blank without Fe ions was prepared and its
absorbances, 4%ssnm and A4%oonm, were measured. Thus, Equation
(7) was changed into:

AA, = A600 nm A200nm (8)

- 0
A558 nm A558 nm

Then, from Equation (6), CFe(II,III) (CM()) is calculated from the
calibration graph of Fe series.
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RESULTS AND DISCUSSION
pH Dependence of Absorption Spectra

The absorption spectra of the Fe(IIl) — BPR solutions in various pH
solutions are shown in Figure 1A. The Fe(IlI) — BPR complexation is
the most sensitive at pH more than 5.14 from spectra 5-9. In the present
work, pH 6.23 buffer solution was added. Curve 8 indicates that the peak
is located at 600 nm and the valley at 558 nm. Therefore, these two wave-
lengths were used in characterization of the Fe(III) — BPR complex and
the detection of Fe(IIl) by LARVA.

Effects of the reaction time on the absorption spectra of the Fe(III) —
BPR complexation were performed. The absorbance difference between
peak and valley indicated that the reaction is complete in 5 min. More-
over, the light absorption of the complex solution is stable for at least
120 min.

0.154
(@
0.104
005N A T
8 0.00-
g Equation: y = A1*exp(-x/t1)
5005 o= oA
§ _0 1 O _ 1 /)3 ;ﬁgﬁg 2&?31%.48227
' Ko 243815 4021227 47676
-O_ 1 5 i t2 0.11685. 345054.57942
-0.201 9 ————————t
0 2 4 6 8 10
-0.25 Cucromb
T T T T T T T
400 500 600 700 800

Wavelength (nm)

Figure 1. (a) Effect of pH on the absorption spectra of the Fe(Ill) — BPR
complex Solutions. solutions from 1 to 9 contained 0.010 mM BPR and FE(III)
at pH 3.86, 4.03, 4.38, 4.71, 5.14, 5.54, 6.05, 6.23, and 7.16 against the reagent
blank. (b) Variation of Assg,uum/Ae00mm value of the solutions containing
0.0lmM BPR and Fe(Ill) from 0 to 10mg/L, measured at 558 and 600 nm
against water.
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Characterization of Complex

Variation of the absorbance ratio, 4ssgnm/Aeoonm Of the solutions with
the increase of Fe(III) is shown in Figure 1B. The ratio value drops down
rapidly with an increase of Fe(Ill) when Fe(III) is less than 0.50 mg/L.
This is attributed to the formation of Fe(IIl) — BPR complex. However,
the ratio value approaches a minimal constant at 1.33 £0.04 by fitting
with the exponential decay — second order method. It is attributed to
the fact that Fe(IIl) has reacted with almost all the BPR to form the
Fe(I1T) - BPR complex, i.e., less and less free BPR existed in the solution.
Thus, the visible absorption of such a solution was caused by only the
Fe(I1T) - BPR complex. Thus, a=1.33.

By varying BPR concentration in the Fe(III) solution, n and 7y of
BPR were calculated by Equations (3) and (2); and their variations are
shown in Figure 2. From curve 2, y increases with the increase of BPR
and then remains almost constant at 2.1+0.1 when BPR is over
0.005 mM. Therefore, the complexation ratio of Fe(III) to BPR is 1:2,
i.e., complex ion [Fe(BPR),]” was formed at pH 6.23. n decreases with
the increase of BPR from curve 1. For example, 5 is only 40% at
0.008 mM BPR, i.e., 60% of BPR is still free not to react with Fe(III).
Without doubt, such excess BPR would cause a serious influence on
the direct measurement of light absorption of the Fe(IIT) — BPR complex.

1.1 3.0
1.0
] 25
0.9
1 2.0
0.8
0.7 L15 <
0.6
] 1.0
0.5
1 L0.5
0.4
0.3 0.0

0.000 0002 0004 0006 0008 0.010
Cpo(mmoliL)

Figure 2. Variations of # (1) and complexation ratio y (2) of the solutions at pH
6.23 containing 0.100 pg/ml Fe(IIT) and an BPR concentration from 0.0005 to
0.050 mM.
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Thus, the single wavelength photometric method is unfit to the determi-
nation of Fe(IIl) trace using such a complexation.

Effect of BPR on 4A,

From variation (Figure 3) of A4, of the solutions with the initial constant
molar ratio of Fe(III) to BPR at 10 ng/umol, A4, approaches a maximal
constant only when BPR is more than 0.010 umol/mL. The curve indi-
cates the variation of the sensitivity A4,/ Crgeqry With Fe(IlI) concentra-
tion. The sensitivity becomes higher and higher with a decrease of BPR
concentration. However, the noise of the spectrometer will become ser-
ious when the BPR concentration is too low. In order to optimize the
addition of BPR, some blank tests were carried out.

Calibration Graphs and LOD of Fe
Three series of standard Fe(IIT) between 0 and 0.050, 0 and 0.150, and 0

and 0.150 pg/mL were prepared and 3.00, 4.00, and 5.00 uM BPR were
added, respectively. The absorbances of each solution were measured at

50

40

AAJCEq )

0.000 0.002 0.004 0.006 0.008 0.010
CLO (mmol/L)

Figure 3. Variation of A4,/ Creqm) of the solutions with the same ratio of Fe(III)
to BPR at 10 pg/umol.
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Table 1. Calibration graphs for determination of FE(IIT) with BPR at pH 6.23

BPR CFe(III) Standard LOD
Series uM pg/ml” equation R ¢ (ng/L)
1 30 0-0.050 AA4,=2.62 Cr.+0.0033 0.9912 0.0065 7.5
2 40 0-0.150 AA,=2.29Cg.—0.0067 0.9953 0.0034 4.5
3 50 0-0.150 AA4,=2.02CE.—0.0236  0.9931 0.0035 5.2

“Every series contains nine concentrations.
Linear correlation coefficient.
“Standard deviation from 12 replicated blanks.

600 and 558 nm and AA, was calculated by Equation (4). Their regression
equations are given in Table 1. The LOD of Fe, defined as 3 times the
standard deviation (o) of 12 replicated blanks, was calculated and given
in Table 1, too. By comparison, series 2 has the lowest LOD at 4.5ng/mL
Fe. Therefore, it was selected in the analysis of water quality.

The calibration range of Fe(Il) was prepared, colored, and measured
according to the same method as that of Fe(III), where 4.0 uM BPR was
added. The comparison of the standard curves (Figure 4) indicated that
both the slope values are very near. In fact, Fe’" is often oxidized into

0.5
o Fe(lll)
o Fe(ll) .
0.4 - O
03 AA, =2.69C Feyy - 0.007 5
- R?=0.9933
<
<
0.2
0.1 AA, = 2.29C poyy - 0.006
R? = 0.9940
0.0
) ) ) I
0.00 0.05 0.10 0.15
C Fe(ui)

Figure 4. Standard curves for determination of Fe(IIl) (1) and Fe(II) (2) with

BPR in the presence of F~ and thiocarbamide at pH 6.23.
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Fe(Ill), e.g., Fe(OH); colloid in neutral natural water. Therefore, line 1
may be used to calculate total Fe*" and Fe’" concentration.

Effect of Foreign Ions

Fifteen foreign ions including 14 kinds of metal ions and 2 anions were
added in order to investigate the selectivity of this method in the presence
of thiocarbamide and F~. Their effects on A4, are shown in Table 2. All
of them have not affected the direct assay of 0.050 pg/mL Fe(III)
(error < 10%). Therefore, the recommended method is highly selective
and suitable for the direct monitoring of natural water.

Analysis of Water Samples

In the current work, five types of surface water were analyzed. They were
sampled from Yangtze River, Taihu Lake, tap water, and two cross
sections of Huangpu River in Shanghai, China. Each of the samples
was treated according to the procedures and was colored. The results
are listed in Table 3. The recovery rates of Fe(IIl) are between 95.5
and 106%, and the results corresponded to those detected by ICP.

Table 2. Effect of foreign ions on AA, of the solutions containing 0.050 pg/mL
Fe(I1I)

No. Foreign ion? Added, pg/ml Error, %°
1 Fe(III) 0.050
2 Ca(Il) 10.00 2.7
3 Mg(II) 10.00 1.4
4 Zn(I1) 0.050 -2.6
5 Co(IT) 0.050 ~56
6 Mn(II) 0.250 7.3
7 Ni(IT) 0.250 0.6
8 Pb(II) 0.050 —6.5
9 Cd(11) 0.050 4.4
10 Cr(IIT) 0.050 =77
11 AI(TIN) 0.050 3.6
12 Cu(Il) 0.050 -2.7
13 As(IIT) 0.050 —-0.1
14 Mo([J) 0.050 -53
15 NOy 0.250 1.6
16 PO,*> 0.250 7.0

“added 0.050 pg/ml Fe(III) into all the solutions from No. 2 to 16;
PError = (AANC*—AAN 1 /AANT % 100 (x : from 2 to 16).



“SuOnRUILLINAP djedl[dar Inoq,
‘uonjexs[dwos 10§ pappe sem o[dwes € Jo swnjoA W)z Vv,

9601 9401 66'TF86'1 00€°0
606°0 ce8’o ¢80°0FL9'1 0 o3pLg peoy n[opuay
0°€0l L7201 IeTFI1¢1 00€°0
¥Ts'0 005°0 LOOF 00T 0 o3pug peoy Suesndnyssuex
0901 €66 0¥9°0 F029°0 00€°0
191°0 4P€0°0FTCE0 0 Tpep der
¥'L6 9701 SSYOFILYO 00€°0
€L0°0 q080°0F€91°0 0 e nyrey,
L86 §°S6 9GS0 F oS0 00€°0
8Y1°0 0€T°0 ¢¢90°0F09C°0 0 IoARy 9z)Suek
(1/3w) dOI (7/3w) odures ur (%) A10A000Y (3v) punoy (31) poppe, o4 Lrdures
£q P910919p 94 SUOT 9 d3eIAY SuorI 94

€79 Hd 18 Ydd unm 19jem [eamjeu ul (] ‘T1)2d JO UONRUILLIARG  °€ J[qEL

6002 Y2JaN 2T 0Z:20 W [uan-Buoq ‘oe] :Ag papeo jumog

215



02:20 12 March 2009

[ Gao, Hong-Wen] At:

Downl oaded By:

216 Y.-N. Tang et al.

CONCLUSIONS

Two significant advantages are identified: (i) more sensitive spectropho-
tometric detection of iron was performed; and (ii) the presence of F~ and
addition of thiocarbamide improve greatly the detection selectivity.
Besides, this method is easy operated in ordinary conditions, the reagent
is stable enough to be stored long term. The detection results are accurate
by comparison with those detected by the classical method. As a result,
there is the potential for this method to provide a field detection of Fe
ions in natural water.
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