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ABSTRACT 
 

The works reported in this thesis covers the application of chemiluminescence 
techniques to develop two unrelated flow based methods for the determination of arsenic and 
cadmium in environmental samples. In the first part of this thesis, the simultaneous determination 
of As(III) and As(V) in aqueous solution, based on the acidic permanganate and luminol 
chemiluminescence (CL) detection systems, have been applied to a split microfluidics flow 
injection (µFI) with dual-channel manifolds at rapid sampling rate. The µFI-CL system consisted 
of two halves of micro-conduit platforms, which ran on a simple device made from small pieces 
of the laser engraved polymethylmethacrylate (PMMA) and polydimethylsiloxane (PDMS). The 
specific CL reaction for As(III) was produced by the oxidation of acidic potassium permanganate 
in the presence of a sodium hexametaphosphate media, while the CL reaction for As(V) was 
generated based on the oxidation of luminol with a vanadomolybdoarsenate heteropoly acid 
(AsVMo-HPA) complex in an alkaline solution. The µFI method involved the injection of the 
mixed standard solution into an acid carrier stream, where it was then splitted and merged with 
the reagent solutions of each reaction systems on a spiral-designed microfluidic platform. The 
solution mixtures were passed through each spiral flow channel, where the CL intensity of both 
resulting reaction mixtures were measured with two photomultiplier tubes. Linear calibrations for 
As(III) and As(V)were established over the concentration ranges of 20-60 µg L-1. The limits of 
detection (signal-to-noise ratio of 3) of As(III) and As(V) were found to be 4 µg L-1 and the limits 
of quantification (signal-to-noise ratio of 10) were found to be 10 µg L-1, respectively. The 
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proposed procedure was successfully applied to determine As(III) and As(V) in ground water 
samples. 
  In the second part, a sensitive flow injection chemiluminescence procedure was 
proposed for determination of cadmium in environmental samples coupled with an off-line 
preconcentration step. A mini column, packed with polystyrene beads as an adsorption material, 
was used for the preconcentration of Cd(II) ions based on the complex formation with ammonium 
pyrolidinedithiocarbamate (APDC). The Cd-APDC complex adsorbed on polystyrene beads was 
eluted by methanol and subsequently determined by the flow injection chemiluminescence 
system. The chemiluminescence reaction was based on Cd(II) catalyzing the luminol-H2O2 CL 
reaction in the present of alkaline media. Under the optimum condition a linear calibration graph 
was obtained over the concentration range 2-6 µg L-1. The limits of detection of cadmium 
(3SDblank /slope) was found to be 0.6 µg L-1and the limits of quantification (10 SDblank /slope) were 
found to be 2.0 µg L-1, respectively .The proposed procedure was successfully applied for the 
determination of Cd(II) in contaminated soils from a nearby coal mining area. 
  For the final part of this thesis a new approach to enhance the electrogenerated 
chemiluminescence (ECL) of the tris(2, 2′-bipyridyl)ruthenium (II)(Ru(bpy)3

2+) system was 
proposed using resonance energy transfer with L-cysteine-capped cadmium telluride quantum 
dots (CdTe-QDs) in aqueous solution. The oxidative peak signal of Ru(bpy)3

2+ occurred at a 
voltage of 1.10 V, when the potential was cycled between 0.4 and 1.6 V using cyclic voltammetry 
with a carbon screen-printed electrode (SPEC) in a 0.11 M phosphate buffer at pH 7.50. The L-
cysteine-capped cadmium telluride quantum dots (CdTe-QDs) were synthesized and added into 
the solution of Ru(bpy)3

2+ to magnify the ECL sensor. The ECL emission signal was measured by 
a red-sensitive photomultiplier tube set at a constant potential of 850 V. The extreme 
enhancement of the ECL intensity was achieved via the energy transfer by the L-cysteine-capped 
CdTe-QDs. It was found that the induced ECL from the Ru(bpy)3

2+CdTe-QDs system was 
inhibited by the presence of selected nitrofurans. This quenching effect of nitrofuran antibiotics 
on the anodic ECL of Ru(bpy)3

2+CdTe-QDs was found to be selective and concentration 
dependent and was observed to have a linear relationship over the concentration range 10-
100×10-6 M. The detection limits were found to be 0.40, 0.73 and 0.60 µM for furaltadone (FTD), 
furazolidone (FZD) and nitrofurantoin (NFT). In addition, the proposed ECL method was 
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successfully applied to detect the total residuals of selected nitrofuran residues in animal feed 
samples with satisfactory results. 
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รายงานในดุษฎีนิพนธ์ฉบับนีs  ประกอบด้วยการศึกษาและพัฒนาระบบการ
ตรวจวดัชนิดโฟลอินเจคชนัเคมิลูมิเนสเซนต์สองระบบ สําหรับการวิเคราะห์หาปริมาณสารหนู 
และ แคดเมียม ในตวัอยา่งจากธรรมชาติ 

ในส่วนแรกทีgไดท้าํการศึกษาคือ การวิเคราะห์ปริมาณสารหนู (III) และ สารหนู 
(V) ในตวัอย่างนํs าธรรมชาติ ดว้ยระบบสปลิทโฟลวไ์มโครฟูอิดิกแบบสองช่องทาง ร่วมกบัการ
ตรวจวดั   เคมิลูมิเนสเซนต์แบบระบบสองช่องสัญญาณ โดยอุปกรณ์ไมโครฟูอิดิกโฟลว์เซลล ์
ประกอบดว้ยแผน่วสัดุ 2 ชิsน แต่ละชิsนจะมีท่อขนาดเล็กรูปกน้หอย แผน่วสัดุสร้างมาจากแผน่โพลี
เมทิลเมทะคริเลต (PMMA) และ แผน่โพลีไดเมทิลไซลอกเซน (PDMS) ท่อขนาดเล็กและรูปแบบ
ของกน้หอยสร้างดว้ยเทคนิคแกะสลกัดว้ยเลเซอร์ เมืgอสารละลายมาตรฐานและตวัอยา่งผสม ถูกฉีด
เขา้สู่กระแสตวัพาในสภาวะทีgเป็นกรด จะถูกแบ่งออกเป็นสองส่วน โดยส่วนแรกจะเกิดปฏิกิริยากบั
สารละลายโปแทสเซียมเปอร์แมงกาเนตในสภาวะกรด ภายใตก้ระแสตวัพาโซเดียมเฮกซะเมตตา
ฟอสเฟต และไหลผ่านเขา้สู่ไมโครฟูอิดิกโฟลวเ์ซลล์ ตรวจวดัดว้ยหลอดขยายสัญญาณชนิดไวต่อ
แสงสีแดง ในส่วนทีgสองถูกผสมกบัรีเอเจนตแ์อมโมเนียมโมลิบเดต และแอมโมเนียมเมตะวานาเดต 
ในสภาวะด่าง เกิดเป็นสารประกอบเชิงซ้อนวานาโดโมลิบโดอาร์ซีเนตเฮทโทโรโพลีแอซิด
(AsVMo-HPA) กราฟมาตรฐานสําหรับสารหนู (III) และ สารหนู (V) มีช่วงเป็นเส้นตรง ในช่วง
ความเขม้ขน้ 20-60 ไมโครกรัมต่อลิตร ค่าขีดจาํกดัตํgาสุดของการตรวจวดั (3 เท่าของส่วนเบีgยงเบน
มาตรฐานทีgได้จากสัญญาณรบกวน)สําหรับสารหนู (III) และ สารหนู (V) มีค่าเท่ากับ 4.0 
ไมโครกรัมต่อลิตร ค่าขีดจาํกดัของการวิเคราะห์ปริมาณ (10 เท่าของส่วนเบีgยงเบนมาตรฐานทีgได้
จากสัญญาณรบกวน) สําหรับสารหนู (III) และ สารหนู (V) มีค่าเท่ากบั 10.0ไมโครกรัมต่อลิตร
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วิธีการทีgพฒันาขึsนสามารถนาํไปตรวจวิเคราะห์หาปริมาณสารหนู (III) และ สารหนู (V) ทีgตกคา้ง
ในตวัอยา่งนํsาผวิดินได ้
  ระบบโฟลอินเจคชนัเคมิลูมิเนสเซนต์ทีgสอง ทีgไดพ้ฒันาขึsนร่วมกบักระบวนการ
เพิgมความเขม้ขน้ ใชส้าํหรับวเิคราะห์ หาปริมาณแคดเมียม ทีgตกคา้งในตวัอยา่งทางสิgงแวดลอ้ม โดย
ทาํการบรรจุเม็ดพอลีสไตรีนลงในคอลัมน์ขนาดเล็กเพืgอทาํหน้าทีgเป็นตวัดูดซับ สารประกอบ
ระหวา่งแคดเมียมไอออนและ APDC จะถูกชะออกมาดว้ยเมทานอล หลงัจากนัsนจึงทาํการวิเคราะห์
ดว้ยเทคนิคของโฟลอินเจคชนัเคมิลูมิเนสเซนตป์ฏิกิริยาเคมิลูมิเนสเซนต ์เกิดจากปฏิริยาเร่งระหวา่ง 
แคดเมียมไอออน กับ ลูมินอล ไฮโดรเจนเปอร์ออกไซด์ ภายใต้สภาวะด่าง ภายใต้สภาวะทีg
เหมาะสม ไดก้ราฟมาตรฐานเป็นเส้นตรงในช่วงความเขม้ขน้ 2-6 ไมโครกรัมต่อลิตร ค่าขีดจาํกดั
ตํgาสุดของการตรวจวดั (3 เท่าของส่วนเบีgยงเบนมาตรฐานทีgไดจ้ากสัญญาณรบกวน/ความชนั)  มีค่า
เท่ากบั 0.6 ไมโครกรัมต่อลิตร ค่าขีดจาํกดัของการวิเคราะห์ปริมาณ (10เท่าของส่วนเบีgยงเบน
มาตรฐานทีgไดจ้ากสัญญาณรบกวน/ความชนั) มีค่าเท่ากบั 2.0 ไมโครกรัมต่อลิตร วิธีการทีgพฒันาขึsน
สามารถนาํไปตรวจวิเคราะห์หาปริมาณแคดเมียมทีgตกคา้งในตวัอย่างดิน ทีgพบการปนเปืs อนจาก
แหล่งเหมืองได ้
  ในส่วนสุดทา้ยทีgไดท้าํการศึกษาวิธีการวิเคราะห์ปริมาณสารกลุ่ม ไนโตรฟิวราน 
ดว้ยเทคนิคอิเลคโครเคมิลูมิเนสเซนต์ (ECL) จากปฏิกิริยาของ ทริส(2,2'-ไบไพริดิล)รูทีเนียม
(II)และ แอล-ซิสเตอิน-ควอนตัมดอท โดยงานวิจัยนีs ได้ท ําการสังเคราะห์แอล-ซิสเตอิน-
ควอนตมัดอท และไดเ้ติมลงไปในสารละลายของ ทริส(2,2'-ไบไพริดิล)รูทีเนียม(II) ในสารละลาย
ฟอสเฟตบฟัเฟอร์ pH 7.5 เมืgอให้ศกัยไ์ฟฟ้าตัsงแต่ +0.4 - +1.6 โวลต ์ดว้ยเทคไซคลิกโวลแทมเมตรี 
พบว่า ทีgศกัยไ์ฟฟ้าเท่ากบั 1.1 โวลต์ จะเกิดออกซิเดชันพีค พร้อมกบัเกิดการคายแสงออกมา ซึg ง
สามารถวดัแสงดงักล่าวดว้ยหลอดขยายสัญญาณแสง ทีgศกัยไ์ฟฟ้าเท่ากบั 850 มิลลิโวลต ์ปริมาณ
แสงทีgเพิgมขึsนเกิดการจากการถ่ายโอนพลงังานของแอล-ซิสเตอิน-ควอนตมัดอททีgเติมลงไป 
  จากปฏิกิริยาอิเลคโครเคมิลูมิเนสเซนต์ ของ ทริส(2,2'-ไบไพริดิล)รูทีเนียม(II) 
และ แอล-ซิสเตอิน-ควอนตมัดอท พบว่าเมืgอมีสารกลุ่ม ไนโตรฟิวราน ปริมาณแสงทีgเกิดขึsนจาก
ปฏิกิริยาดงักล่าวมีค่าลดลง ซึg งอาจเกิดจากระบวนการยบัย ัsงในปฏิกิริยาอิเลคโครเคมิลูมิเนสเซนต ์
ภายใตส้ภาวะทีgเหมาะสมดงักล่าวจะทาํใหส้ามารถทาํการวเิคราะห์สารกลุ่มไนโตรฟิวรานไดใ้นช่วง
ความเป็นเส้นตรงอยู่ในช่วง 10-100×10-6 โมลาร์ ค่าขีดจาํกดัตํgาสุดของการตรวจวดั ฟูรัลทาโดน 
(FTD) ไนโตรฟูแรนโตอิน (FZD) และ ไนโตรฟูราโซน (NFT) มีค่าเท่ากบั 0.40 0.73 และ 0.60 
ตามลาํดบัวธีิการดงักล่าวนีsสามารถนาํไปตรวจหาปริมาณสารตกคา้งกลุ่มไนโตรฟิวราน ในตวัอยา่ง
ของอาหารสัตวไ์ด ้
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CHAPTER 1  

INTRODUCTION 

1.1  Flow injection analysis (FIA) 

  Flow injection analysis (FIA) is a simple, rapid, and versatile technique that is 

now firmly established, with widespread application in quantitative chemical analysis. This is 

apparent from the number of related papers that have appeared in the technical press since 1975, 

and since then the scope of the method has grown at an unprecedented rate. Over 10,000 papers 

devoted to FIA have been published in scientific journals up to now. The designation of FIA was 

proposed in 1975 by Ruzicka and Hansen (Ruzicka and Hansen, 1975). The inclusion of the term 

injection in the name of this technique occurred because the technique originally entailed using a 

syringe to inject a sample through a septum into a reagent flow. Currently, rotation valves are 

mainly used for this purpose. FIA may be defined as the sequential insertion of discrete sample 

solution into an unsegmented continuously flowing stream with subsequent detection of the 

analyte. Even this definition, however, is frequently made obsolete by new developments. The 

first definition, given by Ruzicka and Hansen was “A method based on injection of a liquid 

sample into a moving unsegmented continuous stream of a suitable liquid. The injected sample 

forms a zone, which is then transported toward a detector that continuously records the 

absorbance, electrode potential, or any other physical parameter, as it continuously changes as a 

result of the passage of sample material through the flow cell”.  

  The concept of FIA depends on a combination of three factors: reproducible 

sample injection volumes, controllable sample dispersion, and reproducible timing of the injected 

sample through the flow system. Except for detector warm-up, the system is ready for instant 

operation as soon as the sample is introduced. FIA offers several advantages in term of : 

considerable decrease in sample (normally using 10 to 50 µL) and reagent consumption, high 

sample throughput (50 to 300 samples per hour) reduced residence times (reading time is about 3 

to 40 s), shorter reaction times (3 to 60 s), easy switching from one analysis to another (manifolds 

are easily assembled and/or exchanged), reproducibility (usually less than 2% RSD), reliability, 

low carry over, high degree of flexibility, and ease of automation. Perhaps the most compelling 

advantage of the FIA technique is the great reproducibility in the results obtained by this 
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technique that can be set up without excessive difficulties and at very low cost of investment and 

maintenance. These advantages have led to an extraordinary development of FIA, unprecedented 

in comparison to any other technique.  

 

1.1.1 Principle of the FIA  

  The three principles or cornerstones of FIA were identified by Ruzicka and 

Hansen as sample injection, controlled dispersion of the injected sample zone, and reproducible 

timing of the movement of the injected zone from the injection point to the detector. More recent 

developments of FIA showed that sample injection should be understood in a much broader 

sense. It follows that neither the timing of zone movement nor the control of dispersion should be 

restricted to those of injected samples. Although dependent on the other two principles, the 

central issue of FIA is the control of dispersion, which is the very basis for extraction of analytical 

data under non equilibrium conditions.  

 

 

Figure 1 Schematic diagram of the basic FIA system ( R1 = reagent 1, R2= reagent 2, P= pump, 

  I= sample injection, MC= mixing coil, D= detector and W= waste)   

 

  In the simplest form of FIA the sample is injected into a continuous flow of 

reagent solution (carrier), dispersed, and transported to detector. Sample flow injection analysis 

dispersion is controlled through the suitable choice of the injected sample volume, flow rate of 

carrier, length of the reaction coil, and diameter of the tubing used. A schematic diagram of the 

basic FI system is shown in Figure 1.  

 

P 

MC 

D 

W 
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1.1.2 Dispersion in the FIA  

  As stated previously, the control of dispersion is the most important aspect of 

FIA systems. The dispersion of a fluid zone reproducibly introduced into a non-segmented flow 

stream (carrier) during transport of the zone to the detector is the most important physical 

phenomenon in all FIA systems. The specific feature of dispersion processes in FIA is that they 

are reproducible and controllable through the manipulation of flow parameters and geometrical 

dimensions of flow conduits. The driving forces active in dispersion of the injected zone into the 

carrier stream are molecular diffusion and convection, but the effects of convection dominate, and 

the effects of molecular diffusion may be neglected in most cases. Convection occurs both as 

result of linear flow-rate differences of fluid elements located at different points along the radial 

axis of the conduit and as a result of secondary flows created by centrifugal forces perpendicular 

to the flow direction in non-straight conduits. A convex parabolic front of the injected zone and a 

concave parabolic tailing edge are developed with penetration into the carrier stream, the extent 

increasing with the distance traveled. Thus, under the specific conditions applied in FIA and with 

a fixed conduit, the acting forces are well under control, so that no random turbulence occurs. The 

result is that perfectly reproducible concentration time relationships may be obtained which, when 

recorded and superimposed, precisely overlap each other to form a single curve. This provides the 

basis for extracting reproducible readout under both FIA physically and chemically non-

equilibrium conditions. The dispersion process typical of FIA system is shown in Figure 2.  

 

 

Figure 2 The dispersion process typical of FIA system 
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  The injected fluid zones in a non-segmented flow stream can be manipulated 

reproducibly to produce various degrees of dispersion. In order to provide a quantitative criterion 

evaluating the extent of dispersion, the term dispersion coefficient (D) was introduced that being 

defined as the ratio of the concentration of the constituent of interest in a fluid element of the 

injected zone before and after dispersion, expressed by:  

      

     D = C0/C        (1) 

 

  Where C0 is the original concentration of the constituent in the solution before 

dispersion and C is the concentration of that fluid element of the dispersed fluid zone from which 

analytical readout is extracted. When the fluid element with the highest concentration is used for 

readout, above equation 1 is expressed as: Flow Injection Analysis.  

 

      D = C0/Cmax     (2) 

 

  Where Cmax is the concentration of the constituent at peak maximum. D is a 

dimensionless value, which is equivalent to the dilution factor of the fluid element under 

consideration. For example, if the sample is diluted 1:1 by carrier, thus the dispersion coefficient 

is 2. FI systems are categorized into high, medium, and low dispersion systems depending on the 

degree of dispersion of the injected zone at the read out point. Systems with D above 10 are 

classified as high, those between 2 and 10 as medium, and those below 2 as low dispersion 

system. The main experimental parameters influencing the dispersion of an injected fluid zone 

include sample volume, flow rate of carrier and merging fluid streams, geometrical dimensions 

and configuration of transport conduits and on line reactor, and pattern of flow segmentation in 

system with two immiscible phases. The volume of the injected fluid zone, which most cases is 

the sample, is important factor influencing its dispersion. The dispersion decreases with an 

increase in sample volume. Ruzicka and Hansen stated that dispersion diminishes with a decrease 

in flow rate. This happens because decreasing flow rates increase the retention time of the sample 

awaiting transport to the detector. In this phase the reaction between sample and reagent almost 

reaches the equilibrium. Hence, the peak signal will be higher in a slower flow rate.  



1.2 Micro flow injection analysis (

  A FIA system 

disadvantage of a FIA system can be overcome while keeping the advantages. A µFIA system 

reduces the amount of reagent used, speeds up the sample processing and makes the system 

portable. A µFIA also call Lab on the Chip is dedicated to the total sequence of lab processes to 

perform chemical analysis, whereby sample pre

miniaturized and incorporated within a microfluidic device. Micro fluidics is quickly dev

science targeting the manipulation of miniature amounts of fluids, ma

analysis. More precisely, microfluidics deals with moving gaseous or liquid fluids in cavities and 

channels tens or hundreds of micrometers in size. Micr

can be less than 100 nm wide. Typical sizes for micorfluidic chips are usually of the order 1

cm
3
, with channel width and depth dimensions ranging between 5

handled between 0.01-10 µ

integrated electronics, analyte by controlling the flow of liquid or gases through a series of tiny 

channels.  

 

Figure 3 Microfluidic devices dimension 

  

 

 

 

 

low injection analysis ( µFIA) 

A FIA system lends itself for miniaturization. With miniaturization some 

disadvantage of a FIA system can be overcome while keeping the advantages. A µFIA system 

reduces the amount of reagent used, speeds up the sample processing and makes the system 

lso call Lab on the Chip is dedicated to the total sequence of lab processes to 

perform chemical analysis, whereby sample pre-treatment, separation and detection were 

miniaturized and incorporated within a microfluidic device. Micro fluidics is quickly dev

science targeting the manipulation of miniature amounts of fluids, mainly for fast biochemical 

analysis. More precisely, microfluidics deals with moving gaseous or liquid fluids in cavities and 

channels tens or hundreds of micrometers in size. Microfluidic channels, often etched into silicon, 

can be less than 100 nm wide. Typical sizes for micorfluidic chips are usually of the order 1

, with channel width and depth dimensions ranging between 5-100 µm and fluid volumes 

10 µL. The microfluidic system is a system in which may or may not have 

integrated electronics, analyte by controlling the flow of liquid or gases through a series of tiny 

Microfluidic devices dimension (Nguyen and Wereley, 2006) 
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lends itself for miniaturization. With miniaturization some 

disadvantage of a FIA system can be overcome while keeping the advantages. A µFIA system 

reduces the amount of reagent used, speeds up the sample processing and makes the system 

lso call Lab on the Chip is dedicated to the total sequence of lab processes to 

treatment, separation and detection were 

miniaturized and incorporated within a microfluidic device. Micro fluidics is quickly developing 

nly for fast biochemical 

analysis. More precisely, microfluidics deals with moving gaseous or liquid fluids in cavities and 

ofluidic channels, often etched into silicon, 

can be less than 100 nm wide. Typical sizes for micorfluidic chips are usually of the order 1-50 

100 µm and fluid volumes 

L. The microfluidic system is a system in which may or may not have 

integrated electronics, analyte by controlling the flow of liquid or gases through a series of tiny 

 



6 

  Recently, these microfluidic systems have been integrated with biosensing 

devices to perform ELISA (Eteshola and Leckband, 2001; Giri and Dutta, 2014), electrochemical 

sensing (Karuwan et al., 2011; Park et al., 2013), DNA detection (Javanmard and Davis, 2011; 

Kim et al., 2013; Wang et al., 2014) and many procedures. The reduction of the amount of 

solvents required in sample pre-treatment; and the reduction in the amount and the toxicity of  

solvents and reagents employed in the measurement step, especially by automation and 

miniaturization have reduced the adverse environmental impact of analytical methodologies 

(Czugala et al., 2013; Date et al., 2012; Jing et al., 2007; Kim et al., 2013; Li et al., 2007; Marle 

and Greenway, 2005). At the same time, a wide variety of detection, including absorbance (Date 

et al., 2012; Kee et al., 2008), fluorescence (Wang et al., 2014), chemiluminecence (Fan et al., 

2014; Gao et al., 2008; Kamruzzaman et al., 2012; Lv et al., 2003; Wei et al., 2006; J. Yu et al., 

2011) and elctrochemiluminescence (Delaney et al., 2013; Pittet et al., 2008; Yin et al., 2005). 

Thus, various kinds of microfluidic devices have been fabricated, the same as Figure 4. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 Fabrication of microfluidic devices (a. spiral platform  b. square platform ) 
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1.2.1 Frabrication techniqus for microfluidics 

  The science of miniaturization was initially fueled by the microelectronics 

industry during the development of miniature silicon-based electronic devices. Techniques for 

silicon microfabrication and miniaturization were then extended to the fabrication of mechanical 

devices that become known as microelectro mechanical system (MEMS), MEMS are also 

referred to as micromachines (in Japan), or Micro Systems Techonology – MST (in Europe). 

  Microfluidics is a specialty area that has grown out of mergine MEMS 

technology with the physics of fluid dynamics, chemistry and increasingly the biological 

sciences. The fabrication propose used for microfluidic device are the subset of MEMS. The 

common thread binding these disparate application themes is the ability to manufacture devices 

and systems using batch microfabrication processes.  MEMS are made up of components between 

1 to 100 micrometers in size (i.e. 0.001 to 0.1 mm) and MEMS devices generally range in size 

from 20 micrometers (20 millionths of meter) to millimeter. At these size scales, the standard 

constructs of classical physics are not always useful. The potential of very small machines was of 

classical physics are not always useful. The potential of very small machines was appreciated. 

MEMS technology can be implemented using a number of different materials and manufacturing 

techniques, depending on target device. MEMS are made using the same standard process steps 

used in integrated circuit manufacturing, including photolithography, wet and dry etching, 

oxidation, diffusion, low-pressure chemical vapor deposition (LPCVD) and sputter deposition. 

Some unit process, such as plating, molding and substrate bonding are generally used in MEM 

(MEMS and Nanotechnology Exchange, 2014) As a general rule, the choice of fabrication 

method for microfluidic device is determined by several factors, such as available technologies 

and equipment, cost speed fabrication capabilities (e.g. desired feature size and profile) and the 

preferred material substrate. 
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1.2.2 Materials for fabricating microfluidic devices 

  Microfluidic device have been fabricated from a variety of materials, including 

silicon, glass metals, ceramics hard plastic and polymer (e. g. polymethyl metacrylate (PMMA), 

polyamide (PA), polypropylene (PP) and polysulfone (PS)) 

  In past years, the microfluidics has moved from predominantly silicon and glass 

structures towards polymers due to their ease of manufacturing and moderate cost. PDMS has 

gained a lot of attention in various analytical applications. Poly (dimethysiloxane) known as 

PDMS has become an important material in various fields over the years. Some of its applications 

include mold-release agents, waterproofing, and biomedical products (Kuncova-Kallio and 

Kallio, 2006). Lately, it became a popular material also in the microengineering. It was 

discovered as a stamping tool for micropattern transfer during soft lithography and as a fast 

prototyping material. The latter application has brought it to attention of various BioMEMS 

developers and nowadays many of the devices are actually manufactured in PDMS. Some of the 

PDMS applications in BioMEMS include PCR (Kim et al., 2006; Ranjit Prakash et al., 2006; 

Trinh et al., 2014), DNA microarrays (Cretich et al., 2008; Koo et al., 2011; Yu et al., 2003), 

capillary electrophoresis (CE) (Schöning et al., 2005; Yassine et al., 2008; Zhang and Gong, 

2014), and various other separation and point-of-care devices. In microfluidic analytical systems, 

the PDMS typically serves as a material, in which the microchannels are manufactured (Gao e al., 

2005; Kang and Park, 2005; Xiang et al., 2006).  

 

1.3 Detection methods in the FIA  

  The method of detection in flow injection should be wisely chosen using a 

detector that monitors the events occurring in the measuring system as closely as possible. Such 

detection methods would include molecular spectroscopy (Marcos et al., 2004; Purohit and Devi, 

1997), atomic spectroscopy (Fang et al., 1986; Tyson, 1988) and enzymatic methods of detection 

(Kurtz and Crouch, 1991; Pais et al., 2013; Pohlmann et al., 1990). These methods however are 

broad and are beyond the scope of this study, and hence shall not be discussed in detail. 

Nevertheless, more specific methods under molecular spectroscopy and electrochemical detection 

such as chemiluminescence and electrochemiluminescence are of significance in this study. 

Details regarding these methods are discussed in the succeeding paragraphs. 
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1.3.1 Chemiluminescence  

  The term of chemiluminescence (CL) can define as the emission of ultraviolet, 

visible or infra-red radiation from a molecule or atom as the result of the transition of an 

electronically excited state, having been produced as a consequence of a chemical reaction. This 

chemical reaction produces energy in sufficient amount to induce the transition of an electron 

from its ground state to an excited electronic state. This electronic transition is often accompanied 

by vibrational and rotational changes in the molecule. In organic molecules, transitions from a π 

bonding to a  π* anti-bonding orbital (π      π*) or from a non-bonding to an anti-bonding orbital 

(n     π*) are most frequently encountered (Dodeigne et al., 2000).  When the reaction occurs in a 

living system or it is derived from one, the process is called bioluminescence (BL). Luminescent 

reactions has been observed since ancient time, luminous animals are known in the Greek 

civilisation, however the first report of artificial chemiluminescence occurred in 1669. The 

German physician, Henning Brand, isolated from urine a substance that glowed continuously in 

the dark. He called the substance “phosphorus mirabilis”, and it is better known today as white 

phosphorus (Barnett and Lewis, 1996). In the 19th century it was found that rather simple organic 

compounds could also give rise to chemiluminescence. Radziszewski observed the green light 

emission when oxygen was bubbled into an alkaline ethanolic solution of 2,4,5-

triphenylimidazole (lophine) (Isacsson and Wettermark, 1974). This discovery was published in 

the year 1877. The term chemiluminescence was first coined in 1888 by Eilhardt Weidemann, as 

a part of his classification of “cold light” (luminescence). Forty years later, Albrecht in 1928 

reported the luminescent properties of 5-amino-2,3-dihydrophtalazine-1,4-dione (luminol). Early 

research on CL was mainly focused on the observation of a reaction and investigation of the 

mechanism and the analytical applications of the phenomenon appeared in the literature in 1960s 

(Palilis and Calokerinos, 2000). 
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  Nowadays, a lot of inorganic and organic CL reaction are known. A typical CL 

reaction would be (Townshend, 1990): 

                                                       A + B                    C* + D 

 

                                                                                      C + light 

 

where (*) indicates an electronically excited state. Sometimes, The excited product (C*) is an 

ineffective emitter, but it can transfer the excitation energy to an efficient fluorophore (F) added 

to the system: 

                                                      C* + F                    C + F* 

                                                         

                                                                           F + light 

 

  Now, the emission is identical with the fluorescence of F and we can classify 

that as indirect, sensitived, or energy transfer chemiluminescence. The light emission generated 

from a chemical reaction requires no light source for excitation, the analytical signal appears out 

of an essentially black background, and the only background signal is that of the photomultiplier 

tube’s dark current. Analytically, the CL reactions are attractive due to:  

  (a) Excellent sensibility and excellent detection limits because there is absence 

of source noise and scatter.  

  (b) Sometimes high selectivity due to the limited number of available reactions.  

  (c) Simple, robust and inexpensive instrumentation suitable to both batch and 

flow analytical techniques. Furthermore, the introduction of flow injection analysis has made CL 

methods even more attractive because it is possible to mix sample and reagent rapidly with high 

reproducibility.  

  Chemiluminogenic reactions mainly occur in solution and in the gas phase. The 

most common or well known solution phase systems involve luminal (or its derivatives), oxalate 

esters, lucigenin (N,N‘-dimethyl-9-9‘-diacridinium nitrate) or its derivatives, ruthenium tris-

bipyridine and luciferin. Gas phase examples include the ozone- and fluorine- induced, sodium 
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vapor, and chlorine dioxide chemiluminescence detectors for gas chromatography (Van et al., 

2014).  A brief of reaction presented in each phase will be discussed as follow. 

 

1.3.1.1 Liquid-phase method  

    1.3.1.1.1 Luminol (5-amino-2,3-dihydro-1,4 -

phthalazinedione) 

    Luminol reacts with oxidants like hydrogen peroxide (H2O2) in 

the present of a base and a metal catalyst to product an excite state product (3-aminophthalate, 3-

APA) with gives off light at approximately 425 mn. The luminol reaction are as follow Figure 5.  

 

Figure 5 The mechanism of luminol (Fleming, 2014)  

 

    1.3.1.1.2 Potassium permanganate (KMnO4) 

    A possible CL mechanism proposed by Aly (Aly et al., 1998) 

may be attributed to the following reactions:  

 

 analyte + MnO4

-
 + 8H

+
   Oxidized analyte* + Mn

2+
 + 4 H2O (3) 

 

    In the presence of a fluorophore, the energy resulting from the 

redox reaction can be effectively transferred to quinine which in turn generates CL emission. 

 Oxidized analyte* + fluorophore   Oxidized analyte +fluorophore*  (4) 

Luminol 
(A) 

3-Aminophthalate*(3-APC*) 
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 fluorophore*     fluorophore + light   (5) 

    1.3.1.1.3 tris(2,2‘-bipyridyl)ruthenium (III) 

    Since the initial discovery of Ru(bpy)3

2+
 chemiluminescence, its 

utility has been applied to the production of reactive oxidant, Ru(bpy)3 
3+

, followed by reduction, 

by an analyte species, to produce an emission of light (Aly et al., 2000): 

                                                      oxidation 

  Ru(bpy)3

2+
   Ru(bpy)3

3+
 

    reduction                            analyte 

      Ru(bpy)3

2+* 

 

      Ru(bpy)3

2+
 + hv  

  

   1.3.1.2 Gas phase Method 

    Gas phase methods have been used with gas chromatography, 

supercritical fluid chromatography, and many no chromatographic gas phase detectors in which 

fast response is required. One of the olderst known chemiluminescencet reactions is that of 

elemental white phosphorus oxidizing in moist air, producing a green glow. This is a gas-phase 

reaction of phosphorus vapor, above the solid, with oxygen producing the excite states (PO)2  and 

HPO. 

    Another gas phase reaction is the basis of nitric oxide detection 

in commercial analytic instruments applied to environmental air quality testing. Ozone is 

combined with nitric oxide to form nitrogen dioxide in an activated state. 

 

                                            NO+ O3                          NO2* + O2    (6) 

 

    The activated NO2* luminescence broadband visible to infrared 

light as it reverts to a lower energy state. A photomultiplier and associated electronics counts the 

photons which are proportional to the amount of NO present. 
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 1.3.2  Electrochemiluminescence, ECL  

  Electrogenerated chemiluminescence, also called electrochemiluminescence and 

abbreviated as ECL, is the generation of light emitting species from electrochemical oxidation 

and reduction at an electrodes surface (Richter, 2004).  A voltage or voltage pattern applied to the 

electrode causes electron transfer at the electrode’s surface to form intermediates. These 

intermediates react to produce an excited state molecule near the electrode. As the excited 

molecule returns to the ground state, energy is released in the form of light. This can be seen in 

the following general mechanism for light emission by ECL.
 

 

  A + e
-
    A•-

    (reduction potential) (7) 

  D    D•+
 + e

-   
(oxidation potential) (8) 

  A•-
 + D•+

   A* + D (or D* + A)    (9) 

  A* (or D*)   A (or D) + hv     (10) 

 

  In this scheme, A is an electron acceptor, which is reduced at the electrode’s 

surface, and D is an electron donor, which is oxidized at the electrode’s surface. A square wave 

potential pattern is applied to the electrode with voltages chosen to reduce A and oxidize D. Note 

that the electron donor and acceptor may be a different molecule or the same molecule. 

  ECL (Wikipedia: the free encyclopedia, 2014) is usually observed during 

application of potential (several volts) to electrodes of electrochemical cell that contains solution 

of luminescent species (polycyclic aromatic hydrocarbons,
 
metal complexes, quantum dots or 

nanoparticles) in aprotic organic solvent (ECL composition). In organic solvents both oxidized 

and reduced forms of luminescent species can be produced at different electrodes simultaneously 

or at a single one by sweeping its potential between oxidation and reduction. The excitation 

energy is obtained from recombination of oxidized and reduced species. 
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   1.3.2.1 Principles of ECL 

   ECL is a means of converting electrical energy into light. It involves the 

production of reactive intermediates from stable precursors at the surface of an electrode. These 

intermediates then react under a variety of conditions to form excited states that emit light.  

   For example, ECL from Ru(bpy)3

2+
 (Figure 6) was first reported in 1972 

(Tokel and Bard, 1972) in acetonitrile (MeCN) using tetrabutylammonium tetrafluoroborate 

(TBABF4) as the electrolyte. ECL was generated by alternate pulsing of an electrode potential to 

form oxidized Ru-(bpy)3

3+ 
and  reduced Ru(bpy)3

+
 : 

 

Figure 6 Structure of Ru(bpy)3

2+ 
 and proposed mechanism for Ru(bpy)3

3+ 
 / Ru(bpy)3

+ 
 ECL      

               system (Tokel and Bard, 1972). 
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  Ru(bpy)3 
•2+

 represents the excited molecule that emits light, and hν is a photon 

of light. The excited state formed in this ECL reaction is similar to that formed during photo 

excitation (i.e., photoluminescence or PL). In PL, an electron is excited from metal based dπ 

orbitals to ligand-base dπ* orbitals (a metal-to-ligand charge-transfer (MLCT) 

transition)(Roundhill, 1994). The excited electron then undergoes intersystem crossing to the 

lowest triplet states of Ru(bpy)3
•2+

 from where emission occurs. The MLCT excited state may be 

formed in ECL if an electron is transferred to the π* orbital of one of the bipyridine ligands.  

Ru(bpy)3
•2+

 can then decay to the ground state, producing the same luminescence as obtained 

from photoluminescence spectroscopy.  

  It is also important to distinguish ECL from chemiluminescence (CL). Both 

involve the production of light by species that undergo highly energetic electron-transfer 

reactions. However, luminescence in CL is initiated and controlled by the mixing of reagents and 

careful manipulation of fluid flow. In ECL, luminescence is initiated and controlled by switching 

an electrode voltage. 

 

   1.3.2.2 General reaction mechanisms 

    1.3.2.2.1 Annihilation ECL 

    The first detailed studies on ECL involved electrontransfer 

reactions between an oxidized and a reduced species, both of which were generated at an 

electrode by alternate pulsing of the electrode potential (Santhanam and Bard, 1965; Visco and 

Chandross, 1964). This approach is typically called “annihilation”, and a general mechanism is 

outlined below: 

  A - e-              A•+
 (oxidation at electrode)     (11) 

  A + e-            A•-
 (reduction at electrode)     (12) 

  A•-
 + A•+      A•+ A (excited-state formation)     (13) 

  A•                A + hν (light emission)      (14) 
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    For example, the potential of the working electrode is quickly 

changed between two different values to generate the oxidized, A•+, and reduced, A•-
, species (eq 

11 and 14, respectively) that will react near the electrode surface to form the emissive state, A• 

(eq13). 

   1.3.2.2.2 Coreactant ECL 

    It is also possible to generate ECL in a single potential step 

using a coreactant. A coreactant is a species that, upon oxidation or reduction, produces an 

intermediate that can react with an ECL luminophore to produce excited states. Usually, this 

occurs upon bond cleavage of the coreactant to form strong oxidants or reducants. For example, 

oxalate ion (C2O4

2-
) was the first coreactant discovered (Rubinstein and Bard, 1981) and is 

believed to produce the strong reductant CO2
•-upon oxidation in aqueous solution:  

 

   C2O4

2-
 - e

-
                      [C2O4

•-]                CO2
•-
+ CO2            (15) 

 

    The oxidizing potential can also oxidize an ECL luminophore, 

such as D, where D is, for example, Ru(bpy)3

2+
. 

   D - e-                                          D
•+

                                         (17)  

 

    D
•+

 and CO2
•- may then react to produce an excited state 

capable of emitting light. 

   CO2
•-
 + D

•+
                                D

•
+ CO2                             (18) 

   D
•
                                            D + hν                                   (19) 

 

    Oxalate is often referred to as an “oxidative” or “oxidative-

reductive” coreactant due to its ability to form a strong reducing agent upon electrochemical 

oxidation. In coreactant ECL the electrode typically only oxidizes or reduces the reagents in a 

single potential step, whereas in annihilation schemes a double-potential step (e.g., oxidation 

followed by reduction) is required to generate the highly energetic precursors.  
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   1.3.2.2.3 Cathodic luminescence 

    Light emission has also been observed at oxide covered metal 

(such as aluminum and tantalum) electrodes under various conditions (Gaillard et al., 1999; 

Kankare et al., 1992; Kulmala et al., 1999; Sung et al., 1998). For example, emission from 

Dy(III), Sm(III), and Tb(III) has been observed at oxide-covered aluminum electrodes during the 

reduction of hydrogen peroxide, persulfate, or oxylate in aqueous solution (Kankare et al., 1992). 

It was proposed that this type of high-voltage cathodic luminescence results from the injection of 

hot electrons into the aqueous electrolyte solution with the possible formation of hydrated 

electrons (Kankare et al., 1992; Kulmala et al., 1999). Subsequent studies in non aqueous solution 

have provided experimental evidence for the production of hot electrons in an acetonitrile 

solution from a Ta2O5-covered Ta electrode (Gaillard et al., 1999; Sung et al., 1998). Although 

this method is often called “electrogenerated chemiluminescence”. 

 

1.4 Preconcentration in flow-based system 

  Despite the selectivity and sensitivity of analytical techniques such as FAAS, 

ETAAS, ICP-OES, and ICP-MS, LC-UV, LC - MS techniques, there is a critical need for the 

separation and preconcentration of trace analytes from matrices prior to their determination, due 

to their frequent presence at low concentrations in environmental samples and higher matrix 

interferences. Sample preparation processes including separation and preconcentration have a 

direct impact on trueness, precision and detection limits for many analytical methods. This 

process is also the rate determining step of the analytical method. 

  Automatic methods are one of the more interesting and attractive topics in the 

analytical chemistry of today. One of these methods are the continuous flow techniques which are 

greatly used by the scientific community all over the word. This is easy to understand because 

these technique offer many advantages, especially their versatility (flow analysis can be couple to 

any analytical technique). Moreover, conventional methods can be quickly carried out by flow 

injection; so, usually 100 samples per hour can be analyzed with good precision and accuracy. 

Moreover, a decrease in both sample and reagent consumption is achieved and also less handing 

is required. Various improvements in flow-injection systems involving on-line separation and 

preconcentration. 
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  Preconcentration techniques used in conventional batch procedures for low 

metal concentration samples are time consuming and they need a large handing. The use of flow 

injection in the preconcentration of samples allows to avoid these disadvantages and moreover the 

sensitivity of flow injection analysis is increased. The samples size for this purpose can be 

increase from µL to mL. For this reason the scientific literature concerning this topic has 

increased in recent year (Carbonell et al., 1992). There are many solid materials available with 

different properties which are suitable for preconcentration applications, including silica gel, 

inorganic oxides, activated carbon and crosslinked polystyrenes .  

  Adsorption of analyte to solid surface depends on the interaction forces formed 

between the analyte in the sample and the properties of the solid sorbent. Many kinds of analytes 

can be retained on the solid material but in most cases their chemical properties cannot be 

changed. Therefore, the analyte modification is not feasible and it is recognized independent 

variable in this process. Another factor is the solid material upon which the adsorption takes 

place. Indeed not the whole solid material participates in the adsorption process but mostly its 

surface since adsorption process is surface phenomenon. Solid surface is the interaction point 

between the dissolved analyte in the sample and the functional groups in the sorbent. Thus the 

best way to improve adsorption is to select suitable solid material that can be chemically changed 

in its surface so that it becomes able to strongly and/or selectively attract the analyte component 

from the sample. 

  

 1.4.1 C18-bonded silica gel 

  Despite the large variety of bonded phases available, octadecyl-bonded silica has 

currently become the most popular phase used. Numerous applications has been reported the use 

of C18-silica. Bare C18-silica can also retain a fraction of inorganic trace elements, probably due to 

the presence of silanol groups on its surface. However, in practice, due to its hydrophobic 

character, C18-silica is not well suited for retention of trace element species, as the latter are often 

polar or ionic. Retention on C18-silica may be improved by addition of a ligand reagent to the 

sample before its percolation through the sorbent. An alternative approach is to form the complex 

by passing the sample through a C18-silica containing the immobilized reagent. Octadecyl bonded 

silica, modified by suitable ligands has been successfully used for the separation and sensitive 
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determination of metal ions. Despite their broad application to trace element preconcentration, 

bonded silica phases (either C18-silica or functionalized-silica gel) present the drawback of a 

limited range of pH that can be used, as in acidic (below 2 to 4) and basic (above 8) pHs 

hydrolysis may occur, which changes the interactions that occur between the sorbent and the trace 

elements. 

  For determination  metal, an application of FI couple with preconcentration  

method have been studied in many research such as Hassan  (Karami et al., 2004) was 

determination of Bi
3+

, Cd
2+

, Co
2+

, Cu
2+

, Fe
3+

, Ni
2+

, Pb
2+

 and Zn
2+

 in  aqueous samples  by 

inductively coupled plasma-atomic emission spectrometry. Fang (Fang et al., 1990) was 

determination lead in sea water by on-line sorbent extraction pre-concentration system for 

graphite furnace atomic absorption spectrometry  

  A CL micro-flow system combined with on-line solid phase extraction (SPE) 

was presented based on the use of C18 bonded silica for determination of some β-lactam 

antibiotics (penicillin, cefradine, cefadroxil, cefalexin) in milk. It is based on the enhancement 

effect of β-lactam antibiotics on the luminol-K3[Fe(CN)6) signal in CL system. The micro-flow 

system was fabricated from two PMMA plates (50 mm × 40 mm × 5 mm) with the micro 

channels of 200 µm wide and 150 µm deep. C18-modified silica gel was packed into the micro 

channel (length: 10 mm; width: 1 mm; depth: 500 µm) to serve as SPE device (Liu et al., 2007). 

María E et al (Salinas-Vargas and Cañizares-Macías, 2014) was determination of caffeine in 

coffee based on the solid phase extraction (SPE) coupled to a flow injection. A C18 reverse-phase 

mini-column was coupled to a continuous flow manifold to carry out the on-line SPE and the 

quantification of caffeine from aqueous extracts. 
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 1.4.2  Polystyrene polymers 

  Polystyrene polymers are considered an interesting and alternative material over 

the common sorbents such as Amberlites XAD-2 and XAD-8 or C18-silica when they have high 

cross-link structure. In some cases, this material is employed when addition of a reagent to the 

sample is required to form complexes that are further retained on the hydrophobic sorbent 

(Kumagai et al., 1998). Moreover, Dmitryenko and coworker have studied the sorption of 

oxytetracycline and chlorotetracycline by sulphonated polystyrene resins. They investigated effect 

of the structure of the ion-exchange resin on the sorption process. Evidence has been obtained for 

the aggregation of these ions in the resin. It was found that the variations in the degree of 

crosslinking of the resin structure and the concentration of the functional groups have significant 

effect on the selective behaviour of the resin towards these antibiotics (Dmitryenko and Hale, 

1965). Hafez  (Hafez et al., 2001) was determination mercury in environmental samples using 

chemically modified chloromethylated polystyrene-PAN (ion-exchanger) and its determination by 

cold vapour atomic absorption spectrometry. 

 

 1.4.3  Carbon sorbents 

  Activated carbon is prepared by low-temperature oxidation of vegetable 

charcoals. Because of their large surface areas (300–1000 m
2
g

-1
), these sorbents are well-

recognized for their very strong sorption both for trace organic compounds and trace elements. 

There is evidence of types of adsorption sites on activated carbons are reported. Firstly, 

adsorption through van der Waals forces enabled by graphite-like basal planes, especially π-

electron interactions. Secondly, ionic interaction of hydrogen bonding that may take place 

through polar groups like carbonyls, hydroxyls and carboxyls. Consequently, trace elements may 

be directly adsorbed on activated carbon. The major drawback when utilizing activated carbons is 

their heterogeneous surface with active functional groups those often lead to low reproducibility. 

Fortunately, along with the development of polymer materials and bonded phases, a new 

generation of carbon sorbents appeared in the 1970s and 1980s with a more homogeneous 

structure and more reproducible properties. 
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  Another kind of carbon sorbents is the graphitized carbon blacks which are 

obtained by heating carbon blacks at 2700–3000 °C in an inert atmosphere. These sorbents are 

nonspecific and non-porous (surface area about 100 m
2
g

-1
). Also, due to the presence of positively 

charged chemical heterogeneities on their surface, they are considered to be both reversed phase 

sorbents and anion-exchangers (Camel, 2003). Carbon sorbents have been extensively used in the 

past few years for the SPE of polar organic pollutants from water samples (Masqué et al., 1998), 

while in trace elements SPE is still rare. The main limitations are possible irreversible retention of 

analytes, which may be overcome by elution in the backflush mode, and poor mechanical 

stability. Already many years ago removal of antibiotics from water samples by activated carbon 

is well known. One of these conventional drinking water treatment processes by activated carbon 

were evaluated under typical water treatment plant conditions to determine their effectiveness in 

the removal of some common antibiotics. Carbadox, sulfachlorpyridazine, sulfadimethoxine, 

sulfamerazine, sulfamethazine, sulfathiazole, and trimethoprim were exmined. The study shows 

that these antibiotics could be effectively removed using processes already in use in many water 

treatment plants. However, additional work is needed on the by-product formation and the 

removal of other classes of antibiotics (Adams et al., 2002). For heavy metal , Daorattanachai 

(Daorattanachai et al., 2005) was determination  Cd(II), Cu(II), Ni(II), and Zn(II) from aqueous 

solution by column solid phase extraction (SPE) technique. Trace metal ions in aqueous solution 

were quantitatively sorbed onto ammonium pyrrolidinedithiocarbamate impregnated activated 

carbon (APDC-AC) packed in a SPE column. The sorbed metals were eluted with 1 M nitric acid 

in acetone solution and analyzed by flame atomic absorption spectrometry. 
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 1.4.4  Divinylbenzene-vinylpyrrolidone copolymers 

  Sorbents made of divinylbenzene-vinylpyrrolidone copolymers have recently 

been developed, such as Oasis HLB. The hydrophilic N-vinylpyrrolidine affords good wettability 

of the resin, while the hydrophobic divinylbenzene provides reversed-phase retention of analytes. 

This sorbent has been successfully applied to the determination of polar organic compounds in 

water samples. It is more convenient to use, compared to classical sorbents, as it can dry out 

during the extraction procedure without reducing its ability to retain analytes. In addition, it is 

stable over the entire pH range.  

  A sorbent cartridge based on this copolymer has been applied for the 

simultaneous determination of BLAs (penicillin G, amoxicillin, ampicillin, penicillin V, oxacillin, 

cloxacillin, dicloxacillin and nafcillin) in wastewater. The method is based on SPE and high 

performance liquid chromatography with UV-DAD. The SPE cartridge (Oasis MAX, 

vinylpyrrolidone and divinylbenzene polymer) have been used for sample clean up and 

preconcentration (Benito-Pena et al., 2006). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER 2
Review of Related Literature

Environmental pollution are worldwide problems. The progress of industries and
the environmental impacts of irrigations has led to increased emission of pollutants into
ecosystems. Since the industrial revolution, the production of heavy metals such as lead, copper,
and zinc has increased exponentially. The major sources of heavy metal pollutants are metal
mining, metal smelting, metallurgical industries, and other metal-using industries, waste disposal,
corrosions of metals in use, agriculture and forestry, fossil fuel combustion, and sports and leisure
activities. Heavy metal contamination affects large areas worldwide. Hot spots of heavy metal
pollution are located close to industrial sites, around large cities and in the vicinity of mining and
smelting plants. Agriculture activities in these areas faces major problems due to heavy metal
transfer into crops and subsequently into the food chain.

Therefore the World Health Organization (WHO), Codex and Thailand
government have concerned and set a maximum residuals limit (MRL) for control level of heavy
metalscontamination in environmental, as show in Table 1.

Table 1 The MRL of heavy metal in environmental

Heavy metals
maximum residuals limit (MRL)

Soil* Surface
water*

Underground
water**

Drinking
water **

1. Arsenic 3.9 0.01 0.01 0.05
2. Cadmium and compounds 37 0.05 0.003 0.005
3. Hexavalent Chromium 300 0.05 0.05 0.05
4. Mercury and compounds 23 0.002 0.001 0.002
5. Lead 400 0.05 0.01 0.05
*(mg kg -1), **(mg L -1)
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The increasing on human population contributing greater contamination in
environment and bring to many problems. The major problem is an antibiotic contamination in
food since many antibiotics are used worldwide as feed additives for the purpose of livestock
health maintenance. The use of antibiotics in food-producing animals may lead to residues in
livestock products and was banned all of product from EU countries.

The EU have set the maximum residuals limit (MRL) for control level of
antibiotics contamination in food and feed as show in Table 2.

Table 2 The MRL of antibiotic in food and feed

Sample types Antibiotic MRL

1. Milk - Aminoglycosides,sulfonamides,phenicols,
Fluoroquinolones
- Sulfonamides

100–1500 µg L-1

100 µg L-1

2. Egg - Fluoroquinolones 50- 200 µg kg-1

3. Fish - Fluoroquinolones
- Tetracyclines
- Nitroffurans

600 µg kg-1

100 µg kg-1

banned
4. Feed Nitrofurans:

- furazolidone,
- furaltadone
- nitrofurantoin

- nitrofurazone

banned
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2.1 Heavy metals
Heavy metal is a member of a loosely-defined subset of elements that exhibit

metallic properties. It mainly includes the transition metals, some metalloids, lanthanides, and
actinides. Many different definitions have been proposed some based on density, some on atomic
number or atomic weight, and some or toxicity. There is no standard definition assigning metals
as heavy metals. Some lighter metals and metalloids are much toxic and thus are termed heavy
metals, which some heavy metals, such as gold, typically are not toxic. Most heavy metals have a
high atomic number, atomic weight and a specific gravity greater than 5.0.

Heavy metals are found naturally in the earth, and become concentrated as a
result of human caused activities. Common sources are from mining and industrial wastes;
vehicle emissions; lead-acid batteries; fertilizers; paints and treated woods.

2.1.1 Arsenic
2.1.1.1 Physical and chemical properties
Arsenic appears in three allotropic forms: yellow, black and grey; the

stable form is a silver-gray, brittle crystalline solid. It tarnishes rapidly in air, and at high
temperatures burns forming a white cloud of arsenic trioxide. Arsenic is widely distributed in the
earth’s crust and present at an average concentration of 2 mg kg-1. It occurs in trace quantities in
all rock, soil, water and air. Arsenic can exist in four valency states: –3, 0, +3 and +5. Under
reducing conditions, arsenite (As(III)) is the dominant form; arsenate (As(V)) is generally the
stable form in oxygenated environments. Elemental arsenic is not soluble in water. Arsenic salts
exhibit a wide range of solubilities depending on pH and the ionic environment. There are many
arsenic compounds of environmental importance, are shown in Figure7.
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arsenate arsenitemethyl arsonic acid

dimethylarsinic acid (DMA) trimethylarsine oxide arsenobetaine

As+H3C
CH3

H3C OH

arsenocholine

Figure7 Arsenic compounds commonly detected in the environment

Under oxidizing and aerated conditions, the predominant form of arsenic in
water and soil is arsenate. Under reducing and waterlogged conditions (< 200 mV), arsenite
should be the predominant arsenic compounds. The rate of conversion is dependent on the redox
potential (Eh) and pH of the soil as well as on other physical, chemical and biological factors. In
brief, at moderate or high Eh, arsenic can be stabilized as a series of pentavalent (arsenate)
oxyanions, H3AsO4, H2AsO4

–, HAsO4
2– and AsO4

3–. However, under most reducing (acid and
mildly alkaline) conditions, arsenite predominates. A pH and Eh diagram are shown in Figure 8.
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Figure 8 The Eh-pH diagram for arsenic at 25 C and on atmosphere with total arsenic 10-5mol L1

2.1.1.2 Toxicity
Arsenic is one of the most toxic elements that can be found on earth

crust. Despite their toxic effect, inorganic arsenic bonds occur on earth naturally in small
amounts. Humans may be exposed to arsenic through food, water and air. The most
toxicologically potent arsenic compounds are in the trivalent oxidation state. This has to do with
their reactivity with sulfur containing compounds and generation of reactive oxygen species
(ROS). However, humans are exposed to both trivalent and pentavalent arsenic.

Exposure to inorganic arsenic can cause various health effects, such as
irritation of the stomach and intestines, decreased production of red and white blood cells, skin
changes and lung irritation. It is suggested that the uptake of significant amounts of inorganic
arsenic can intensify the chances of cancer development, especially the chances of development
of skin cancer, lung cancer, liver cancer and lymphatic cancer. Chronicarsenic poisoning results
from drinking contaminated well water over a long period of time. The World Health
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Organization recommends a limit of 0.01 mg L-1 (10 ppb) of arsenic in drinking water. This
recommendation is established based on the limit of detection of available testing equipment at
the time of publication of the WHO water quality guidelines. Mining techniques such as hydraulic
fracturingmay mobilize arsenic in groundwater and aquifers due to enhanced methane transport
and resulting changes in redox conditions, and inject fluid containing additional arsenic.

Arsenic contamination of natural waters, tap water and ground
water has become an issue of growing concern, particularly in Southeast Asia such as
Bangladesh, India, Nepal and Thailand.

(a) (b)

(c)
Figure 9 Illustration of skin cancer caused by arsenic (Wordbank, 2008)

a: Arsenic lesions on feet, b: Arsenic lesions on hand, cancer and c: Keratoses on hand
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In Thailand, arsenic contamination was found in Ronphibun District, Nakhon Si
Thammarat Province in 1987 (Sukreeyapongse et al.). People live near or in old tin mine area
were sick, their skin became black and were diagnosed as skin cancer.

Figure 10 A map of arsenic groundwater contamination in Southeast Asia (Kim et al., 2011)
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2.1.1.3 The analytical techniques for arsenic analysis
There are variety of instrumental techniques for the determination of

arsenic in various biological matrix. These include atomic absorption spectrometry (AAS) (Behari
and Prakash, 2006; Husakova et al., 2007; Macedo et al., 2009), atomic fluorescence
spectrometry (AFS) (Barra et al., 2000; Keller et al., 2014), inductively coupled plasma with
optical emission spectrometry (ICP-OES) (Welna and Szymczycha-Madeja, 2014), inductively
coupled plasma with atomic fluorescence spectrometry (ICP-AFS) (Hueber and Winefordner,
1995; Koh et al., 2005), inductively coupled plasma with mass spectrometry (ICP-MS)(Milstein
et al., 2002; Moreira et al., 2011) and voltammetry (Garlaschelli et al.). Some of these techniques
(e.g. ICP-MS) can serve as element-specific detectors when coupled to chromatographic
separation techniques (e.g. HPLC and GC). The summary of difference techniques for determine
arsenic is given in Table 3



31

Table 3 Analytical methods used for arsenic determination

No. Detection method Species Samples Detection limit Preconcentration/separation Reference
1.
2.

3.

4.

5.

5.

AAS-VGA
AAS-HG

AAS

AFS-IC-HG

AFS

Anodic Stripping
Voltammetry

total arsenic
total arsenic

As(III)
total arsenic

As(III)
As(V)
As(III)
As(V)
As(V)

Tab water
Phosphate fertilizer

Beer

Sulfide water

Soil

Industrial waste

-
0.1 µg L-1

1.6 µg L-1

1-3 µg L-1

0.006 µg g-1

1.1 µg L-1

-
-

-

IonPac AS16 4×250mm

-

-

Behari et al, 2006
Macedo et al., 2009

Husakova et al,
2007

Keller et al, 2014

Barra et al, 2000

Garlaschelli et al,
2013

VGA = vapor generation assembly HG= hydride generation IC= ion chromatography
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Table 3 (continue)

No. Detection method Species Samples Detection limit Preconcentration/separation Reference
7.

8.
9.

10.

11.

ICP-OES-HG

ICP-AES-HG
ICP-AES-HG

HPLC-IC-MS

HPLC-IC-MS

As(III)
As(V)
As(III)
As(III)
As(V)
As(III)
As(V)
DMA
MMA
As(III)
As(V)
DMA
MMA

Fruit juice

Water
herbicide, pesticide,

and cigarette
white wine

drinking water

0.66 µg L-1

0.65 µg L-1

0.70 µg L-1

-
-

0.10 µg L-1

0.21 µg L-1

0.12 µg L-1

0.15 µg L-1

0.03 µg L-1

0.06 µg L-1

0.03 µg L-1

0.06 µg L-1

-

-
yeast-immobilized column

Anion exchange: Hamilton PRP-
X100 (250 mm×4.1, 10 μm)

Anion exchange: Hamilton PRP-
X100 (250 mm×4.1, 10μm)

Welna et al, 2014

Hueber et al, 1995
Koh et al, 2005

Moreira et al, 2011

Milstein et al, 2002
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2.1.2 Cadmium
2.1.2.1 Physical and chemical properties
Cadmium is a lustrous, silver-white, ductile, very malleable metal. Its

surface has a bluish tinge and the metal is soft enough to be cut with a knife, but it tarnishes in air.
It is soluble in acids but not in alkali. It is a metal with an oxidation state of +2. It is chemically
similar to zinc and occurs naturally with zinc and lead in sulfide ores but it forms more complex
compounds.

Cadmium metal has specific properties that make it suitable for a wide
variety of industrial applications. These include: excellent corrosion resistance, low melting
temperature, high ductility, high thermal and electrical conductivity. Cadmium is also present as
an impurity innon-ferrous metals (zinc, lead, and copper), iron and steel, fossil fuels (coal, oil,
gas, peat, andwood), cement, and phosphate fertilizers. In these products, the presence of
cadmium generallydoes not affect performance; rather, it is regarded as an environmental
concern. Cadmium is also produced from recycled materials (such as Ni–Cd batteries and
manufacturing scrap) and some residues (e.g. cadmium-containing dust from electric arc
furnaces) or intermediate products. Recycling accounts for approximately 10-15% (IARC
Monographs on the Evaluation of Carcinogenic Risks to Humans, 2012)of the production of
cadmium in developed countries. Synonyms, trade names and molecular formulae for cadmium,
cadmium–copper alloy, and some cadmium compounds are presented in table 4. The cadmium
compounds shown are those for which data on carcinogenicity or mutagenicity were available or
which are commercially important compounds. It is not an exhaustive list, and does not
necessarily include all of the most commercially important cadmium-containing substances.
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Table 4 Chemical names, synonyms, and molecular formula of cadmium and cadmium compounds

Chemical name Synonyms Formula
Cadmium

Cadmium acetate

Cadmium carbonate
Cadmium chloride

Cadmium hydroxide
Cadmium nitrate

Cadmium stearate

Cadmium sulfate
Cadmium sulfide
Cadmium oxide

Cadmium metal
Acetic acid, cadmium salt; bis(acetoxy)-cadmium; cadmium (II) acetate; cadmium

diacetate; cadmium ethanoate
Carbonic acid, cadmium salt; cadmium carbonate (CdCO3); cadmium monocarbonate

Cadmium dichloride; dichlorocadmium
Cadmium hydroxide (Cd(OH)2); cadmium Dihydroxide

Nitric acid, cadmium salt; cadmium dinitrate; cadmium (II) nitrate
Cadmium distearate; cadmium octadecanoate; cadmium(II) stearate; octadecanoic acid,

cadmium salt; stearic cid, cadmium salt
Cadmium monosulfate; cadmium sulfate; sulfuric acid, cadmium salt (1:1)

Cadmium monosulfide; cadmium orange;cadmium yellow
Cadmium monoxide

Cd
Cd(CH3COO)2

CdCO3

CdCl2

Cd(OH)2

Cd(NO3)2

Cd(C36H72O4)

CdSO4

CdS
CdO
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2.1.2.2 Toxicity
Cadmium enters the air, it binds to small particles. It falls to the ground

or water as rain or snow, and may contaminate fish, plants, and animals. Improper waste disposal
and spills at hazardous waste sites may cause cadmium to leak into nearby water and soil.
Cadmium released into the atmosphere by smelting or mining or some other processes, cadmium
compounds can be associated with respirable-sized airborne particles and can be carried long
distances. It is deposited onto the earth below by rain or falling out of the air. Once on the ground,
cadmium moves easily through soil layers and is taken up into the food chain by uptake by plants
such as leafy vegetables, root crops, cereals and grains.

Having skin contact with cadmium is not known to cause health
problems, but the following exposures to cadmium can cause serious health problems:

- Breathing air that contains high levels of cadmium
- Eating food containing high levels of cadmium, such as

shellfish, liver, kidney, potatoes, and leafy vegetables
- Drinking water contaminated with cadmium
- Breathing in cigarette smoke, which doubles the average daily

intake of cadmium
Cadmium is extremely toxic, with acceptable levels one tenth that of

most of the other toxic metals. Its effects are many, but it mainly affects the kidneys, the
cardiovascular system, and is related to cancer. It also ages the skin. Cadmium also contributes to
many mental illnesses, particularly violence and other related disorders of behavior and mental
attitude. Cadmium is so toxic to the brain that it causes what might be called ‘a small rebellion’ in
the tissues of the brain, which results in violent thoughts. Cadmium is involved in all of the major
diseases of our time, including cancer, diabetes, arthritic syndromes, heart disease, kidney
disease, and others. One reason may be that cadmium replaces zinc in the body. Zinc is required
for over 100 or more critical enzymes. These include enzymes needed for proper immune system
activity, digestion, cardiovascular health, and much more.
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(a) (b)
Figure 11 Illustration of Itai Itai disease (a) Patient suffering from prolonged exposure to cadmium

(Cornell university genetically engineered machines, 2009) (b) kidney of patent of Itai Itai disease
(Kanazawa, 2014)

Many health agencies have set exposure standards designed to protect the
general public from excess cadmium exposure from various sources. For example: Food and Drug
Administration (FDA) set the maximum limit of cadmium in bottled water at 0.005 mg L-1. The
Environmental Protection Agency (EPA) has established limits on the quantity of cadmium that
can be discharged into water or disposed of as solid wastes from factories that manufacture or
employ cadmium. It is considering regulations that would limit the amount of cadmium that could
be emitted into outside air. EPA has also established an interim Maximum Contaminant Level
(MCL) of 0.01 mg L-1 (10 µg L-1) for cadmium in drinking water. It has proposed a Maximum
Contaminant Level Goal (MCLG) of 0.005 mg L-1(5 µg L-1). The Agency for Toxic Substances
and Disease Registry (ATSDR) has set achronic durational oral minimal risk level (MRL) of
0.0002 mg/kg/day of cadmium based on its renal effects. This MRL standard states how much
cadmium can be taken in orally chronically without risk of adverse health effects (ATSDR 1999)
and World Health Organization (WHO) set a tolerable weekly intake for cadmium at 0.007
mg/kg/body weight.
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In the Mae Sot district, Tak Province and Na-Noi district, Nan Province
Thailand, cadmium contamination were reported in soil and rice due to river water contamination
suspected from upstream mining activity, by the Thai Ministry of Agriculture in 2003. In the
polluted area, Nishijo (Nishijo et al., 2014) was reported that 90% of the rice grain samples were
contaminated with Cd at the level greater than 0.2mg kg-1 (ppm) and 85% of the surveyed paddy
soil samples had a Cd concentration that was greater than 3mg kg-1.

2.1.2.3 The analytical techniques for cadmium analysis
A wide variety of modern instrumental techniques are extensively

employed for the detection and determination of trace cadmium. Despite the selectivity and
sensitivity of analytical techniques such as flame atomic absorption spectrometry (FAAS) (An-Na
and Yun-Fei, 2011; Cancela, 2006; Valfredo Azevedo Lemos and Baliza, 2005; Valfredo A.
Lemos et al., 2000), graphite furnace atomic absorption spectrometry (GFAAS) (Minamisawa et
al., 2006; Tokman and Akman, 2004), electrothermal atomic absorption spectrometry (ETAAS)
(Ivanova et al., 1998; Xu et al., 2000), inductively coupled plasma optical emission spectrometry
(ICP-OES) (Castro et al., 2008; Costa et al., 2002; Lara et al., 2001; Marchisio et al., 2005) and
inductively coupled plasma mass spectrometry (ICP-MS) (O'Sullivan et al., 2013) techniques.
There is a critical need for the preconcentration and separation of trace metals prior to their
determination, due to their frequent presence at low concentrations in environmental samples.
Accurate analysis of various complex samples (natural water, tap water, waste water, geological
samples and industrial effluents), especially at trace levels, is one of the most difficult and
complicated analytical task. The summery of method for determination a trace cadmium were
listed in the Table 5.
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Table 5 Analytical methods used for cadmium determination after selected preconcentration steps

No. Technique Samples Preconcentration sorbent Chelating material Detection limit Reference
1.

2.
3.

4.

5.

6.

7.

8.

FAAS

FAAS
FAAS

FAAS

GFAAS

GFAAS

ETAAS

ETAAS

certified reference
materials

Water
Milk products

Drinking water

Water

Water

Water

Blood

2-(2-benzothiazolylazo)-
2-p-cresol (BTAC)
Amberlite XAD-2

Chelite P

Hair

Zeolite A4

Chromosorb-107

C18

knotted reactor (KR)

-

2-aminothiophenol (AT)
aminomethylphosphoric acid (AMPA)

ammonium diethyldithiophosphate
(APDC)

-

ammonium diethyldithiophosphate
(APDC)

ammonium diethyldithiophosphate
(APDC)

Ammonium diethyldithiophosphate
(DDPA)

0.27 µg L-1

0.14 µg L-1

0.014 g µg-1

0.77 µg L-1

0.02 µg L-1

1.2 µg L-1

0.5 ng L-1

0.2 ng L-1

Lemos et al., 2000

Valfredo et al., 2005
Cancela et al., 2006

An-Na etal., 2011

Minanisawa et al., 2006

Tokman et al., 2004

Xu et al., 2000

Ivanova et al., 1998



39

Table 5 (continue)

No. Technique Matrix Sorbent Chelating material Detection
limit

Reference

9.
10.

11.
12.

13.

ICP-OES
ICP-OES

ICP-OES
ICP-OES

ICP-MS

Saline matrices
Tea

Wine
Water

Water

1, 10-phenanthroline
polyurethane foam

knotted reactor (KR)
silica gel

minodiacetate

Dithizone
2‐(5‐bromo‐2‐pyridilazo)‐5‐diethylaminophenol

(5‐Br‐PADAP)
2-(5-bromo-2-pyridylazo)-5-diethylaminophenol

2-aminothiazole

-

30 µg L-1

4.0 µg L-1

5 ng L-1

0.27 µg L-1

2.7 pM

Costa et al., 2002
Marchisio et al.,
2000
Lara et al., 2001
Castro et al., 2008

O'Sullivan et al.,
2013
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2.2 Antibiotics
Antibiotics or antimicrobials are natural compounds made by microorganisms,

which may be used to destroy bacteria that cause infections and diseases. A wide variety of
antibiotics are used in agriculture and medicine alike. They are classified based on their chemical
composition as well as the class of microorganisms against which they are effective with.
Antibiotic studies demonstrate that preventative treatment may effectively control disease in
livestock. Hence, recognizing the potential economic gains, the use of antibiotics in farming
practices has expanded rapidly over the years. Although most countries have banned the
antibiotics chloramphenicol and nitrofurans from animal food production due to their toxicity to
humans, traces of the drugs have been detected in shrimp and other aquaculture products.
Chloramphenicol can cause potentially fatal aplastic anemia and leukemia, and nitrofurans are
carcinogenic. Therefore, the seafood industry fully supports regulations that control the drugs to
assure wholesome foods for consumers.

There are various antibiotics available and they come in various different brand
names. Antibiotics are usually grouped together based on how they work. Each type of antibiotic
only works against certain types of bacteria or parasites. This is why different antibiotics are used
to treat different types of infection. The main types of antibiotics include:

- Penicillins, for example: penicillin V, flucloxacillin, and amoxicillin.
- Cephalosporins, for example:cefaclor, cefadroxil, cefalexin.
- Tetracyclines, for example: tetracycline, doxycycline, and minocycline.
- Aminoglycosides, for example: gentamicin, amikacin, and tobramycin.
- Macrolides, for example: erythromycin, azithromycin, and

clarithromycin.
- Clindamycin.
- Sulfonamides and trimethoprim, for example: co-trimoxazole.
- Metronidazole and tinidazole.
- Quinolones, for example: ciprofloxacin, levofloxacin, and norfloxacin.
- Nitrofurans, for example: furaltadone, furazolidone,nitrofurazone and

nitrofurantoin.
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In this research, nitrofuransincluding furaltadone (FTD), furazolidone (FZD) and
nitrofurantoin (NFT) areof interested. The structures of these antibiotics are show in Figure 12.

(a) (b)

(c)
Figure12 Chemical structure of nitrofuran; a furaltadone , b furazolidone and c nitrofurantoin

Nitrofurans were widely used as feed additives in food-producing animals like
poultry, swine, cultured fish and shrimps, for treatment and prevention of various gastrointestinal
infections caused by bacteria or protozoa and as growth promoters.  These compounds are rapidly
metabolized in vivo, leading to a significant decrease of their parent compounds levels in plasma.

2.2.1 Furaltadone
Furaltadone belongs to the class of 5-nitrofuran antibiotics and has been widely

and effectively used for the prevention and treatment of gastrointestinal infections caused by
Escherichia coli and Salmonella spp. in cattle, pigs and poultry. It was also used as a growth
promoter in food-producing animals. However, both WHO and the European Union (EU) are
unable to assign a maximum residue limit for furaltadone because of the potential carcinogenic
effects of its residues on human health. As a consequence, the administration of furaltadone to
food-producing animals has been prohibited.
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2.2.2 Nitrofurantoin
Nitrofurantoin (NFT) is bactericidal to many gram positive and gram-negative

pathogens. It is readily absorbed from the gastrointestinal tract and is used in the treatment of
urinary tract infections. It is used to treat urinary infections and can be administered orally or
parenterally. E coli, Staphylococcus aureus, Streptococcus pyogenesand Erobacteraerogenesare
usually susceptible, while Proteus species, Pseudomonas aeruginosa and Streptococcus
faecalisare usually resistant. NFT is a synthetic nitrofuran derivative antibacterial agent. It is used
for treatment of initial or recurrent urinary tract infections caused by susceptible pathogens.
Adverse effects may include nausea, vomiting, loss of appetite, diarrhea, chest pain, chills, cough,
fever, troubled breathing, sore throat, unusual weakness, dizziness, drowsiness, headache, and
brownish discoloration of urine.

2.2.3 Furazolidone
Furazolidone (FZD) was added to Annexe 4 of Regulation 2377/90 on 26 June

1995. This decision was taken because furazolidone residues, at whatever limit, in foodstuffs of
animal origin constitute a hazard to the health of the consumer. It is known to be a genotoxic
carcinogen and insufficient data are available concerning the identity and toxic potential of
compounds released from boundfurazolidone residues. Furazolidone therefore joins the other
nitrofuran drugs; growth promoting hormones, such as diethylstilboestrol and trenbolone; and
other antibacterial compounds, such as chloramphenicol, which are banned in the EU. It is often
added to feeds to stimulate growth and prevent and control a number of diseases in animals.

2.2.4 The analytical technique for nitrofurans analysis
Several analytical techniques have been reported to determine nitrofuran

residues in various sample matrices have been developed such as the enzyme-linked
immunosorbent assay(ELISA) (Jester et al., 2014; Li et al., 2010), liquid chromatography with
diode array (LC-DAD) (Barbosa et al., 2007; Degroodt et al., 1992; Wang and Zhang, 2006),
liquid chromatography with mass spectrometry LC-MS (Ardsoongnearn et al., 2014; Mottier et
al., 2005), and flow injection chemiluminescence (FI-CL) (Liu et al., 2012; Thongsrisomboon et
al., 2010) as depicted in Table 6.
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Table 6 Analytical methods used for nitrofurans determination

No. Techniques Analyte Samples Detection limit Reference
1.

2.

3.

4.

5.

ELISA

ELISA

LC-DAD

LC-DAD

LC-DAD

Furazolidone
Furaltadone

Furazolidone
Furaltadone

Nitrorurantoin
Nitrofurazone
Nitrofurazone
Furazolidone
Furaltadone

Nitrorurantoin
Furazolidone
Furazolidone
Furaltadone

Nitrofurazone
Furazolidone

Fish

Animal feed

Animal feed

Animal feed

Meat and fish

0.05 ng g-1

0.2 ng g-1

12.5 ng mL-1

16.0 ng mL-1

15.6 ng mL-1

6.0 ng mL-1

51 µg kg-1

47 µg kg-1

98 µg kg-1

76 µg kg-1

1.0 mg kg-1

2.0 mg kg-1

1.0 mg kg-1

1.0 µg kg-1

2.0 µg kg-1

Jester et al., 2014

Li et al., 2010

Barbosa et al., 2007

Wang et al., 2006

Degroff et al., 1992
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Table 6 (continue)

No. Techniques Analyte Samples Detection limit Reference
6.

7.

8

9.

10.

LC-MS/MS

LC-MS/MS

LC-MS/MS

FI-CL

FI-CL

Nitrofurazone
Furazolidone
Nitrofurantoin
Nitrofurazone
Furazolidone
Furaltadone

Nitrorurantoin
Nitrofurazone
Furazolidone
Furaltadone
Furaltadone

Nitrorurantoin
Nitrofurazone
Furaltadone
Furazolidone
Nitrorurantoin

Meat

Feed water

Animal feed

Animal feed

Animal feed

0.11 µg kg-1

0.12 µg kg-1

0.21 µg kg-1

0.25µg L-1

0.002 µg L-1

0.002µg L-1

0.04 µg L-1

0.2 mg kg-

0.1 mg kg-1

0.1 mg kg-1

0.83 mg L-1

0.83 mg L-1

0.83 mg L-1

2x10-7 g mL-1

4x10-7 g mL-1

8x10-7 g mL-1

Mottier et al., 2005

Ardsoongnearn et al., 2014

Wang et al., 2006

Thongsrisomboon et al.,
2010

Liu et al., 2012



CHAPTER 3  

Specific Speciation of As(III) and As(V) in Aqueous Solution by a Split 

Microfluidic Chemiluminescence System 

 

3.1 Introduction 

  Arsenic is a naturally occurring element present in the environment in both 

organic and inorganic forms. Inorganic arsenic is considered to be the most toxic form of the 

element, and arsenic contamination of ground water is found in many countries throughout the 

world, including China, Bangladesh, Vietnam and Thailand. The present of arsenic in natural 

water is of concern because of its toxicity and possible carcinogenic activity, and the biological 

effects of arsenic are significantly altered by its oxidation state as well as by its complexation 

with organic materials. Depending on the environment, inorganic arsenic can exist in two 

different oxidation states As(III) and As(V) in natural water, although As(V) is 

thermodynamically favored. Because of its ability to form complexes with certain co-enzymes, 

however, As(III) is more toxic to animal and plants than is As(V). The USEPA reduces the 

maximum permissible level (MPL) of arsenic in drinking water from 50 to 10 µg L
-1 

(Agency, 

2013). Current arsenic detection always relies on large apparatus including atomic absorption 

spectrometry (AAS) (APHA, 2005), hydride generation atomic fluorescence spectrometry 

(HGAFS) (Cava-Montesinos et al., 2003; M. Featherstone et al., 1998; Yan et al., 2002; Zhang et 

al., 2010), inductively coupled plasma atomic emission spectrometry (ICP-AES) (Jitmanee et al., 

2005; Morita et al., 1981; Sheppard et al., 1994) and inductively coupled plasma mass 

spectrometry (ICP-MS) (Beauchemin et al., 1989; Heitkemper et al., 2001; Villadangos et al., 

2010). The USEPA approved spectrometric methods are all based on atomic spectrometry, which 

can readily provide detection limits in the sub-microgram per liter range, but the instrumentations 

are bulky, expensive, and require large amounts of pure gas in addition to the high cost of 

consumables. Hence, the alternative, portable and sensitive equipment is continually demanded 

for on-site measurement. 
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  Microfluidic devices currently present unique advantages for sample handling, 

reagent mixing, separation, and detection. Microfluidic channel dimensions typically range from 

1 to 1000 µm in width and height and require between 100 nL and 10 µL of sample and reagents. 

In addition to obvious advantages that are associated with smaller sample, reagent and waste 

volumes required which is ideal for handling costly and difficult-to-obtain samples and reagents. 

The materials used to construct microfluidic devices vary, depending on the application; however, 

the vast majorities are constructed of glass, silicon, polymers or even filter paper using 

photolithography to define hydrophobic micro-channels. One particular polymer that has recently 

been used extensively is poly(dimethylsiloxane), or PDMS since PDMS is a transparent, 

elastomeric polymer that can be fabricated rapidly by laser engraving with features having 

dimensions as small as 10 nm. The elastomeric nature of PDMS makes it a great sealant, since 

often the adhesion due to conformal surface contact with a smooth, flat surface is enough to seal 

meso- or even microchannels for low pressure applications (Duffy et al., 1998; Ng et al., 2002).  

  During the past decades, there have been word-wide efforts to develop 

miniaturized instrumentation for chemical analysis. However, the utilization of microfluidics in 

the attempts for the determination of arsenic has rarely appeared. One attempted had been 

reported by Matusiewicz (Matusiewicz and Slachcinski, 2012). Only few reports exploited the use 

of CL detection to determine inorganic arsenic spices and most of them were based on a flow 

injection (FI) system (Li and Hak Lee, 2005; Lomonte et al., 2007). 

  In this present work, the integration of a microfluidic device with 

chemiluminescence(CL) detection for the determination of As(III) and As(V) in aqueous samples 

is proposed. Since, CL provides high sensitivity and selectivity, white is a simple and inexpensive 

optical instrumentation. The acidic permanganate and luminal chemiluminescence detections 

have been allocated for our system. The sandwich type microfluidics chip consisted of two halves 

of spiral conduit platforms where the CL reaction for As(V) was generated based on the oxidation 

of luminol with a vanadomolybdo arsenate heteropoly acid (AsVMo-HPA) complex in an 

alkaline solution. On the other hand the CL reaction for As(III) was produced by the oxidation of 

acidic potassium permanganate in the presence of a sodium hexameta phosphate media. 
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3.2 Research methodology 

 3.2.1 Reagent and solution 

  All chemicals used as list in Table 8 are analytical reagent (AR) grade, and all 

standard and reagent solutions were prepared with deionized water.  

 

Table 7 Chemical reagent and their manufactures for determination of As(III) and As(V) 
   

Reagent Grade Manufactures Country 

1. Ammonium metavanadate (NH4VO3) 

2. Ammonium molybdate ((NH4)6Mo7O24.4H2O) 

3. Copper (II) sulphate monohydrate 

(CuSO4.5H2O) 

4. Formaldehyde (CH2O) 

5. Iron (III) nitrate nonahydrate (Fe(NO3)3.9H2O) 

6. Iron (II) sulphate hetahydrate (FeSO4.7H2O) 

7. Luminol (C8H7N3O2) 

8. Magnesium sulfate (MgSO4) 

9. Manganese (II) sulfate monohydrate 

(MnSO4.H2O) 

10. Potassium permanganate (KMnO4) 

11. Rhodamine B (C28H31ClN2O) 

12. Sodium arsenite (NaAsO2) 

13. Sodium arsenate monohydrate (Na2HAsO4.H2O) 

14. Sodium chloride (NaCl) 

15. Sodium fluoride (NaF) 

16. Sodium hexametaphosphate (NaPO3)6 

17. Sodium hydroxide (NaOH) 

18. Sodium nitrate (Na2NO3) 

19. Sodium nitrite (NaNO2) 

20. Sodium phosphate dibasic (Na2HPO4) 

21. Sodium sulfate (Na2SO4) 

22. Sulfuric acid (H2SO4) 

AR 

AR 

 

 

AR 

AR 

AR 

HPLC 

AR 

AR 

 

AR 

HPLC 

HPLC 

HPLC 

AR 

AR 

AR 

AR 

AR 

AR 

AR 

AR 

AR 

BDH 

BDH 

Ajax 

 

BDH 

QReC 

MercK 

Sigma-Aldrich 

Sigma-Aldrich 

Ajax 

 

Ajax 

Fluka 

Ajax 

Ajax 

Lab scan 

Riedel-de Haen 

Sigma-Aldrich 

Lab scan 

Sigma-Aldrich 

Sigma-Aldrich 

CARLO ERBA 

Sigma-Aldrich 

J.T baker 

UK 

UK 

Australia 

 

UK 

New Zealand 

Germany 

USA 

USA 

Australia 

 

Australia 

USA 

Australia 

Australia 

Ireland 

USA 

USA 

Ireland 

USA 

USA 

Italy 

USA 

Poland 
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 3.2.2 Standard preparation 

  As(III) and As(V) stock solution (1,000 mg L
-1
) were prepared by dissolving 

0.1734 g of NaAsO2 and 0.4160 g of Na2HAsO4.H2O in 100 mL of deionized water, respectively. 

The As(III) and As(V) stock solutions were kept in a sealed container in a refrigerator at 4 °C 

when not in use. Standard solutions of As(III) and As(V) (4-60 µg L
-1
) were made up by making 

appropriate dilution of As(III) and As(V) stock solution in 6.0 mM sulfuric acid solution.  

 

 3.2.3 Reagent preparation 

  Potassium permanganate stock (1.0×10
-2
 M) was prepared by dissolving 0.1578 

g of KMnO4 in 100 mL deionized water. Rhodamine B solution (100 mg L
-1
) was prepared by 

dissolving 0.01 g of C28H31ClN2O3 in 100 mL deionized water.  

  The stock solution of luminol (1.0×10
-2 

M) was prepared by dissolving 0.0886 g 

of luminol in 50 mL of 0.1 M NaOH solution. Ammonium metavanadate solution (0.1 M) was 

prepared by dissolving 1.17 g of NH4VO3 in 0.02 M sulfuric acid solution. Ammonium 

molybdate solution (0.1M) was prepared by dissolving 12.40 g of (NH4)6Mo7O24.4H2O in 0.02 M 

sulfuric acid solution. 

  The carrier stream solution (C) was a 6.0 mM of sulfuric acid. The reagent 

stream solution (R1) comprises of acidic potassium permanganate (1.5×10
-4
 M), and Rhodamine 

B (8 mg L
-1
) was prepared by making appropriate dilution of the KMnO4 stock solution and 

Rhodamine B solution in 0.70 % (m/v) sodium hexametaphosphate diluents in 6.0 mM sulfuric 

acid solution. The mixed carrier solution (R2) of 0.70 % (m/v) sodium hexametaphosphate and 

formaldehyde (1.7 M) was prepared by making appropriate dilution a 32 mL of concentrate 

formaldehyde in 0.70 % (m/v) of sodium hexametaphosphate and 6.0 mM sulfuric acid solution 

in 250 mL volumetric flask. The heteropoly acid solution (R3) consisted of 8.0×10
-4
 M 

ammonium metavanadate, 7.0×10
-3

 M ammonium molybdate was prepared by making 

appropriate dilution of ammonium metavanadate solution and ammonium molybdate solution in 

0.03 M sulfuric acid. The luminol solution (R4) was prepared by making appropriate dilution of 

luminal stock solution to the final concentration of 5.0×10
-5
 M in 0.10 M NaOH solution. 
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 3.2.4  Design and fabrication of microfluidic device 

  The micro channel was designed by Adobe IIustrator 10 software and a 

designed-micro channel was illustrated in Figure 13 (A). CO2 laser was used for the engraving 

and cutting of a micro channel in the polymethyl methacrylate (PMMA) followed by the pattern. 

The flow conduit comprises the carrier and reagent stream inlets, a spiral coil of a 500 µm-wide 

and 200 µm -deep of all 52.0 cm-long channel with 2.5 cm diameter. The microchip consisted of 

two halves of similar CL micro-conduit platforms sandwiched with polydimethyl-siloxane 

(PDMS) middle sheet prepared by mixing of 10:1 prepolymer and curing agent (Sylgard 184, 

Dow Corning, Midland, USA). The prepolymer mixture was stirred thoroughly and degassed in a 

vacuum for 15 min, then poured onto the glass slide template and cured at 70 °C for 1 h. After 

curing, the PDMS replica was peeled from the template and cut to respectively sheet size. The 

completed set up microfluidic device was declared as sandwich type as illustrated in Figure 13(B) 

with aluminium foil sheet was put in the middle. After that the device was sealed by tightening 

the PMMA sandwich sheets with 6 screws. 

 

                           
(A)      (B) 

Figure 13 Illustration of the laser-engraved flow lines of the microfluidic platform. (A); a  

    sandwich type microfluidic device (B) 

 

PDMS 

PMMA 

Aluminum foil 
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 3.2.5 Instrument set-up 

  The µFI-CL system used in all experiment is depicted in Figure 14. The 

experimental setup consisted of five peristaltic pumps with rate selector (Minipuls 3, Gilson, 

France), a sample injection vale (V-450, Upchurch Scientific, USA) and PTFE connection tubing 

(0.5 mm i.d., Agilent, USA). The CL signals were monitored in custom built flow-through 

luminometer, where a microfluidic device was mounted flush against two sensitive 

photomultiplier tubes (PMT, 9828SB and 9924SB, ET-enterprise, UK), as illustrated in Figure 

15. The operational potential for both PMTs was provided by two high voltage power supplies 

(Thorn- EMI model PM20, Electron tubes Ltd., UK) at the voltage of 0.85 and 0.90 kV, 

respectively. The output signal of the PMTs, proportional to the CL intensity, were monitored 

continuously and displayed by a personal computer via a digital multimeter USB/RS-232 

(UT60G, Hong Kong) interface with the voltage divider (C637BFN2, Electron Tubes, UK). The 

UNI-T
®
 UT60G AC/DC software was used for the determination of the peak maximum. 

 

 

Figure 14 The manifold of µFI-CL system: R1= acidic potassium permanganate, R2= sodium  

      hexametaphosphate/ formaldehyde, C=carrier stream(sulfuric acid),R3=ammonium       

                    metavanadate/ammonium molybdate, R4= luminol, W = waste, I = injection valve, PMT =  

     photomultiplier tube and P1-P5 = peristaltic pump 
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Figure 15 A microfluidic set-up for chemiluminescence detection of As(III) and As(V)  

 

 3.2.6 Preparation of samples 

   3.2.6.1 Preparation of sample containers 

   Polyethylene bottles available for water testing analysts, chemists and 

certain retail outlets are used in this work. The bottles are cleaned prior to sampling by firstly, 

rinsing  with tap water, washing with washing –up liquid, washing with tap water and then 

immersing in 1:1 nitric acid for 24 hours. Secondly, they are rinsed with deionized water. Finally, 

they are left to dry out. 

   3.2.6.2 Sampling  

   Seven ground water samples (LP01-07) were collected from arsenic 

contaminated areas of Hang Chat district in Lampang province, Thailand, which is suffering from 

nearby mining and industrial waste landfill impacts. Water samples were collected in 1000 mL of 

clean PE containers, then the samples were treated by adding 2 mL of sulfuric acid and cooled at 

4 
˚
°C until analysis. Samples were filtered through a 0.45 µm nylon filter to remove solid 

particles prior to analysis.  
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Figure 16 Sampling area at Hang Chat district in Lampang province, Thailand  

                 (Kwansiririkul et al., 2004) 

 

 

Sampling 

area 
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(a) LP01                                                                (b) LP02 

       
(c) LP03                                                                  (d) LP04 

       
                                    (e) LP05                                                                       (f) LP06 

 
(g) LP07 

Figure 17 Sampling point at Hang Chat district in Lampang province, Thailand 
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 3.2.7 Analytical procedure 

  A 150 µL of mixed standard or sample solution was injected into 6.0 mM 

sulfuric acid carrier solution (C), which was propelled by peristaltic pump P3. The carrier solution 

was then equally split and merged with the CL carrier solutions for each reaction on both sides of 

spiral-designed microfluidic platforms. Peristaltic pumps (P1 and P2) were employed to control 

the carrier streams of sodium hexametaphosphate/formaldehyde (R2) and reagent stream of acidic 

potassium permanganate (R1) at the equal flow rate of 5.50 mL min
-1
, to symplify the flowing 

system. On the other hand, the carrier stream flow rate for luminol chemiluminescence detection, 

ammonium metavanadate/ammonium molybdate (R3), was set at 0.50 mL min
-1
 while the luminol 

reagent stream solution was set at the flow rate of 2.5 mL min
-1
. The instrument set-ups were 

allocated for As(III) and As(V) determination, respectively. 

  Once the combination mixtures of each reaction were passed through the 

microfluidic flow conduits, the CL intensity was instantly detected by two sensitivity PMT tubes 

put flush against each side of microfluidic chip. The output of the PMTs which is proportional to 

the CL intensity was monitored simultaneously and continuously. The signals of the analytes 

were the maximum output corresponding to the peak maxima. 

  3.2.8 LC-ICP-MS Method 

  Experiments for the LC- ICP-MS method were performed with an Agilent 1100 

series LC/diode array detector system including the following modules: Inductively coupled 

plasma–mass spectrometer (ICP-MS) Agilent 7500C series. The separation was carried out using 

an ODS column-CAPCELL Pack C18MG, 3.5 µm × 250 mm × 4.6 mm (Shiseido, Japan), 

thermostated at 25 ºC. The mobile phase was 0.05% methanol, 10 mM sodium 1-butane 

sulfonate, 4 mM malonic acid, 4 mM tetramethylammonium hydroxide in deionized water 

adjusted to pH 3.0 with nitric acid and set at a flow rate of 0.75 mL min
-1
. The quadrupole mass 

analyzer was monitored as follows: detection ion m/z = 75.0 a.m.u. with sampling rate of 1 Hz. 
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3.3 Results and discussion 

  The previous reports by Taokaenchan et al. (Narin Taokaenchan, 2012) and 

Som-aum et al. (Som-Aum, 2008) were used for preliminary studies. The integration of a 

microfluidic device with two specific CL reactions was proposed in a single microfluidics chip 

which ran on a simple device made from small pieces of polymethylmethacrylate (PMMA) and 

polydimethylsiloxane  (PDMS). The chemiluminescence detection of As(III) and As(V) based on 

the acidic permanganate (Ueda et al., 2001) and luminol (Attiq-Ur-Rehman et al., 2008) were 

employed for specific detections for each arsenic species.  

 

 3.3.1 Principle of chemiluminescence reaction for As(III) and As(V) 

determination 

  The CL reaction for As(V) was generated based on the oxidation of luminol with 

a vanadomolybdoarsenateheteropoly acid (AsVMo-HPA) complex in an alkaline solution as 

shown in the reaction formulas 1-3 (Som-Aum, 2008; Ueda et al., 2001). The reaction rate could 

be improved by elevating the reaction temperature (Attiq-Ur-Rehman et al., 2008). 

 

Mo(VI) + As(V) + H
+
                          [AsMo10O33]

9-
    (1) 

 

[AsMo10O33]
9-
 + Mo(VI) + V(V)              [AsVMo11O40]

4-    
(2) 

 

Luminol + [AsVMo11O40]
4-

+ OH
-
  Aminophthalate + N2+ other products + hν (3) 
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  The As(III) species have been successfully determined with chemiluminescence 

detection by using acidic permanganate reaction. Adcock (Adcock et al., 2007) reviewed a 

possible CL mechanism of As(III) with acidic KMnO4which may be attributed to the following 

reactions formulas(4-6) : 

 

5 H3AsO3 + 2MnO4

-
+ 6 H

+  
 5H3AsO4+ 2Mn

2+*
 + 3 H2O   (4) 

  

  In the presence of certain fluorophore, the energy resulting from the redox 

reaction can be an effective transfer to fluorophore dye which in turn generates the CL emission 

(Beauchemin et al., 1989). 

 

Mn
2+*

 + fluorophore                   Mn
2+

+  fluorophore
*
   (5) 

fluorophore
*
     fluorophore + hν   (6) 

 

 3.3.2 Optimization of the micro fluidic parameters 

  To establish the optimum microfluidic conditions for the determination of 

As(III) and As(V), the effects of the key chemical and physical parameters on the CL signal were 

thoroughly investigated using an univariate approach. The µFI system’s parameters optimized in 

this study were the:  PMT applied voltage; concentration of reagent solution for determination of 

As(III) consisting of concentration of mixture KMnO4 and Rhodamine B in reagent stream; 

concentration of mixture sodium hexameta phosphate and formaldehyde in reagent stream, 

respectively; the concentration of reagent solution for determination of As(V) consists of 

concentration of mixed ammonium metavanadate and ammonium molybdate reagent stream, 

concentration of luminol in the reagent stream, (iv) sample injection volume and (v) flow rates of 

each carrier and reagent streams for both CL detection system. A series of the experiments were 

conducted to establish the optimum analytical conditions for the CL oxidation of As(III) by acidic 

KMnO4 and AsVMo-HPA by luminol. All measurements were performed in triplicate.  
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   3.3.2.1 Effect of photomultiplier tube applied voltage  

   The effect of the photomultiplier tube (PMT) voltage was investigated 

in the range 700-1000 V for both PMTs. For these experiments, 100 µg L
-1
 of mixed standard 

solution of As(III) and As(V) were injected into the µFI-CL system. The potential of the power 

supplies were increased stepwise and the CL signals were measured after the injection of mixed 

arsenic solution at each potential step. The noise from the background current fluctuation was 

also measured at each potential step. As expected, The CL intensities were increased when the 

applied voltage was increased stepwise. However, the background noise was also increased. It 

was found that the signal-to-noise (S/N) ratio reached a maximum value at 850 V for As(III) and 

950 V for As(V), respectively. The results are illustrated in Figure 18.  

 

 

Figure 18 Effect of photomultiplier tube on the applied voltage 
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   3.3.2.2 Effect of carrier and CL reagent concentrations on the CL 

intensity for As (III) determination 

   The CL reagent stream solution (R1) was composed of sodium 

hexameta phosphate, KMnO4 and Rhodamine B in sulfuric acid media, while the carrier stream 

solution (R2) comprised of acidic sodium hexameta phosphate and Rhodamine B. The effect of 

sodium hexameta phosphate concentration on both streams was studied over the concentration 

range from 0.4-0.9% (m/v) when the concentration of sulfuric acid was fixed at 5×10
-3
 M. The CL 

intensity increases when the concentration of sodium hexameta phosphate increased. At the 

concentration of 0.7 % (m/v) sodium hexameta phosphate, the highest signal was observed; after 

this concentration the noise signal increase gradually made the S/N ratio decrease dramatically. 

 

Figure 19 Effect of sodium hexameta phosphate on As(III) CL signal 

 

   The concentration of KMnO4 was studied similarly to the previous 
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Figure 20 Effect of KMnO4 on As(III) CL signal 

  

   Previous reports by Satienperakul et al. (Satienperakul et al., 2010) and 

Anastos et al. (Anastos et al., 2004)
 
 and reported that CL intensity from the reaction of acidic 

permanganate can be increased by adding formaldehyde and Rhodamine B. In this research, the 

addition of Rhodamine B (8 mg L
-1

) into the KMnO4 reagent solution resulted in the increase of 

CL intensity by two orders of magnitude. Beyond this concentration, the CL signal decreased 

gradually with increasing rhodamine B concentration. Besides, it was also noted that the addition 

of formaldehyde into sodium hexameta phosphate carrier solution significantly increased the CL 

intensity and reached maximum at the concentration of 1.7 M. 

 

 

Figure 21 Effect of formaldehyde on As(III) CL signal  
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Figure 22 Effect of Rhodamine B on As(III) CL signal 

 

   3.3.2.3 Effect of carrier and CL reagent concentrations on the CL 

intensity for As (V) determination 

   The research study by Fujiwara et al. (Fujiwara et al., 1996) on the 

determination of  the As(V) was based on the heteropoly acid reaction with luminol. The best 

heteropoly acid reagent was mixed with the ammonium metavanadate and ammonium molybdate 

in sulfuric acid. In this work, the investigation for the suitable condition for the complexation of 

vanadomolybdoarsenate heteropoly acid in reagent stream was studied by optimizing the 

concentration of a mixed reagent. 

   The concentration of ammonium metavanadate, ammonium molybdate 

and sulfuric acid in the reagent stream (R3) were studied in the ranges of 5.0-9.0×10
-4
 M, 5.0-

9.0×10
-3
 M and 0.5-6.0×10

-2
 M, respectively. The increase in the concentration of ammonium 

metavanadate, ammonium molybdate and sulfuric acid resulted in the steep increase up to 8.0×10
-

4
 M, 7.0×10

-3
 M and 3.0×10

-2
 M, respectively, above which the background response increased, 

causing an unstable baseline in CL intensity. Therefore the concentration of ammonium 

metavanadate, ammonium molybdate and sulfuric acid were chosen and used for 

vanadomolybdoarsenate heteropoly acid (AsVMo-HPA) complex formation in this study.  
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Figure 23 Effect of ammonium metavanadate on As(V) CL signal 

 

 

Figure 24 Effect of ammonium molybdate on As(V) CL signal 
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Figure 25 Effect of H2SO4 on As(V) CL signal 

 

   The CL intensity of the vanadomolybdoarsenate heteropoly acid 

(AsVMo-HPA) with luminol in NaOH media (R4) does not only affect on the CL intensity, but 

also the linearity of the method. The effect of luminol concentration on CL intensity was 

examined over the range 1.25×10
-5

-30.0×10
-5
 M in alkaline media of 0.1 M NaOH. The CL 

intensity rapidly increased when the concentration of luminol was increased up to 5.0×10
-5
 M, 

above which the CL intensity decreased. Therefore, a concentration of luminol was chosen and 

used subsequently in this work. 

   The efficiency of luminol CL is highly dependent on the concentration 

of NaOH. The concentration of NaOH was varied from 0.0125-0.25 M. The optimal NaOH 

concentration was at 0.10 M, and therefore, a NaOH concentration of 0.10 M was selected and 

used subsequently.In the complexation of vanadomolybdoarsenate heteropoly acid we found that 

the CL intensity could arise due to the increasing of temperature, hence, these solutions (R3, R4) 

and the reaction coil were kept in the water bath at 80 °C during the operation. 
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Figure 26 Effect of luminol on As(V) CL signal 

 

 

Figure 27 Effect of NaOH on As(V) CL signal 
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   3.3.2.4 Effect of reagent and carrier stream flow rate (total) 

   Flow rate is an important parameter in CL detection as the same time 

taken to transfer the excited product into the flow cell is critical for maximum collection of the 

emitted light. The effect of the flow rates of the four channels was simultaneously over the range 

0.5-5.0 mL min
-1

 in term of the sensitivity, sample throughput and reagent consumption. The CL 

intensity of mixed arsenic standard solution (100 µg L
-1
) gave maximum intensity at total flow 

rate of 5.8 and 4.2 mL min
-1

 for the determination of As(III) in the upper half and As(V) in the 

bottom half, respectively. 

   3.3.2.5 Effect of injection volume 

   Similarly, the influence of the sample volume on the CL intensity of the 

flow system, over the range of 20-250 µL, was investigated by injecting the mixed arsenic 

standard solution at 100 µg L
-1
. It was found that the CL intensity was increased when the volume 

of sample volume increased up to 150 µL, and become almost constant. Thus, a volume of 150 

µL was selected for economy of the sample consumtion and speed of response for all remaining 

experiments.  

 

 

Figure 28 Effect of injection volume on As(III) and As(V) CL signal 
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   3.3.2.6 Summary of the optimum conditions 

   The selected optimum conditions for As(III) and As(V) determinations 

were achieved by the so-called univariate method. The summary of their optimal values is shown 

in Table 8. 

Table 8 Optimization of microfluidic system parameter 

 

Parameters Range studied 
Optimal value 

As(III) As(V) 

PMT applied voltage (V) 700-1000 850 950 

H2SO4  concentration (M), C 0.5-6.0×10
-2

 3.0×10
-2
 

Injection volume (µL) 20 – 250 150 

Total flow rate (mL) 0.5–6.0 5.8 4.2 

KMnO4 concentration (M), R1  0.15×10
-3

 - 

Rhodamine B concentration (mg L
-1
), R1 4-12 8.0 - 

Sodium hexametaphosphate concentration (% m/v), 

R2 

0.4-0.9 
0.7 - 

Formaldehyde concentration (M), R2 0.05- 0.4  1.7 - 

Ammonium metavanadate (M), R3 5.0-9.0×10
-4

 - 8.0×10
-4
 

Ammonium molybdate (M), R3 5.0-9.0×10
-3

 - 7.0×10
-3
 

Luminol (M), R4 1.25×10
-5

-30.0×10
-5

 - 5.0×10
-5
 

NaOH (M), R4 0.0125-0.25 - 0.10 
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 3.3.3 Analytical figures of merit 

  3.3.3.1 Linearity of calibration graph 

   Under the optimal condition (Table 9), using the µFI-CL system as 

illustrated in Figure 14, the linear calibration curve, the limits of detection and the limits of 

quantification for the deterination of As(III) and As(V) were investigated. Figure 29 shows the 

calibration curves for As(III) and As(V), while Figure 30 illustrated the µFI-CL grams for As(III) 

and As(V), respectively. It was found that the calibration curve found to be linearity over range of              

20-60 µg L
-1
. 

 

Table 9 The data of calibration curve for As(III) and As(V) 
 

Concentration (µg L
-1
) 

CL intensity (a.u.), n=3 

As(III) As(V) 

20 27.5 5.6 

30 33.6 6.6 

40 38.1 7.3 

50 43.6 8.3 

60 50.2 9.3 

 

 

Figure 29 Calibration curves for As(III) and As(V) 
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Figure 30 Illustrated the µFI-CL grams for As(III) and As(V) 

 

  3.3.3.2 The limits of detection and the limits of quantification 

   The limits of detection and the limits of quantification for the 

deterination of As(III) and As(V) were investigated.  In this research , the limits of detection and 

the limits of quantification were calculated based on signal-to-noise ratio (S/N) of 3 and signal-to-

noise ratio (S/N) of 10, respectively . 

   The limits of detection (signal-to-noise ratio of 3) of As(III) and As(V) 

were found to be 4 µg L
-1
 and the limits of quantification (signal-to-noise ratio of 10) were found 

to be 10 µg L
-1
, respectively. The limits of detection provided from the proposed method it is 

lower than the miximum residue limit (MRL) level at 10 µg L
-1 

set by regulatory authorities in the 

USEPA. 
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   3.3.3.3 Reproducibility and repeatability 

   The repeatability of the method was determined by repeating 

measurements of 40 µg L
-1
 As(III) and As(V) for 10 replicates. The reproducibility (intra-day) 

variations of the method were determined using triplicate injections of the standard As(III) and 

As(V) solutions at the concentraton of 40 µg L
-1
 and analysed on the same day. The 

reproducibility (inter-day) precision was studied by comparing the results of the assays performed 

on different days on the same injected standard As(III) and As(V) solutions in three replicates. 

The result was expressed in term of percentage relative standard deviation (% RSD). Results are 

shown in Table 10-12. 

 

Table 10 Replicate measurements by using standard 40 µg L
-1
of As(III) and As(V) 

 

Experiment number 
CL Intensity (a.u.) 

As(III) As(V) 

1 38.5 7.3 

2 38.0 7.1 

3 38.1 7.0 

4 38.0 7.5 

5 38.3 7.1 

6 37.8 7.3 

7 38.0 7.5 

8 38.3 7.1 

9 37.5 7.0 

10 38.2 7.2 

Average 38.1 7.2 

S.D 0.28 0.19 

% RSD 0.74 2.57 
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Table 11 Reproducibility for intra-day variations 

 

Times (hour) 
CL intensity (a.u.), n=3 

As(III) As(V) 

3 38.5 7.3 

6 38.0 7.0 

9 37.5 7.0 

Average 38.0 7.1 

S.D. 0.47 0.17 

% RSD 1.23 2.43 

 

 

Table 12 Reproducibility for inter-day variations 

 

Times (day) 
CL intensity (a.u.), n=3 

As(III) As(V) 

1 38.5 7.3 

2 37.5 7.0 

3 37.8 7.0 

Average 37.9 7.1 

S.D. 0.49 0.20 

% RSD 1.28 2.75 

 

 

   Table 13 shows the results of statistical analysis of the experimental 

data for As(III) and As(V) tested. It was found that the linearity of the calibration curve was over 

the range of 20-60 µg L
-1
. The analytical characteristic for As(III) and As(V) and the precision of 

the proposed method was attained by analyzing 10 samples of 40 µg L
-1
. 
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 3.3.4 Interference studies 

  Interfering effects on common cations and anions such as Fe
2+

, Zn
2+

, Mg
2+

, Mn
2+

, 

Cu
2+

, Fe
3+

, F
-
, Cl

-
, NO3

-
 , NO2

-
, SO4

2-
 and PO4

3-
 were investigated to study for interferences in the 

determination of 10 µg L
-1
As(III) and As(V) using the proposed method. The tolerance limit was 

chosen as the amount of an error of ± 10 % in peak height. The maximum tolerance concentration 

for each coexisting anion and cation is illustrated in Table 14. F
-
, Cl

-
, NO3

-
, NO2

-
, SO4

2-
 and Mg

2+ 

showed no effect on the determination of high concentration levels of As (III) and As (V). Serious 

interferences came from Zn
2+

, Mn
2+

, Cu
2+

, Fe
2+

, Fe
3+

and PO4

3- 
where they react with KMnO4 and 

luminol in the reagent stream even at the same concentration. 

 

Table 14 Maximum tolerance of co-existing anion and cation for the determination of 10 µg L
-1
  

  As(III) and As(V) 

 

Cations/Anion 
Concentration 

ratios 

% Error ,n=3 

As(III) As(V) 

Fe
2+

 1:0 - - 

 1:1 -4.00 0.54 

 1:10 -4.00 0.00 

 1:100 >100 >100 

 1:1,000 >100 >100 

 1:10,000 >100 >100 

Zn
2+

 1:0 - - 

 1:1 7.69 -2.24 

 1:10 >-100 >-100 

 1:100 >-100 >-100 

 1:1,000 >-100 >-100 

 1:10,000 >-100 >-100 
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Table 14 (continue)  

 

Cations/Anion 
Concentration 

ratios 

% Error ,n=3 

As(III) As(V) 

Mg
2+

 1:0 - - 

 1:1 0.00 -2.24 

 1:10 3.33 3.59 

 1:100 6.67 5.83 

 1:1,000 3.33 8.97 

 1:10,000 20.00 19.28 

Mn
2+

 1:0 - - 

 1:1 -4.35 -2.24 

 1:10 >100 >100 

 1:100 >100 >100 

 1:1,000 >100 >100 

 1:10,000 >100 >100 

Cu
2+

 1:0 - - 

 1:1 -5.00 1.18 

 1:10 >-100 >-100 

 1:100 >-100 >-100 

 1:1,000 >-100 >-100 

 1:10,000 >-100 >-100 

Fe
3+

 1:0 - - 

 1:1 47.62 33.2 

 1:10 >100 >100 

 1:100 >100 >100 

 1:1,000 >100 >100 

 1:10,000 >100 >100 
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Table 14 (continue)  

 

Cations/Anion 
Concentration 

ratios 

% Error ,n=3 

As(III) As(V) 

F
-
 1:0 - - 

 1:1 -4.00 -2.24 

 1:10 -4.00 4.04 

 1:100 0.00 5.83 

 1:1,000 -4.00 5.83 

 1:10,000 >100 >100 

Cl
-
 1:0 - - 

 1:1 0.00 -2.78 

 1:10 6.67 0.00 

 1:100 -6.67 -1.11 

 1:1,000 0.00 -1.39 

 1:10,000 6.67 -1.67 

NO3

-
 1:0 - - 

 1:1 -7.69 0.00 

 1:10 -3.85 5.96 

 1:100 -3.85 8.26 

 1:1,000 0.00 8.26 

 1:10,000 0.00 8.72 

NO2

-
 1:0 - - 

 1:1 -5.26 -2.24 

 1:10 -5.26 4.04 

 1:100 0.00 5.83 

 1:1,000 >100 >-100 

 1:10,000 >100 >-100 
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Table 14 (continue)  

 

Cations/Anion 
Concentration 

ratios 

% Error ,n=3 

As(III) As(V) 

SO4

2-
 1:0 - - 

 1:1 -7.14 5.08 

 1:10 0.00 1.27 

 1:100 7.14 5.51 

 1:1,000 -7.14 1.69 

 1:10,000 0.00 6.36 

PO4

3-
 1:0 - - 

 1:1 0.00 -0.8 

 1:10 >100 >100 

 1:100 >100 >100 

 1:1,000 >100 >100 

 1:10,000 >100 >100 
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 3.3.5 Application to the real samples 

  The developed µFI-CL method was applied to the determination of As(III) and 

As(V) in ground water samples. The water samples were collected from Hang Chat district, 

Lampang province, Thailand. The comparative results with those obtained from LC-ICP-MS 

method are illustrated in Table 15. The tcalculated values for As (III) were 0.63 and 1.21 for As(V), 

respectively. There are no significant differences between the result values from both methods at 

95 % confidence (tcritical2.45).  

  The accuracy of the proposed method was obtained by spiking three amounts of 

As(III) and As(V) standards sample solutions. The recovery was in the range 93-98 % as shown 

in Table 16 

Table 15 Comparative results for the determination of As(III) and As(V) in ground water samples 

 

Sample 
Amount found (µg L

-1
) 

µFI-CL
a
 LC-ICP-MS 

b
 

LP01 ND 8.70±0.10 ND 6.80 

LP02 ND 13.02±0.11 ND 14.86 

LP03 125.81±0.71 22.01±0.42 124.01 19.49 

LP04 57.07±0.60 11.04±0.07 57.63 11.07 

LP05 ND ND ND ND 

LP06 ND 19.78±0.85 ND 18.59 

LP07 ND 83.86±0.73 ND 83.00 

*
 Standard deviation from three determinations. 

**
ND = not detected, (

a 
LOD = 4 µg L

-1
, 

b 
LOD = 1 µg L

-1
). 
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 3.3.6 Conclusions 

 A simultaneous microfluidic device coupling with dual-channel 

chemiluminescence detections, employing acidic potassium permanganate oxidation for As(III) 

and oxidation of luminol with a vanadomolybdoarsenateheteropoly acid (AsVMo-HPA) complex 

in an alkaline solution for As(V) has been successfully developed. The method is simple and 

rapid with low detection limit which could be established to imply with the requirement for a 

maximum residue limit of 4 µg L
-1
 of arsenic in surface water sample. The proposed procedure 

was applied to the determination of As(III) and As(V) in contaminated ground water samples 

from Lampang Province, Thailand. The concentration of As(III) and As(V) found in ground water 

samples approximately 1.0 – 126.0 µg L
-1 

, two of ground water samples were found total arsenic 

level not exceed 10 µg L
-1
(MRL). Five of ground water samples were found total arsenic level 

more than 10 µg L
-1
(MRL) and three of five ground water samples were found total arsenic level 

above 60 µg L
-1 

and toxic. 

  Moreover, the µFI-CL appears more attractive since it does not require 

sophisticated instruments, no external source, just a simple optical system only which makes 

these coupling easily to be adapted for being portable equipment and readily be a great potential 

to be an on-site detection equipment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER 4  

Determination of Trace Cadmium Based on Minicolumn Preconcentration 

Coupled with Flow Injection Chemiluminescence Method 

 

4.1 Introduction 

  Cadmium is one of the most toxic heavy metal elements, for animals and 

humans even at low concentration. Cd(II) is listed as the sixth most poisonous substance 

jeopardizing human’s health. In mammals, cadmium is known to accumulate exclusively in the 

kidneys, where the major contamination sources of this element are anthropogenic: industry 

wastewaters, mining operation. 

  The increasing on environmental awareness has resulted in ever heightening 

pollution controls. It has become necessary to monitor cadmium content in a variety of samples. 

Considering it, health organizations have established permissible limits for cadmium in drinking 

water. The World Health Organization (WHO) established at 3 µg L
-1

(Zhang et al., 2011), while 

the limit established by Environmental Protection Agency (EPA) is at 5 µg L
-1
(United States 

Environmemtal Protection Agency, 2009). 

  The determination of trace amount of cadmium has received considerable 

attention in the battle against environmental pollution. In the determination of cadmium, various 

methodsincluding ICP-MS (Al-Swaidan, 1994; Hutton et al., 2004; Orecchio et al., 2014; Yilmaz 

et al., 2013), ion chromatography (Blazewicz et al., 2010; Cardellicchio et al., 1993; Paull et al., 

2000; Tanikkul et al., 2004), anodic stripping analysis (Panigati et al., 2002; Prabakar et al., 2011; 

Rutyna and Korolczuk, 2014; Yi et al., 2012; Zhu et al., 2007) and electrothermal atomic 

absorption spectrometry (Campillo et al., 1999; Damin et al., 2007; Jurado et al., 2007; S. Li et 

al., 2009) have been used. Many of these methods either are time consuming or require 

complicated and expensive instrumentation. Therefore, methods that could determine low 

concentration of cadmium rapidly and conveniently in real sample were researched.  
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  The preconcentration method using metal-complex and adsorb on sorbent prior 

to analysis have increasingly replaced the traditional liquid-liquid extraction methods which 

generally use great amount of organic solvents to obtain high enrichment factor and require 

laboratories process and improve the sensitivity of detection. Ammonium 

pyrrolidinedithiocarbamate (APDC) has been used recently in various preconcentration and 

separation techniques. Usually metal-APDC complex are measured by flame atomic absorption 

spectrometry (FAAS) (An-Na and Yun-Fei, 2011), graphite furnace atomic absorption 

spectrometry (GFAAS) (Tokman and Akman, 2004) and electrothermal atomic absorption 

spectrometry (ETAAS) (Xu et al., 2000) after the elution with organic solvent. 

  Chemiluminescence (CL) is an attractive detection method for analytical 

determination because of the very low detection limit, rapidity and wide linear working range that 

can be achieved while using relatively simple instrumentation. However, the advantages of the 

CL method also faced a challenge of selectivity and most CL system could not be used to 

determine the analytes directly. For example, a variety of metal ions such as Co
2+

, Cu
2+,

 Ni 
2+

 and  

Mn
2+

 are sensitivity to the luminol-hydrogen peroxide reaction (B. Li et al., 2006). 

  In this present work, polystyrene bead was applied as a material for adsorb Cd-

APDC complex in mini-column, after eluted Cd-APDC complex with methanol and then detected 

by flow injection chemiluminescence (FI-CL) with luminol-hydrogen peroxide system. The 

proposed method is simple, rapid, cost-effective and sensitive. It was used to determine trace 

Cd(II) in soil samples from contaminated agriculture areas. 
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4.2 Research methodology 

 4.2.1 Reagent and solution 

  All chemicals used as list in Table 17 were of analytical reagent (AR) grade. 

Purified water, using a compact ultrapure water system (18.2 MΏ, Millipore, France) was used 

for all solution preparations. 

Table 17 Chemical reagent and their manufacturers for determination cadmium 

 

Reagent Grade Manufactures Country 

1. Ammonium pyrrolidinedithiocarbamate 

(APDC) 

2. Cadmium chloride (CdCl2 .2.5 H2O) 

3. Ethylenediamine tetraacetic acid, EDTA 

(C10H14N2Na2O6) 

4. Luminol (C8H7N3O2) 

5. Hydrogen peroxide (H2O2), 30 % 

6. Methanol (CH3OH) 

7. Nitric acid (HNO3) 

8. Sodium carbonate (Na2CO3) 

9. Sodium bicarbonate (NaHCO3) 

10. Polystyrene bead 

AR 

 

HPLC 

AR 

 

HPLC 

AR 

HPLC 

AR 

AR 

AR 

- 

Fluka 

 

Sigma-Aldrich 

QRec 

 

Sigma-Aldrich 

Merck 

Merck 

Merck 

Ajax 

BDH 

- 

UK 

 

USA 

New Zealand 

 

USA 

Germany 

Germany 

Germany 

Australia 

UK 

- 

 

 4.2.2 Standard preparation 

  Cadmium stock solution (1,000 mg L
-1
) was prepared by dissolving 0.2031 g of 

CdCl2 2.5H2O in 100 mL of 2 % nitric acid. The cadmium stock solutions were kept in a sealed 

container in a refrigerator at 4 °C when not in use. Standard solutions of cadmium (2-60 µg L
-1
) 

were made up by making appropriate dilution of cadmium stock solution in ultrapure water pH 

1.7 (adjust with nitric acid). 
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 4.2.3  Reagent preparation 

  The stock solution of luminol (5.0 × 10
-2
M) was prepared by dissolving 0.4430 g 

of luminol in 50 mL of 0.1 M NaOH solution. Hydrogen peroxide solution (0.4 M) was prepared 

by pipetting of 4.09 mL H2O2 and diluted to 100 mL with deionized water. EDTA solution (0.1 

M) was prepared by dissolving 3.7224 g of EDTA in 100 mL deionized water. Ammonium 

pyrrolidinedithiocarbamate (APDC) solution (1 % w/v) was prepared by dissolving 1.0 g of 

APDC in 100 mL of deionized water. Sodium carbonate solution (0.2 M) was prepared by 

dissolving 5.3000 g of Na2CO3 in 250 mL of deionized water. Sodium bicarbonate solution (0.2 

M) was prepared by dissolving 1.68 g of NaHCO3 in 100 mL of deionized water. Carbonate 

buffer (0.02 M) was prepared by making appropriate dilution of 0.2 M of Na2CO3 and 0.2 M 

NaHCO3 in deionized water. 

  The carrier stream solution (C) was a 80 % (v/v) of methanol. The reagent 

stream solution (R1) comprises of luminol (2.0×10
-3
 M), and EDTA (8.0 x 10

-3 
M) was prepared 

by making appropriate dilution of the luminal stock solution and EDTA solution in 0.02 M 

carbonate buffer solution. The H2O2solution (R2) was prepared by making appropriate dilution of 

H2O2 0.4 M solutions to the final concentration of 4.0×10
-3

 M in 0.02 M carbonate buffer solution. 

 

 4.2.4 Instrument set-up 

  The FI-CL system used in all experiment is depicted in Figure 31. The 

experimental setup consisted of two peristaltic pumps with rate selector (Minipuls 3, Gilson, 

France), a sample injection vale (V-450, Upchurch Scientific, USA) and PTFE connection tubing 

(0.5 mm i.d., Agilent, USA). The CL signals were monitored in custom built flow-through 

luminometer, where a flat spiral glass mixing coil as illustrated in Figure 32 was mounted flush 

against a sensitive photomultiplier tubes (PMT, 9828SB, ET-enterprise, UK). The operational 

potential for the PMT was provided by a high voltage power supply (Thorn- EMI model PM20, 

Electron tubes Ltd., UK) at the voltage of 950 V. The output signal of the PMT, proportional to 

the CL intensity, was monitored continuously and displayed by a personal computer via a digital 

multimeter USB/RS-232 (UT60G, Hong Kong) interface with the voltage divider (C637BFN2, 

Electron Tubes, UK). The UNI-T
®
 UT60G AC/DC software was used for the determination of the 

peak maximum. 



 

 

 

 

 

 

 

 

 

 

 

 

Figure 31 The manifold of 

                  M in 0.02 M carbonate buffer solution

                  buffer solution

 

 

 

 

 

 

 

 

 

 

 

Figure 32 A flat spiral glass mixing coil f
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  4.2.5 Analytical procedure 

   4.2.5.1 Preconcentration 

   The preconcentrarion column was prepared by packing a small glass 

tube (50mm in length x 8.0 mm i.d.) with the 0.2 g polystyrene bead as illustrated in Figure 33a. 

The ends of the column were fitted with commercial absorbing cotton to keep the adsorbent 

material inside the column. 

   A flow manifold for preconcentration step (Figures 33b), it consists of a 

peristaltic pump with rate selector (Minipuls 3, Gilson, France), the polystyrene bead was cleaned 

by passing 3 mL of 1.5 M nitric acid and 5 mL of deionized water in to into the column, 

respectively. The 50 mL of standard cadmium and sample were mixed with 0.002 % APDC and 

then passed through the column with a flow rate of 2.5 mL min
-1
. The cadmium complex was then 

eluted with 1 mL of methanol for analysis. 

 

 

(a)                                                                                 (b) 

 

Figure 33 The preconcentration steps of Cd(II) complex: a) a mini column for preconcentration  

                  of Cd(II) complex, b) diagram for an off line preconcentration 

 

Sample

APDC

Sample 

APDC 
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  4.2.5.2 Cadmium determination 

   A 200 µL of standard or sample solution was injected into 80 % (v/v) 

methanol carrier solution (C), which was propelled by peristaltic pump (P1) at flow rate of 1.5 

mL min
-1
. The carrier solution was then merged with the reagent stream solution (R) comprises of 

luminol (2.0×10
-3
 M), and EDTA (8.0 x 10

-3 
M) in carbonate buffer at the flow rate of 2.50 mL 

min
-1
by peristaltic pump (P2). On the other hand, the H2O2 oxidizing solution (O) was flow by 

peristaltic pump (P1) at flow rate 1.5 mL min
-1
, then mixed and merged with the mixed liminol 

solution and were passed through the a flat spiral glass conduits, the CL intensity was instantly 

detected by a sensitivity PMT tubes put flush against of a flat spiral glassflow through cell. The 

output of the PMT which is proportional to the CL intensity was monitored simultaneously and 

continuously. The signals of the analytes were the maximum output corresponding to the peak 

maxima. 

 

 4.2.6 Preparation of soil samples 

   4.2.6.1 Sampling 

   Eleven soil samples were collected from cadmium contaminated area at 

Padang, Mea Sort district, Tak province, Thailand, which is suffering from nearby mining and 

industrial waste landfill impacts. Soil samples were collected in PP plastic bag. 

   4.2.6.2 Preparation of sample 

   A soil samples were dried at room temperature and ground pass through 

65 mesh sieved. Approximately 1.0 g of dried soil samples were weighed into a plastic bottle 

contanning 20 mL of 1 M ammonium acetate buffer, then was mechanically shaken for 2 hr and 

filtered through Whatman filter paper No.3. The filtrate solution was adjusted to 25 mL with 1 M 

ammonium acetate buffer. The 10 mL of filtrate solution was digested with 2 mL of nitric acid for 

1 hr and diluted and adjusted to 25 mL with DI water.  

 

 

 

 

 



85 

 

4.3 Results and discussion 

  4.3.1 Optimization of FI-CL systems 

  Many reported have been used luminol CL reaction in are alkalinity medium for 

determination Co (II) (Giokas et al., 2007; B. Li et al., 2006; Yeh et al., 2005) and Cd(II) 

(Changqing et al., 1999), So we used Zhu et al. report for preliminary studies. 

  To establish the optimum flow injection conditions for the determination of 

Cd(II), the effects of the key chemical and physical parameters on the CL signal were thoroughly 

investigated using an univariate approach. The FI system’s parameters optimized in this study 

were the: PMT applied voltage; concentration of reagent solution for determination of Cd(II) 

consisting of concentration of methanol solution in carrier stream solution; concentration of 

mixed luminol and EDTA in reagent stream solution; concentraton of carbonate buffer in reagent 

stream; concentration of H2O2 in oxidizing stream solution; sample injection volume and flow 

rates of each carrier, reagent and oxidizing streams for FI-CL system. All measurements were 

performed in triplicate.  

   4.3.1.1 Effect of photomultiplier tube applied voltage 

   The effect of the photomultiplier tube (PMT) voltage was investigated 

in the range 700-1000 V for the PMT. For these experiments, 0.5 mg L
-1
 of standard solution of 

Cd(II) injected into FI-CL system. The potential of the power supplies were increased stepwise 

and the CL signals were measured after the injection of cadmium solution at each potential step. 

The noise from the background current fluctuation was also measured at each potential step. As 

expected, The CL intensities were increased when the applied voltage was increased stepwise. 

However, the background noise was also increased. It was found that the signal-to-noise (S/N) 

ratio reached a maximum value at 950 V for Cd(II). The results are illustrated in Figure 34. 
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Figure 34 Effect of photomultiplier tube applied voltage 

 

   4.3.1.2 Effect of carrier stream concentrations on the CL intensity 

for Cd(II) determination 

   The carrier solution (C) was a methanol solution in deionized water, the 

effect of methanol concentration was studied over the concentration range from 0-100 % (v/v). At 

the concentration of methanol 0-20 % (v/v) negative signal was observed, however, when the 

concentration of methanol was increased over 40 % (v/v), the positive signal was obtained. At the 

concentration of 80 % (m/v) methanol, the highest signal was observed; after this concentration 

the noise signal increased gradually made the S/N ratio decreased dramatically. 

 

Figure 35 Effect of methanol concentration in the carrier stream (R) on FI-CL signal 
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    4.3.1.3 Effect of the reagent concentrations on the CL intensity for 

Cd(II) determination 

   The CL reagent stream solution (R) was composed of luminol and 

EDTA in carbonate buffer, while the oxidizing stream solution (O) is a H2O2 solution in carbonate 

buffer. To simplify the CL detection system, the effect of carbonate buffer concentration on both 

streams was studied over the concentration range from 0.01-0.1 M. The CL intensity increased 

when the concentration of carbonate buffer increased. At the concentration of 0.02 M of 

carbonate buffer, the highest signal was observed; after this concentration, the noise signal 

increased gradually made the S/N ratio decreased dramatically. 

 

Figure 36 Effect of carbonate buffer on the FI-CL signal 
 

   The concentration of luminol was studied similarly to the previous 

parameter by varying the concentration from 5.0×10
-4
–2.0×10 

-2
M, the result showed that the CL 

intensity reached maximum when the concentration of luminol was at 2.0×10
-3
 M.  

Figure 37 Effect of luminol on the FI-CL signal 
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   The research study by Yeh and coworkers (Yeh et al., 2005) and Li and 

coworkers (Li et al., 2006) on the determination of the Cd(II) was based on the H2O2 reaction 

with luminol. In this research, the investigation for the suitable condition of H2O2 concentration 

reagent stream (O) was studied by optimizing the concentration of H2O2. 

   The concentration of H2O2 in the 0.02 M of carbonate buffer was studied 

in range of 1.0×10
-3
-3.0×10

-2
 M. The increase in the concentration of H2O2, the optimal H2O2 

concentration was at 4.0×10
-3

 M and was selected and used in subsequential investigation. 

 

Figure 38 Effect of H2O2 on the FI- CL signal 

 

   The reports by Giokas and coworkers (Giokas et al., 2007), the CL 

intensity from the reaction of alkalinity luminol can be increased by adding EDTA. In this 

research, the addition of EDTA into the luminal reagent solution in the range of 1.0×10
-3
-0.02 M 

resulted in the increase of CL intensity. At 8.0×10
-3
of EDTA the maximum signal-to-noise ratio 

was observed as depicted in Figure 39.  

 

Figure 39 Effect of EDTA on the FI-CL signal 
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   4.3.1.4 Effect of reagent and carrier stream flow rate (total flow 

rate) 

   Flow rate is an important parameter in CL detection to transfer the 

excited product into the flow cell at the critical timing for maximum collection of the emitted 

light. The effect of the flow rates of the three channels at the equal flow rate was simultaneously 

investigated over the range of 0.5-7.0 mL min
-1
 in term of the sensitivity, sample throughput and 

reagent consumption. The CL intensity of cadmium standard solution (0.5 mg L
-1
) gave maximum 

intensity at the total flow rate of 6.5 mL min
-1 

for the determination of cadmium. 

 

   4.3.1.5 Effect of injection volume 

   Similarly, the influence of the sample injection volume on the CL 

intensity of the FI-CL system was investigated, over the range of 40-250 µL, by injecting the 

cadmium standard solution at 0.5 mg L
-1
. It was found that the CL intensity was increased when 

the volume of sample volume increased up to 200 µL, beyond this point CL intensity become 

almost constant. Thus, a volume of 250 µL was selected for economy of the sample comsumtion 

and speed of the response for all remaining experiments. The summary of their optimal values is 

shown in Table 18. 

 

 

Figure 40 Effect of sample injection volume on the FI-CL signal 
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  4.3.1.6 Summary of the optimum conditions 

   The selected optimum conditions for cadmium determinatios was 

achieved by the univriation method. The summary of their optimal values are shown in Table 18. 

 

Table 18 Optimization FI CL parameter 
 

Parameters Range studied Optimal values 

PMT applied voltage (V) 700-1000 950 

Methanol concentration (%v/v), C1 0-100 80 

Carbonate buffer concentration (M) 0.01-0.1 0.02 

Luninol concentration (M), R1 5.0 x 10 
-4
 – 2.0 x 10 

-2
 2.0×10

-3
 

EDTA (M), R1 5.0 x 10 
-4
 – 2.0 x 10 

-2
 8.0×10

-3
 

H2O2 (M), R2 1.0×10
-3

-3.0×10
-2

 4.0×10
-3

 

Injection volume (µL) 20 – 250 200 

Total flow rate (mL) 0.5–7.0 6.5 

 

  4.3.1.7 Analytical figures of merit 

   4.3.1.7.1 Linearity of the calibration graph 

    Under the optimal condition (Table 18), using the FI-CL system 

as illustrated in Figure 31, the linear calibration curve, the limit of detection and the limit of 

quantification for the deterination of Cd(II) was investigated. Figure 41 shows the calibration 

curves for Cd(II), while Figure 42 illustrated the FI-CL grams for Cd(II). It was found that the 

calibration curve found to be linearity over range of 30-80 µg L
-1
. 

Table 19 The data of calibration curve for Cd(II) 

Concentration (µg L
-1
) CL intensity (a.u.), n=3 

30 176 

40 229 

50 291 

60 342 

70 396 

80 437 
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Figure 41 Calibration curve for Cd(II)) by FI-CL 

 

Figure 42 Illustrated the FI-CL grams for Cd(II) determination 
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   4.3.1.7.2 The limit of detection and the limit of 

quantification 

    The limit of detection and the limit of quantification for the 

determination of cadmium(II) were investigated. In this chapter, the limit of detection and the 

limit of quantification were calculated based on signal-to-noise ratio (S/N) of 3 and signal-to-

noise ratio (S/N) of 10, respectively . The limits of detection (signal-to-noise ratio of 3) and the 

limits of quantification (signal-to-noise ratio of 10) of cadmium(II) were found to be 10 µg L
-1

 

and           30 µg L
-1
, respectively. 

   4.3.1.7.3 Reproducibility and repeatability 

    The repeatability of the procedure was determined by repeating 

measurements of 60 µg L
-
 Cd(II) for 10 replicates. The reproduceibility (intra-day) variations of 

the method were determined using triplicate injections of standard Cd(II) solution at concentraton 

of 60 µg L
-1
 and analysed on the same day. The reproduceibility (inter-day) precision was studied 

by comparing the results of assays performed on different days on the same injected standard 

Cd(II) solution in three replicates. The result was expressed in term of percentage relative 

standard deviation (% RSD). Results were ars shown in Table 20-22. 

Table 20 Replicate measurements by using standard 60 µg L
-1
of Cd(II) 

Experiment number CL Intensity (a.u.) 

1 330 

2 342 

3 330 

4 342 

5 325 

6 334 

7 330 

8 325 

9 342 

10 330 

Average 333 

SD 6.73 

% RSD 2.02 
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Table 21 Reproducibility for intra-day variations 

 

Times (hour) CL intensity (a.u.), n=3 

1 342 

3 334 

6 325 

9 325 

average 331.5 

SD 8.19 

% RSD 2.47 

 

Table 22 Reproducibility for inter-day variations 

 

Times (day) CL intensity (a.u.), n=3 

3 342 

6 330 

9 325 

average 332 

SD 8.74 

% RSD 2.63 

 

 

  Table 23 shows the results of statistical analysis of the experimental data for 

Cd(II) tested. The regression equaition was calculated from the calibration curve, along with the 

slopes and intercepts are given. It was found that the calibration curve was linearity over range 

the of 30-80 µg L
-1
. The analytical characteristic for Cd(II) and the precision of the proposed 

method was attained by analyzing 10 samples of 60 µg L
-1
. 
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Table 23 Analytical figures of merit for determination of Cd(II) 

 

Analytical parameter Cd (II) 

Regression equation 

Linear range, µg L
-1

 

Correlation coefficient (r
2
) 

Limit of detection (S/N≥3), µg L
-1
 

Limits of quantification (S/N≥10), µg L
-1

 

Precision (% RSD) 

Intra-day precision (% RSD) 

Inter-day precision (% RSD) 

CLintensity = (5.305)CCd(II)(µg L
-1

) + 20.01 

30-80 

0.9970 

10 

30 

2.02 

2.47 

2.63 

 

 

  4.3.2 Optimization of minicolumn preconcentration systems 

  The improvement in sensitivity and selectivity for determination Cd(II) can be 

achieved by application of sorption preconcentration by complex with ammonium pyrrolidine 

dithiocarbamate (APDC) and adsorb on a non-polar sorbent such as human hair (An-Na and Yun-

Fei, 2011) or C18 sorbent (Colbert et al., 1998). 

  The preliminary study on precencentration procedure using polystyrene beads 

and the C18 sorbent system developed by Colbert and coworkers (Colbert et al., 1998) and An-Na 

and coworkers (An-Na and Yun-Fei, 2011) initiated some idea for an off-line preconcentration. In 

this chapter, polystyrene bead and C18 sorbent are chosen and used to investigate the sorption of 

Cd-APDC complex. The sorption of Cd-APDC complex on polystyrene and C18 beads was 

investigated and quantitatively compared as present in Table 24 
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Table 24 Chemiluminescence intensity related to different type of sorbent 

 

Adsorbent type 
Weight 

(g) 

Volume of 

solution load 

(mL) 

Concentration of 

Cd(II), µg L
-1
 

CL intensity (a.u.) 

C18 0.1 50 10 5.5 

   20 5.4 

   30 5.3 

polystyrene 0.1 50 10 45 

   20 65 

   30 85 

 

  The results from Table 23, indicated that CL intensity can be increased when 

polystyrene was used as a sorbent in mini column preconcentration, hence the polystyrene beads 

are suitable to use as a sorbent in our system. The effects of the key parameters on the CL signal 

were thoroughly investigated using an univariate approach. The preconcentration system 

parameters optimized in this studied were the: weight of polystyrene, volume of sample loading 

and concentration of APDC. All measurements were performed in triplicate. 

 

  4.3.2.1 Effect of volume of sample loading 

   Initially, 3.0 mL of 1.5 M nitric acid and 5.0 mL of DI water were load 

through a polystyrene bead (0.3 g), after that standard Cd(II) solution concentration at 20 µg L
-

1
was pumped and mixed with 0.02 % (m/v) APDC-at the same flow rate 2.5 mL min

-1
 through the 

polystyrene bead mini-column. Finally, the elution of APDC-Cd complex with 1.0 mL methanol 

was performed and injected the eluent to the optimized FI-CL system for the determination of 

Cd(II). 

   The effect of sample volume loading was investigated in the range of 5-

100 mL. The CL intensity increases when the volume of sample load increases. At volume50 mL, 

the highest signal was observed; after this concentration the noise signal increased dramatically 

made the S/N ratio decreased significantly. 
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Figure 43 Effect of sample volume loading on FI-CL signal 

 

  4.3.2.2 Effect of weight of polystyrene sorbent 

   The effect of weight of polystyrene as a mini column sorbent was 

investigated in the range of 0.05 – 0.4 g. The CL intensity rapidly increased when the weight of 

polystyrene was increased up to 0.20 g, above which the CL intensity decreased. Therefore, a 0.2 

g of polystyrene was chosen and used subsequently in this work. 

 

Figure 44 Effect of weight of polystyrene on FI-CL signal 

 

 

 

 

0

200

400

600

0 20 40 60 80 100 120

S/
N

Volume of sample load (mL)

0

200

400

600

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45

S/
N

Weight of polystyrene (g)



97 

 

  4.3.2.3 Effect of concentration APDC 

   The concentration of ammonium pyrrolidinedithiocarbamate (APDC) 

was studied in range of 4.0×10
-4
-4.0×10

-2
% (m/v). The increase in the concentration of APDC 

resulted in the steep increase up to 2.0×10
-4
% (m/v), above which the intensity dramatically 

decreased.  

 

 

Figure 45 Effect of concentration of APDC on FI-CL signal 

 

  4.3.2.4 Summary of the optimum conditions 

   The selected optimum conditions for cadmium determinatios was 

achieved by the so-called univariate method. The summary of their optimal values is shown in 

Table 25. 

 

Table 25 Optimization preconcentration parameters 

 

Parameters Range studied Optimal value 

Weight of polystyrene (g) 0.05-0.40 0.20 

Sample volume (mL) 10-100 50 

APDC concentration (%m/v), C1 4.010
-4
-4.0×10

-2
 2.0×10

-3
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  4.3.2.5 Analytical figures of merit 

   4.3.2.5.1 Linearity of calibration graph 

    Under the optimal condition, using a mini column 

preconcentration procedure for the determination of trace Cd(II) with FI-CL system as illustrated 

in Figure 31, the linear calibration curve, the limits of detection and the limits of quantification 

for the deterination of Cd (II) was investigated. Figure 46 shows calibration curves for 

cadmium(II), while Figure 47 illustraed the FI-CL grams for cadmium(II). It was found that the 

calibration curve found to be linearity over the range 2-6 µg L
-1
. 

 

Table 26 The data of calibration curve for Cd(II) using mini column preconcentration 

 

Concentration (µg L
-1
) CL intensity (a.u.), n=3 

2 3236 

3 3600 

4 4180 

5 4567 

6 5180 

 

 

Figure 46 Calibration curve for Cd(II) using mini column preconcentration 
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Figure 47 Illustrated the FI-CL grams for Cd(II) using mini column preconcentration 

 

   4.3.2.5.2 The limits of detection and the limits of 

quantification 

    The limits of detection and the limits of quantification for the 

determination of Cd(II)  was investigated.In this session,the limits of detection and the limits of 

quantification were calculated based on 3SDblank /slope and 10 SDblank /slope, respectively . 

  The limits of detection of cadmium(II) was found to be 0.6 µg L
-1
 and the limits 

of quantification was found to be 2.0 µg L
-1
, respectively. 

 

   4.3.2.5.3 Reproducibility and repeatability 

    The repeatability of the procedure was determined by repeating 

measurements of 4 µg L
-1
cadmuim (II) for 10 replicates. The reproducibility (intra-day) variations 

of the method were determined using triplicate injections of standard Cd(II) solution at 

concentraton of 4 µg L
-1
 and analysed on the same day. The reproducibility (inter-day) precision 
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injected standard Cd(II) solution in three replicates. The result was expressed in term of 

percentage relative standard deviation (% RSD). Results are shown in Table 27-29. 

 

Table 27 Replicate measurements by using standard Cd(II) of 4 µg L
-1

 

 

Experiment number CL Intensity (a.u.) 

1 4100 

2 4150 

3 4180 

4 4160 

5 4145 

6 4175 

7 4170 

8 4125 

9 4120 

10 4180 

Average 4150.5 

SD 27.83 

% RSD 0.67 

  

Table 28 Reproducibility for intra-day variations 

 

Times (hour) CL intensity (a.u.), n=3 

1 4180 

3 4145 

6 4130 

9 4110 

average 4141.25 

SD 29.55 

% RSD 0.71 
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Table 29 Reproducibility for inter-day variations 

 

Times (day) CL intensity (a.u.), n=3 

3 4180 

6 4150 

9 4100 

average 4143.33 

SD 40.41 

% RSD 0.98 

 

  The Table 30 shows the results of statistical analysis of the experimental data for 

Cd(II) tested. The regression equaition was calculated from the calibration curve, along with the 

slopes and intercepts are given. It was found that the calibration curve found to be linearity over 

range 2-6 µg L
-1
. The analytical characteristic for Cd(II) and the precision of the proposed method 

was attained by analyzing 10 samples of 4 µg L
-1
. 

 

Table 30 Analytical figures of merit for determination of Cd(II) 

 

Analytical parameter Cd (II) 

Regression equation 

Linear range, µg L
-1

 

Correlation coefficient (r
2
) 

Limit of detection, µg L
-1

 

Limits of quantification , µg L
-1
 

Precision (% RSD) 

Inter-day precision (% RSD) 

Intra-day precision (% RSD) 

CLintensity = (477.7)CCd(II)(µg L
-1

) + 2227 

2-6 

0.9950 

0.60 

2.00 

0.67 

0.71 

0.98 
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 4.3.3 Application to real samples 

  The developed FI-CL method was applied to the determination of exchangeable 

Cd(II) in soil samples. Eleven soil samples were collected from Tak province, Thailand. The 

comparative results with those obtained from the ICP-MS method are illustrated in Table 31. 

There are no significant differences between the result values from both methods at 95 % 

confidence (tcritical2.78). The accuracy of the proposed method was obtained by spiking three 

amounts of Cd(II) standards sample solutions. The recovery was in the range 96-103 % as shown 

in Table 32. 
 

Table 31 Comparative results for the determination of exchangeable Cd(II) in soil samples 

 

Feed sample 
Amount found (mg kg-1)± SD 

t-value 
FI-CL ICP-MS 

Soil01 729.86±4.12 725.71±0.72 1.69 

Soil02 248.20±0.80 247.65±0.04 1.15 

Soil03 436.18±1.53 437.33±0.35 1.19 

Soil04 267.25±2.48 264.13±0.32 2.10 

Soil05 199.80±1.24 198.22±2.66 0.82 

Soil06 322.44±0.47 322.25±0.34 0.39 

Soil07 621.48±1.10 622.97±0.46 1.89 

Soil08 157.79±0.82 158.23±0.74 0.65 

Soil09 102.06±1.25 102.49±0.22 0.56 

Soil10 670.69±1.63 671.59±0.36 0.88 

Soil11 117.82±1.63 116.07±0.37 1.72 

Standard deviation from three determinations  for the proposed method and the reference method. 

tcalculated values are given by superscript letters and are less than tcritical2.78 at 95% confidence. 
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Table 32 Recovery of the FI-CL results by spiked water samples 

 

Level (n=3) 
Added (µg L

-1
) Found(µg L

-1
) 

Recovery 
Cd(II) Cd(II) 

1 3 2.89 ±0.02 96.33±0.53 

2 4 4.09 ±0.01 102.25±0.15 

3 5 4.89±0.01 97.81±0.15 

 

  

 4.3.4 Conclusions 

  A simple flow injection chemiluminescence procedure was proposed for 

determination of cadmium in environmental samples couple with an off-line preconcentration 

step. A mini column, packed with polystyrene bead as an adsorption material, was used for 

preconcentration of Cd(II) ions based on the complex formation with the ammonium 

pyrolidinedithiocarbamate (APDC). The Cd-PDC complex adsorbed on polystyrene beads was 

eluted by methanol and susequently determined by the flow injection chemiluminescence system. 

The chemiluminescence reaction based on Cd(II) catalyzed the luminol-H2O2 CL reaction in the 

present of alkaline media was employed for sensitive determination. Under the optimum 

condition linear calibration graph was obtained over the concentration range 2-6 µg L
-1
. The 

method is simple and rapid with low detection limit which could be established to imply with the 

requirement for a maximum residue limit of 37 mg kg
-1
 of cadmium in soil sample. The proposed 

procedure was applied to the determination of Cd(II) in contaminated soil samples from Tak 

Province, Thailand. The concentration of exchangeable Cd(II) found in soil samples was found in 

the range of 102– 729 mg kg
-1
, and over MRL level (37 mg kg

-1
 ) 20 folds. The results indicate 

the Cd(II) in soil are exchangeable phase, Cd(II) can exchange and come out to environment by 

rain or the plant can absorb, it is very toxic. 

 Moreover, the FI-CL appears more attractive since it does not require sophisticated 

instruments, no external source, just a simple optical system only which makes these coupling 

easily to be adapted for being portable equipment and readily be a great potential to be an on-site 

detection equipment. 



CHAPTER 5  

Enhanced Electrogenerated Chemiluminescence of Tris(2,2′-bipyridyl)ruthenium(II) 

System by L-cysteine-capped CdTe Quantum Dots and Its Application for the 

Determination of Nitrofuran Antibiotics 

 

5.1 Introduction 

  Nitrofurans (NFs) are antibiotic drugs, which have been widely used in the dairy, 

livestock, poultry and aquaculture production industries in past decades. The nitrofuran 

derivatives in which there exists the greatest possibility of contamination are furaltadone (FTD), 

furazolidone (FZD), nitrofurazone (NFZ) and nitrofurantoin (NFT). Due to concerns about their 

carcinogenicity and mutagenicity, these antibiotics have been banned in the EU (Regulation (EC) 

No 1442/1995) and many countries overseas. Therefore the use of nitrofurans for livestock has 

also been prohibited in countries such as Australia, USA, Philippines, Thailand and Brazil (Vass 

et al., 2008). Unfortunately, nirofuran antibiotics are still available and in use in a number of third 

world countries including Thailand. Several analytical methods have been described for the 

determination of nitrofuran residues in food and animal tissues, such as liquid chromatography 

(LC), in combination with different detection techniques, for example photodiode array(DAD) 

(Chumanee et al., 2009), fluorescence (Sheng et al., 2013) and mass spectrometry (MS) (Barbosa 

et al., 2007). These methods are time-consuming and require expensive instrumentation, hence, 

there is now an urgent need for a rapid, low cost, high-capacity and sensitive method to screen NF 

residue-contaminated feed, stored grain and agricultural products in order to control the quality of 

exported foods to the EU. 

  In addition to the desire to monitor the contaminate compounds in real time, 

there is a tremendous input of energy and resources towards developing sensors for almost 

everything of interest to humans, especially as they are brought about by concerns with health and 

pollution. In recent years, chemical sensors and biosensors play an essential role in the fields of 

environmental (Prakash et al., 2013), medical diagnostics (Yu et al., 2014) and pharmaceutical 

analysis (Khorshid and Issa, 2014). Many analytical methods and techniques have improved 

chemical sensors and biosensors in sensitivity and miniaturization. There is also a need to 
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determine analytes at increasingly lower levels to lower the detection limits, and to improve the 

accuracy and precision at those limits. 

  In addition to photo chemiluminescence (CL), electrochemiluminescence and 

electrogenerated chemiluminescence (ECL) have also recently been developed for chemical 

sensors based on an optical reaction and electrochemical potential control. In ECL, 

electrochemically-generated intermediates undergo a highly exergonic reaction to produce an 

electronically excited state that then emits light upon relaxation to a lower-level state. ECL 

excitation can be caused by energetic electron transfer (redox) reactions of electrogenerated 

species. Such luminescence excitation is a form of chemiluminescence where one or all reactants 

are produced electrochemically at the electrodes. The advantages of ECL include the simple 

optical system, no external light source, low cost and miniaturization, high sensitivity and 

selectivity. Thus ECL has grown significantly in importance in analytical chemistry as an 

attractive method of detection because it can combine the advantages of luminescence and 

electrochemical techniques as well as provide added selectivity and superior sensitivity due to the 

low background. 

  Typical ECL reagents, such as luminal and tris(2, 2′-bipyridyl)ruthenium 

(II)(Ru(bpy)3

2+
) have been used extensively in various fields (Chu et al., 2012; Haslag and 

Richter, 2012). The detection of many species (or coreactants) has been demonstrated by virtue of 

their ability to generate light during reactions with the oxidized form of the complex. 

Furthermore, the investigation into potential enhancers has focused on fluorescence compounds, 

surfactants and aromatic compounds to increase the emission intensity from Ru(bpy)3

2+
 reactions 

(Gerardi et al., 1999) and luminol reaction (Fletcher et al., 2001). 

  In recent decades, many researcherspaid much attention to CL enhancement 

using metal nanomaterials (Zhang et al., 2005). Furthermore, in the past few years, they began to 

be aware of the potential application of quantum dots (QDs) in the ECL field since QDs can 

significantly improve the sensitivity and the stability of the chemiluminescence light, mainly 

resulting from the high surface area and special structure of these nano materials. QDs are now 

complementary and may be superior to the existing ECL reagents, and have great potential for 

developing novel ECL sensors. In many cases, when they are coated with organic molecules and 

macromolecules, they can improve aqueous solubility and opportunities for bio conjugation 
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properties, enhance the inherent sensitivity and expand new applications of CL detection (Guo et 

al., 2013). These coatings can be classified broadly as ligand-based or polymer-based, and neutral 

or charged. Ligand coatings are comprised of small molecules that coordinate directly to the 

inorganic surface of the QDs. The most common ligands have been monodentate 

(e.g.mercaptopropionic acid, MPA) or amino groups (e.g. L-cysteine) (Mntungwa et al., 2013). 

These ligands are compact, charged, and colloidal stability is maintained via electrostatic 

repulsion. The L-cysteine-capped CdTe-QDs have been found to have a strong effect on the 

fluorescent properties in addition to acting a stabilizer (Li et al., 2010) and in some cases, the 

formation and annihilation rates of CdTe-QDs significantly influenced the CL emission (Chen et 

al., 2014). 

  To the best of our knowledge, only a few chemiluminescence-based methods 

have been reported for the determination of nitrofurans including FTD, FZD and NFT in 

agricultural samples, where they are usually administered to animals by means of medicated feed 

or drinking water. The Argentina legislation established levels of nitrofurans in animal feed at 

maximum limits of 400 µg kg
-1
, and 2 µg L

-1
 in water, for the compounds nitrofurazone, 

furaltadone, furazolidone and nitrofurantoin (Viñas et al., 2007). So far, only three reports 

proposing the determination of NFs in various samples were proposed in flow base 

chemiluminescence methods. Thongsrisomboon and coworker (Thongsrisomboon et al., 2010) 

reported a flow injection CL method for the determination of furazolidone, nitrofurantoin and 

nitrofurazone in animal feed based on its chemiluminescence induced by potassium permanganate 

in a sulfuric acid medium with detection limits (S/N = 3) of 0.25 mg L
-1
, and a sample throughput 

of 120 h
-1
. Du and coworker (Du et al., 2007) reported the flow based method for the 

determination of nitrofurazonein human plasma and urine samples with the H2O2-N-

bromosuccinimide (NBS) reaction in an alkaline medium Li and coworker (X. Li et al., 2009) 

presented the post-chemiluminescence (CL) reaction of luminol–H2O2 for use in CL-based 

detection with liquid chromatography by combining with flow injection manifolds for the 

determination of furazolidone in animal feed. 
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  In this chapter, the first account of the investigation of the ECL-based sensor for 

the determination of selected nitrofurans in animal feed samples, including furaltadone, 

furazolidone and nitrofuratoin, was proposed by means of an ECL coreactant. A carbon screen-

printed electrode coupled with a tris(2, 2′-bipyridyl)ruthenium (II) complex was used to create 

oxidative-reduction ECL. Adding cadmium telluride quantum dots (CdTe-QDs) (Kang et al., 

2012; Yin et al., 2013) create sunstable products from intermediate radicals in the Ru(bpy)3

2+
CL 

reaction process, where nitrofurans cause an indirect inhibitory effect on Ru(bpy)3

2+
 compounds 

(Chen et al., 2014). The ECL CdTe-QDs system shows high sensitivity, good stability, and 

reproducibility, indicating CdTe-QDs could be a new and promising material for opening new 

avenues in ECL application. 

 

5.2 Research methodology 

 5.2.1 Reagent and solution 

  All chemicals used as list in Table 19 were of analytical reagent (AR) grade. 

Purified water, using a compact ultrapure water system (18.2 MΏ, Millipore, France) was used 

for all solution preparation. 

Table 33 Chemical reagent and their manufactures for determination of nitrufurans  

Reagent Grade Manufactures Country 

1. Ammonium chloride (NH4Cl) 

2. 2,2’ bipyridyl (C10H8N2) 

3. Cadmium chloride (CdCl2) 

4. Calcium chloride (CaCl) 

5. Chloramphenicol (C11H12Cl2N2O5) 

6. Chloteracycline (C22H23ClN2O8) 

7. Cloxaciline (C19H18ClN3O5S) 

8. L-cysteine (C3H7NO2S) 

9. N,N dimethylformamide (C3H7NO) 

10. Furaltadone (C13H16N4O6) 

11. Furazolidone (C8H7N3O5) 

12. Magnesium sulfate (MgSO4) 

AR 

AR 

HPLC 

AR 

HPLC 

HPLC 

HPLC 

AR 

AR 

HPLC 

HPLC 

AR 

Sigma-Aldrich 

Sigma-Aldrich 

Sigma-Aldrich 

Sigma-Aldrich 

Sigma-Aldrich 

Sigma-Aldrich 

Fluka 

Sigma-Aldrich 

Fisher  

Sigma-Aldrich 

Sigma-Aldrich 

Sigma-Aldrich 

USA 

USA 

USA 

USA 

USA 

USA 

UK 

USA 

UK 

USA 

USA 

USA 
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Table 33 (continue)  

 

Reagent Grade Manufactures Country 

13. 3-mercaptopropionic acid (MPA) 

(C3H6O2S) 

14. Nitrofuratoin (C8H6N4O5) 

15. Neomycin (C23H46N6O3) 

16. Oxytetracycline (C22H24N2O9) 

17. Penicillin G (C16H18N2O4S) 

18. Phosphinic acid (H3PO4) 

19. Potassium nitrate (KNO3) 

20. Ruthenium (III) chloride (RuCl3) 

21. Sodium borohydride (NaBH4) 

22. Sodium chloride (NaCl) 

23. Sodium phosphate dibasic (Na2HPO4) 

24. Sodium sulfate (Na2SO4) 

25. Tellurium powder  

26. Tetracycline (C22H24N2O8) 

AR 

 

HPLC 

HPLC 

HPLC 

HPLC 

AR 

AR 

AR 

AR 

AR 

AR 

AR 

AR 

HPLC 

Sigma-Aldrich 

 

Sigma-Adrich 

Sigma-Aldrich 

Fluka 

Fluka 

Sigma-Aldrich 

Fluka 

Fluka 

Sigma-Aldrich 

Labscan 

CARLO ERBA 

Sigma-Aldrich 

Sigma-Aldrich 

Fluka 

USA 

 

USA 

USA 

UK 

UK 

USA 

UK 

UK 

USA 

Ireland 

Italy 

USA 

USA  

UK 

 

 5.2.2 Standard preparation 

  Nitrofurans including furaltadone (FTD), furazolidone (FZD) and nitrofuratoin 

(NFT) were purchased from Sigma-Aldrich (USA). The stock standard solutions of FTD, FZD 

and NFT at concentrations of 50 mM were prepared by dissolving the required amount of 

reagents in N,N dimethylformamide (Fisher Scientific, UK). The resulting solutions were stored 

refrigerated at 4 °C and protected from light, due to the instability of very dilute nitrofurans under 

UV radiation. Each of the standard solutions for the calibration curve were diluted with 0.11 M 

phosphate buffer at pH 7.50. 
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 5.2.3 Synthesis of L-cysteine and MPA-capped CdTe nanoparticles 

  The synthesis of water-soluble CdTe QDs was modified by Mntungwa and 

coworker (Mntungwa et al., 2013). Briefly, tellurium powder (0.041 g, 0.32 mmol) was mixed 

with deionized water (10.0 mL) in a three-necked round bottom flask as illustrated in Figure 48. 

10.0 mL aqueous solution of sodium borohydride (0.031 g, 0.79 mmol) was carefully added to 

this mixture and the flask was immediately purged with nitrogen gas to create an inert 

atmosphere. After 2 h, 20.0 mL of an aqueous solution of CdCl2 (0.059 g, 0.32 mmol), and 20.0 

mL of L-cysteine solution (1.1883 g, 6.40 mmol) with a molar ratio of 1:20 (Cd
2+

:cysteine ester) 

were added simultaneously to the pink telluride ion solution. The pH of the solution was raised to 

7 using HCl (0.10 M) and NH3 (0.10 M) solutions after which the solution was then heated at   

100 °C for 3 h. After completion of the reaction, excess methanol was added resulting in the 

reversible flocculation of the nano particles. The flocculate was separated from the supernatant by 

centrifugation. The resultant particles were dissolved in ethanol to give a solution of nano 

crystallines for characterization. The reaction procedure described above was also followed for 

the MPA-capped CdTe nanoparticles with MPA (0.0132 g, 6.40 mmol) replacing the L-cysteine.  
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Figure 48 The process for synthesis a water-soluble CdTe-QDs  
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 5.2.4 Synthesis of tris(2, 2′-bipyridyl)ruthenium (II)(Ru(bpy)3
2+
) 

  Tris(2, 2′-bipyridyl)ruthenium (II)(Ru(bpy)3

2+
) synthesis was a modification of 

that reported by Broomhead and coworker (Broomhead et al., 2007). Briefly, dried RuCl3 (2.43 g, 

equivalent to 0.01 mol ruthenium) and 2,2-bipyridine (6.3 g, equivalent to 0.03 mol)were 

dissolved and mixed with deionized water (250 mL) in a three-necked round bottom flask fit with 

a reflux condenser. 15.0 mL of fresh sodium phosphate solution was prepared by slowly adding 

sodium hydroxide pellets to hypophosphorous acid until the mixture appeared cloudy and then 

adding hypophosphorous acid until the mixture appeared clear again. The mixture solution was 

heated at 120 °C and refluxed at this temperature for 1 hr. The solution was allowed to cool after 

an hour, after which it was filtered. Potassium chloride (18.0 g, 0.24 mmol) was added to the 

filtrate and heated to reduce the volume until than 200 mL. The precipitate was separated and 

collected by vacuum filtration (washing with 20 mL ice cold water and 40 mL ice-chilled 

acetone). The resultant crystals were dried and stored in desiccators. 
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Figure 49 The process for synthesis a tris(2, 2′-bipyridyl)ruthenium (II) (Ru(bpy)3

2+
) 

-RuCl3 
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 5.2.5 Apparatus 

  The size and morphology of the CdTe-QDs were characterized by a JOEL 2100 

transmission electron microscope (TEM) (JEOL Ltd., Japan) operated at 200 keV. Bright field 

TEM (BF-TEM) images and spot energy dispersive X-ray spectroscopy (EDS) were used for 

morphology and chemical composition identification. The CdTe-QDs were dispersed in ethanol 

using ultrasonic vibration for about 5 min. The mixture were dropped onto 200 mesh copper grids 

coated with continuous carbon films and allowed to dry at room temperature before investigation. 

Fluorescence (FL) spectra were recorded by a luminescence spectrometer-LS50B (PerkinElmer 

Corporation, America) equipped with a 7.3 Watt xenon discharge lamp as a light source. 

  The ECL measurement set-up is illustrated in Figure 50. The electrochemical 

and ECL measurements were observed using a cyclic voltammetry (CV) technique on the 

Autolab PGSTAT101 (Autolab, Swittzerland). A conventional three-electrode configuration was 

employed, together with a carbon screen-printed electrode (Dropsens, Spain) as the working 

electrode. A5-mL quartz cuvette (Hellma, Germanny) was used as the ECL cell, and was placed 

directly in front of the face of photomultiplier tube. The ECL signal was monitored in a light-tight 

Faraday cage, which consisted of a quartz cuvette flush against the red sensitive photomultiplier 

tubes (PMT, Thorn-EMI 9828SB, Electron Tubes Ltd., UK) in a sealed metal box (Autolab, 

Swittzerland). The operational potential for the PMT was provided by a high voltage power 

supply (Thorn- EMI model PM20, Electron tubes Ltd., UK) at a constant voltage of 850V. The 

output of the PMT, proportional to the ECL intensity, was monitored continuously and displayed 

on a personal computer via a digital multimeter USB/RS-232 (UT60F, Hong Kong) interfaced 

with the voltage divider (C637BFN2, Electron Tubes, UK). UNI-T
®
 UT60F AC/DC software was 

used to determine the maximum peak. 
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Figure 50 Schematic diagram of the ECL set-up 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 51 The ECL mesurnement set up for determination of nitrofurans 
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 5.2.6 Animal feed sample preparation (Barbosa et al., 2007) 

  A 5.0 g thoroughly minced feed was weighed into a 250 mL polypropylene 

copolymer centrifuge flask. Then, 20 mL of ammonium acetate 79 mmol L
-1

 solutions (pH 4.6) 

were added and the pH was adjusted to 8 with diluted ammonium hydroxide solution. The 

mixture was allowed to stand for 15 min, 30 mL of ethyl acetate was added before stirring for 20 

min in a rotary shaker and centrifuged for 10 min at 3000 rpm.  The organic layer was collected 

and evaporated to dryness in a rotary vacuum evaporator at 35 
o
C and 240 mbar. The resulting 

extract is reconstituted in 2 mL of a mixture of acetone and methanol 80:20 (v/v).  

  The extraction solution were cleaned up using a solid phase extraction (SPE) -

Sep-Pak
®
 NH2 cartridge previously conditioned with 5 mL of a mixture of acetone and methanol 

80:20 (v/v). The reconstituted extract was put onto the cartridge and, then, the nitrofurans were 

eluted with 5 mL of the previous mixture. The eluate was evaporated to dryness and the residue 

was reconstituted with 5 mL of 0.11 M PBS before injected to a ECL measurement system. 

 

 5.2.7 ECL procedures 

  Five milliliters of the mixed solution of Ru(bpy)3

2+
, CdTe-QDs and either the 

NFs standard or a sample in 0.11 M phosphate buffer was introduced into the ECL cell via a 

plastic syringe connected with Tygon tubing. The ECL reaction was then initiated by scanning or 

stepping the potential of the carbon screen-printed electrode to a value greater than the oxidative 

potential of the Ru(bpy)3

2+
 complex (1.10 V) using cyclic voltammetry. The ECL emission was 

measured by PMT and the ECL intensity was converted to the peak signal via a digital 

multimeter. The applied potential was controlled in the range of 0.4-1.6 V with a scan rate of 

0.05Vs
-1
. The amount of NFs was estimated based on the quenched ECL intensity∆I, where ∆I = 

I0-Is, and I0 was the background ECL intensity of Ru(bpy)3

2+
/CdTe-QDs system in the absence of 

NFs; and Is was the intensity in the presence of a standard or unknown sample with NFs.  
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5.3 Results and discussion 

5.3.1 Characterization of the CdTe-QDs 

 Two ligands, cysteine and mercaptopropionic has been synthesized illustrated in 

Figure 52, which has -s-group as a capping group to functionalize the CdTe nanoparticles. 

Cysteine has been reported as a capping group to have better efficiency than MPA (Idowu et al., 

2008), so in this work CdTe-cysteine nanoparticles were selected for further investigated. 

 

 

 

 

 

 

 

 

 

 

Figure 52 The CdTe nanoparticles : (a) Cysteine- CdTe nanoparticles and (b) Mercaptopropionic-  

                  CdTe nanoparticles 

 

  Figure 53(a) shows BF-TEM image of CdTe-QDs capped with cysteine. The 

particles are quasi-spherical, with an average size about 5-10 nm and narrow size distribution. 

Figure 53(b) presents the selected area electron diffraction pattern of these particles. It 

corresponds to the polycrystalline of the cubic phase of CdTe (JCPDS card no. 15-0770), which is 

in an agreement with Li et al. (Y.-S. Li et al., 2010)  

 

 

 

 

 

    

(a)                                                                    (b) 
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  The chemical composition obtained from TEM-EDS give the Cd- and Te-rich 

phase as illustrate in Figure 53(c), while the sulfur and copper contents given from the cysteine 

capped and the copper grid, respectively. The fluorescence emission spectra of cysteine-capped 

CdTe-QDs with a maximum PL emission at 564 nm are shown in Figure 54.  

 

 

Figure 53 The properties of CdTe nanoparticles synthesized capped with cysteine:(a) BF-TEM  

                 image (bright particles), (b) the SADP corresponded to the cubic phase of CdTe  

                 (JCPDS card no. 15-0770), (c) EDS spectrum of the particles 

 

(a) (b) 

(c) 



 

 

 

 

 

 

 

 

 

 

 

Figure 54 The emission spectra of cysteine

                  at 275 nm) 
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, no ECL signal was observed. 

(b), a weak ECL response was presented on cysteine

system at the concentration of 1 mM in 0.1 M PBS. When the FTD concentration of 500, 1000 

were added to the solution of Ru(bpy)3

2+
, a significant increasing in the ECL 

intensity was observed (Figures 55(d-f)). It might be because the FTD functions

coreactantand generate ECL signal, though it is not sensitive enough for determine NFs in 

contaminated feed samples. However, in Figures 55(c) and 55(g) the ECL response shows that the 

ECL intensity of Ru(bpy)3
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480-650 nm, which corresponds to emitted wavelength of Ru(bpy)3

2+
 chemiluminescence at a 560 

nm (Paris and Brandt 1959). 

 In addition, when various concentrations of FTD, as a NF representative, were 

added to the Ru(bpy)3

2+
/cysteine-capped CdTe-QDs system (Figures55(h-j)), an indirect 

inhibitory effect on the Ru(bpy)3

2+
 ECL signal was observed that was concentration dependent. 

This result may indicate that FTD is able to inhibit the ECL of Ru(bpy)3

2+
/cysteine-capped CdTe-

QDs effectively and sensitively enough for the determination of nitrofurans. 

 

Figure 55 The ECL signal of the electrochemiluminescence reaction: 

               (a) FTD concentration at 100 µM; (b) L-cysteine CdTe-QDs concentration at 1 mM;  

               (c) 5 mM of Ru(bpy)2

3+
; (d-f) 5 mM of Ru(bpy)2

3+
 with 500, 1000 and 1500µM FTD,  

               respectively; (g) 5 mM of Ru(bpy)2

3+
/L-cysteine CdTe-QDs without FTD; (h-j) 5 mM  

               of Ru(bpy)2

3+
/ L-cysteine CdTe-QDs with 50, 100 and 200 µM of FTD, respectively. 

   

 

 

 



120 

  From the preliminary investigation, a possible mechanism to explain the ECL 

inhibition behavior observed in this system may arise from the competition of cysteine-capped 

CdTe-QDs and NFs on resonance energy transfer, which strongly enhance the ECL emission in 

solution.  When the Ru(bpy)3

2+
 ions  was oxidized during the anodic sweep by CV. The close 

contact between excited Ru(bpy)3

3+
 ions and CdTe-QDs made energy transfer possible to strong 

excite the luminescence of QDs. The control experiments were performed in the presence and the 

absence of CdTe-QDs. It was observed that very weak ECL signals could be observed in the 

presence of  only NFs, compared with that in the presence of CdTe-QDs itself and both CdTe-

QDs and NFs. Thus, we proposed that the competition of L-cysteine capped CdTe-QDs and NFs 

created imperfections resonance energy transfer, and eventually led to the ECL quenching. This is 

the key factor for the ECL inhibition of the Ru(bpy)3

2+
/cysteine-capped CdTe-QDs system. The 

following Figure 56 clearly illustrates the mechanism of the completitive enhanced ECL. Since no 

one has ever attempted to detect nitrosfuran with Ru(bpy)3

2+
/QDs ECL to our knowledge, it could 

implies that QDs have great potential for development of novel ECL sensors for nitrofurans 

screening for the first time. 

 

 

Figure 56 The mechanism of energy transfer to enhance the Ru(bpy)3

2+
/QDs ECL 
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 5.3.3 Optimization of experimental conditions 

  To establish the optimum ECL conditions for the determination of nitrofurans, 

the effects of the key chemical and physical parameters on the ECL signal were investigated 

using an univariate approach and simplex optimization. The quenched ECL intensity was 

correlated with a number of factors, including the scan mode of the applied potential by CV, the 

applied voltage of the photomultiplier tube, the type of buffer solution used and its pH, and the 

concentrations of the Ru(bpy)3

2+
 complex and L-cysteine-capped CdTe-QDs. In order to obtain 

the highest sensitivity of this ECL system, all of these factors were thoroughly investigated. 

 

   5.3.3.1 Selection of CV scan rate 

   The cyclic voltammetry double potential step method was used to 

examine the ECL behavior of Ru(bpy)3

2+
 in 0.1 M PBS system on a carbon screen-printed 

electrode with the applied potential over the range of 0.4-1.6 V. A satisfactory and stable ECL 

signal was obtained when using CV mode for the measurements. The effect of scan rate on the 

ECL signal was subsequently studied. Figure 57 shows the ECL signal-to-noise response for the 

Ru(bpy)3

2+
complex in 0.1M PBS at various scan rates applied from 0.02 Vs

-1
 to 0.5 Vs

-1
. It was 

found that the maximum S/N ratio was obtained at 0.05 Vs
-1
. Faster scan rates gave gradually 

decreasing ECL signals while the slower scan rate did not result in lower detection limits but 

slowed down the ECL analysis time. A scan rate of 0.05 Vs
-1
 was used in the following 

experiments, as it gave the maximum ECL signal value and a reasonably rapid analysis. 

 

Figure 57 The effect of scan rate on ECL intensity 
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  5.3.3.2 Effect of photomultiplier tube applied voltage 

   The effect of the photomultiplier tube (PMT) applied voltage was 

investigated in the range of 700-1,000 V to obtain the maximum signal-to-noise ratio. For these 

experiments, the potential of the power supply was increased stepwise: the ECL signal was 

measured after the cyclic potential was applied to the Ru(bpy)3

2+
complex solution at each 

potential step. The noise from the background current was also measured at each potential step. 

As expected, the ECL signal increased when the power supply was increased stepwise. It was 

found that the signal-to-noise ratio reached a maximum value at 850 V. Furthermore, a high 

signal noise was observed for the applied voltage exceeding 1050 V. The PMT applied voltage of 

850 V was used for all subsequent studies. 

 

 

Figure 58 The effect of the photomultiplier on ECL intensity 

 

  5.3.3.3 Effect of the type of buffer solutions  

  For these experiments, 0.5 mM FTD standard solution was added to a 
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Figure 59 Effect of buffer 

 

 In addition, the ECL signal was

buffer solution. The ECL signal increased with increasing pH (from pH 5.7 to pH 8.0).

pH of PBS was over 7.5, the ECL signal plateaued. Therefore, the 0.1 M phosphate buffer 

solution at pH 7.5 was selected for further investigations.

 

Figure 60 Effect of pH of phosphate buffer 
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   5.3.3.4 Effect of the concentration of Ru(bpy)3
2+
 and L-cysteine-

capped CdTe-QDs  

   The effect of the concentrations of Ru(bpy)3

2+
 and L-cysteine-capped 

CdTe-QDs on the ECL signal was studied. First, the concentration of Ru(bpy)3

2+
 was examined 

over the range of 0.1-5.0 mM using the previously determined optimum conditions. The results 

show that the ECL signal increased steeply with the concentration of Ru(bpy)3

2+
up to 5.0 mM. 

The signal-to-noise ratio decreased due to the increase in background response when the 

concentration of Ru(bpy)3

2+
 exceeded 5.0 mM. Consequently, the concentration of Ru(bpy)3

2+ 
at 

5.0 mM was selected in the following experiments. 

   The effect of the CdTe-QD concentration on the ECL signal was found 

with the quantity of CdTe-QD in the Ru(bpy)3

2+
/FTD system in the concentration range of 0.16-

1.61 mM, it was found that the ECL peak height increased with the concentration of CdTe-QDs 

until it reaches a maximum at 1.61 mM. Beyond this point, the ECL intensity continued to 

gradually decrease. Thus, the concentration of 1.61 mM CdTe-QD was chosen as the optimum 

concentration. 

 

 

Figure 61 The effect of the concentration of Ru(bpy)3

2+
 on ECL intensity 
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Figure 62 The effect of the concentration of L-cysteine-capped CdTe-QDs on ECL intensity 

 

  5.3.3.5 Simplex optimization 

   To ensure the ECL parameters obtained from the univariate approach 

were providing the highest sensitivity and reproducibility, the systematic optimization was 

investigated using Multisimplex software (2.1 trial version). Table 34 shows the range over which 

each parameter was investigated, the initial step size and its optimal value. The phosphate buffer 

solution was chosen as the ideal component of the electrolyte in the ECL cell and was used for all 

experiments. The initial conditions used to start the simplex algorithm were phosphate buffer pH 

7.5 at the concentration of 100 mM, Ru(bpy)2

3+
at the concentration of 5 mM and L-cysteine 

CdTe-QDs at the concentration 1.61 mM. After 13 experiments see Figure 63, the simplex 

algorithm no longer predicted improved outcomes. The details of each investigated parameter, 

including its optimal value compared with univariate approach, are also given in Table 34. 

 

 

Figure 63 The relationship between the experimental number and ECL intensity 
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   5.3.3.6 Analytical figures of merit 

   5.3.3.6.1 Linearity of the calibration graph 

    Under the optimal conditions, chemiluminescence intensity 

(∆I) is found to have a linear relationship with the concentration of three types of nitrofurans: 

furaltadone (FTD), furazolidone (FZD) and nitrofuratoin (NFT), over a concentration range of 10-

100 µM.  

 

    ∆I = I0 - Is       (1) 

 

    Where  I0 is the background ECL intensity of the 

Ru(bpy)3

2+
/CdTe-QDs system in the absence of NFs and Is is the intensity in the presence of a 

standard NFs. 

    It was found that the calibration curve found to be linearity over 

the range of 10-100 µM. Figure 64 shows calibration curves furaltadone (FTD), furazolidone 

(FZD) and nitrofuratoin (NFT), while Figure 65 illustrated the ECL grams for furaltadone (FTD), 

furazolidone (FZD) and nitrofuratoin (NFT), respectively. 

 

Table 35 The data of the calibration curve for furaltadone (FTD), furazolidone (FZD) and  

              nitrofuratoin (NFT) 

Concentration (µM) 
∆∆∆∆I = Io-Is 

FTD FZD NFT 

10 128.0 145 60 

20 138.0 156 92 

40 158.0 187 123 

60 178.0 206 163 

80 198.0 240 203 

100 218.0 265 235 
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Figure 64 Calibration curves for furaltadone (-   - FTD), furazolidone (-   -FZD) and nitrofuratoin  

                  (-  -NFT) 

 

 

Figure 65 Illustrated the ECL grams of NFs: (a) furaltadone (FTD), (b) furazolidone (FZD) and  

                 (c) nitrofuratoin (NFT) 
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  5.3.3.6.2 The limits of detection  

    In this work, the detection limits of furaltadone (FTD), 

furazolidone (FZD) and nitrofuratoin (NFT) were calculated according to 3 σ/s criteria where s is 

the slope of the calibration curve and σ is the standard deviation of the y-residue (sy/x).  

    The detection limits were found to be 0.40, 0.73 and 0.60 µM 

for furaltadone (FTD), furazolidone (FZD) and nitrofuratoin (NFT), respectively. 

 

    5.3.3.6.3 Reproducibility and repeatability 

    The repeatability of the procedure was determined by repeating 

the measurements of 60 µM furaltadone (FTD), furazolidone (FZD) and nitrofuratoin (NFT) for 

15 replicates. The reproducibility (intra-day) variations of the method were determined using 

triplicate injections of standard furaltadone (FTD), furazolidone (FZD) and nitrofuratoin (NFT) 

solutions at the concentraton of 60 µM and analysed on the same day. The reproducibility (inter-

day) precision was studied by comparing the results of the assays performed on different days on 

the same injected standard furaltadone (FTD), furazolidone (FZD) and nitrofuratoin (NFT) 

solutions in three replicates. The result was expressed in term of the percentage relative standard 

deviation (% RSD). Results are shown in Table 36-38. 
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Table 36 Replicate measurements by using standard 60 µM of furaltadone (FTD), furazolidone  

               (FZD) and nitrofuratoin (NFT) 

 

Experiment number 
ECL Intensity (a.u.) 

FTD FZD NFT 

1 12120 9010 7340 

2 12250 9340 7260 

3 12240 8780 7260 

4 12190 8830 7300 

5 12180 8560 7360 

6 12240 8430 6980 

7 12170 8400 7010 

8 12220 8950 6840 

9 12240 9530 7280 

10 12260 9340 7500 

11 12190 8840 7300 

12 12070 9340 7270 

13 12130 8890 6920 

14 12030 8560 6830 

15 12060 8400 6860 

Average 12173 8880 7154 

S.D 74.78 374.30 221.51 

% RSD 0.61 4.22 3.10 
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Table 37 Reproducibility for intra-day variations 

 

Times (hour) 
ECL intensity (a.u.), n=3 

FTD FTD FTD 

1 12173 8880 7154 

3 11170 8803 6710 

6 11100 8750 6610 

9 11180 7903 6410 

Average 11405 8584 6721 

S.D. 512 457 314 

% RSD 4.50 5.33 4.68 

 

Table 38 Reproducibility for inter-day variations 

 

Times (day) 
ECL intensity (a.u.), n=3 

FTD FTD FTD 

1 12173 8880 7154 

2 12110 9460 7940 

3 11010 8460 7480 

Average 11764 8933 7524 

S.D. 654 502 394 

% RSD 5.56 5.62 5.25 

 

  The Table 39 show the results of statistical analysis of the experimental data for 

furaltadone (FTD), furazolidone (FZD) and nitrofuratoin (NFT) tested. It was found that the 

calibration curve found to be linearity over the range 10-100 µM. The analytical characteristic for 

furaltadone (FTD), furazolidone (FZD) and nitrofuratoin (NFT) and the precision of the proposed 

method was attained by analyzing 15 samples of 60 µM. 
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   5.3.3.7 Effect of potential interferences 

  In order to assess the proposed method for the analysis of NFs in animal 

feed, the interference effects of coexisting substances, such as common cations, anions and other 

antibiotics expected to be present in the animal feed samples, were also examined. The solutions 

used for this purpose contain 60 µM NFs along with interfering species. The upper limit for an 

interfering species was calculated to be when the relative error for the determination of a standard 

NF solution was less than 10%. The tolerable concentration ratios for ionic interfering species 

were determined to be as follows: 1000-fold for Na
+
, K

+
,Mg

2+
 NO3

-
, Cl

-
; SO4

2-
and PO4

3-
;100-fold 

for Ca
2+

; 10-fold for NH4

+
. 

  In addition, the interference of other potential contaminants (antibiotics 

and drugs) was also tested using the same method described above. The tolerable concentration 

ratios were determined to be as follows: 1000-fold for penicillin; 100-fold for neomycin and 

cloxaciline; 10-fold for oxytetracycline, tetracycline and chlortetracycline; 1-fold for 

chloramphenical. Results show that this method is not as selective as the chromatographic 

methods reported since the determination of nitrofuransis greatly affected when certain 

tetracycline derivatives and chloramphenicol are present in up to 10-times weight ratio to 

nitrofurans. However, it is a simpler preliminary screening method with potential for in situ 

determination, while contaminating antibiotics can be removed from samples during the SPE 

extraction process. 

 

Table 40 Maximum tolerance of co-existing anion and cation for the determination of 60 µM NFs 

 

Cation/Anion Concentration ratios % Error, n=3 

Na
+
 1:0 - 

 1:1 3.38 

 1:10 -8.33 

 1:100 -9.45 

 1:1,000 -53.73 

 1:10,000 -91.07 
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Table 40 (continue)  

 

Cation/Anion Concentration ratios % Error, n=3 

K
+
 1:0 - 

 1:1 8.03 

 1:10 5.82 

 1:100 4.53 

 1:1,000 -9.59 

 1:10,000 -63.54 

NH4

+
 1:0 - 

 1:1 -9.12 

 1:10 -21.14 

 1:100 -17.68 

 1:1,000 -47.37 

 1:10,000 -89.18 

Mg
2+ 

1:0 - 

 1:1 2.45 

 1:10 -1.73 

 1:100 -2.97 

 1:1,000 -33.57 

 1:10,000 -81.61 

Ca
2+

 1:0 - 

 1:1 2.69 

 1:10 -9.82 

 1:100 -23.82 

 1:1,000 >-100 

 1:10,000 >-100 
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Table 40 (continue)  

 

Cation/Anion Concentration ratios % Error, n=3 

Cl
-
 1:0 - 

 1:1 3.38 

 1:10 -8.33 

 1:100 -9.45 

 1:1,000 -53.73 

 1:10,000 -91.07 

NO3

-
 1:0 - 

 1:1 8.03 

 1:10 5.82 

 1:100 4.53 

 1:1,000 -9.59 

 1:10,000 -63.54 

SO4

2- 
1:0 - 

 1:1 2.45 

 1:10 -1.73 

 1:100 -2.97 

 1:1,000 -33.57 

 1:10,000 -81.61 

PO4

3-
 1:0 - 

 1:1 -2.28 

 1:10 -4.95 

 1:100 0.63 

 1:1,000 30.30 

 1:10,000 30.21 
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Table 41 Maximum tolerance of co-existing potential contaminants (antibiotics and drugs) for the  

                determination of 60 µM NFs 

 

Antibiotics/drugs Concentration ratios % Error, n=3 

Chloramphenical 1:0 - 

 1:1 -17.74 

 1:10 -36.44 

 1:100 -87.67 

 1:1,000 >-100 

 1:10,000 >-100 

Chlortetracycline 1:0 - 

 1:1 -3.55 

 1:10 -7.99 

 1:100 -99.31 

 1:1,000 >-100 

 1:10,000 >-100 

Cloxaciline 1:0 - 

 1:1 -4.96 

 1:10 -2.83 

 1:100 >100 

 1:1,000 >100 

 1:10,000 >100 

Neomycin
 

1:0 - 

 1:1 2.15 

 1:10 0.27 

 1:100 -48.65 

 1:1,000 >-100 

 1:10,000 >-100 
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Table41 (continue)  

 

Antibiotics/drugs Concentration ratios % Error, n=3 

Oxytetracycline 1:0 - 

 1:1 -9.20 

 1:10 -25.52 

 1:100 -99.29 

 1:1,000 >-100 

 1:10,000 >-100 

Penicillin 1:0 - 

 1:1 -2.64 

 1:10 -2.39 

 1:100 1.64 

 1:1,000 >100 

 1:10,000 >100 

Tetracycline
 

1:0 - 

 1:1 -5.63 

 1:10 -13.62 

 1:100 -99.54 

 1:1,000 >-100 

 1:10,000 >-100 
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  5.3.4 Analytical applications 

  The developed method was then applied to determine NFs in poultry and porcine 

feed samples, obtained from shops where commercial feed was sold in Chiang Mai market. The 

feed samples were cleaned up using a solid phase extraction (SPE) cartridge prior to analysis by 

the proposed ECL method according to Barbosa et al. (2007). The SPE method was similar to that 

described previously (Thongsrisomboon et al., 2010); however the evaporated residue was 

reconstituted with 5 mL of 0.11 M PBS instead of H2SO4 carrier solution. The results of the NFs 

measurements were comparative to the HPLC procedure with photodiode-array detection 

(Barbosa et al., 2007), used as a reference method as can be seen in Table 42. The results show 

that only furaltadone residues are present in the collected animal feeds. The results were found to 

be statistically indistinguishable from those obtained by the ECL method at a 95% confidence 

level.  

  Three different concentrations of each NFs (25-85 µM) were spiked into the 

animal feeds to create synthetic samples. The average percentage recoveries of the spiked 

furaltadone drug measured by the proposed method were in the range of 93.33-96.86 %. With the 

performance of the proposed method (LODs of 0.40-0.73 µM), it can be seen that this method has 

enough sensitivity to meet regulatory requirements and can be applied to the control of nitrofuran 

residues in a wide range of animal feeds. 
 

Table 42 Comparative determination of furaltadone residues in animal feed by the proposed ECL  

                method and the reference HPLC method 

Feed sample 
Amount found (mg kg

-1
)± SD  

ECL method
a
 HPLC method

b
 t-value 

Feed A 1.49 ±0.04 1.45 ±0.02 1.74 

Feed B 1.54 ±0.05 1.50 ±0.10 0.59 

Synthetics Feed1 1.85 ±0.02 1.81 ±0.02 2.50 

Synthetics Feed2 1.90 ±0.05 1.88 ±0.03 0.43 

Synthetics Feed3 1.97 ±0.06 1.95 ±0.04 0.48 

Standard deviation from three determinations each, for the proposed method and the reference method. 

a. LOD of ECL method = 0.06 mg kg
-1 

(0.40µM). 

b. LOD of HPLC method = 0.047 mg kg
-1
. 

tcalculated values are less than tcritical 2.78 at 95% confidence. 
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Table 43 The average percentage recoveries of NFs 

 

Feed sample Add (µM) 
% Recoveries 

FTD FZD NFT 

Synthetics Feed 25 93.33 ± 2.31 90.91 ± 3.03 90.93 ± 1.23 

 55 95.76 ± 2.78 96.43 ± 1.38 97.51 ± 1.12 

 85 96.86 ± 2.96 96.15 ± 0.89 99.03 ± 2.17 

 

  5.3.5 Conclusion 

  L-cystein-capped CdTe-QDs were utilized to enhance the ECL intensity of a 

Ru(bpy)3

2+
 system and the ECL from the Ru(bpy)3

2+
/L-cysteine-capped CdTe-QDs system was 

significantly inhibited by the presence of nitrofurans. The proposed ECL method was successfully 

developed for the determination of total quantity of NFs residues. The results show that only 

furaltadone residues are present in the collected animal feeds. The concentration furaltadone 

found in porcine feed samples approximately 9.18-12.15 µM (1.49 – 1.97 mg kg
-1
). 

  The method is simple, sensitive and accurate, and was demonstrated to measure 

NFs in animal feed samples with satisfactory results. The proposed ECL method could be used as 

a rapid screening method that can improve the effectiveness of residual control in industrial 

laboratories, although contamination in exported food products should be confirmed by a suitable 

instrumental method. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER 6 

Summary and Recommendation for Further Work 

 

  Flow injection chemiluminescence (FI-CL) and electrogenerated 

chemiluminescence (ECL) analysis are rapidly growing according to the number of scientific 

papers published every year. One of the main interests is its application to environmental studies, 

where the fast response of FI-CL and ECL makes the analytical information available in near real 

time, especially useful for the on-line monitoring of rapid transformations of target analytes. FI-

CL and ECL are also cost-effective method and can be miniaturized with high analytical 

throughput. It also considerably decreases the amount of waste generated and hence the cost of 

waste disposal.  

  This thesis covers the application of chemiluminescence detection to develop 

two unrelated flow based methods for the determination of arsenic and cadmium in environmental 

samples and the ECL chemical sensor for nitrofurans. The first study was investigated the 

contamination of arsenic in seven ground water samples of Hang Chat district in Lampang 

province, Thailand, which is suffering from nearby mining and industrial waste landfill impacts. 

While the second attempt was the observation on the ranges of cadmium concentrations in the soil 

of Mae Sot district, Tak province where zinc mine is nearby located. The final part of this thesis 

reports the development of electrogenerated chemiluminescence sensor for the determination of 

nitrofuran antibiotics.  

In addition, when the FI-CL and ECL detection methods are used with particular 

and sensitive procedures, the unique combination of selectivity, sensitivity detector can provide a 

powerful analytical method with simple and inexpensive analytical instruments that compare 

favorably to the complex and expensive analytical instruments/techniques currently used for some 

environmental analyses. The major conclusions from this thesis are summarized below. 
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6.1 Summary of achievements in this thesis 

  In the first part of this study, the simultaneous determination of As(III) and 

As(V) in aqueous solution based on the acidic permanganate and luminol chemiluminescence 

detection systemshave been applied to a split microfluidicsflow injection with dual-channel 

manifolds at rapid sampling rate. The µFI-CL system consisted of two halves of micro-conduit 

platforms, which ran on a simple device made from small pieces of the laser engraved 

polymethylmethacrylate (PMMA) and polydimethylsiloxane (PDMS). The specific CL reaction 

for As(III) was produced by the oxidation of acidic potassium permanganate in the presence of 

sodium hexametaphosphate media, while the CL reaction for As(V) was generated based on the 

oxidation of luminol with a vanadomolybdoarsenate heteropoly acid (AsVMo-HPA) complex in 

an alkaline solution. The µFI-CL method involved the injection of the mixed standard solution 

into an acid carrier stream where it was then splitted and merged with the reagent solutions of 

each reaction systems on a spiral-designed microfluidic platform. The solution mixtures were 

passed through each spiral flow channel, where the CL intensity of both resulting reaction 

mixtures were measured with two photomultiplier tubes. Linear calibratons for As(III) and 

As(V)were established over the concentration ranges of 20-60 µg L
-1
. The limits of detection 

(signal-to-noise ratio of 3) of As(III) and As(V) were found to be 4 µg L
-1
 and the limits of 

quantification (signal-to-noise ratio of 10) were found to be 10 µg L
-1
, respectively. The proposed 

procedure was successfully applied for the determination of As(III) and As(V) in ground water 

samples collected from contaminated area of Lampang province. 

  Second, a sensitive flow injection chemiluminescence procedures was proposed 

for determination of cadmium in environmental samples. This chapter was focused on the 

exchangeable cadmium amounts from contaminated soil. A mini column, packed with 

polystyrene bead as an adsorption material, was used for the pre-concentration of Cd(II) ions 

based on the complex formation with the ammonium pyrolidinedithiocarbamate (APDC). The 

Cd-APDC complex adsorbed on polystyrene beads was eluted by methanol and simultaneously 

determined by the flow injection chemiluminescence system. The chemiluminescence reaction 

based on Cd(II) catalyze the luminol-H2O2 CL reaction in the present of alkaline media was 

chosen. Under the optimum condition, linear calibration graph was obtained with the limits of 

detection of 0.6 µg L
-1
 and the limits of quantification of 2.0 µg L

-1
, respectively.The proposed 
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procedure was successfully applied for the determination of Cd(II) in soils from nearby zinc 

mining area. 

  The final past of the study, a new approach to enhance the electrogenerated  

chemiluminescence (ECL) of the tris(2,2′-bipyridyl)ruthenium (II)(Ru(bpy)3

2+
) systemusing 

resonance energy transfer with L-cysteine-capped cadmium telluride quantum dots (CdTe-QDs) 

in aqueous solution. A possible mechanism to explain the ECL inhibition behavior was proposed 

which may arise from the competition of cysteine-capped CdTe-QDs and NFs on resonance 

energy transfer, which strongly enhance the ECL emission in solution. When the Ru(bpy)3

2+
 ions  

was oxidized during the anodic sweep by CV. The close contact between Ru(bpy)3

3+
 excited ions 

and CdTe-QDs made energy transfer possible to strong excite the luminescence of QDs. The 

control experiments were performed in the presence and the absence of CdTe-QDs. It was 

observed that very weak ECL signals could be observed in the presence of  only NFs, compared 

with that in the presence of CdTe-QDs itself and both CdTe-QDs and NFs. Thus, the competition 

of L-cysteine capped CdTe-QDs and NFs may created imperfections resonance energy transfer, 

and eventually led to the ECL quenching. The quenching effect of nitrofuran antibiotics on the 

anodic ECL of Ru(bpy)3

2+
 CdTe-QDs was found to be selective and concentration dependent and 

was observed to have a linear relationship over the concentration range 10-100×10
-6 

M. The 

detection limits were found to be 0.40, 0.73 and 0.60 µM for furaltadone (FTD), furazolidone 

(FZD) and nitrofurantoin (NFT), respectively. In addition, the proposed ECL method was 

successfully applied to detect the total residuals of selected nitrofuran residues in animal feed 

samples with satisfactory results comparing with high performance liquid chromatography. 
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6.2 Recommendations for further work 

  The FI-CL and ECL techniques were successful developed for the determination 

of arsenic, cadmium in environmental samples and nitrofuran antibiotics in animal feed. These 

analytical methods are simple and inexpensive method and easy to use. These chemiluminescence 

detection methods and flow injection systems are environmental friendly for chemical analysis. In 

the term of economic point of view, the used of the modified instrument for treatment of heavy 

metals and antibiotics is not only reduce the cost for the imported instrument, but also support in 

quality monitoring of the exported agricultural products to the oversea countries. 

  In the case of arsenic, the reported method could be further developed by 

coupled with HPLC, for an on-line separation procedure to improve the performance of CL 

detection. The FI-CL analysis of cadmium could be developed or coupled with on-line 

preconcentration using microfluidic device to improve the detection performance and 

miniaturized the extraction system with minimal reagent and time consumption. Since ECL 

detection combines the simplicity and control of electrochemistry with the enhanced sensitivity of 

chemiluminescence. The proposed ECL result demonstrate the promise of ECL-based detection 

and could be further develop as paper microfluidic sensors. Moreover, ECL techniques may be 

further developed by coupled with HPLC, to improve the performance of this technique for the 

simultaneous analysis.  

  The proposed FI-CL and ECL method can be both equipped with a computer or 

timer to automatically control the measurement and the evaluate data. An auto sampler device can 

be used to obtain accurate and reproducible data. The inexpensive and simple FI-CL and ECL 

systems described in this thesis could be developed for on-line or portable field analyzers for the 

determination of certain species in environmental samples. The computing capability of such 

devices has increased remarkably in recent years and will no doubt continue to do so for the 

foreseeable future. It is clear that the FI-CL and ECL method is not only a valid analytical method 

but will continue to provide inexpensive and reliable analytical instruments that will grow in 

importance both in developed and developing countries in the foreseeable future. This would be 

able to help the Thai government to improve the economy of Thailand in the near further. 
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