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Chapter 1 Introduction 

Most of heavy metals dissolved in environmental water may cause the 

harmftLl effect for organism directly or indirectly because of inltibition to 

the important enzymes in the living systems . The tolerable concentration 

level on toxic metals is around single ppb . Therefore, the highly sensitive 

analyiical methods for the detennination of metal ions at trace levels in 

enviromnental waters are required to investigate the water pollution and 

toxicity, Numerous methods for the analysis of metal ions have been 

presented; inductively eoupled plasma atomie emission spectrometry 

(ICP-AES), inductively coupled plasma mass spectrometry (ICP-MS), 

neutron activation analys is (NAA), electrothermal atomization atomic 

absorption spectrometry (ET~~S) and so on. But these instruments are 

extremely expensive and the special skill is desired. Thus, the highly 

sensitive analyiical methods that utilize the simple and cost-perfourLance 

instrument are demanded. Although the conventional sp ectrophotometries 

with sensitive chromogenic reagents have been reported in the various 

fields, it was difficult to analyse metals at single ppb level. The catalyiic 

reaction with the redox is usefiil for the trace analysi.s of some metals. 

The principles of catalyiic reactions are as follows ; 

Red + Ox ~ P + Redl (1) 
Red + M~+ ~ p + M~~~1)+ (2) 

M:~~~1)+ + Ox !> M~++ Red (3) 

,where Red is the reductant, Ox; the oxidant, P; the product, Redl; the 

reduced form of Ox and M; the metal ion. 

The redox reaction of Red with Ox is proceeded to form P and Redj 

(Equation ( 1)). This reaction is usually very slow. When M*+ is added in the 
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solution M~+ acts as a catalyst and the oxidation reaction of Red is 

accelerated (Equation (2)). The reduced lv~:~~1)+ is oxidized again to h~+ by 

Ox (Bquation (3)). The product, P, is catalyiioally produced in the presence 

of M. As the cataiytic reaction occurs cyclically, M concentration at sub 

nanogram l,evel can be detennined by measuring the amount of P. Recently, 

catalytic methods using the redox catalyst of metals have been proposed for 

the trace analyses of metals.1 For example, the metal ions such as Cu(II),2 

Fe(H,III),3 Mh(II),4 and Co(II)5 were determined sensitively. Since these 

procedures are manual and tedious, automatio detection systems are desired 

for monitoring metals in water pollutant and material quality in the 

industry. 

Water-soluble com pounds such as 2-(5 -brom0-2- pyridylazo)-

5-[N-n-propyl-N-(3 -sulfopropyl)amino]aniline (5-Br-PS~L) and 2-(5-nitro 

-2-pyridylazo)-5-(N-propyl-N-sulfopropylamino)phenol (nitro-PAPS) have 

been proposed as highly sensitive chromogenic reagents, in which 

sulfoalkyl fturLctional group,s were introduced on the para position to the azo 

group of the heterocyclic-azo-aniline or phenol structures. Since these 

comp ounds fom a charged quinine structure, their molar absorptivities are 

large (about 100,000 1 mol~1 cm~1) compared with other chelates. 

Consequently, it can be applied to the spectrophotometric detennination of 

trace amount of heavy metal ions such as Fe(II), Co(III), NiGI), and Cu(ID 

and to multi elements analysis by high perfonnance liquid chromatography. 

Flow inj ection analysis (FIA) has been reported by J. Ruzicka and E. H. 

Hansen in 19756,7 as an automatic analyiical method. The basic flow 

system is shown in Fig. I - I . The carrier and reagent solutions are propelled 

to ~lake a baseline by a pump (P). A sample is injected to the carrier 

solution via a six-way valve. Then the carrier solution including a sample 
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solution is mixed with the reagent solution in the reaction coil (RC), , and 

the color development occurs in the coil. Finally, the formed product is 

measured in a spectrophotometric detector (D). 

Sample 
v 

Carrier RC 
p D Waste Reagent 

Fig. 1-1 The basic flow system 

FIA has some advantages on rapidity, simplicity, and reduction of 

reagent amounts consumed in the experiment and small sample volume . hl 

the last few decades, many reports on FIA for the determination of organic 

compound, and metal ions have been published in the various fields . FI 

techniques with the easy assembly and cost-performance 'are useftil for 

continuous monitoring in environmental fields, however, it is difficult to 

analyse multi elements simultaneously. Recently, Sakai et al. reported the 

multi channel flow cells for the simultaneous determination of metal 

ions.8~u However, the limit of detection was around I ppb. To enhance the 

sensitivity and selectivity for the copper and iron determination. FIA 

coupled with multi-chamel flow cells and catalytic reaction caused by 

metals was investigated in the proposed methods. 

Reactions used in the potentiometric titration have large equilibrium 

constants around the equivalence point. It is known that a complexing 

agent changes the potential of a redox reaction involving the metal ionsl2 

even if the difference in the potential are small. This phenomenon has a 

potential capacity for the development of novel redox systems . For 

example, Co(ID can not reduce Fe(III) to Fe(II). But this oxidation reaction 
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ean be proceeded in the presence of nitro-PAPS that can form complexes 

with Fe(II) and Co(HI). 

On the other hand, Ruzicka et al. have proposed the concept of a 

sequential injection analysis (SIA) to enhance the potential of flow-based 

technique.7,13 The general manifold of SIA is illustrated in Fig, I -2. 

C arrier P 
HC MV 

D Waste 

(a) (b) (e) 

(a) and (b); Reagent, (c); Sample. MV; Multiposition valve, P; 

Pump, D; Detector, HC; Holding coil 

Fig. I -2 The general SIA system 

The multiposition valve (MV) is connected to the sample and reagent 

reservoirs. When the sample and reagents are sequentially drawn into the 

holding coil (EIC) by the pump (P), and then the product formed in HC is 

forwarded with the carrier to the detector (D) . SIA has the advantage on the 

introduction of some chemical reactions without reconfiguration of the 

manifold. Beside, the sequence and reaction time can control by the 

program. Some applications with SIA were reported as the automatic 

analysis.14-18 However, there are no reports on the simultaneous 

detennination of metals. . In this paper, SIA-LOV (Lab-On-Valve) 

techniquel9 was investigated for the simultaneous analysis of copper and 

iron by one cycle program. 
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Chapter 2 Utilization of activating and masking effects by 

ligands for highly selective catalyiic 
spectrophotometric determination of copper and 

iron in natural waters20 

2. I . Introduction 

Copper and iron are widespread in the environment and play important 

roles as essential elements in biological systems. Martin and Fitzwate~l 

rep orted that the addition of nano-molar amounts of iron resulted in an 

increase of the chlorophyll production by phytoplankton in the open Pacific 

Ocean . Trace amounts of copper are also required for the phytoplankton 

production.22 on the other hand, the toxicity of copper to a brook trout 

(Salvelinus fontinalis) can be greatly diminished when complexing agents 

such as nitrilotriacetic acid and ethylenediamine tetraacetic acid are added. 

23 Such findings indicate that the analyses of trace amounts of copper and 

iron in natural waters provide significant information regarding 

biogeochemistry and toxicology. Accordingly, advanced methodology for 

successive detemination of these two ions is of importance. 

Kinetic analytical methods based on catalyzed reactions have been 

applied to trace analyses for various elements because of excellent 

sensitivity.24,25 Crouch et al26. reviewed recent catalyiic methods. 

Kawaku:bo et al. have proposed a catalyiic method for speciation of iron in 

river, tap27 and rainwate~8 s~clples, using an iron.catalyzed oxidation 

reaction of o-phenylenediamine with hydrogen peroxide. in the last decade, 

several workers have reported catalytic methods for binary metal mixtures 

30 29 chromium(VD-tungsten(VI), such as silver(1) -merGury(II), 
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iron(II)-antimony(IH) , 3 1 32~35 and molybdemun(VD-tungsten(VI) 

osmium(VIII)-ruthenium(IV).36 A eatalytic simultaneous detennination of 

iron, silver and manganese with stopped-flow inj ection was reported.37 

These metals have different catalytic effects on the oxidation of Rhodamine 

B by periodate in the presence of 1,lO-phenanthroline (phen) as an 

activator. The analysis of a single species is popular on the catalyiic method, 

however, there are few reports on a catalyiic method for the simultaneous 

and/or successive deterDaination of copper and iron~ which is based on the 

effects of selective activators for their catalyiic actions . 

Kawashima et al. reported that copper(II)38 and iron(III)39 catalyzed the 

oxidative coupling reaction ofp-anisidine and N,N-dimethylaniline (DMA) 

in the presence of hydrogen peroxide. The use of activators in catalytic 

methods allows an increase in the sensitivity and an improvement in the 

selectivity as well.24.25.40 Recently. Teshima et al.41 reported a short 

communication conceming a new catalyiic flow-injection method for the 

successive determirLation of copper and iron. It was based on the effects of 

activators such as 2,9-dimethyl- I , I O-phenanthroline(neo cuproine) and phen 

on the copper- and iron-eatalyzed oxidative coupling reaction of 

p-anisidine with DMA. In this study, the detailed analytical conditions by 

the batchwise procedure were investigated, and the proposed method was 

applied to the determination, of copper and iron in natural waters . 

2 . 2 . Ex penmental 

All reagents were of analyiical-reagent grade and were used without 

filrther purification. All solutions were prepared with deionized water 

purified with an Advantec Aquarius GSH.-2 1 O system. The descriptions 

6 



mentioned above are commonly used in Chapters 3 , 4 and 5 . 

2. 2. 1. Reagents 

A commercially available I OO ppm oopper(II) and iron(III) standard 

solutions for atomic absorption spectrophotometry (Wako, Osaka) were 

used. Working solutions of copper and iron were prepared by suitable 

dilution of standard solutions with 0.01 M hydrochloric acid, respectively. 

A 0,1 M p-anisidine solution was prepared by dissolving 3.08 g of 

p-anisidine (Wako, Osaka) in 70 inl of 4 M hydrochloric acid and made up 

to 250 ml with water. 

A 0.2 M DMA solution was prepared by dissolving 6.06 g of 

N,N-dimethylaniline (Wako, Osaka) in 20 ml of 4 M hydrochloric acid and 

made up to 250 ml with water. 

A 5 M hydrogen peroxide solution was prepared by diluting 25 ml of 

commercial 30 O/o hydrogen peroxide (Sigma Aldrich Japan, Tokyo) to 50 

ml with water. 

A 4xl0~3 M neocuproine solution was prepared by dissolving 0.245 g of 

neocuproine hydrochloride (Tbkyo Kasei, Tokyo) with 250 ml ofwater. 

A 5xl0~3 M phen solution was prepared by dissolving 0.099 g of 

1 , I O -phenanthroline monohydrate (Doj indo Laboratories, Kumamoto) in 4 

ml of I M hydrochloric acid and made up to I OO ml with water. 

A 2.5x I 0~2 M diphosphate solution was prepared by dissolving I . 12 g of 

sodium diphosphate decahydrate (Wako, Osaka) with 250 nal of water. 

A I .25 M acetic acid solution was prepared by diluting 19 ml of acetic 

acic (Sigma Aldrich Japan, Tokyo) to 250 ml with water. A I .25 M sodium 

acetate solution was prepared by dissolving 1 7.0 g of sodium acetate 
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trihydrate (Nakarai Tesque, Kyoto) with water and made up to I OO ml with 

water. These two solutions were mixed to prepare a buffer solution (pH 

3.2). 

A bathocuproinedisulfonate solution was prepared by dissolving 

appropriate amounts of bathocuproinedisulfonic acid, disodium salt 

C)oj indo Laboratories, Kurnamoto) with water. 

A bathophenanthrolinedisulfonate solution was prepared by dissolving 

appropriate amounts of bathophenanthrolinedisulfonic acid, disodium salt 

(Doj indo Laboratories, Kumamoto) with water. 

2. 2. 2. Apparatus 

A U-2000A double-beam spectrophotometer was used with I O mm 

light-path cells for absorbance measurements. A Horiba Model F-22 

pH/mV meter was used for pH adjustnient. A Taiyo Kagaku Kogyo C-630 

thermostat was used to maintain reaction temperature . 

2. 2. 3. Procedure for copper determ ination 

To 2.5 ml of O. I M p-anisidine in a 25 ml of volumetric flask, 2.5 ml of 

0.2 M DMA, 2 ml of I .,25 M acetate buffer, 2 ml of 2.5x 10~2 M 

diphosphate, an appropriate amount of copper (4 -250 ng) and 2.5 ml of 4 

X 10~3 M neocuproine were added. Then after adjusting pH 3.2 with I M 

sodium hydroxide solution~ the solution was kept at 55~C in a thennostated 

bath for about 5 min to attain thennal equilibrium. To initiate the catalytic 

reaQtion, a 2.5 ml of 5 M hydrogen peroxide heated at 55~C was added, 

and diluted to the mark with water. At 5 min afier the initiation of the 
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reaction, a portion of the sample solution was immersed in an ice bath 

about 30 second for quenching. The increase in absorbance was measured 

at 740 nm against a water reference. 

2. 2. 4. Procedure for iron determ ination 

To the same reagents as described above, 25-2500 ng of iron and 2.5 

ml of 5 x I 0~3 M phen were added. The reaction temperatur~ at 60~C and 

reaction time for 1 5 min were used for the iron determination. 

2.3.. Results and Drscussron 

Copper(ID and iron(III) catalyze the oxidative coupling of p-anisidine 

with DMA to fonn a colored compound, which has a maximum absorption 

wavelength at 740 nm. This reaction is shown in Scheme 2-1. 

H*co ~ b NH' + ~ ~ d N(cH*), 

p-Anisidine DMA 

H,_02 N+(c H,), J~*, .,_f¥_ 
H*co~~/-~-" ¥J 

Catalyst (Cu(H) or Fe(m)) Colored product 

Activator : Neocuproine for Cu(II) 

Phen for Fe(III) for Fe(HI) 

Scheme 2-1 

These spcetra are shown in Fig. 2-1 (a) for copper and (b) for iron. The 

reaction occurred in the presence of hydrogen peroxide at pH 3 .2. In the 

indicator reactions, neocuproine was added as an activator to the 

det~rrnination of copper, and phen for iron was added as the activator. The 

experimental vatiables such as reaction pH, reaction time, reaction 
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temp erature and reagents concentrations were optimized in order to achieve 

highly sensitivity and selectivity on the determination of copper and iron. 

0,8 

G) 
e) fLt 
SI U'u 
e:: 

~ LlnAl 
O U'~ 
Q ~ < 0,2 

(a) Cu 

(a)' 

O .8 

G) 

c' nt 
S U.U 
e~ 
~l 

Ln/ e u.t G,~ 

~: 
< 0.2 

O 

(b) Fe 

(b)' 

O 

400 500 600 700 800 400 500 600 700 800 
Wavelength / nm Wavelength / nnl 

Fig. 2-1 Absorption spectra on the metal catalyzed ((a),(b)) and 

uncatalyzed ((a)',(b)') reactions. (a) 10 ppb copper C ･ = 
' ' n'o**prome 0.0004 M, reaction time = 5 min, reaction temperature = 55~C; 40 ppb 

iron, Cphe~ = 0.0005 M, reaction time = 15 min, reaction temperature = 

60~C. Others: Cp_anisidine' 0.01 M; CDMA, 0.02 M; CAcetate b~ler 0.1 M (p;H 

3 2) Cdiphosph*te O 002 M' C ･ ' 0.5 M. ' ' ' hydrog'n pero~de' 

2. 3. 1. Effects ofactivators 

The choice of suitable activators in catalyiic methods permits the 

improvement in their sensitivity and selectivity. The concentration effects 

of several polypyridines such as neocuproine, bathocuproinedisulfonate 

(BCS), phen and bathophenanthrolinedisulfonate (BPS) on the uncatalyzed 

and copper- and iron-catalyzed dye-fonning reactions were investigated. 

The concentrations were varied in the range from O to 2 x I 0~3 M. 

Fig. 2-2 shows the effects of neocuproine and BCS concentrations. The 

catalytic activity of copper was activated by adding neocuproine and/or 

lO 



BCS, while th,ese two ligands had no effect on the iron-catalyzed reaction. 

Therefore, in the presence of neocuproine or BCS, copper can be 

detennined seleetively. The absorbance of the copper-catalyzed reaction 

increased with increasing neocuproine (or BCS) concentration up to 4 x I 0~4 

M (1 x I 0~4 M for BCS) and then decreased gradually over 8x I 04 M (2x 104 

M for BCS). Such dependence is a characteristic feature for the types of 

activated reactions when the activator is concemed with the formation of 

0.8 

8 0.6 (a) (b) ~: 
e~I 

~ ~ 0.4 
o (,~ 

~ <: 0.2 

O 

0.8 

~ 0.6 (a)' (b)' ~l 
e$ 
~~ 0.4 

o (,~ 

~ 0.2 
<: 

O 

- -4 -3 -5 -5 -4 -3 -
- Iog(Cliga'd/M) - Iog(qigandfM) 

Fig. 2-2 Effects of neocuproine ((a),(b)) and BCS ((a)',(b)') 

coneentrations on the uncatalyzed ( O ) and metal catalyzed ( ' ) 

reactions. Other conditions as in Fig. 2-1. 

temary complexes of the activator-metal-substrate40: neocuproine- (or 

BCS-) copper-p-anisidine and/or DMA. The coordination sphere of the 

ll 



catalyst is fiilly occupied by the activator and any complexation with the 

substrate does not occur at higher concentrations of activator. 25 The effect 

of neocuproine was greater than that of BCS. A 4 x 10~ M neocuproine 

concentration was selected for the copper detennination. 

The effects of phen and BPS concentrations for iron are shown in Fig. 

2-3 . 

~ 
sl 
es 

~ ~ o G,D 

~ <! 

0.8 

0.6 

0.4 

0.2 

o 

0.8 

(a) 

l 

, 

l 

t 

Q) 0.6 

o ~ 0.4 

~ ~ oG,D 0.2 

~ ~ O 

(a)' 

(b) 

-OO .5 -4 -3 
- Iog(C . IM) ugand 

(b)' 

-2 - OO -5 -4 -3 
- Iog(Cligand/M) 

-2 

Fig. 2-3 Effects of phen ( (a) , (b) ) and BPS ( (a)' , (b)' ) 

concentrations on the uncatalyzed ( O) and metal catalyzed (e) 

reactions. (a) and (a)', I O ppb copper; (b) and (b)', 40ppb iron. Other 

conditions as in Fig. 2-1. 
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The eatalyiic activity of iron was activated in the presence of phen and BPS, 

but that of copper was not observed. The absorbanee for the iron-catalyzed 

reaction increased with increasing phen (or BPS) concentration, however, 

over 7x I 0~4 M (2x 10A: M for BPS), the absorbance decreased. It seems that 

the formation of temary complexes of the phen- (or BPS-) iron-p-anisidine 

and/or DMA were restricted in htgher phen and BPC concentration ranges . 

A maximum absorbance was obtained at 5 x I 0~ M phen. 

The conditional redox potentials of Cu~I)/Cu(1) and Fe(IID/Fe(II) 

systems increase in the presence of neocuproine and phen. because the 

stability constant of copper(1)-neocuproine complex (log~~ - 1 9. 1) is larger 

~~~~ 
N N H3 C CH3 

Neocu proine 

~03 S S03~ 

f~ ~j 
~ ~ j ~. 

N N 
H3 C CH3 

Bathocu proine-di-sulfonate(BCS) 

~~~~ 
NN 
Phen 

~03 S, 

~~ 
~~ 
N 

S03~ 

~~ 

~~ 
N 

Batho phenanthroline-di-sulfonate 

(BPS) 

Fig. 2-4 Structures of polypyridines 
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than that of the eopper(H)-neocuproine complex (log~~ = 1 1 . 7) and also 

that of the iron(II)-phen complex (log~; = 2 1 .3) is greater than that of 

iron(III)-phen complex (log~; = 1 4.1).42 Iil the indicator reaction system, 

neocuproine and phen, which increase the oxidizing powers of copper(II) 

and iron(III), acted effectively for copper and iron catalysts. Fig. 2-4 shows 

polypyridines investigated in this study. 

2. 3. 2. Effect ofdiphosphate concentration 

In the previous paper,41 it was found that the catalyiic action of iron on 

the dye-forming reaction disappeared in the presence of the 

Britton-Robinson buffer solution, which consisted of acctic, phosphoric and 

boric aeids because iron(III) was masked by phosphate. In this study, the 

effect of diphosphate was tested to enhance the selectivity for copper and 

iron. 

Table 2-1 shows the result of recovery test with and without diphosphate . 

lh the absence of diphosphate, the recovery of copper was over I OOOlo 

because of a positive interference of iron. The recovery of iron was less 

than I OOo/o. This reason was probably related to the formation of 

copper(II)-phen complex (log~; = 20.9)42, i. e. , the activating effect of phen 

Table 2-1 Recoveries of copper and iron without and with diphosphate 

Cu added 

/ppb 
Fe added 

/ppb 

Cu found / ppb Fe found / ppb 

Without With Without With 

2 
5 

10 

lO 

10 

50 
50 
50 
20 
100 

10.5 (524)a 

13.7 (274)' 

17.3 (173)a 

14.6 (146)" 

1 9.9 (199)* 

l .99 (100)' 

4.74 (95)a 

9.86 (99)a 

9.56 (96)a 

10.2 (l02)* 

48.8 (98)' 

45.6 (91)a 

44.1 (88)a 

1 8.0 (90)a 

117 (117~ 

51.7 (103)* 

50.9 (l02)" 

52.0 (l04)a 

20.9 (105)* 

94.9 (95)" 

F ound 
Recovery ( Vo) =: added x 100: 
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on the iron catalysis was inhibited. On the other hand, the recoveries of 

both elements were improved in the presence of diphosphate. 

Fig. 2-5 (a) shows the effect of diphosphate concentration on the 

uncatalyzed and copper-catalyzed dye-forming reactions. Ih the absence of 

diphosphate, the highest absorbance for the copper-catalyzed reaction was 

obtained (-oo), but the absorbance of the uncatalyzed one was also high. Ih 

the presence of diphosphate, the catalytic action of copper was depressed ' 

because of the masking of copper with diphosphate (logp~ = I 0.3).43 A part 

of copper ion acted as a catalyst by adding neocuproine . A constant 

absorbance in. the copper-catalyzed reaction was obtained in the 

coneentration range from 2 x I 0~ to 5 x I 0~3 M; and the blank absorbance 

was quiet low in the above range. Fig. 2-5 (b) shows the effect of 

diphosphate concentration on the uncatalyzed and iron-catalyzed reactions . 

1 .2 

l 

o e)nQ :: v'o 
G~ 
~~e 0.6 

G,D 

~<! 0.4 

0.2 

O 

(a) 

-5 -4 -3 -2 
log(CdiPhosphate/M) 

O ,8 

o ~ 0,6 
e~ 

~ ~ e(Q 0,4 

~ < O ,2 

-co 

(b ) 

O 

- co -4 -3 

log(Cd i'Phosphate/M) 

-2 

Fig. 2-5 Effects of diphosphate concentration on the uncatalyzed 

( (A) for 15 min, (O) for 5 min ) and catalyzed ( (A) for 15 min, 

(e) for 5 min ) reactions. (a), I O ppb copper; (b), 100 ppb iron. 

Other conditions as in Fig. 2-1 . 
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The reaction times were 5 and 1 5 min. At 5 min, iron was masked with 

increasing the diphosphate concentration. At 1 5 min, the masking effect 

was observed above I x I 0~3 M; and also the absorbance of the uncatalyzed 

reaction decreased above this concentration. A 2 >< I O~3 M diphosphate was 

selected for each element detemlinations. 

2.3.3. Effects ofreaction temperature and time 

The effects of reaction temperature and time on the dye fomation were 

studied. The results are shown in Fig. 2-6. The copper-catalyzed reaction 

prooeeded faster with an increase in temperature. When temperature was 

above 50~C, the absorbance decreased because the produced dye was 

decomposed. Since constant absorbance was obtained in the range from 4 

to 7 min at 55~C, the reaction temperature and time were set at 55~C and 5 

nain for the copper detennination. S imilarly, an increase in temperature 

gave the larger absorbance in the iron-catalyzed reaction. When the 

1 ,O 

O ,8 

~) 

~ 0,6 
e~l 

~i 
~ 0,4 
" J: 
<~ 0,2 

O 

60lc 

55 
o 

o 

30 
22 

(a 

o 

}*, 

3 6 9 12 15 18 
Reaction temp. l~C 

1 ,O 

0,8 

o ~; 0,6 
ee 

~ ~o 0,4 
Q .L 
<! 0,2 

O 

A60･c 
e 55 
- 50 
~ 40 

I 22 

( ) 

), 

O 5 10 15 20 25 30 35 
Reaction tcmp. I~C 

Fig. 2-6 Effects of reaction temperature on the dye-formation. (a) and (a) ', 

50 ppb copper and blank for copper determination; (b), and (b)', 50 ppb 

iron and blank for iron determination. Conditions as in Fig. 2-1. 
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temperature was set at 60~C, the decomposition of the dye was observed 

over 20 min. The iron determination was carried out at 60~C and 1 5 min. 

2. 3.4. Effects ofother vanables 

The pHS Of the copper- and iron-catalyzed reaction systems were varied 

from I .5 to 4 (Fig. 2-7). A maximum absorbance was obtained at pH 3.2 for 

each. Thus, both catalyiic reactions were carried out at pH 3.2. 

o~) 

:l 
e~ 

~ ~ e G,D 

~ <! 

0.8 

0.6 

0.4 

0.2 

o 

(a) 

G) 
~) 
:! 
ee 

~ ~ o (,~ 

~ <! 

0.8 

0.6 

0.4 

0.2 

o 

(b) 

1.2 1.8 2.4 3.0 3.6 4.2 1.2 18 24 30 36 42 

Fig. 2-7 Effects of pH on the uncatalyzed (O) anc catalyzed (e) 

reactions. (a), 4 ppb copper; (b), 50 ppb iron. Other conditions as in Fig. 

2- I . 

The effects of other reagent concentrations on the uncatalyzed and 

copper-catalyzed dye-forming reactions were studied. The p-anisidine 

concentration was varied from O to 2 x l0~2 M. The absorbance increased 

with increasing the concentration up to I x I 0~2 M, and was constant over l 

x 1~0~2 M. A I x I 0~2 M p-anisidine concentration was selected. The DMA 

concentration was varied from O to 3 x I 0~2 M. A constant absorbance was 

17 



obtained in the range from 1.5 x 10~2 to 3 x 10~2 M. A 2 x l0~2 M DMA 

was used. The effect of hydrogen peroxide concentration was examined in 

the range from O to 0.8 M. The absorbance was maximal and constant over 

the concentration of 0.3 M. hl this study, a 0.5 M hydrogen peroxide was 

selected. The acetate buffer concentration was varied from 4 x I 0~2 to 0.4 

M. The absorbance was constant in the range fiom 0,1 to 0.4 M. 

Absorbance of the reagent blank slightly increased with an increase in the 

concentration. A O. I M acetate buffer was thus selected. 

2. 3. 5. Calibration graphs 

Calibration graphs for copper and iron were prepared under the optimum 

conditions described above. The results are shown in Fig. 2-8. Although 

two graphs slightly displayed downward curvature, the repeatability by the 

0.8 

0.7 

Q; 0.6 

~ 0.5 
~~ 0.4 

o ~ 0.3 
< 0.2 

O. 1 

(a) 

4 6 8 
Cc* / ppb 

10 12 

1 .2 

1.0 
,D 

c' nO :1 l"Q 
~e 

~~ 0.6 

e o ~ 04 < ' 
O. 2 

o 2 o 

(b) 

20 40 60 80 100 120 
CF* / ppb 

Fig. 2-8 Calibration curves for (a) copper and (b) iron. Other 

conditions as in Fig. 2-1. 
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proposed method was satisfactory with low relative standard deviations (n 

= 5) of 1.10/0 for 10 ppb copper and 0.970/0 for 40 ppb iron. The 

determinable ranges were 0.16 - I O ppb for copper and I - 100 ppb for 

iron. The detection limits (3a) for copper and iron were 0.05 ppb and 0.3 

ppb, respeotively. 

The successive detenninations of copper and iron in artificial mixtures 

were carried out at various concentration ratios . The result is shown in 

Table 2-2. The concentration ranges were 1-lO ppb copper and 10-200 ppb 

iron, respectively. An error of + 50/0 Was considered to be tolerable. The 

accurate result for I ppb copper was obtained when 200 ppb iron was 

coexisted. On the other hand, the presence of I O ppb copper was tolerable 

in the detemination of 20 ppb iron. 

Table 2-2 Successive determinations of copper and iron in 

artificial mixtures 

A dde d/ ppb Found/ p pb RecoverylO/o 

Cu Fe Cu Fe Cu Fe 

l 

2 

2 
2 
5 

5 

5 

10 

lO 

10 

10 

lO 
1 OO 

200 
50 

l OO 

200 
50 

1 OO 

200 
20 
50 

l OO 

200 

0.97 9.91 
l.03 104 

l .04 -
l.99 51.7 

2.10 97.6 

2 .06 -
4.74 50.9 
5.14 98.l 

5.26 -
9.56 20.9 
9.86 52.0 
10.2 94.9 

l0.4 -

97 
l 03 

l 04 

1 OO 

l05 
l 03 

95 
1 03 

l 05 

96 
99 
l02 
l 04 

99 
1 04 

l 03 

98 

1 02 

98 

l05 
1 04 

95 
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2. 3. 6. Interference stndy 

The effects of foreign ions on the detennination of 4 ppb copper and 20 

ppb iron in the mixture were studied. The results are summarized in Table 

2-3 . An error of + 50/0 was considered to be tolerable. Most ions gave no 

interference on the determination of copper and iron in concentrations up to 

at least 200 ppb. A 200 ppb nickel(II) gave a positive interference on the 

detennination of copper. It seems that nickel(II) acted as a catalysis on the 

dye-fonning reaction, but 50 ppb nickel(II) was tolerable. The 

concentration levels of these ions listed in Table 2-3 are generally tolerable 

when the method is applied to natural waters . 

Table 2-3 Effects of diverse ions on the determination of a mixture of 4 

ppb Cu and 20 ppb Fe 

Tolerance limit / b For Cu detennination For Fe determination 

50000 

20000 

2000 

lOOO 

500 

200 

50 

Na(D , K(D. Mg(II) , ' qa(II). 

N03~, C1~. S042~, B033~ 

Al(III) 

Cd(H) 
Pb (H) 

Mn(H) 
Cr (VD. Co(II), Zn(II) 

Ni( II) 

Na(D. K(D, N03~. Cl~, S042~ 

B033~ 

Mg(II) . Ca (II) 

A1(IID , Zn(ID, Pb(II) 

Cr(VD . Cd(H) 

Mn(n) , Co(II), Ni(1) 

2. 3. 7. Application to naturaJ waters 

To validate the proposed method, the technique was applied to the 

deterrnination of copper and iron in a standard river water (JAC 0032) 

pur~hased from Japan Society of Analytical Chemistry. A 2.5 ml of the 

river water was put into a 25 ml volumetric flask and other reagents were 
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added. As showa in Table 2-4, the analytical values obtained by the method 

are in good agreement with the certified values. 

Tap water and natural waters such as well, river and pond samples were 

analyzed by the proposed method. The tap water sample was acidified by 

adding concentrated hydrochloric acid to pH about 2 . The natural water 

samples were filtered through a Millipore membrane filter (0.45 um pore 

size) and acidified to pH about 2 in the same manner. The analytical results 

of the tap and natural waters are summarized in Table 2-5 . The recoveries 

of added copper and iron were found to be quantitative and the 

reproduoibility was aiso satisfactory. 

Table 2-4 Detennination of copper and iron in the standard river 

water(in spiked)a 

Sample 
Found / ppb Certified values / ppb 

C ub F eb Cu Fe 

JAC 0032 10.4 ~:0.2-

10.5 :!:0.2d 

63.0 :!: l!O' 

58.3 :~l.2d 

10.5 ~:0.2 

10.5 ~:0.2 

57 t2 

57 ~2 

a : Purchased from Japan Society ofAnalyiical Chemistry. 

b : Average for 3 deterDlinations. 

c : The river water was diluted 5 tiDles . 

d : The river water was diluted I O times. 
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Table 2-5 Detelmination of copper and iron in tap and natural waters 

Sample Taken / ml Added/ b Found/ b 

Cu Fe Cu Fe Cu Fe 
In sam le/ b 

Cu Fe 
Recove , o/o 

Cu Fe 
Tap 10 

10 
10 
10 

Well 5 
5 
5 
5 

River 10 
lO 
10 
10 

Pond 10 
10 
10 
10 

5 

5 
5 
5 

2.5 

2.5 

2.5 

2.5 

5 
5 
5 
5 

5 
5 
5 
5 

o 

2 

s 

O 
1 

2 

O 
1 

2 
3 

o 

3 

O 
10 
20 
30 

O 
10 
20 
30 

O 
10 
20 
30 

O 
10 
20 
30 

0.67 
1 .72 

2.72 

3.65 

1.17 

2.17 

3.13 

4.01 

O. 49 

1 .45 

2.43 

3.52 

0.22 
1 .27 

2.31 

3.27 

9.46 

20.0 

29.8 

39.5 

38.1 

48.2 
5 7. 7 

66.7 -

43.8 

53.3 

64.3 

72.3 

6.69 
16.9 

26.8 
37.6 

1 .68 

1 .80 

1 .80 

1 .63 

Ave.1.73 :~ 0.09 

5.85 
5 .85 

5.65 
5 .05 

Ave.5.60~: 0.38 

1 .23 

1.13 
1 .08 

1 .30 

Ave.1.18+_0.10 

OS5 
0.68 

0.78 

0.68 

Ave J0.67:~:0.09 

47.3 

50.0 

49.0 

47.5 

48.5:!: 1.28 

381 
382 
377 
367 
377 ~:6.85 

219 
217 
222 
212 
217~:4.27 

33 S 

34.5 

34.0 
38.0 

35.0+_ 2.05 

105 
103 
99 

IOO 
98 
95 

96 
97 
101 

105 
105 
1 02 

1 05 

l 02 

IOO 

101 

98 
95 

95 
1 03 

95 

1 02 

101 
103 

2. 4. Conclusion 

A selective and sensitive spectrophotometric method was proposed for 

the successive detemination of trace amounts of copper and iron. The 

method is based on the catalytic effects of copper and iron on the oxidative 

coupling reaction of p-anisidine with DMA in the presence of hydrogen 

peroxide. The selectivity ,and sensitivity of the proposed method were 

greatly enhanced by adding neocuproine and phen as activators and 

diphosphate as the masking agent. The method was successfiilly applied to 

the analyses of copper and iron in tap and natural waters without 

preconcentration and separation, 
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Chapter 3 Flow inj eetion-catalytic photometric methods for 

u Itratrace amounts of copper and/or iron44, 45 

3.1, Introduction 

Trace amounts of copper and iron exist widely in river, tap, pond, well, 

and underground waters. These metals are essential trace elements for 

biological systems. Numerous dissolving chemical foms, such as aqua ions, 

complexes and colloids, are observed in natural water. ln general, the 

toxicity of dissolved copper(II) is considered to be much less than that of 

mercury, but greater than that of cadmi'um, silver, Iead, and zinc.46 

However, it has been reported that chelating agents, such as nitrilotriacetic 

acid and ethylenediaminetetraacetic acid, decreased the toxicity of 

copper.23 Therefore, it is very important to analyse the complexation 

reactions of ppb levels of copper and iron with some ligands existing in 

natural water. However, the concentration levels of these metals existing in 

natural water are trace and/or ultratrace (single ppb or sub-ppb level). 

Accordingly, a highly sensitive analyiical method for the detennination of 

copper and iron is required to investigate water pollution and toxicology, 

Catalytic methods based on catalyzed reactions have been developed for 

the detennination of mang~lese, chromium, cob alt, vanadium, and copper 

ions at trace and ultratrace levels.5,47~50 Kawashima et al. have detennined 

ppb levels of iron in tap and hot-spring water samples.51 On the other band, 

adsorptive cathodic stripping voltammetry (ACSV) was proposed to 

measure copper in sea water at trace levels.52 However, one of the major 

problems in ACSV is the adsorption of organic compounds on the 

electrode.~53 
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The catalytic methods require a strict control of the reaction temperature, 

tirne, and constant mixing of the reagents. Flow injection analysis (FIA) is 

efficient to control serious experimental conditions and the assembly is 

easy. However, it is difficult to successively determine several analytes by 

an FIA system equipped with a conventional flow cell. Recently, Sakai and 

his co-workers designed two-channel double and serial flow cells8 and a 

twin flow cell54 for the simultaneous detennination of copper and iron with 

2-(5 -brom0-2-pyridylazo)-5 - [N-n- pro pyl-N-(3 -sulfo pro pyl)amino] aniline, 

sodium salt (5-Br-PSAA) or 2-(5-nitr0-2- pyridylazo)-5-[N-n-propyl-

N-(3 -sulfopropyl)amino]phenol, disodium salt, dihydrate (Nitro-PAPS). 

However, these methods using chromogenic reagents were not sufficient to 

the determination of sub-ppb levels of copper and iron. During the reeent 

decade, some researchers have reported on catalytic methods for binary 

29 metal mixtures, such as silver~)-mercury(II) , 

chromium(VD-tungsten(VD30, and iron(II)-antimonony(IH).31 H'owever, 

there are few reports on catalyiic methods for the d,etermination of two 

catalysts using a single indicator reaction. 

In, the presence of hydrogen peroxide, p-anisidine reacted with 

N,N-dimethylaniline (DMA) to form a dye ( ~ * =740 nm). Although the 

oxidative eoupling reaction was slow, the reaction rate was accelerated in 

the presence of copper(n)55, or iron(III)39. Since the absorbance of the dye 

formed at a fixed time was proportional to these metal concentrations, it 

was possible to deterDline copper(II) and iron(III). In a previous paper,20 

this catalyiic analysis was perfomled to detemine copper(II) and iron(III) 

selectively by a batehwise method. The catalyiic reaction with metals is 

shoWn. in Scheme 3-1. 
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H,co ~ ~ NH' + ~ b N(oH,)* 

p-Anisidine DMA 

H202 f: N = 0= N･(c H,) H,co 
Catalyst (Cu(II) or Fe(III)) Colored product 

Activator : Phen for Fe(III) 

Scheme 3-l 

2,4,6-Tris(2~)yridyl)-1,3,5-triazine (TPTZ) reacts with iron(II) to fonn a 

purple iron(II)-TPTZ complex ( ~ ~a* = 593 nm). Recently, the trace 

determination of copper(II) based on the catalyiic effect on the redox 

reaction of cysteine with iron(IID by FIA in the presence of TPTZ was 

proposed.45 The detection limit (3 o) and the determinable range were 0.005 

and 0.05 - 8 ppb. The method was successfully applied to the 

determination of copper in the standard river water sample issued from the 

Japan Society for Analytical Chemistry and serum samples. 

In this chapter, catalytic method.s for ultratrace amounts of copper and/or 

iron using an FIA system are described. The catalytic-FIA method using a 

serial flow cell can be applied to the successive determination of trace 

amounts of copper(II) and iron(III), and also to the determination of labile 

and inert complexes in synthesized samples involving humic acid and 

copper(II) or iron(III) . 

3.2. Experimental 

3. 2. !. Reagents 
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The eopper(II) and iron(III) standard solutions were prepared in the same 

manner in Chapter 2 . 

A 0.25 M p-anisidine solution was prepared by dissolving 1 5.4 g of 

p-anisidine (Wako) in 1 50 ml of conc. hydrochloric acid and made up to 

500 ml with water. 

A 0.6 M DMA solution was prepared by dissolving 36.4 g of DMA 

(Wako) in 90 ml of 4 M hydrochloric acid and made up to 500 ml with 

water. 

A 2 M acetic acid solution was prepared by diluting 60 ml of acetic acid 

(Signa Aldrich Japan, Tokyo) to 500 ml with water. A 2 M sodium acetate 

solution was prepared by dissolving 27.2 g of sodium acetate trihydrate 

(N:akalai Tesque, Kyoto) with water and made up to I OO ml with water. 

These solutions were mixed to prepare a buffer solution (pH 3 . 1). 

A O. I M diphosphate solution was prepared by dissolving 2.23 g of 

sodium diphosphate decahydrate (Wako) with 5 O ml of water. 

A 0.25 M 1,10-phenanthroline (phen) solution was prepared by 

dissolving 4.96 g of 1,lO-phenanthroline monohydrate (Dojindo 

Laboratories, Kumamoto) with 8 ml of 4 M hydrochloric acid. 

Hydrogen peroxide solutions (0.5 and 3 M) were prepared by diluting 

appropriate amounts of 300/0 hydrogen peroxide with 0.01 M HCl. 

3. 2. 2. Apparatus 

Fig. 3-1 shows a schematic diagram of a flow-injection system using a 

serial flow cell for the successive determination of copper(II) and iron(III) . 

The system consists of two double-plunger pumps (DlvD(-2000, Sannki 

Kogyo, Tokyo and Type DUAL PUMP201, F'I'A Instrument, Tokyo), 
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two six-way injection valves (SVM-6M2, Sanuki Kogyo), two 

thertnostated baths (R-3000C, Sannki Kogyo and Type 521, F ' I ' A 

instrument), a spectrophotometer (S-3250, Soma Optics, Tokyo) equipped 

with a serial flow cell (cell volume: 4 u1; path length: 5 mm) 8, two 

peristaltic pumps (U4-8R. Alitea~ Sweden) and a recorder (EB22005, 

Chino, Tokyo). The configuration of a serial flow cell is shown in Fig. 3-2. 

All connecting lines and reaction coils were made from 0.5 mm i.d. 

Teflon tubing. A Horiba Model F-22 pH/mV meter was used for pH 

ad j ustrtlent. 
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Fig. 3 -2 Configuration of a serial flow cell and single beam detection 

system 
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3. 2. 3. Pro ce d ure 

, 

A carrier solution (C, 0.5 M hydrogen peroxide at pH 2) and a Rl 

solution ( 0.08 M p-anisidine, 0.06 M DMA, 0.2 M acetate buffer at pH 3 . 1 

and 2 x I O~3 M diphosphate) were delivered at 0.65 nil min~1 by a pump' l 

(Pl)' The carrier solution (described above) and an R2 solution (0.06 M 

p-anisidine, 0.06 M DMA, 0.2 M acetate buffer at pH 3.1, 2 x l0~3 M 

diphosphate and 2 x I 0~3 M phen) were delivered at 0.70 ml min~1 by a 

pump 2 G)2), The sample (S) and 3 M hydrogen peroxide (pH 2, R3) 

solutions were delivered by two peristaltic pumps (P3, P4). These mixed 

(A) (B ) 

(d ' ) 

Scan 

( d) 

2 min 

~~~ 
(c') 

Abs. 0.1 
(c) 

(a) 

( b) 

(a') 

(b ' ) 

Fig. 3-3 Flow signals for copper(II) and iron(Ill) using a 

serial flow cell. (A) peak heights for copper(II), (a) blank (b) 

0.5 ppb (c) I ppb (d) 2 ppb; (B) peak height for iron(III) (a') 

black (b') 20 ppb (c') 50 ppb (d') I OO ppb. Other conditions 

are the same as in Fig. 3-1. 
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solutions were loaded in two sample loops (2 m) attached to valves V I and 

V2, and these solutions were inj ected into the carrier solutions . The 

absorbance of the dye fonned in the reaction coil (RC) and the cooling coil 

(CC) was monitored at 740 um using a double-beam spectrophotometer 

equipped with the serial flow cell and recorded on a recorder. Fig. 3-3 

shows flow signals for copper(II) and iron(III) obtained using the serial 

flow cell. 

3.3. Results and Discussion 

3. 3. 1. Effects ofactivators on the catalytic reactions 

The use of a suitable activator in the catalytic methods can enhance the 

catalytic effect of specific metal ions, and then the selectivity and 

sensitivity can be also improved. 

The activating effects of several polypyridines, such as phen, 

neocuproine, BPS, and BCS were investigated. Fig. 3-4 (a) shows the 

effeets of the phen concentration on the copper- and iron-catalyzed 

reactions in the range from O to I x I 0~2 M. Phen enhanced the catalytic 

action of iron(III) and acted as the inhi'bitor for copper(II) . The conditional 

redox potential of the FeGII)/Fe(II) system increased in the presence of 

phen; the overall formation constant of the Fe(H)-phen complex (log ~ 3 = 

42 21.3) is larger than that of the Fe(III)-phen complex (log ~ 3 = 14.1). 

Therefore, it was obvious that the coexisting phen enhanced the oxidation 

power of Fe(III). The absorbance of the produced dye in the presence of 

iron(III) increased up to 2 x I 0~3 M phen, and then the absorbance gradually 

decreased over that concentration. It seems that the activator was 
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attributable to form ternary complexs of the activator-metal-substrate40 . 

phen-iron-p-anisidine and/or phen-iron-DMA. Similarly, the effect of BPS 

was also studied on the iron-catalyzed dye-formation reaction. However, 

the absorbance in the presence of BPS was lower than that of phen, because 

BPS might cause a steric hindrance on the ternary complex fonnation. Thus, 

a 2 x I 0~3 M phen concentration was selected in the iron(III) detennination 

system. 

The effect of neocuproine concentration was investigated on each metal 

detemination system. Neocuproine did not act as the effective activator for 

copper(II) and iron(HI) in the range ffom O to I x I 0~2 M. This result is 

shown in Fig. 3-4 (b). Although neocuproine acted as the activator for the 

0.7 

0.6 

o flE ~' v'c' 
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~ e(,~ 0.3 

~ <! 0.2 

0.1 

O 
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(a) 

-3 ,2 

log(C phe~ I M) 

0,7 

0,6 (b) 

8 0,5 
~l 

~ 0,4 

~ e(Q 0,3 

~ <: 0,2 

0,1 

O 

- oo -2 -1 -3 log(C neocuproine I M) 

-1 

Fig. 3 -4 Effects of (a) phen and (b) neocuproine concentration on the copper 

and iron determination. ( A ), 5 ppb eopper(II); (~), blank for copper(II); 

(e), 50 ppb iron(III); (O), blank for iron(III). Other conditions are the 

saine as in Fig. 3-1. 
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copper catalyzed reactton,20 the same result could not be observed in this 

study. Neocuproine acted as the activator for the copper-catalyzed reaction 

when the DMA concentration was 0.02 - 0.03 M and the p-anisidine 

concentration was 0.01 M. On the other hand, neocuproine acted as the 

inhibitor for copper(II) if the concentration of p-anisidine was more than 

0.02 M. Thus, the activator for copper(II) determination was not used in the 

present FIA study. 

3.3.2. Effect of diphosphate on the determination of copper(II) and 

iron(III) 

In the prevrous study20 diphosphate was effective as the masking agent 

to determine copper(H) and iron(III) successively. The effects of 

diphosphate for copper(II) and iron(Ill) were investigated in the proposed 

FIA system. The recoveries are given in Table 3-1. The recoveries in the 

absence of di.phosphate were over I OOo/o. Thts is beeause copper(II) and 

iron(III) catalyze in the same indicator reaction. Ih the presence of 

diphosphate, the recoveries of copper(II) and iron(III) were around I OOo/o, 

because all catalyiic actions were slightly inhibited. 

Table 3-1 Recoveries of copper(H) and iroh(IH) with and without diphosphate 

Added/p pb 
Found f b 

Cu Fe 

Cu Fe With Without With Without 

5 
l 

l 

50 
20 
50 

5,16 ( 103 )* 

0.99 ( 99 )* 
1.04 ( 104 )* 

6.01 ( 120 )* 
1.06 ( 106 )* 

1.11 ( 111 )* 

51.3 ( 103 )* 

20.1 ( 101 )* 

49.5 ( 99 * 

63.7 ( 127 )* 

28.8 ( 144 )* 
65.2 ( 130' )* 

* Recovery, olo 
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The effect of the diphosphate concentration on the copper- and 

iron-catalyzed dye fonnation was investigated. The results are shown in Fig. 

3 -5. The interferences for each element were restricted with increasing the 

diphosphate concentration. It seems that the complex formation of these 

metals with diphosphate occurred. In addition, the peak heights of the 

reagent blank were depressed in the presence of diphosphate. Thus, a 2 x 

l 0~3 M diphosphate solution w, as selected on each detennination of 

copper(II) and iron(III). 

0,8 (a) 0.8 (b) 
~ 0,6 ~ 0.6 
~ 0,4 ~ 0.4 
<! 0.2 <! 0.2 

- co -2 -3 -2 -1 

log(C . Iog(C diph*Ph,t, I M) d*Ph*sph*t, I M) 

Fig. 3 -5 Effects of diphosphate concentration on the (a) copper and (b) 

iron determination. (A), ･ 5 ppb copper(II); (A), blank for eopper(ID; 

('), 50 ppb iron(HI); (O), blank for iron(III). Other conditions are the 

same as in Fig. 3-1. 

-1 

3. 3. 3. Optim i4-ation of the l~/drogen peroxide concentration 
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The hydrogen peroxide concentration in samples was varied from O to 4 

M. The absorbance of the dye increased with increasing the hydrogen 

peroxide concentration. Therefore, a 3 M hydrogen peroxide solution was 

selected on the detenninations of copper(II) and iron(III). However, the 

peak heights of the reagent blank became high with an inGrease in the 

concentration of hydrogen peroxide . Consequently, hydrogen peroxide was 

added to each carrier solution (pH 2) to reduee blank peak heights. The 

concentration was varied from O to I M. The results are showa in Figs . 3 -6 

(a) and (b). All blank peak heights were reduced with increasing the 

concentration in the carriers . Thus, the hydrogen peroxide concentrations in 

the carriers and sample solution were selected to be as 0.5 and 3 M, 

res pectively. 
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O 1 2 3 4 5 O 0.3 0.6 0.9 1 .2 
C.Il~0,/M CH,o,/M 

Fig. 3-6 Effects of hydrogen peroxide concentration (a) in sample and (b) 

in carrier. (JL), 5 ppb copper(II); (A), blank for copper(n) 

detennination. (e), 50 ppb iron(III); (O), black for iron(III) 

determination system. Other conditions are the same as in Fig. 3 - I . 
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3. 3. 4. Optimization ofpH 

The effects of pH were investigated over the range of 2.1 - 3 .5 for 

copper(II) and 2.3 - 3 .4 for iron(III). The results are shown in Fig. 3-7. pH 

was measured after merging in the tube. In both catalysts, the highest peak 

was obtained at around pH 2.8. Therefore, the reaction pH was fixed at pH 

2.8. 
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2.0 2.3 2.6 2.9 3.2 3.5 20 23 2 6 29 3.2 3.5 

Fig. 3-7 Effects of pH on the dye-formation. . (A), 5 ppb copper(II); 

(~), blank for copper(II) determination; (e), 50 ppb iron(III); (O), 

blank for iron(III) detemination system. Other conditions are the same 

as in Fig. 3-1. 

3. 3. 5. Optim ization of the reaction temperature 

The effects of the reaction temperature on the dye formation in the 

absence and/or presence of copper(ID and iron(III) were studied in the 

rarige from 24 to 95~C. The results are shown in Fig. 3-8. The peak heights 

increased with an increase in the temperature in the presence of catalysts. 
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On the other hand, the peak heights in the absence of catalysts were low 

Thus, the reaction temperature was set to be 90~C . 

O .7 
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,: 
~ 0.2 
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O .6 

o 0.5 
~) 

~ 0.4 

~ * eG,~ 0.3 

~ <: 0.2 

0.l 

O 

80 90 100 80 90 Reaction temp./'C Reaction temp./'C 

Fig. 3-8 Effects of reaction temperature on the dye-formation. (L), 5 

ppb copper(II); (A), blank for copper(II) detennination; (e), 50 ppb 

iron(III); (O), blank for iron(III) determination. Other conditions are the 

same as in Fig. 3-1. 

3. 3. 6. Optimization ofother variables 

The effects of other reagent concentrations were examined. The 

p-anisidine eoncentration was varied ffom O to 0.1 M. The absorbance 

increased with increasing its concentration. The 0.1 M and 0.08 M 

p-anisidine concentrations were selected for the copper(II) and iron(III) 

detection, respectively. The DMA concentration was varied from O to 0.08 

M, in this study, 0.06 M DMA was used. The reaction coil length was 

varied from 2 to I O m on the copper-(or iron-) catalyzed dye-forming 

36 



reaction. When the lengtb became longer than 6 m for copper(II) and 8 m 

for iron(III), the absorbance of the dye increased. Thus, a reaction coil 

length of 8 m was selected for the determination of copper(II) and iron(III) . 

The slower flow rate resulted in an increase of the absorbance because 

the reaction time was longer. Flow rates of I . 3 and I .4 nal min~1 were used 

for the copper(II) and iron(III) detection. The sample loops (0.5 mm i.d.) 

for the copper- and iron-assay system were varied from 0.5 to 3 m. Taking 

into account the sensitivity and repeatability, sample loops of 2 m were 

selected. 

3. 3. 7. Calibration curves for copper(II) ard iron (III) 

The caiibration curves for copper(H) and iron(IH) were prepared under 

the optimum conditions(Table 3 -2). The calibration curves are shown in 

Fig. 3-9. The dynamic ranges were 0.05 - 5 ppb for copper(II) and 0.5 - I OO 

ppb for iron(III), respectively. The sampling rate was 30 sample h~1 for 

each analysis. The RSD (n = 10) by the FIA system were 0.960/* and 0.460/0 

for 0.5 and 2 ppb copper(II), 0.780/0 and 0.450/0 for 20 and 50 ppb iron(IID, 

respectively. The detection limits (36) were I O ppt for eopper(H) and I OO 

ppt for iron(III) and the detection system gave the excellent sensitivity in 

FIA spectroscopy. 

Successive deteminations of copper(H) and iron(III) in artificial 

mixtures were studied. The results are given in Table 3-3. An error of ~5010 

was considered to be tolerable. The concentration ranges were O . 5 - 2 ppb 

for copper and I O - 200 ppb for iron. The I OO ppb iron(III) showed no 

int_erference in the detemination of 0.5 ppb copper(II). And also, I O ppb 

iron(III), did not interfere in the detennination of I ppb copper(II) . 
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Table 3-2 Experimental conditions by the proposed FIA method 

Cu Fe 

0.08 Mp-Anisidine 

0.06 M DMA 
0.2 M Acetate buffer (pH 3 . I ) 

2 x I 0-3 M Diphosphate 

0.5 M H202 at pH 2 (carrier) 

3 M H202 at pH 2 (inject) 

RC 8 m, 90qC, c 0.5 mm 

CC I m, c0.5 mm 
SL 2 m, c 0.5 mm 

BPC 35 cm, c0.25 mm 
Flow rate, I .4 ml min~1 

~ *, 740 nm 

0.06 Mp-Anisidine 

0.06 M DMA 
0.2 M Acetate buffer (pH 3. I ) 

2 x I 0-3 M Diphosphate 

2 x 10-3 M phen 

0.5 M H202 at pH 2 (carrier) 

3 M H202 at pH 2 (inject) 

RC 8 m, 90?C, c 0.5 mm 

CC I m, c0.5 mm 
SL 2 m, c 0.5 mm 

BPC 35 cm, c 0.25 mm 
Flow rate, I .3 ml min~1 

~  ,740 nm 
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0.6 
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Fig. 3-9 Calibration curves for copper (a) and iron (b) under the optimum 

condtions. Other conditions are the same as in Fig. 3-1. -
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Table 3-3 Recovery 
synthesized solutions 

tests of copper(II) and iron(IH) in 

Added / ppb Found / ppb Recovery I olo 

Cu Fe Cu Fe Cu Fe 

0.5 

0.5 

0.5 

1 

2 

2 

20 
50 

100 
10 

100 

200 
1 OO 

200 

O;5 1 

0.52 

0.50 

0.99 

0.96 
1 .05 

2.10 

2.09 

19.6 

52.0 

95.7 

9.76 

99 

99 

101 
l 04 

1 OO 

99 

96 
l05 
1 05 

105 

98 
1 04 

96 
98 

99 

99 

3. 3. 8. Interferences offoreign ions in the determ matlon of copper(II) and 

iro n (III) 

The interferences of foreign ions in the detemination of a mixture of 2 

ppb copper(II) and 5 O ppb iron(III) were examined. The results are 

summarized in Table 3-4, where the tolerable concentrations of foreign 

ions are shown in each case. An error of ~50/0 was considered to be 

tolerable. Most of the metal ions and inorganic anions did not interfere in 

the determinations of copper(II) and iron(III) for concentrations of up to at 

least 200 ppb. 
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Table 3-4 Interferences of foreign ions in the successive determination 

of 2 ppb copper(ll) and 5 O ppb ironall) 

Added* / ppb Cu Fe 

5 OOOO 

20000 

l OOOO 

5000 

1000 

500 

200 

K(D, Mg(II), S042~ , Cl-, 

NO 3-

Na(D, Ca(ID 

B033-, CdGI) 

Co (ID 

Mn GI), Zn(II), Al(IID 

Pb(II), Cr(VD, Ni(ID 

K(D, Na(D, S04 -' Cl -, NO 3-

CdGI), B033-, Mg(II), Ca(II) 

Zn(ID 

Mn (II), Co(II) 

Pb (II) 

Cr(VD, Al(III), Ni(II) 

a. Tolerable concentration with the tolerance range 95 

means within 50/0 error in analysis. 

- 1050/0, which 

3. 3.9. Apphcatron to standard nver water samples and real samples 

The proposed method with a newly designed serial flow cell was applied 

to the successive determination 'of copper(II) and iron(III) in standard river 

water samples(JAC 003 1 and 0032) issued from Japan Society for 

Analytical Chemistry. These samples were diluted 5 times with water. 

Since the pH of the diluted river water was I .9, the diluted sample did not 

give any pH effect for copper and iron detection in the FI system. The 

results are given in Table 3-5. Copper and iron obtained by the proposed 

method were in good agreement with the certified values. 

To exanxine the applicability of the proposed method, copper(II) (O - 0.5 

ppb) and iron(III) (O - 5 ppb) standard solutions were added to tap, rain, 

and well water samples. These real samples were acidified by adding conc. 

hydrochloric acid to pH ca. 2 afier filtering through a Millipore membrane 

filter (0.45 ~n pore size). The results were given, in Table 3-6. In these 

40 



experiments, good precisions on the determination of copper(II) and 

iron(III) in sample were obtained, ranging from 94 to I 040/0 (mean 990/0) . 

Table 3-5 Simultaneous detennination of copper and rron m standard 
river watera 

Sam ple 
Foundb / ppb Certifled values / ppb 

Cu Fe Cu Fe 
JAC 003 l 

JAC 0032 
0.91 ~: 0.03c 7.5:~0.2c 0.88:!: 0.3 
l0.4 :~ 0.lc 56 ~:1' 10.5 ~: 0.2 

6.9~:0.5 

57 :~2 

a. Purchased from Japan Society for Analyiical Chemistry. 

b. Average value for I O detenninations. 

c. The river water was diluted 5 times. 

Table 3 -6 Determination of copper and iron in tap and natural 

water samples 

S am p le 

Tap 
Rain 

Well 1 

Well 2 

Dilutiona. 

Cu Fe 

5 5 
1.25 1.25 

20 20 
50 50 

In sample/ppb 

Cu Fe 

l .36:~ 0.06 

0.35:~0.00 

5.05~:0.19 

73.8 ~:0.5 

63.4 :!:0.6 

1.78~:0.02 

82.4 ~:0.8 

43.0 ~:3.4 

a. The sample was diluted before inj ection in the carrier stream 

3.3. 10. Measurement oflabile and inert complexes atpH 5 6 and I 

Artificial samples containing humic acid and copper(II) (or iron(III)) 

were prepared. The copper(II) concentration was 4 ppb and that of iron(III) 
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was 100 ppb. Then, the labile and inert complexes at pH 5.6 and I were 

analyzed using the proposed method. The results are given in Table 3-7. 

The recoveries of copper(II) and iron(III) at pH 5 . 6 were smaller than their 

added amounts . The results indicate that copper(II) and iron(III) may fonn 

inert complexes with humic acid. However, the recovered amounts of 

copper(II) and iron(III) at pH I were larger than those at pH 5 . 6. The result 

suggests that the humic acid complexes with metals dissociate in the lower 

pH media and labile ions increase in the solution. 

Table 3-7 Measurements of labile and inert complexes at pH 5.6 and 

artificiai samples containing humic acid witb copper(II) or iron(III) 

lin 

Added / ppb Cu found I ppb Fe found / ppb 

Cu : Hua Fe : Hua pH 5.6 pHl pH 5.6 pH1 
4 : 100 

4 : 200 

100 : 500 
lOO : 1000 

2. 5 :!: O. O 

1.9:~0.0 

3.5 ~:O. 1 

3.2~:0.0 

47. I :~ O. 8 

24.8~: I . 1 

89.5 :~ 1.0 

85.2~:0.4 

a. Humic acid. 

3. 4. C onclusion 

Trace amounts of copper(II) and iron(III) could be successively 

determined by the proposed FIA system equipped with a newly designed 

serial flow cell, based on t~eir catalyiic effects. The proposed FIA system 

has wider determinable ranges of 0.05 - 5 ppb copper(II) and 0.5 - I OO ppb 

iron(III), respecti'vely. This method was successfiilly applied to the 

determination of copper(II) and iron(III) in standard river water samples as 

well as tap, rain, and well water samples without any preconcentration or 

separation. Also, it was useful to assay labile copper(II) and iron(III) 

complexes in natural water. 
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Chapter 4 Effect of nitro-PAPS on the reduction of rron(lll) 

with cobalt(II) and flow-inj ection deterDlination of 

cobalt(II) in real samples56 

4. I . Introduction 

A cobalt alloy contains chromium, tungsten, or molybdenum, and it has 

some advantages such as high hardness and endurance against oxidation.57 

This alloy is used as medical instruments58, glass frame, scissors, and 

aceessory and so on. And also, it is well-known that cobalt exists in the 

center of vitamin B 12 Which participates in blood formation in human body. 

Thus, indirect determination of Vit~in B 12 can be possible by detecting 

cobalt 59 Smce the decrease of Vitamin B12 in human body may cause 

neuralgia~ pemicious anemia, and eyestrain60, the vitamin is compounded 

into supplements and eye lotions . Therefore, highly sensitive analytical 

method for the determination of cobalt is required for the quality control in 

various fields. 

61 The standard redox potential of Co(III)/Co(II) system is I . 8 1 (vs . NHE) , 

and Co(.III) rarely exists in aqueous solution. It means that Co(III) obtained 

by electrolysis can be used as a strong oxidation reagent.62 Co(H) is easily 

oxidized to Co(III) in the 'presence of an appropriate ligand which forms 

the corresponding stable complex with Co(III). Vydra and Pribil63,64 

reported that the conditional redox potential of Co(phen)33+/Co(phen)32+ at 

pH 2 was 0.37 V. Teshima et al. developed the novel redox system of Co(II) 

with V(V), Cr(VD65, and Ce(IV)66 in the presence of 2,2'-bipyridyl or phen 

and reported a titrimety for the simultaneous determination of Cr(VI) and 

Fe(III) in high carbon ferrochrome using phen. 67 
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Water-soluble pyridylazo compound such as 2-(5-nitr0-2-pyridylaz 

o)-5-(N-propyl-N-sulfopropylamino)phenol (nitro-PAPS)68 was synthesized 

as a sensitive chromogenic reagent for the detennination of metal ions . 

Makino et al.69,70 and Ohno et al.71 have reported the sensitive 

colorimetric determination of heavy metal using nitro-PAPS in serum. 

Nitro-PAPS was used as pre-column chelating agent in HPLC72~74 and was 

also utilized for the determination of ir.on75 or vanadium76 by FIA. However, 

the effect of ligand on the redox reaction of metal ion has been never 

discussed quantitatively so far. 

lh this chapter, the redox reaction of Co(II) with Fe(III) is investigated 

titrimetically in the presence of nitro-PAPS. As a result, it is proved that 

Co(II) reduces Fe(HI) to Fe(II) in the presence of nitro-PAPS. The rapid 

and highly sensitive FI system is developed for the determination of Co(II) 

by measuring the specific absorption of the produced Fe(II)-nitro-PAPS 

complex. This method is successftLlly applied to the detemination of Co(ID 

in cobalt alloy, pepperbush, and phannaceuticais. 

4,2. Experimental 

4. 2. I . Reagents 

A 2.5 X 10~3 M nitro-PAPS solution was prepared by dissolving O. 126 g 

ofnitro-PAPS G)ojin) in water and made up to 100 ml with water. 

A 2.0 X 10~2 M cobalt(II) solution was prepared by dissolving 2.380 g of 

cobalt(II) chloride hexahydrate (Wako) in 5 x I 0~2 M sulfilric acid and 

made up to 500 ml. The stock solution was prepared by suitable dilution 

with 0.01 M hydroehloric acid. 

44 



A 2.0 X 10~2 M iron(III) solution was prepared by dissolving 4.822 g of 

ammonium iron(III) sulfate decahydrate (Wako) in 0.5 M sulfilric acid and 

made up to 500 ml. 

Cobalt(II) and iron(III) were standardized by EDTA titration. 

A I M acetic acid solution was prepared by diluting 28.6 ml of acetic 

acid (Signla Aldrich Japan, Tokyo) to 500 ml with water. A I M sodium 

acetate solution was prepared by dissolving 8.203 g of sodiurn acetate ' 

(Nakalai Tesque, Kyoto) with water and made up to I OO ml with water. 

These solutions were mixed to prepare a buffer solution at pH 3 . 5 . 

4. 2. 2. Apparatus 

A Mitsubishi Chemical Model GT-07 automatic titrator was used for the 

potential difference measurement. A Horiba Model F-22 pH/mV Ineter was 

used for pH adjustnent. A V-560 double-beam spectrophotometer was 

used with I O mm light-path cells for absorbance measurements. 

The system was consists of an intelligent HPLC pump (PU- 1 5 80, Jasco 

co.), a six-way injection valve (FLOM), a spectrophotometer (S-3250, 

Soma Optics) with a flow cell (cell volume : 8u1) and a FIA monitor (F ' I ' A 

co.) for record. The same kind of Teflon tubing described previously was 

used for the manifold. 

4. 2. 3. Proced ure 

A carrier solution (CS, 0.01 M hydrochloric acid) and a reagent solution 

(RS, 0.5 M acetate buffer at pH 3.5, 2 x 10~5 M Fe(In), 2.5x 104 M 

nitro-PAPS) were delivered at I .5 ml min~1 by the pump I (P1)' The sample 
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(200 u1) was inj ected into the carrier solution and merged with the Rl 

solution. The absorbance of the Fe(ID-nitro-PAPS eomplex formed in the 

reaction coil (RC, 3 m lengtl~) was monitored at 790 nm using a 

double-beam spectrophotometer and recorded on a recorder. Fig. 4-1 and 

Fig. 4-2 show flow system and flow signals for cobalt(II). 

Cs Pl 

s 
~ 

V 
RC 

D W 
RS P2 

Rec. 

Fig. 4-1 Flow system for the determination of cobalt(II). CS: 0.01 M HCl; 

RS: a naixed solution of 2.0xl0~5 M Fe(III), 2.5xl0~ M Nitro-PAPS and 

0.5 M acetate buffer (pH 3.5); Pl and P2: pump (flow rate I .5 ml/min each 

pump); RC: reaction coil (3 mxi.d. 0.5 mm);' D: spectrophotometer; S : 

sample (200 u1); V: six-way Yalve; Rec.: recorder; W: waste, 
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Fig. 4-2 Flow signais for cobalt(ll) analysis. (a), 5 .Ox I 0~7 M; (b), 

7.5xl0~7 M; (c), 1.0xl0~6 M; (d) 2.0xl0~6 M; (e) 5.0xl0~6 M; (~ 

1 .Ox I 0~5 M. Other conditions are the same as in Fig. 4-1. 
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4.3. Results and Discussion 

4.3. I. The reduction ofiron(III) with cobalt(II) 

The equilibrium constant (Kc*F*) is calculated to be I 0~17.6 from the 

standard redox potentials of ~c* (1,81 V vs. Nl{E) and ~F* (0.771 V vs. 

NHE).61 Thus, this reduction of Fe(III) with Co(II) can not proceed. 

K. Co(ll) + Fe(Ill) Co(lll) + Fe(Il) 

If a suitable ligand that can fonn a stable complex with Co(III) and 

Fe(II) exists, the equilibrium constant can be improved. The effect of 

nitro-PAPS on the reduction was studied. The result is shown in Fig. 4-3. 

600 

*~~ :> 500 --Absence of Nitro-PAPS 
~ Ptesence of Nitro-PAPS 
~"~o 400 

eo 
~ 300 
eo 
<: 200 
" > 
~ ~ 100 

OO 1 2 3 4 5 ' [Co(II)] / [Fe(III)] 

Fig. 4-3 Effect of Nitro-PAPS on the titration of Fe(III) with 

Co(II). Titrand (20 ml taken): a mixed solution of 5xl0~ M 

iron(III), I .5xl0~3 M Nitro-PAPS and 0.25 M acetate buffer 

(pH 3.5); Titrant: 5xl0~3 M cobalt(II). 
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The potential break did not appear in the absence of nitro-PAPS. It means 

that Co(ID can not reduce Fe(III) to Fe(II). On the other hand, a potential 

break was obtained in the presence of nitro-PAPS and nitro-PAPS was 

effective on the redox system. The effect of pH on the titration curve was 

studied. The end point was detected at the equilibrium point in the range of 

pH 2.5 - 3.5. The conditional equilibrium constant of this redox system 

estimated from the conditional redox potential was I 04.9. Although the 

conditional equilibrium constant is not enough for the determination of 

cobalt (or iron) by titrimetry, it was enough to apply to spectrophotomery . 

4. 3. 2. A bsorption spectrum ofiron-nitro-PAPS complex 

Fe(II) reacts with nitro-PAPS to fonn the colored complex (Scheme 4-1). 

02 V~~~~ -
~N ~ ~j 

~O 

Nitro-PAPS 

/C3H7 
I~ 
C3H6S03~ + 

Fe(II) 

--~ 02 

,-
~ e -~~~ @/C3H7 
~ / =1~ Fe/;(II;,････::O C3H6S03~ 

Scheme 4-1 

The effect of Co(II) concentration on the Fe(II)-nitro-PAPS complex 

fomation was studied. The result is shown in Fig. 4-4. The absorbance at 

aro.und 560 nm increased with increasing the molar ratio. Wh-en the ratio 

was over I , the absorbance increased quantitatively. It means that the 
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complex fonnation of Co(II) with nitro-PAPS proceeded at the ratio over I . 

Although the absorbance at 790 nm increased with increasing the 

concentration of Co(II), the absorbance was kept constant at molar ratio 

over I . Thus, the absorption at 790 nm was specific on the 

Fe(II)-nitro-PAPS complex. Although the maximum wavelength of 

Co(III)-nitro-PAPS complex was at 560 nm, other complexes with copper, 

zinc, and nickel showed the same color development. Taking into account ' 

the selectivity, we selected the monitoring wavelength of 790 nm for the 

determination of Co(ID in this proposed method. 

2.0 

- [Co]/[Fe]=0 
= [Co]/[Fe]=0.5 

a) I .5 _ [Co]/[Fe]=1.0 
o _B_ [Co]/[Fe]= I .5 ~ 
~ - [Co]/[Fe]=2.0 ~ 1.0 
" ~ <: 

0.5 

O 
500, . 600 700 800 900 

Wavelength / nm 

Fig. 4-4 Absorption speetra of iron-nitro-PAPS chelate after reduetion 

with Co(II). [Fe(III)] : 2.5xl0~ M; [N:itro-PAPS]: 4xl0~ M; [acetate 

buffer]: 0.25 M (pH 3.5); molar ratio ([Co(II)]/[Fe(In)]): (O) O 

(Fe(III) only); (~) 0.5; (~) 1.0; ([]) 1.5; (x ) 2.0. 

4. 3. 3. Optim ization ofFIA conditions 

The effect of pH was investigated over the range of 2.2 - 4.9. The result 
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is shown in Fig. 4-5. The absorbance increased with increasing pH up to 

3.5. pH 3.5 was selected by the result obtained by the potentiometric 

titration of iron(III) with Co(II) in the presence of nitro-PAPS shown in Fig. 

4-3 . 

o. 06 

0.05 

Q) 0,04 

o ~ 
~H 0,03 
o c') 

~ < 0,02 

0.01 

O 

2.0 2.5 30 35 40 45 50 
pH 

Fig. 4-5 Effect of pH on iron(II)-nitro-PAPS complex. (1) 2.5xl0~6 

M cobalt(II); (e) 5.0xl0~6 M cobalt(II); other conditions as in Fig. 

4- I . 

The effect of Fe(III) concentration was varied from 2.5 x 10~6 to 3 .OX 

10~6 M. The result is shown in Fig. 4-6. The absorbance was maxirnum and 

almost constant over 5 x I 0~6 M. Thus, the 2.0 X I 0~5 M Fe(III) sol.ution was 

chosen. 

The effect of nitro-PAP~ concentration was studied. The peak height was 

constant more than 2 x I 0~4 M. Thus, 2.5 x I 04 M nitro-PAPS was selected 

for the determination of Co(II) . 

The length of RC was varied from 0.5 to 5 m. The peak height was 

almost constant in the examined RC Iength. The 3 m RC Iength was used. 

. The effect of the flow rate on the peak height was examined in the range 

0.5 - 2.0 ml min-1. The peak height of Co(II) was almost constant more 
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Fig, 4-6 Effect of iron(III) concentration on the peak height 

of cobalt(II), (1) 2,5xl0~ M cobalt(II); (e) 5,0xl0~ M 

cobalt(II); other conditions as in Fig, 4-1 , 

over 0,75 ml min~1, The flow rate was selected the suitable sampling rate at 

1,5 ml min~1, 

The sample volume was studied in the range from 120 to 280 pi, The 

peak height increased with increasing the injected volume, The sample 

volume was selected to be 200 u1, 

4, 3,4, Calibration curvefor cobalt(II) 

The calibration curve for Co(II) was prepared under the optimum 

condition, The result is given in Fig, 4-7, The dynamic range was 2,5 x I 0~7 

- I ,O X l0~5 M for Co(ID (~ = 0,998), The sampling rate was 70 samples h~1, 

The relative standard deviation (RSD) (n = I O) was 0,3 O/o for 2,5 x I 0~6 M, 

The detection limit (30) was I x I 0~7 M for Co(II), 
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Fig. 4-7 Calibration curve for cobalt(ID in the optimum 

conditions. Conditions as in Fig. 4-1. 

4. 3. 5. Effect ofinterfering ions on the determination ofcobalt(II) 

A Iarge amount of iron exists in cobalt alloy and trace amount of iron 

exist as impurity in eye lotion. Thus, the interferenoe from iron on the 

determination of cobalt(II) was examined. The maximurn absorption 

wavelength ( ~ ~* = 560 nm) of cobalt(HI)-nitro-PAPS complex was 

compared with that ( ;L  = 790 nm) of iron(II)-nitro-PAPS complex. 

When the mixed solution of 2.5x lO~ M cobalt(II) and iron(III) was 

injected to the flow system, the peak height measured at 560 nm was 2 

tirnes and it means that iron gives big interference. However, the peak 

height of cobalt(II) at 790 nm was subject to no interference. Thus, the 

measurement wavelengtil at 790 nm was chosen. 

.Table 4-1 summarizes the tolerance limits for fQreign ions on the 

detennination of 5 X I 0~6 M cobalt(II). Ah error of ~5 o/o was oonsidered to 
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be tolerable. lron(III), tungsten(VI), nickel(II) and copper(II) showed 

serious positive interference on the determination of 5 x I 0~6 M cobalt(II) . 

However, at the level shown in Table 4-1, these metals do not exist in 

cobalt alloy and other samples. Accordingly, this proposed method can 

apply to the detennination of cobalt(II) in cobalt alloy . But pepperbush 

leaves include a large amount of iron. So, it is necessary to remove iron. 

Table 4-1 ,, Effect of foreign ions on the 

deternlination of 5 . O x I 0~ M cobalt(II) 

[Ion] 

[Co(H)] 
Added lon 

1 OOOO 

5000 

1 OOO 

200 

50 

20 

lO 

2 

1 

Na(D. Mg(H). Al(III), K(1). Ca(II) 

S042-, N03-. C032-

Mn(II) 

Cd(ll) 

Zn(ll). Rb(1), Sr(H). Ba(II) 

S i(IV) 

Cr2072-, Pb(H) 

V02+, Ni(ll), Cu(II) 

W042-

Fe(III) 

An error of 50/0 was oonsidered to be tolerable. 

4. 3.6. Appllcation to real samples 

The proposed method was applied to the detennination of cobalt(II) in 

medicines, cobalt alloy, and pepperbush leaves. The procedure for the 

decomposition of Vitamin B12 (Fig. 4-8), cobalt alloy (Fig. 4-9), and 
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pepperbush leaves (Fig. 4- I O) are described below. 

Vitamin B12 : Six tabl,ets or 10 ml of eye lotions, 20 ml of conc. 

hydrochloric acid were taken in a I OO ml beaker. The solution was heated 

at 200 'C for 2 hours for decomposition. After I O ml of nitric acid and 2 ml 

of perchloric acid were added to the beaker, it evaporated to dryness. The 

residue was dissolved by adding 3 O ml of I M hydrochloric acid and the 

solution was diluted to 50 ml with distilled water. The solution was 

appropriately diluted for the determination. 

Beaker 

<L Vitamin B12 (Six tablets or I O ml of eye lotions) 

<L Conc. hydrochloric acid 20 ml 

Heatin at 200 ~C for 2 hours 

<1 Nitric acid 10 ml 

<1 Perchloric acid 2 ml 

Evaporation to dryness 

<- I M hydrochloric acid 3 O ml 

Transferring to a 5 O ml volumetric flask and diluting with water 

Fig.4-8 Procedure for the decomposition of the Vitamin B12 in medieines 

Cobalt alloy : The cobalt alloy standard sample (NIST SMR 862; High 

Temperature Alloy L605) purchased from National Institute of Standard 

and Technology (NIST) was used. To the vessel, 0.1 g of the sample, 2 ml 

of conc. nitric acid, 2 ml of conc. hydrochloric aci(~ and I ml of conc. 

hydrofluoric acid were taken. The mixture was heated at 230 'C for 3 O 
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minutes by the microwave digestion labstations (Milestone com.) for the 

decomposition of cobalt alloy. The solution was diluted to I OO ml with 

water. 

Vessel 

<i Cobalt alloy about O. I g 

<i Conc. nitric acid 2 ml 

<r Conc. hydrochloric acid 2 ml 

<1 Conc. hydrofiuoric acid I ml 

Heating at 230 qC for 30 minutes by microwave cigestion labstations 

Transferdng to a I OO ml volumetric flask and diluting with water 

Fig.4-9 Procedure for the decomposition of cobalt alloy 

Pepperbush leaves : 0.2 g of pepperbush leaves ~IES No. 1) purchased 

from National lilstitute for Environmental Studies (NIES) were taken to a 

small teflon vessel. Two ml of nitric acid, 0.4 ml of perchloric acid and 0.2 

ml hydrofluoric acid were added to the vessel. The small vessel was placed 

in a large teflon vessel in vyhere I .5 ml of water was put. The large vessel 

was placed in a stainless vessel, and the solution in the stainless vessel was 

heated at 90 'C for 2 hours. Afier that, it was heated at 130 "C for 2 hours, 

and then it was evaporated to dryness under an infrared lamp on the hot 

plate. The residue was dissolved by adding 4 ml of O. I M hydrochloric acid 

an_d was heated to dissolve. To remove iron in the samples, extraction with 

hinokitiorVbenzene was done. Most of iron was removed -by solvent 
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extraction. The s olution was appropriately diluted 

hydrochloric acid for the detennination. 

Small teflon vessel 

<- Pepperbush leaves about 0.2 g 

<i Nitric acid 2 nil 

<L perchloric acid 0.4 ml 

<1 Hydrofluoric acid 0.2 ml 

The sam les were heated at 90 'C for 2 hours 

with 0.01 M 

furthermore they were heated at 1 3 O 'C for 2 hours. 

Cooling 

Eva oration to ness 
<- O. I M hydrochloric acid 4 ml 

Dissolving while heating 

Removal of iron by extraction of hinokitiorl in beazene solution 

Frg 4 1 O Procedure for the decomposition of pepperbush leaves 

The analytical results are shown in Table 4-2. The content of Vitamin B 12 

in medicine was estimated from the determination value of cobalt. As a 

result, these values almost corresponded to the labeled values or certified 

values. 
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Table 4-2 Determination of cobalt(II) in practical samples 

S am ple 
Cobalt(II) or Vitamin B 12 

found' 

Nominal or certified 

vaiue 

Vitamin Bl2b 

Vitamin B 12' 

C obalt alloy 

Pepperbush leavesd 

1430~: 10 /! g / 3 tablets 

0.014~:0.0003 OIQ 

51.1:!:0.1 olo 

20.7~:O. I p g/g 

1500 p g / 3 tablets 

0.015 "lo 

51.5~:0.3 olo 

23 :~3 // g/g 

a. Average for three determinations . 

b. Tablet. 

c. Eye lotion. 

d. The iron in pepperbush leaves was removed by solvent extraction. 

4.4. Concluslon 

The sensitive and rapid flow-inj ection spectrophotometric method using 

the redox reaction of Co(II) with Fe(IID in the presence of nitro-PAPS was 

investigated. The Fe(II)-nitro-PAPS complex had a specific absorption 

maxlnmm at 790 um. Thus. Co(II) could be selectively detennined by 

measuring the absorbance at this wavelength. In the optimum conditions, 

the calibration curve was linear in the range from 2.5x I 0~7 to I x I 0~5 M with 

a sampling throughput of 70 samples h~1. The detection liDlit (3cr) was 

lxl0~7 M and the RSD for 2.5xlO~6 M cobalt(II) was within lo/o. The 

proposed method was successfiilly applied to the analysis of Co(II) in 

cobait alloy and pepperbush leaves, and to the indirect detemination of 

Vitamin B 12 in phannaceuticals. 
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Chapter 5 Sequential inj ection lab-on-valve simultaneous 

spectrophotometric detennination of trace 
amounts of copper and iron77 

5. 1. Introduction 

Copper and iron are essential elements for living organisms including 

human being. Lack of these elements in the daily diet may result in the 

progress of serious diseases. However, excess uptake of copper and iron 

through water pollution results in acute and/or chronic poisoning. As early 

as the late 1 800s, water pollution occurred as a consequence of industrial 

waste dumping at the Ashio copper mine in Japan.78 For sick infants and 

children, even tap water can cause their chronic copper poisoning.79 It is 

well known that sheep are most prone to the oopper poisoning.80 And also, 

large amount of iron discharged from factories leads to effluvial and 

reddish water. Recent industrialization in Thailand has exerted considerable 

stress on the marine envirouments and provoked habitat degradation.81 

Therefore, the determination of copper. and iron is required for quali'ty 

assessment of wastewater. 

The guideline values in wastewater set by Japanese government are 3 mg 

1~1 (mg l~1 = ppm) for copper and I O ppm for iron, respectively. 82 Although 

spectrophotometric methods with diethyldithiocarb amate and 

1 , I O -phenanthroline are utilized for individual determination of copper and 

lron 83 mductrvely coupled plasma atomic emission spectrometry 

(ICP-AES) is usually exploited for simultaneous detennination of 

multi-elements including copper and iron. However, the running cost and 

operator skill requirement for ICP-AES are high~ so a cost-effective and 

affordable technique for copper and iron determination is desired. 
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Flow inj ection analysis (FIA) conceived by Ruzicka and Hansen in 

l 9756 is one of flow-based techniques and has been applied to many fields 

86,87 such as atnospheric gas analysis,84 wa'ter analysis,85 bioassay, 

phannaceutical analysis,88~90 and so on for the last few decades. Recently, 

S akai and co-workers91 reported a simultaneous spcetrophotometric 

determination for eopper and iron in sera using 2-(5-brom0-2-pyridylazo) 

-5-[N-n-propyl-N-(3-sulfopropyl)amino]alliline92 (5-Br-PSAA) by FIA' 

equipped with twin flow cell. The limits of detection (LOD) were 0.39 ug 

l~1 (ug l~1 ~ ppb) for copper and 0.20 ppb for iron. This high sensitivity 

allowed the volume of serum sample to be minimized. However, analysis 

of wastewater for copper and iron does not need such highly sensitive 

method because relatively large volumes of wastewater samples are usually 

available compared to biological materials. in addition, due to its 

continuous flow character, F IA es sentially tends to consume reagent(s) 

even when an analyte is not measured. 

Sequential inj ection analysis (SIA) was developed as the second 

generation of flow injection teclmiques in 1990.13,19 in a SIA system, ul 

volumes of sample and reagents are aspirated at programmed time intervals 

by a syringe pump that provides for bi-direetional discontinuous flow. 

Therefore, the consumption of reagents and sample in SIA is usuaily 

smaller than that in FIA. ,Moreover, the same SIA setup can be used for 

different assay protocols without changing configuration of the system. As 

htghlighted in a review by Lenehan et al.,93 over 200 papers on SIA have 

been published in the recent decade. 

Many researchers utilized sequential injection (SD technique with 

UV-VIS detection for the assay of copperl4,94 or ironl5,95-rol. The SI 

technique was employed as a means of the sample introduction into flame 
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atomic absorption spectrometric detector for the determination of zinc, 

manganese, iron, and copper in wine.17 FI and SI systems with anodic 

sinpping voltammetric detection were exploited for the simultaneous 

determination of cadmi'um~ copper, Iead, and zinc in wastewater samples,ro2 

SI method with rv-VIS detection has also been utilized for the 

determination of binary species in water sample : iron(III)-iron(II) using 

Tiron, 15 chromium(VD-chromium(III) using I ,5-diphenylcarbazide with 

wetting film extraction technique, 18 and cobalt(II)-nickel(II) with 

differential kinetics.16 However, there is no report on the simultaneous 

detemination of copper and iron by SI system with UV-VIS detection. 

Most recently, a mini-conduit module with integrated flow cell and fiber 

optics was mounted atop a multi-port valve in SI manifold to form a 

' Iab-on-valve' (LOV).19 In the SI-LOV system, the volume of the sample 

path from 'injector to detector can be minimized. The vohme of the 

generated waste ' solution is smaller than in a common SI system. This 

SI-LOV teehnique was applied to the spectrophotometry for chloride. I03 

This paper describes a SI-LOV system using 5-Br-PSAA as a 

ehromogenic reagent for the simultaneous determination of copper and 

iron. 

The high reagent blank caused by colored 5-Br-PS~~ can be 

successfully suppressed by using spacers including 5-Br-PSAA The 

proposed method is usefiil to detennine copper and iron in industrial waste 

water. 

5.2. ExperiDCLental 

5.2. 1. Reagents 
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Standard copper(ID and iron(III) solution was prepared , in the same 

manner shown in Chapter 2. 

A 2 x I 0~3 M 5-Br-PSAA stock solution was prepared by dissolving 

0.096 g of 2-(5-brom0-2-pyridylazo)-5-[N-n-propyl-N-(3-sulfopropyl)-

amino]aniline, sodium salt (Dojindo Laboratories. Kumamoto) in I OO ml of 

water. 4 x I 0~ (for copper determinati,on) and 7 x I 0~ M (for iron 

detennination) 5-Br-PSp~ solutions were prepared by dilution of the stock 

5-Br-PSA~ solution with water, and a 5 x l0~5 M 5-Br-PSJ~ solution as a 

carrier and a spacer as well was prepared by diluting the same stock 

solution with O . O I M hydrochloric acid. 

A I x I O~2 M ascorbic acid solution was daily prepared by dissolving 

0.035 g of L-ascorbic acid (Wako) in 10 ml of water. A 5 x 10~ M 

L-ascorbic acid solution was prepared by dilution of the stock solution with 

water. 

A 0.2 M acetic acid solution was prepared by diluting 0.6 nil of acetic 

acid (Sigma Aldrich Japan. Tokyo) to 50 ml with water. A 0.2 M sodiurn 

acetate solution was prepared by dissolving I .35 g of sodium acetate 

trihydrate (Nakalai Tesque. Kyoto) in 50 ml of water. These solutions were 

mixed to prepare a buffer solution (pH 4.6). 

5. 2. 2. Apparatus 

The scheme of manifold of the computer-controlled SI-LOV system 

(FIAlab 3000, FIAlab lhstruments, USA) used is shown in Fig. 5-1. The 

system consists of a 2.5 ml syringe pump, a six-port selector valve with 

integrated flow cell and a single speed unidirectional peristaltic pump. A 
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UV-VIS spectrophotometer (USB2000, Ocean Optics, USA) was used to 

measure absorbance of the formed complexes at 558 and 580 mn. A 

temperature control unit, TC (R-5000C, Sannki Kogyo, Tokyo) was used to 

promote the complex formation of iron(II) with 5-Br-PSAA. All flow lines 

were made from Teflon tubing (0.5 mm or I nm i.d., see Fig. 5-1). FIAlab 

for Windows 2000 software was used to control the SIA-LOV system and 

to process the experimental data. 

TC 
l~ EC2~ ~ l 

l l 
ll l-

HC 1 

l 

l- 'I-

cS 

Waste 

Syringe 

pump 
(2.5 ml) 

HC3 

B eam 

#2 

#3: 

BS 

#1 

AS 

#6 

# 

Multiposition 
valve 

#4 

W aste 

Rciu 

RFe 
S 

Peristaltic 

pump 

Fig. 5-1 Manifold of the SIA system in the proposed method. HCl, 

holding coih (0.5 mm i.d., 60 cm); HC2, holding coil2 (0.5 mm i.d., 55 

cm); HC3, holding coil3 (1 mm i.d., 50 cm); TC, temperature controller 

(45'C); CS, 5 x l0~5 M 5-Br-PSAA in 0.01 M HCl; Rc., 4 x 10~ M 

5-Br-PS~~; RF,, 7 x I 0~ M 5-Br-PSAA; S, sample containing copper 

and/or iron; AS, 5 x 10~ M ascorbic acidj BS, 0.2 M acetate buffer at pH 

4,6. 
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A Horiba Model F-22 pH/mV meter equipped with silver/silver chloride 

electrode (6378-10D, Horibe~ Kyoto) was used for pH adjustment. 

Phthalate, phosphate and tetraborate pH standard solutions were used for 

calibration. 

5. 2. 3. Proced ure 

The central inlet of the six-port valve shown in Fig. 5-1 was eomeeted to 

a couple of holding coils, HCI (0.5 mm i.d., 60 cm) for copper and HC2 

(0.5 mm i.d., 55 cm) for iron. The HC2 Was heated by the above-meiltioned 

TC at 45"C. The flow cell (5 mm path length) was set to the port #2. The 

auxiliary peristaltic pump was used to transport sample solutions (S) to the 

sampling line. The sample and reagents were aspirated with a high 

precision syringe pump of the FIAlab 3000 system. A 0.2 M acetate buffer 

solution at pH 4.6 (BS), 4 x I 0~ M 5-Br-PSAA solution for copper 

detemination (Rc*) , 7 x I O~; M 5 -Br-PSAA solution for iron deterrrLination 

(RF*), 5 x 10~ M ascorbic acid solution (AS) were aspirated from ports #1, 

#3, #4, and #6, respectively. Sample was aspirated from port #5. The third 

holding coil, HC3 (1 mm i.d., 50 cm), connected to the port #2 was used to 

keep a spacer solution (SSc*, SSF* in Fig. 5-2) of 5 x I 0~5 M 5-Br-PSAA in 

0.01 M hydrochloric acid. The spacer solution in the HC3 was aspirated 

from port #2 twice as described below. Diagram of sequence of reactant 

zones corresponding to one cycle of simultaneous detennination of copper 

and iron is showrl in Fig. 5-2. The SI-LOV protocol to cany out the 

sequence is shown in Table 5 - I . At flfst, HC l, HC2, and HC3 are filled with 

a carrier solution (CS, 5 x 10~5 M 5-Br-PSAA in 0.01 M hydrochloric acid), 

which is also used as SSc* and SSF*. The sample, reagents and SSF* for the 
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Zone for copper Zone for iron 

#2 #3 #5 #1 #2 #1 #6 #5 #6 #4 #1 (a) 
SSc* Rc~ S BS SSF. BS AS S AS RF* BS (b) 

(c) 

- To flow cell - To HCI and HC2 
Fig. 5-2 Diagram of sequence by one cycle for the simultaneous 

determination of copper and iron. (a) , Port numbers on lab-on-valve ; 

(b), reagents aspirated (abbreviations are shown in Fig.5-1); (c), 

aspiration volume in u1. 

detennination of iron are aspirated from the respective ports (in the order: 

#1, #4, #6, #5, #6, #1, #2) into the HC2. The sample, reagent and SSc* are 

then aspirated from corresponding ports port (in the order: # l, #5, #3, #2) 

into the HC I . Thereafier the reaction products of Cu(ID and Fe(II) with 

5-Br-PSJVL are dispensed to the flow cell through the pord~2 by reversing 

the direction of the flow. The role of the SSc* and SSF* is to promote 

efficient mixing of the sample and reagents in each zone before reaching 

the flow cell and also to completely separate the zones of Cu~D and Fe(II) 

complexes that results in vyell separated detection peaks . 
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Table 5-1 SIA protocol for the simultaneous determination of copper and iron 

SIA protocol Note SIA protoool Note 

Loop Start (#) 3 

syinge pump Valve h] 

syinge pump Flowrate (microliter/sec) 1 85 

Syinge Pump Fill 

syinge pwnp Delay Untii Done 

Delay (sec) l 

Multiposition Valve flow cell 

syinge pump Valve Out 

syinge pump Flowrate (microliter/see) 1 85 

syringe pump Dispense (microliter) 3 OO 

Syinge Pump Delay Until Done 

Delay (sec) l 

Loop End 
Delay (sec) 2 

Multiposition Valve acetate buffer 

Syinge Pump Flowrate (mieroliter/sec) 15 

Syinge Pump Aspirate (microliter) -'O 

Syinge Pump Delay Until Done 

Delay (sec) 2 

Multiposition Valve S-Br-PSAA 

Syringe Pump Flowratc (microliter/see) 1 5 

Syringe Pump Aspirate (microliter) 20 

Syringe Pump Delay Until Done 

Delay (see) 1'_ 

Multiposition Valve ascorbic acid 

Syringe Pump Flowrate (microliter/sec) 15 

Syringe Pump Aspirate (microliter) 5 

Syringe Pump Delay Until Done 

Delay (sec) 2 

Multiposition Valve samplc (Fe) 

Syringe Pump Flowrate (microliter/sec) 15 

Syringe Pump Aspirate (microliter) 45 

Syinge Pump Delay Until Done 

Delay (soe) 2 

Multiposition Valve ascorbic acid 

Syinge Pump Flowrate (microliter/sec) 1 5 

Syringe Pump Aspirate (microlitei) 5 

Syringe Pump Delay Until Done 

Delay (sec) 2 

C]eaaing the whole 
flow line 

Aspiration of 0.2 M 
aeetate buffer 

Aspiration of 7 x l0-4 

M 5-Br-PSAA 

Aspiratioi] of 5 x 10-4 

M ascorbic acid 

Aspimtion of iron 
solution at a suhab]e 

concentration 

Aspiration of 5xl0-4 

M ascorbic acid 

(1) 

Multposition Valve acetate buffer 

Syinge Pump Flowrate (mieroliterlsee) 1 5 

Syinge Pump Aspirate (microliter) 10 

Syinge Pump Delay Until Done 

Delay (sec) 2 

Multipositon Valve flow cell 

Syringe Pump Flowrate (microliter/sec) 15 

Syinge Pump Aspirate (microliter) 105 

Syringe Pump Delay Unttl Done 

Delay (sec) 2 

Multipositon Valve acetate buffier 

Syringe Pump Flowrate (microliter/sec) I S 

Syinge Pump Aspirate (microliter) 5 

Sylinge Pump Deiay Until Done 

~lay (see) 2 

Multiposition Valve sample (Cu) 

Syinge Pump Flowrate (microlit,er/sec) 1 5 

Syringe Pump Aspirate (microliter) 25 

Syringe Pump Delev. Until Done 

Delay (see) 2 

Multiposi(ion Valve 5-Br-PSM 

Syinge Pump Flowra:te (rricroliterlsee) 1 5 

Syringe Pump Aspirate (microliter) lO 

Syringe Pump Delay Until Done 

Delay (seo) 2 

Multiposition Valve flow cell 

Syinge Pump rlowrate (microliter/see) 1 5 

Syringe Pump Aspirate (microl iter) 40 

Syringe Pump Delay Until Done 
Del ay (sec) -' 

Multiposition Valve flow cell 

Syringe Pump Flowrate (microliter/see) 20 

S pectometer Reference S ean 

Spectrometer Absorbancc Scanning 

syringe pump Dispense (micrciiter) 500 

syringe pump Delay Until Done 

Speetrometer Stop Scanning 

Loop End 

Aspiration of 0.2 M 
acetate bt~ler 

Aspiration of 
solution 

carrier 

Aspiration of 0.2 M 
acetate buffer 

Aspiration of 

solution at a 

conoentution ' 

co pper 

su itable 

Aspiration of 4 x l0-4 

M 5!Br-PS~ 

Aspiration 

solution 

of canier 

Absorbance monitoring 

st8rts. 

Absorbance monitonng 
stops . 

Continue to (1) Stop prDgram 
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5.3. Results and Discussion 

5. 3. I . Peak profiles 

Copper(II) and/or iron(ID reacts with 5-Br-PSAA to form red color 

chelate compound (Scheme 5-1). 

B V~N. /C3H7 
2+ 

_ + M ~/~~ C3H6S03 
H2N 

5-Br-PSAA 

- B ~ ~-~ @,c3H7 
~ C3H6S 03~ 

M/~+~~~~.~H2 

M2+; Cu(ID or Fe(~) / 2 

Scheme 5-1 

However, copper(D and iron(III) do not react with 5-Br-PS~L. The 

molar absorptivities for the copper(II)-5-Br-PSA~~ complex are 55000 l 

mol~1 cm~1 at 558 nm and 65000 1 mol~1 cmrl at 580 nm,ro4 and those for the 

Fe(II) complex are 87000 1 mol~1 cm~1 at 558 nm and 42000 1 mol~1 cm~1 at 

7 1 3 nm.89 In this work, we chose the monitoring wavelengths of 580 nm 

for copper and 558 nnl for iron. respectively, to ensure maximum 

sensitivity. Fig. 5-3 shows the peak profiles for Cu(II)- and 

Fe(II)-5-Br-PSJ~ complexes obtained by the proposed method. As shown 

in, Fig, 5 -2, there are two determination zones per one sequence; one zone 

containing SSc*, Rc*, S, and BS in the HCI gives a flfst peak for copper, 

and another zone containing SSFe' BS, AS, S, and RFe in HC2 gives a 

second peak for iron. When the sample solutions containing only copper 
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were introduced into the SI-LOV system, only flfSt pesk heights depended 

on the concentration of copper (Fig. 5 -3 (a), (b), and (c)) . On the other hand, 

the second peaks (Fig. 5-3 (a)', (b)', and (c)') were proportional to the 

concentration of iron. Hence, copper and iron can be determined 

simultaneously. 

0.4 

o G, 
~ic5 0.3 

~ ~ ne o u'b c'~ 

~ <: 0.1 

O 

(c) 

(b) 

(a) 

~~~ 
1 65 1 76 188 

Time (s) 

199 210 

0.5 

~ 0.4 
~l 

~ 0.3 
~~ 
o~) 0.2 

.~ 
<! 0.1 

O 

l 

(c) ' 

(b)' 

(a) ' 

¥ 

165 1 76 188 

Time (s) 

1 99 210 

Fig. 5-3 Peak profiles obtained by the proposed method for copper at 

580 um and iron at 558 nm. (a), Blank for copper; (b), 0.5 ppm copper; 

(c), I ppm copper; (a)',.blank for iron; (b)', 0.5 ppm iron; (c)', I ppm 

iron. Other conditrons are the same as in Fig. 5-1. 
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5. 3.2. Effects of 5-Br-PSAA concentrations 

Fig. 5-4 shows the effect of 5-Br-PSAA concentration in Rcu and RF* on 

the color development with I ppm copper and I ppm iron. The 

concentrations were varied fiom I x I 0~ to 5 x I 0~ M for copper and from 

2 x I 0~ to I x I 0~3 M for iron. The net absorbance of the copper complex 

was ahnost constant over the examined range and that of iron complex was 

monotonically increased with an increase in 5-Br-PSAA concentration. 

Both of the blank peaks for copper and iron also increased with an increase 

in 5 -Br-P SAA concentration. We chose therefore 5 -Br-PSAA 

concentrations of 4 x 10~ M for copper and 7 x 10~ M for iron. 

5. 3. 3. Effect of5-Br-PSAA concentration in carrier solution 

Fig. 5-5 shows the effects of 5-Br-PSA~ concentration in carrier 

solution, which was used as SSc* and SSF* to suppress the high reagent 

blank. The 5-Br-PS~L concentration was varied from O to I x I 0~ M. The 

blank peaks for copper and iron favorably decreased with an increase in the 

concentration of 5-Br-PS~~, because the 5-Br-PSAA concentration gap 

between Rc* or RF* and the carrier solution was narrowed. At the same time, 

the net absorbance for , copper increased with increasing the reagent 

concentration up to 2 x I 0~5 1~ and that for iron also increased over the 

range examined. These results indicated that 5-Br-PSAA in SS~ and SSF* 

suppressed each blank and that promoted the complex formations. Thus, a 

5 x I 0~5 M of 5-Br-PS~~ in 0.01 M hydrochloric acid was chosen as SSc* 

and SSF*. 
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(a) Copper 

o 1 2 3 4 5 
C 5_Br-PsAA / M 
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0.4 

0.3 
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e) 
s: 
e:l 

~ 0.2 
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~ ~ 0.1 

o 

(b) Iron 

2 4 6 8 10 
C 5_Br-PsM / M 

12 (xl04) 

Fig. 5-4 Effects of 5-Br-PSA~ concentration on the (a) copper and 

(b) iron determination. (1'~), blank for copper; (e), I ppm copper; 

(+), net; (~), blank for iron; (A), I ppm iron; ( x ), net. Other 

conditions are the same as in Fig. 5-1. 
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(a) Copper 
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o 0.3 
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(b) Iron 

O 0.2 0.4 0.6 0.8 1.0 

C 5LBr-PSAA / M 

1.2 ( x 10 -4 ) 

Fig. 5-5 Effeets of 5-Br-PS~L concentration in carrier used as spacer 

on the (a) copper and (b) iron deterDCLination. (~), blank for copper; 

(e), I ppm copper; (+), net; (~), blank for iron; (A), I ppm iron; 

( x ), net. Other conditions are the same as in Fig. 5-1. 
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5. 3. 4. Effe ct of pH 

The effects of the reaction pH with acetate buffer were studied in the pH 

range 3 . 8 to 5.0 on the copper and iron determinations. As can be seen in 

Fig. 5-6, no colored complex of iron was produced at pH 3.9. The peak 

heights for copp er and iron were maximum and essentially constant over 

the pH range 4.6 - 5.0. Thus, acetate buffer solution (pH 4.6) was used for 

the simultaneous determination of copper and iron. 

0.4 

O 0.3 
C' 
~:; 

eS 
~eLI 0.2 

O ~Q 
~ 0.1 

o 

(a) 

36 39 4.2 4.5 4.8 5.1 54 

pH 

0.4 

o 0,3 

o 51 
e5 
~L 0.2 

o (Q 

~ <! 0,1 

o 

(b) 

3.6 3.9 4.2 4.5 4.8 

pH 
5.1 5.4 

Fig. 5-6 Effects of pH on the (a) copper and (b) iron detennination. (1F), 

blank for copper; (e), I ppm copper; (+), net; (<>), blank for iron; (A), l 

ppm iron; ( x ), net. Other conditions are the same as in Fig. 5-1. 
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5. 3. 5. Effect ofascorbic acid concentration on iron determination 

Ascorbic acid was used to reduce iron(III) to iron(II) and also to protect 

the peak for iron from the interference of copper(II) since the 

copper(II)-5-Br-PSAA complex can be decomposed by this reductant, ro5 

Therefore, sample in the iron determination zone was sandwiched between 

two zones of ascorb~ic acid solutions as shown in Fig. 5-2. Ascorbic acid 

concentration was varied from O to I x I 0~3 M. In the absence of ascorbic 

acid, an undesirable peak was obtained, i. e. copper(II) reacted with 

5-Br-PSAA in the SSFe' When the aseorbic acid concentration was over I x 

1 0~ M~ the interference from copper(II) was remove~L and the peak for 

iron was maximum and constant. A 5 x I 0~ M ascorbic acid was thus 

seleeted for the iron determination. 

5. 3. 6. Effect ofreaction temperature on iron determination 

The effect of the temperature on the complex-fonnation reaction of iron 

with 5-Br-PSAA was studied in the range from 25 to 50'C. The reaction 

was accelerated by increasing the temperature up to 40'C and the 

absorbance was maximum and constant over the range from 40 to 500C. 

Thus the optimum reactio,n temperature for the detennination of iron was 

45'C. 

5. 3. 7. Effects ofaspiration volumes 

The effects of aspiration volumes of spacers, sample, and reagents were 

studied with test solutions containing I ppm copper and I ppm iron. in 
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these optimizations, another volume of SSc* or SSF* was simultaneously 

varied together with the other parameter optimized to maintain constant 

overall volume of the sequence of zones corresponding to the peak of the 

another analyte (so that the distance between the colored product zone and 

the flow cell is not changed). For instance, when the volume of Rcu Was 

increased by I O u1 durimg the Rc* optirDization, the volume of SSF* was 

reduced by I O u1. Otherwise the travel path of the iron zone to the flow cell 

would increase, in other words the dispersion of the iron zone would 

increase. in this case, the compensation kept the peak height for iron 

constant even if the volume of Rc* was varied. When applying such volume 

compensation, in all cases the changes of volume in the copper detectable 

zone did not also affect the peak heights of iron and vice versa. In the 

following discussion, we focus on the effects of aspiration volumes on 

either copper or iron detemination. 

5. 3. 8. Effects ofsample volumes 

The sample volume in the copper zone was varied from 1 5 to 35 u1. The 

net absorbance at 5 80 nm linearly increased with increasing the sample 

volume. The sample volume in the iron zone was varied from 35 to 50 u1. 

At a sample volume over, 45 u1, the net absorbance at 558 um was almost 

constant. The blank values for copper and iron were constant. Thus, the 

optimum sample volumes were selected to be 25 u1 for copper and 45 ul 

for iron. 

5. 3. 9. Effects ofreagent volumes 

74 



5 -Br-P SAA is a sensitive chromogenic reagent for the deterDaination of 

92 ro4 92,ro6 ro7 iron(II),92 cobalt(III),92 copper(II), ' nickel(II), ' and palladium(H) . 

Nevertheless, this reagent is expensive and therefore, reasonable volume 

reduction consumed is desirable. The effects of 5-Br-PSAA volumes were 

investigated from 5 to 20 u1 for Rc* and from 10 to 35 u1 for RF*. Although 

the peak heights for copper and iron increased with an increase in the 

volumes of Rc* and RF*, the blank absorbances increased, too. Taking into 

account the sensitivity and the blank absorbance, the optirnum volumes of 

Rc* and RF* were selected to be I O and 20 u1, respectively. The volumes of 

two AS zones were individually varied from 5 to 1 5 u1; optimum values 

were 5 u1 of each. Optixnizations for the B S volumes in both copper and 

iron zones were also carried out, and the optimum volumes are shown in 

Fig. 5-2. 

5. 3. J o. Effects ofspacer solutions volumes 

The effect of S Sc* volume on the detemination of I ppm copper was 

studied over the range from 20 to 50 u1. The net absorbance was constant 

in the examined range, but smaller SSc* resulted in high blank because the 

Rc~ got much closer to the flow cell. We chose therefore the SSc~ of 40 u1. 

When varying the SSFe VQhme from O to 1 40 u1, the net absorbance of iron 

was also constant. Similarly, considerable small SSF* resulted in high blank 

and poor peak separation; thus SSF* of I 05 u1 was chosen. 

5. 3. 1 1. Calibration graphs 
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Calibration graphs for copper ~nd iron under the optimum conditions are 

shown in Fig. 5-7. The calibration graphs were linear for 0.1 - 2 ppm 

copper (P = 0.997) and O. I - 5 ppm iron (P = 0.999), respectively: 
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SI 
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~~ 
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0.5 1.0 L5 2.0 2.5 
C cu I ppm 

0.8 

oe) 0.6 

~l 
e~; 

~~ 0.4 

o a'~ 

~ 02 
<:' 

o 

(b) Iron 

o 1 2 3 4 
CF*/ppm 

5 

Fig. 5-7 Calibration curves for (a) copper and (b) iron. 

Net absorbance for copper = (1 .22 ~!: 0.02)x I 0~l[copper, ppm] 

.3 
- (9 :!~ 2)x 10 

73 + O 02)xlO l[IfOn, ppm] Net absorbance for iron ~ 1 -( . -
. + (6 :b 10)xl0~3 

(1) 

(2) 

With replicate sample injections, the relative standard deviations (RSD) 

(n = 15) of peak heights were 20/0 and I .90/0 (for 0.5 and I ppm copper, 

respectively) and the RSDS for 0.5 and I ppm iron were I .80/0 and 1.20/0. 
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The detection limits (3a) were 50 ppb for copper and 25 ppb for iron. The 

sampling rate was 1 8 sample h~1 for the simultaneous analysis. 

Copper and iron in artificial mixtures with some known concentrations 

were deterDained. The concentration ranges were 0.25 - 2 ppm for copper 

and 0.25 - 5 ppm for iron (the CufFe ratios were I :10 to 5:1). The results 

are represented in Table 5-2. The recoveries of both analytes were 96 -

105010. 

Table 5-2 Simultaneous detennination of copper and iron m artlficral 
mixture s 

Adde d/ p pm Found * / ppm Recovery I olo 

Cu Fe Cu Fe Cu Fe 

0.25 

0.5 

l 

0.5 

0.5 

0.5 

0.5 

2 

0.25 

0.5 

0.25 

2 

5 

0.2 

0.5 

0.5 

0.24~:0.01 

0.48iF0.01 
l .02 ~:0.01 

0.50~:0.02 
0.49 ~: 0.02 

0.5 1 :~ 0.01 

0.5 1 :~ 0.02 

l .OI ~:0.01 

1 .O I :~ 0.02 

2.05 :t 0.01 

0.24 :!: 0.00 

0.5 1 :~ 0.0 l 

l .OI :!: 0.0 l 

0.24~:0.01 

l .02~:0.01 

l .99~:0.01 

5.04~:0.04 
0.21 ~: 0.00 

0.52:~0.01 

0.50:~0.01 

97 
96 

l 02 

l OO 

97 
l 02 

l 02 

lO1 

lOl 

103 

97 
1 02 

lO1 

97 
l02 

lOO 
101 

l05 
1 04 

99 

a Average value for three deteminations . 

5.3. 12. Interference stmp 

The interferences of foreign ions on the detennination of a mixture of O . 5 

ppm copper(H) and 0.5 ppm iron(III) were studied. The results are 

summarized in Table 5-3 . An error of less than ~50/0 was considered to be 
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tolerable on each peak height. Most of the metal ions and inorganic anions 

did not interfere at levels from 5 to 5000 ppm. But the tolerance limits of 

some metals such as cobalt(II), palladium(II) and nickel(II) were low due 

to the complex fonnations with 5-Br-PSAA. 0.1 ppm eobait(II), 0.2 ppm 

palladium(II) and O . 2 ppm nickel(ID gave some interferences . 

Table 5-3 Interference of foreign ions on the simultaneous 
detennination of 0.5 ppm copper and 0.5 ppm iron 

Tolerance 

limit / ppm 

Ion added* 

For copper detennination For iron determination 

5000 

2000 
1 OOO 

500 
200 
50 

20 
10 

2 
0.2 

0,l 

Na, K. Zn(II). Pb(H), Cd(H). Cl- . 

N03-. Br ~. S042-

Mn(n). Ca(II) 

Al(lll) 

Mg(II) 

Mo(rv). Sn(H), Se(IV) 

V(V) 

Ni(n) 

Pd(H) 
Co(II) 

Na.Cl-.N03-'Br SO 2 

K, Pb(II) 

Mh(H), Ca(II) 

Mg(H), ZnCD. Cd(II) 

Al(nl) 

Se(rv), V(V) 

Mo( rv) 

Sn(H) 

Pd(ID 
Ni (H) 

Co(H) 

a An error of 50/0 is considered to be tolerable. 

5. 3. 13 Applications 

The proposed SI-LOV method was applied to the simultaneous 

detennination of copper and iron in multi-element solution with certified 

values (Table 5-4). After the original solution (5 or 6 ml) was neutralized, 

the solution was diluted to I OO ml with 0.01 M hydrochloric acid. The 

analytical values obtained by the proposed method were in good agreement 
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with the certified values. In addition, the proposed method was applied to 

industrial wastewater sample analysis. As can be seen in Table 5-5, there is 

no significant difference between the results obtained by the proposed 

SIA-LOV method and those by ICP-AES, which is demonstrated by 

acceptable t-test values. 

Table 5 -4 S imultaneous determination of copp er and iron in 
multi-element standard for ICP speetroscopy 

Found / ppm Certified value / ppm 

Cu Fe Cu Fe 
10 ~: 0.4 * 
lO ~: 0.3 b 

31 :!: 0.3 * 

30 :~: 0.4 b 
10 30 

* After neutralizing 6 ml of original solution, the solution was diluted 

to 100 ml with 0.01 M HCl. 
b After neutralizing 5 ml of original solutior~ the solution was diluted 

to 100 ml with 0.01 M HCl. 

Table 5 -5 Simultaneous deterinination of copper and rron m mdustnal 
wastewatera 

Sample 
SIA method I ppm ICP-AES / ppm 

Cu Fe Cu Fe 
lb 

2' 

3d 

4e 

5f 

l . 1 2 ~: 0.05 

l .98 ~: 0.02 

0.79 :t 0.02 

l .90 :~: 0.04 

0.74 ~: 0.02 

2.86 ~: 0.06 

7.00 ~: 0.04 

0.46 :~ 0.02 

0.98:~0.05 
0.44:!: 0.02 

1.1 

1 .9 

0.81 

l.8 

0.83 

2.9 

6.9 

0.46 

0.98 

0.48 

* texp for Cu: 0.284; te*q) for Fe: 0.156; t (950/0): 2.776. 

b, dj f After 5 ml of each sample solution was neutralized, it was placed in a 

l O ml volumetric flask with 0.01 M HCl. 

*, e After 2.5 ml of each sample solution was neutraiized~ it was placed in a 

1 O ml volumetric flask with 0.01 M HCl. 
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5 . 4 . Conclusion 

We proposed here an affordable and precise SI-LOV system with 

5 -Br-P SAA for the simultaneous sp ectrophotometric determination of 

copper and iron. The use of spacer containing the chromogenic reagent 

resulted in the suppression of blank, the promotion of the complex 

fonnation reaction and the successfiil separation of peaks fo~ copper and 

iron. The proposed SI-LOV method has wide determinable ranges from O. 1 

to 2 ppm for copper and from O. I to 5 ppm for iron, respectively, with low 

RSD values and low reagent consumption. the computer-controlled 

SI-LOV system is suitable for performin,g routine automated assays of 

copper and iron in wastewater. 
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Chapter 6 Conclusions 

Although ICP-AES and ICP-MS are often used for the simultaneous 

detenuination of trace amounts of heavy metals , these instruments are 

expensive and the high skill is required. So, the cost perfonnance analyiical 

techniques are desired for the sensitive detemination of heavy metals . The 

catalytic spectrophotometry with oxidation-reduction of metal ions is 

available for enhancement of sensitivity. Ih this study, the coupling reaction 

with p-anisidine and N,N-dimethylaniline in the presence of Cu(II) and 

Fe(III) was investigated by the batchwise procedure. Addition of some 

activators (neocuproine for copper and I , I O-phenanthroline ' for iron) 

accelerated the reaction rate. The method could be successfiilly applied to 

the analyses of copper and iron at sub-ppb level in tap and natural waters 

without preconcentration and separation. The cyclic redox reaction 

metioned above was introduced to the FIA system. lrL the FIA system, a 

serial flow cell designed by the co-workers was used for simultaneous 

detennination of trace amounts of copper and iron. The FI method was also 

applied to the assay of labile and inert complexes with humic acid for the 

characterization of copper- and iron complexes . In addition. the sensitive 

and rapid FI spectrophotometric method using the redox reaction of Co(II) 

with Fe(III) in the presence of nitro-PAPS was investigated. The proposed 

method was applied to the determination of cobalt in cobalt alloy, 

pepperbush leaves and Vitamine B 12. Finally, SIA method using the 

chromogenic reagent, 5-Br-PSJ~, was investigated for the successive 

detennination of copper and iron. The computer-controlled SI-LOV was 

assembled as the automated analyzer. The system was useful on the routine, 

durable and automated assay of copper and iron in the industrial waste 

81 



waters. The flow-based analyiical techniques with FIA and SI-LOV should 

be noticed as an environmental benign techrLology. 
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