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 ผศ. ดร. เฉลิมพงษ ์ แสนจุม้ อาจารยท่ี์ปรึกษาร่วม 

บทคดัย่อ 

การพฒันาเซ็นเซอร์ทางเคมีไดเ้พิ่มข้ึนอย่างต่อเน่ือง ในช่วงหลายทศวรรษท่ีผ่านมา ดงันั้นจึง
สร้างเซ็นเซอร์ท่ีมีประสิทธิภาพอาศยัวสัดุเมมเบรนเพื่อการแยกสารและการตรวจวดัสารเขา้ดว้ยกนั 
เมมเบรนท่ีสนใจประกอบดว้ยเซลลูโลสจากแบคทีเรีย, เซลลูโลสจากพืช และเยื่อสังเคราะห์ทางเคมี
ในรูปแบบของแพลตฟอร์มท่ีลดขนาดลง วสัดุเมมเบรนท่ีแตกต่างกนัถูกน ามาใชเ้ป็นช่องทางการไหล
ส าหรับสารละลายอยา่งง่ายโดยไม่ตอ้งมีการสร้างท่ีซบัซอ้น 

 

เซ็นเซอร์ทางเคมีท่ีพฒันาข้ึนโดยการใชเ้มมเบรนถูกน ามาทดสอบโดยปฏิกิริยาเคมีบางประเภท
เพื่อตวัอย่างด้านส่ิงแวดล้อมและสุขภาพ เมมเบรนท่ีสร้างจากแบคทีเรียถูกน ามาใช้ส าหรับตวับงช้ี
ตน้แบบบางตวัไดแ้ก่ พีเอช และกลูโคส โดยการวเิคราะห์ค่าพีเอช ข้ึนอยูก่บัการวดัสีดว้ยรีเอเจนตอิ์นดิ
เคเตอร์ ทั้งท่ีเป็นธรรมชาติและมีจ าหน่าย ส่วนของการทดสอบกลูโคสมุ่งเน้นไปท่ีกระบวนการของ
เอนไซมก์ลูโคสออกซิเดสและฮอร์ราดิชเปอร์ออกซิเดส ซ่ึงอาศยัสารตั้งตน้ท่ีจ าเพาะ ในการวดัค่าพีเอ
ชมาตรฐานสามารถท าได้ในช่วง 4-8 ขณะท่ีกราฟมาตรฐานส าหรับการวิเคราะห์กลูโคสคือ y = 
6.8205x + 2.2506, R2 = 0.9897 ในช่วงความเขม้ขน้กลูโคส 0-10 mM ส าหรับการประยกุตใ์ชต้วัอยา่ง
จริงไดท้  าการศึกษาเก่ียวกบัอาหารเพื่อสุขภาพและเหง่ือเทียม 

 

เมมเบรนจากพืชธรรมชาติทั้งเส้นดา้ยและกระดาษถูกน าพฒันาข้ึนเพื่อสร้างเคร่ืองมือวิเคราะห์
ทางเคมีส าหรับการวิเคราะห์โลหะหนกั ไดแ้ก่ แคดเมียม, คอปเปอร์, โคบอลต์ และสารตา้นอนุมูล
อิสระ (โพลีฟีนอล) ซ่ึงการตรวจหาไอออนของโลหะมกัใช้รีเอเจนต์ (4-(ไพริดิล-2-อะโซ)-เรซอร์ซิ
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นอล (พีเออาร์)) ส่วนปฏิกิริยาเคมีส าหรับการหาปริมาณโพลีฟีนอลรวมและความสามารถในการตา้น
อนุมูลอิสระนั้นไดใ้ชว้ธีิโฟลิน-ไซโอแคลทู และดีพีพีเอชเรดิคอล กราฟมาตรฐานของปริมาณฟีนอลิก
ไดถู้กสร้างข้ึนในช่วง 0-100 ppm โดยมีการประยกุตใ์ชก้บัตวัอยา่งจริงท่ีเป็นชาเขียวจากหลายพื้นท่ีใน
การวเิคราะห์คุณสมบติัตา้นอนุมูลอิสระ 

 

เมมเบรนแลกเปล่ียนไอออน (โพลิเมอร์สังเคราะห์ทางเคมี) ไดรั้บการพฒันาเพื่อสร้างเซ็นเซอร์
ท่ีหาปริมาณฟอสเฟตในน ้าทะเล การตรวจหาฟอสเฟตนั้นสัมพนัธ์กบัวิธีวดัค่าสีโมลิบดีนมับลูและวธีิ
ทางไฟฟ้าจากสารเชิงซ้อน พบวา่กราฟมาตรฐานฟอสเฟตท่ีไดมี้ความเป็นเส้นตรงในช่วงความเขม้ขน้ 
0.1-10 µM ซ่ึงประสบความส าเร็จส าหรับงานทางดา้นส่ิงแวดลอ้ม 

 

เซ็นเซอร์ท่ีใช้เมมเบรนเหล่าน้ีสามารถท าการวิเคราะห์แบบลดขนาดดว้ยประโยชน์ในการใช้
งานไดห้ลากหลายประกอบดว้ย การวเิคราะห์ท่ีง่าย, ไม่ตอ้งปรับสภาพตวัอยา่ง, ลดปริมาณสารละลาย, 
และตน้ทุนต ่า ซ่ึงเป็นอีกทางเลือกหน่ึงส าหรับการวเิคราะห์ในสถานท่ีจริง 
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Abstract 

The development of chemical sensor has increased gradually over the past several 

decades. In this approach, the effective sensors employing membranes have been 

fabricated in order to combine separation and detection parts. The proposed membranes 

include bacteria-produced cellulose, plant-cellulose, and chemical synthetic membrane in 

terms of the downscaling platform. Different membrane materials were especially used 

as the individual channel without the sophisticated fabrication, responsible for the simple 

passive delivery of the solution.  

 

The proposed chemical sensors employing membranes were assessed by some 

chemical reactions respect to the environmental and health related samples. The bacteria-

produced cellulose membrane was demonstrated for some model markers namely pH and 

glucose determination. The pH analysis was based on a colorimetric measurement by 

indicator reagents (natural and commercial ones). The glucose assay was focused on an 

enzymatic process (glucose oxidase and horseradish peroxidase) with a special substrate. 

The standard pH benchmark was obtained in the range of 4-8, while a glucose calibration 

was y = 6.8205x + 2.2506, R2 =0.9897 in the range of 0-10 mM glucose. The real samples 

application was studied involving healthy foods and artificial sweat, aiming to a wearable 

sensor.  

 

The natural plant membranes, the cotton thread and paper materials, were offered 

for chemical analyses including heavy metals (Cd, Cu and Co), and antioxidant 



 

h 

(polyphenol) determination. The metal ions assay was commonly used with a 

chromogenic reagent (4-(pyridyl-2-azo)-resorcinol (PAR)). The chemistries for the 

antioxidant assay were based on Folin-Ciocalteu and diphenylpicryhydrazyl (DPPH) for 

the total polyphenol and antioxidant capacity, respectively. A calibration curve of the 

total phenolic quantity was plotted in the range of 0-100 ppm. Real applications were 

demonstrated for green tea samples from different places were analyzed for antioxidant 

capacity 

An ion-exchange membrane (chemical synthetic polymer) was developed for the 

in-line determination of phosphate in seawater. The phosphate evaluation involves the 

colorimetric molybdenum blue means and the electroactive complex method. A linear 

calibration graph in the range of 0.1–10 µM phosphate was achieved, which is sufficiently 

attractive for environmental field.  

 

These chemical sensors employing polymeric membranes achieved miniaturized 

analysis with various advantages including the easy operation, negligence of sample 

pretreatment, solution reduction, and cost-effectiveness, which is an alternative way for 

the on-site analysis. 
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ข้อความแห่งการริเร่ิม 

1) งานวิจยัน้ีมีวตัถุประสงค์เพื่อพฒันาเซ็นเซอร์ทางเคมีท่ีใช้เยื่อเมมเบรนพอลิเมอร์ส าหรับการ
แยกและตรวจวดัภายในอุปกรณ์ขนาดเล็กช้ินเดียว แพลตฟอร์มเมมเบรนท่ีหลากหลายถูก
ประดิษฐข้ึ์นไดแ้ก่ ไบโอเซลลูโลส (แบคทีเรีย), เซลลูโลสจากพืชและโพลิเมอร์สังเคราะห์ 

2) เซ็นเซอร์ทางเคมีท่ีใชเ้มมเบรนท่ีผลิตจากแบคทีเรียสามารถน ามาใชส้ าหรับการวิเคราะห์ทาง
เคมีสัมพนัธ์กับตัวบงช้ีบางตัวได้แก่ พีเอชและระดับน ้ าตาล คุณสมบัติหลักของวิธี น้ีคือ
เซ็นเซอร์ตน้ทุนต ่าและใชง้านไดดี้ (ความสามารถในการดูดซบัสูง, ความเป็นพิษต ่า, เมมเบรนท่ี
มีความยดืหยุน่, ขนาดเล็กและลดการใชส้ารละลายตวัอยา่ง) มีแนวโนม้ท่ีจะท าตวัเป็นเซ็นเซอร์
ท่ีใชไ้ดก้บัผวิหนงั 

3) การวิเคราะห์ทางเคมีผ่านการไหลแบบไมโครฟลูอิดิกโดยอาศยัเมมแบรนจากพืชธรรมชาติ 
(เส้นดา้ยและวสัดุกระดาษ) เพื่อใช้ส าหรับการวิเคราะห์โลหะหนกั และสารตา้นอนุมูลอิสระ 
(โพลีฟีนอล) งานวิจยัน้ีไดส้ร้างแนวคิดใหม่ท่ีมีความเป็นไปไดส้ าหรับเคมีวิเคราะห์สีเขียวและ
ส าหรับการทดสอบตวัอยา่งบริเวณพื้นท่ีจริงโดยเฉพาะอยา่งยิง่ในพื้นท่ีห่างไกล 

4) ระบบการไหลโดยผ่านเมมเบรนแลกเปล่ียนไอออน (พอลิเมอร์สังเคราะห์ทางเคมี) สามารถ
พฒันาข้ึนมาเพื่อหาปริมาณฟอสเฟตในน ้ าทะเล ส่ิงส าคญัของวิธีการน้ีคือหลกัการส่งผ่านรีเอ
เจนต์เขา้ไปในระบบโดยใชเ้มมเบรนท่ีง่าย เม่ือเทียบกบัวิธีการท่ีตอ้งอาศยัการเติมสารละลาย
ผา่นเคร่ืองมือท่ียุง่ยาก 

5) การใช้เมมเบรนแลกเปล่ียนไอออนควบคู่ไปกบัการตรวจวดัทางเคมีไฟฟ้ามีความเหมาะสม
ส าหรับการวดัสารเชิงซ้อนฟอสโฟโมลิบเดตในน ้ าทะเล การตรวจวดัไดใ้ชข้ั้วไฟฟ้าแบบไหล
เพื่อให้ปริมาณตวัอย่างท่ีใช้ลดลง, เป็นอุปกรณ์ขนาดเล็ก, พกพาได้, และใช้พลังงานต ่าซ่ึง
สามารถเช่ือมต่อกบัระบบไมโครฟลูอิดิกได ้
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STATEMENTS OF ORIGINALITY 

1. This research aimed to develop chemical sensors employing polymeric membranes 

for separation and detection within one small device. The diverse membrane 

platforms were fabricated including bio-cellulose (bacteria), plant cellulose, and 

synthetic polymer systems. 

2. Bacteria-produced membrane was demonstrated as chemical sensor for some 

important markers including pH and glucose determination. The main feature of 

this approach is low-cost and quite functional sensor (high adsorption capacity, low 

toxicity, flexible membrane, small size, and sample solution reduce), promising to 

behaved as a wearable sensor with human skin. 

3. Natural plant membrane (cotton thread and paper materials) was presented via self-

microfluidic behaviors for chemical analysis including heavy metals, and 

antioxidant (polyphenol) determination. This work has established a new concept 

in possibility of green analytical chemistry and possible for at site assay, especially 

being useful in some remote areas. 

4. Ion-exchange membrane (chemical synthetic polymer) in terms of in-line flow 

system was successfully developed for the determination of phosphate in seawater. 

The key advantage of this approach is a simpler, more integrated membrane-based 

reagent delivery principle, compared to established approaches that rely on the 

complex addition of solution. 

5. Ion-exchange membrane coupled with electrochemical detection was properly 

demonstrated for measuring an electroactive phosphomolybdate complex in 

seawater. Cross-flow electrode detection was used to receive the minimized sample 

volume demonstrating a small, portable equipment and receiving low power 

consumption interfaced with microfluidic module. 
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CHAPTER 1 

Introduction  

1.1 The membranes from natural and chemical synthetic resources  

A membrane is defined as a selective barrier, allowing some particles to pass 

through such as ions, molecules, and small particles. The structures of membranes can be 

neutral or charged [1]. They have been a separator in some chemical techniques, 

especially chromatography, and electrochemical sensors [2,3]. It can be generally 

classified into natural and chemical synthetic membranes. Cellulose materials have been 

realized and chosen as a membrane for microfluidic sensors without external forces. They 

are a common structure in various materials, mostly in plants (paper and cotton thread) . 

However, it is also produced by a variety of microorganisms such as bacteria, algae and 

fungi, derived from a fermentation process ( bio-cellulose) . Another approach of a down 

scaling sensor with membrane is focused on the thin layer polymeric membrane via ion 

selective behavior. The determination of an ionic activity is proportional to the membrane 

potential [4]. Most chemical synthetic membranes are made of polymer structure, 

generally meant for separation purposes in the laboratory or industry [5].  

1.2 Chemical sensors employing the separation and detection part 

By the International Union of Pure and Applied Chemistry (IUPAC), a chemical 

sensor is defined as a device that transforms the chemical information into the analytical 

useful signal. The information can be a concentration of the specific component or total 

composition of analysis. A chemical sensor involves two basic units, namely, receptor 

and transducer. The receptor part deals with transforming the chemical information into 

a form of energy. The transducer part involves converting the transformed energy based 

on chemical information of the sample into a useful analytical signal. The transducer does 

not then show selectivity. Apart from these mentioned above (two basic units), a sensor 

should include the separator, for example, a polymer membrane [6]. The chemical sensing
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development has grown steadily over the past several decades by the diversity of chemical 

measurements such as thermal, electrochemical, mass, magnetic and optical sensors.                

The sensors may be categorized based on their physical and mechanical properties [6,7]. 

The ideal chemical sensor is an inexpensive, portable, and foolproof device that responds 

with the good selectivity to the analyte of interest [8]. There have been various aspects of 

developments for such the ideal chemical sensor. Some recent trends of sensor 

development have been driven by miniaturization (downscaling sensors). Due to reducing 

the size of an assay by decreasing the amount of substance and power consumption, it 

results in the lower costs, short time and waste reduction. According to small sensors, a 

microfluidic flow has been of much interest. It relates to the manipulation of fluids, in 

microliter scales, which has been applied in several fields such as biology, medicine, 

pharmacy and agriculture [9].  

From the long history, the fabrication of new chemical sensors is substantial and 

has increased steadily in various material designs. The range of sensor applications was 

from sophisticated industrial processes to common consumer products. In the beginning, 

temperature sensitivity in diverse materials was presented in the early 1800s. In 1860, 

Siemens exhibited a temperature sensor with a copper resistor. After that, the silicon 

material was used to create a new method for transducing the electrical signal processed 

by a computer. Modern sensors encompass many opportunities for introducing new 

materials for effectiveness [10]. The recognition of a low cost and simpler gadget, the 

downscaling sensor has been highlighted, which microfluidic device is very appealing 

because of the manipulation of fluid in small volumes, or known as a micro total analysis 

system (µTAS) [11,12]. First of all, microfluidic sensors started in the 1990s from a 

silicon and glass platform (lap on chip), then PDMS (Polydimethylsiloxane) was instead 

fabricated because of high prices and inflexibility from the previous material [13]. 

Recently, many polymer membranes were selected for creating the microfluidic sensor.  

The separation behavior on the cellulose membrane, one of the polymer sheets, is 

significantly focused by some chemical researches [14,15]. For instance, a blood 

grouping system by the cotton natural materials based on the principle of antigen and 

antibody binding was presented. Separation of the red blood cells (RBCs) from the whole 

blood by the antibody principles considered the changing of colors. The blood group of 

ABO and Rh samples could be isolated using 2 μL for 1 minute without any preparation 
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of the blood clot. Colorimetric and electrochemical detections were mostly found in 

cellulose based sensors. For examples, using multiple colorimetric indicators for paper 

based devices were presented. The principle of this device was based on the oxidation of 

indicators by hydrogen peroxide produced by oxidase enzymes for each analyte. Different 

indicators generated the several colors of analyte products. This approach was 

successfully applied to the determination of glucose, lactate, and uric acid [16]. After that, 

the study of micro-fluid flow systems has appeared. Dipping cotton in the protein solution 

with different concentrations illustrated the variation of different blue intensity related to 

increasing a concentration of the solution [17]. Another colorimetry on the cellulose 

membrane was presented by cotton thread-based analytical devices for semiquantitative 

analysis. This paper described the simple quantitative analysis methods for a chemical 

sensor. Using a ruler measured the indicators color length which was changed on the 

thread. The system was made from cotton and polyester using multi-thread lines on the 

polymer film as a capillary flow system. In the result, the reaction between the reagent 

and different sample concentrations could be presented according to the length of the 

different colors on the yarn. The application to biological tests was available including 

protein and nitrite in the marine samples [18]. Electrochemical detection is also used for 

the lab on cellulose such as the rapid screening of Au(III) in industrial waste. Screen-

printed electrode using carbon ink was placed on the cellulose paper [19]. 

Apart from the cellulose based membranes as previously mentioned, chemical 

synthetic polymer membranes is a valuable part usually combined with electrochemical 

detection based on potentiometric and coulometric methods. For separation step of a 

polymeric membrane, selective chemical receptors in this membrane often used a 

lipophilic or ionophore as an ion exchanger [4]. Recently, the low-cost thin layer 

coulometric microfluidic device with a calcium selective membrane (porous 

polypropylene) was illustrated [20]. This device can be fabricated outside the common 

laboratory facilities regardless of external equipment. Calcium determination in the range 

of 10-100 µM in the mineral water was applied to compare with atomic absorption 

spectroscopy in a good agreement. A polymeric membrane ion-selective electrode for the 

assay of enzymes and their inhibitors was reported. Applications of this approach 

included the detection of both free and labeled enzymes and some bio-analytes. Substrate 

ions are consumed by a reaction of the enzyme in solution or immobilized on the 
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membrane surface offering a rapid and continuous sensor [21]. Thin layer coulometric 

determination of nitrate in fresh waters was studied. A nitrate ion-selective electrode 

(ISE) employing a permeable tubular membrane comprising a nitrate ionophore was 

supported on porous polypropylene, detected in the range of 10–100 M [22].  

This work is then aimed to develop chemical sensors employing polymeric 

membranes for separation and detection that are situated within one small device. 

1.3 Downscaling chemical analysis leading to green chemical sensors 

Downscaling analysis system has been introduced since the serious risks for 

operators and the environmental damage was occurred due to toxic reagents and the waste 

products from normal chemical experiments [23]. The reduction of solution was 

concerned via automation machines, flow-based method, novel green chemical system, 

and downsizing techniques [24,25]. The early stage of downscaling via flow-based 

techniques was originated by Ruzicka and Hansen with the high efficiency in various 

routine methods [26]. These can be illustrated into green chemical sensors in various 

application such as the lab on chip, paper based sensors and thread diagnostic system [17, 

27-32]. The functional advantages of these systems include portability, easy operation, 

less waste consumption, and low-cost device, applying to analytical monitoring, 

especially in limited areas. 

1.4 Colorimetric and electrochemical techniques 

Colorimetric techniques within this research are based on spectrophotometry,                

a general technique involving a quantitative measurement of the light intensity in terms 

of the spectrum [33,34], and the color processing (RGB value). This latter is associated 

with three primary colors from a digital image; red (R), green (G) and blue (B) shown in 

Figure 1.1 [35], evaluated in the range of 0 to 255 by means of ImageJ and Adobe 

Photoshop. A mobile phone camera, a popular and portable device, was chosen to capture 

the digital images. Generally, image sensors were chosen to detect the reflected light from 

the target products including charge-coupled devices (CCD)  and complementary metal 

oxide semiconductors (CMOS)  [36]. The relation between RGB intensity and sample 

quantitation can be used in diverse chemical analysis such as chromium, iron, methanol, 

glucose determination [37-43].  
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Figure 1.1: RGB color reflection  

 

Electrochemical techniques of this experiment are also discussed in potentiometry, 

cyclic voltammetry, and square wave voltammetry. Potentiometry, zero-current 

technique, is based on the potential across the membrane of the indicator electrode. It 

normally consists of two parts including ion-selective part (indicator electrode) and 

reference electrode which their different potential is measured under zero current (Figure 

1.2). This different potential is described by the Nernst equation (eq.1) where ai is the 

activity of analyte ion, R is the universal gas constant, T the absolute temperature, F the 

Faraday constant, zi the charge of the primary ion, and K is an experimentally determined 

constant potential value. According to the existence of interfering ions, the potential is 

measured by Nicolsky equation (eq.2), where ai and aj are the activities of the primary and 

interfering ions respectively, zi is the charge of ion i, Kij
pot is the potentiometric selectivity 

coefficient that illustrating the selectivity of analyte ion over interfering ion [44]. The 

separate solution method (SSM) is clarified as the two potentials along with the two ion 

activities are chosen to measure the selectivity coefficient [45].  

 

𝐸 = 𝐾 + 
𝑅𝑇

𝑧𝑖𝐹
 𝑙𝑛𝑎𝑖      (𝑒𝑞. 1) 

 

𝐸 = 𝐾 + 
𝑠

𝑧𝑖
log  ( 𝑎𝑖 + ∑ 𝐾𝑖,𝑗
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Figure 1.2: Electrochemical cell with ion-selective electrode for potentiometry (left),  

the potentials of the separately measured calibration curves (right) [44] 

 

Voltammetry is based on the measurements of current resulting from redox 

reaction in a function of the potential applied to the electrochemical cell. This technique 

allows to identify and quantify a large number of compounds such as cations, anions, 

organic compounds. Cyclic voltammetry (CV) is a useful method for identification of 

electroactive species during oxidation and reduction step. In this technique, the potential 

of a working electrode is linearly scanned by a triangular potential waveform. The 

resulting current is obtained and then plotted with potential as cyclic voltammogram as 

shown in Figure 1.3. The position of the cathodic peak current (Ipc, forward scan) is 

shifted to cathodic potentials (Epc) relative to the anodic peak current (Ipa, backward scan). 

This technique allows the measurement of the curves I = f (E). Additionally, If the 

electrochemical reaction is controlled by diffusion, the peak height is related to the square 

root of the scan rate [44, 46].  

Square wave voltammetry (SWV), one of the most popular techniques for the 

quantitative analysis, provides good speed and high sensitivity. A square wave pulse of 

the constant amplitude is covered on a staircase waveform, which their potential increases 

corresponding to oxidation and reduction waves. The net current is measured from the 

difference between the forward and reverse pulses at the end illustrated in Figure 1.4. 

Since the net signal is measured under the almost complete rejection of the capacitive 



   

7 

current, square wave voltammetry provides better sensitivity than cyclic voltammetry or 

simple step techniques, resulting in the detection limits as low as 10-8 M. The peak height 

is relative to the concentration of the electroactive species. This fast technique exhibits 

bell-shaped response curves that the different current is calculated from forward and 

reverse currents [44, 47]. 

 

 

 

 

 

 

 

 

 

 

Figure 1.3: Cyclic voltammogram for a reversible electrode [44] 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4: Mathematical simulation of the current calculated from the forward and 

reverse sampled currents, providing the bell-shaped square wave voltammetry [44] 
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1.5 Research objective 

To develop chemical sensors via both separation and detection/measurement steps 

in the same device, by employing polymer membranes for environmental and health 

related samples. 
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CHAPTER 2 

Chemicals, materials, instruments and devices 

2.1 Chemicals 

All are analytical grade, otherwise stated. 

1. Potassium chloride (KCl), ≥99.5% w/w, Merck, Germany 

2. Sodium hydroxide (NaOH), ≥98% w/w, Sigma-Aldrich, Germany 

3. Monopotassium phosphate (KH2PO4), ≥99.5% w/w, Merck, Germany 

4. p-anisidine, ≥99% w/w, Sigma-Aldrich, Germany 

5. 3,3′,5,5′-Tetramethylbenzidine (TMB), ≥99% w/w, Sigma-Aldrich, Germany 

6. D-glucose, ≥99.5% w/w, Sigma-Aldrich, Germany 

7. Glucose oxidase (GOD) from Aspergillus niger, Sigma-Aldrich, Germany 

8. Horseradish peroxidase (HRP), Sigma-Aldrich, Germany 

9. L-histidine monohydrochloride hydrate (C6H9N3O2), Himedia Laboratories 

10. Sodium chloride (NaCl), ≥99% w/w, Sigma-Aldrich, Germany 

11. Sodium dihydrogen phosphate dihydrate (Na2HPO4.2H2O), Sigma-Aldrich, 

Germany 

12. Sodium dodecyl sulfate (SDS), 98% w/w, Sigma-Aldrich, Germany 

13. Copper (II) sulfate pentahydrate (CuSO4.5H2O), ≥99% w/w, Merck, Germany 

14. Cadmium (II) acetate (Cd(COOCH3)2), ≥99% w/w, Sigma-Aldrich, Germany 

15. Cobalt (II) chloride (CoCl2), ≥97% w/w, Sigma-Aldrich, Germany 

16. 4-(pyridyl-2-azo)-resorcinol (PAR), ≥96% w/w, Sigma-Aldrich, Germany 

17. Gallic acid, (HO)3C6H2CO2H•H2O, ≥98% w/w, Sigma Aldrich, Germany 

18. L-ascorbic acid, C6H8O6, ≥99% w/w, Fisher Scientific, UK 

19. Folin- Ciocalteu reagent, Merck, Germany 

20. 2,2-diphenyl-1-picrylhydrazy reagent (DPPH: C18H12N5O6), ≥95% w/w 

Sigma-Aldrich, Germany 



 

10 

21. Sodium molybdate dihydrate (Na2MoO4.2H2O), ≥99.5% w/w, Sigma Aldrich, 

Germany 

22. Ammonium molybdate tetrahydrate ((NH4)6Mo7O24·4H2O), ≥99% w/w, Sigma 

Aldrich, Germany 

23. L-ascorbic acid (C6H8O6), ≥99% w/w, Fisher Scientific, UK 

24. Potassium antimonyl tartrate trihydrate (C8H4K2O12Sb2·3H2O), ≥99% w/w, 

Sigma Aldrich, Germany 

25. Sodium phosphate monobasic (NaH2PO4), ≥99% w/w, Sigma Aldrich, 

Germany   

26. Sodium hexafluorosilicate (Na2SiF6), ≥99% w/w, Sigma Aldrich, Germany 

27. Hydrochloric acid (HCl), 37%v/v, ACS grade, Sigma-Aldrich, Germany 

28. Sulfuric acid (H2SO4), 96%v/v, ACS grade, Sigma-Aldrich, Germany 

29. Ethanol (C2H5OH), ≥96% v/v, laboratory reagent, Sigma-Aldrich, Germany 

30. Universal pH solution (4.0-10.0), Merck, Germany 

31. The artificial seawater sample from NEPTUNEA SA (Aquarium shop in 

Confignon) 

32. The real seawater samples were from Arcachon Bay (France) and Genoa 

Station, Italy. All collected samples were immediately stored in a cold box and 

finally in a fridge at 4 oC, pH around 8. 

33. Cotton thread, Chom Thong, Chiang Mai, Thailand 

2.2 Instruments, devices and materials 

1. Micro well-plate with 96 wells or 24 wells, Sigma Aldrich, Germany 

2. UV/Vis spectrophotometer UV-1800, Shimadzu, Japan 

3. UV/Vis spectrophotometer Lambda 35, Perkin Elmer, USA 

4. Scanning electron microscope, SEM, JEOL, Japan 

5. Micropipett, Eppendorf, Germany 

6. Light controlling box (7 in.×10 in.×7 in.) 

7. Mobile phone camera, Apple Inc., all pictures were captured with the flash-off  

8. Plastic material (Polyethylene) 

9. Small vials 

10. Micropipette 
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11. Potentiostat/galvanostat PGSTAT 128N (Metrohm Autolab, Utrecht, 

Netherlands) controlled by Nova 1.11 software 

12. Peristaltic pump (Model ISM935c, Clattbrug, Switzerland 

13. Two-position selector and switching valves, VICI® (Valco Instruments 

Company Inc.), USA 

14. Silicone rubbers (Angst + Pfister), APSOparts®, Germany 

15. Cation-exchange membrane FKL-PK-130 (thickness 110-140 µm) and anion-

exchange membranes FAPQ-375-PP (thicknesses 70-80 μm), Fumatech®, 

FuMA-Tech GmbH, Germany 

2.3 The preparation of solutions and membrane 

2.3.1 The bio-cellulose membrane production  

The essential components to synthesize the BC membrane included coconut juice 

1.0 L (the main nutrient source), sugar (50 g), vinegar (10 ml), ethanol (150 ml), 

ammonium phosphate (1 g), the starter Acetobacter xylinum (100 ml, 10% of coconut 

juice). Other gadgets were based on the cotton tissue, pots, and bottles (round bottom 

type). 

2.3.2 pH determination  

Standard pH buffers in the range of 4-9 were prepared by 0.1 M potassium hydrogen 

phthalate (KHP) adjusted with hydrochloric, 0.1 M monopotassium phosphate (KH2PO4) 

adjusted with NaOH. pH reagent was divided into two types involving the natural and 

commercial sources (the universal pH solution (4.0-10.0)). Firstly, the dried butterfly pea 

flower, an organic herbal tea (Chiangmai tea), was extracted by soaking in DI water (1g: 

20 ml) about 10 min.  

2.3.3 Glucose determination  

Standard glucose was prepared by D-glucose for a stock solution (1,000 mg/L) 

dissolving in deionized water. Mix reagents in reaction1 (Figure 3.1A) included 0.1 M p-

anisidine (Aldrich), 0.005 M Fe2+ in H2SO4 0.005 M, and 0.5 M acetate buffer pH 4. Mix 

reagent in reaction3 (Figure 3.1C) include 2.5 M TMB (substrate), 0.1 M phosphate 

citrate buffer pH 5.0. The essential enzymes were glucose oxidase (GOD) and horseradish 

peroxidase (HRP). 
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2.3.4 Health related samples  

Six samples (1-6) were based on healthy and normal food involving sample 1: 

normal beverage, sample 2: healthy beverage, sample 3: low calorie sugar, sample 4: 

sugar substitute1 for the weight control and diabetics uses, sample 5: sugar substitute2 for 

the weight control and diabetics uses, sample 6: daily mate (healthy green tea for diabetics 

uses).  

Other six samples (7-10) were focused on the artificial sweat spiking with the 

glucose amount. According to the international standard (ISO 105:2013), mimic sweat 

sample can be obtained by 0.5 g L-histidine monohydrochloride hydrate, 5 g sodium 

chloride, 2.5 g sodium dihydrogen phosphate dihydrate made up in DI water 1 L.  

2.3.5 Comparing the behaviors of materials 

Anionic surfactant (sodium dodecyl sulfate (SDS)) prepared for a stock solution 

(5,000 mg/L) by dissolving 0.5000 g in deionized water and was made up to 100.00 mL 

volume. A stock methylene blue solution (0.0934% w/v) prepared by dissolving 0.0934 g 

of the solid in deionized water and made up to 100.00 mL volume. 

2.3.5 Heavy metal ions determination 

Standard stock solution (100 mg/L) were prepared: copper(II) from CuSO4, 

cadmium(II) from Cd(COOCH3)2, and cobalt(II) from CoCl2. The solid of 4-(pyridyl-2-

azo)-resorcinol (PAR) reagent was dissolved in water up to 100.00 mL (0.001 mol/L), 

borate buffer pH 9.2 was prepared by boric acid. All solutions were prepared in deionized 

water. 

2.3.6 Antioxidant determination 

Standard gallic acid stock solution (1000 mg/L) was prepared from gallic acid 

monohydrate. The solution of Folin- Ciocalteu commercial reagent was prepared to 0.02 

mol/L. Then, 2, 2-diphenyl-1-picrylhydrazyl reagent (DPPH) was dissolved in ethanol up 

to 0.06 mmol/L.  

2.3.7 Tea sample preparation 

0.015x g of tea powder was extracted with 20.00 mL of boiling water at 100 oC for 

10 minutes. Then, the infusions were filtered through filter paper (WhatmanTM No.1) and 

transferred into a volumetric flask (25 mL). Tea samples were freshly prepared. 
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2.3.8 Colorimetric measurement of phosphate assay 

The solution of ammonium molybdate tetrahydrate was prepared by dissolving 

solid 15 g in 500 mL of water. The sulfuric acid solution was obtained by adding 140 mL 

of concentrated sulfuric acid in 900 mL of water. Then, ascorbic acid solution was 

prepared by dissolving 27 g of L-ascorbic acid in 500 mL of water and stored in the 

freezer. Potassium antimony tartrate solution was prepared by dissolving 0.34 g of solid 

in 250 mL of water. The mixed reagent for phosphate measurement (Reagent(P)) by 

mixing the solution via the ratio of molybdate: acid: ascorbic: antimony = 2:5:2:1. For 

colorimetric detection, the mixed reagent was added to the sample in a volumetric ratio 

of 1:10. 
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CHAPTER 3 

Chemical sensor employing bacteria-produced cellulose based  

membrane 

Investigating the state of the art accessing to green chemical analysis, the bacteria 

cellulose material (bio-cellulose) is emphasized to prepare a membrane sensor including 

a separation and detection part. This proposed sensor is demonstrated to determine pH 

and glucose quantity in heath related samples. The advantages of this material membrane 

include its high crystallinity, high degree of polymerization, high water adsorption 

capacity, and low toxicity. In addition, it is also flexible material that enclosed on others 

easily such as paper, skin and hydrophilic substance. It is a low cost and pretty functional 

sensor for further chemical application in terms of wearable sensors. 

In this chapter, both important markers including pH and glucose determination 

were illustrated. The possibility and analytical characteristics of this expected sensor were 

studies with various factor effects. The real samples were done in terms of healthy foods 

and artificial sweat.  

3.1    Introduction  

Cellulose is a common structure in various materials, especially in plants (details in 

chapter 4). However, it is also synthesized by a variety of microorganisms such as 

bacteria, algae, and fungi, derived from a fermentation process. The general structure is a 

linear glucose polymer of ᵦ-1,4-glycosidic bond with various polymerizations. The plant 

cellulose (PC) and bacterial cellulose (BC) have the same chemical structure, but different 

physical and chemical properties. Cellobiose presents the six hydroxyl groups, which 

form intra- and intermolecular hydrogen bonds. Multiple cellulose chains form the 

elementary fibrils that further aggregate into larger microfibrils (5 - 50 nm in diameter 

and several microns in length). In these microfibrils, the bundles of elongated molecules 

in which highly crystalline regions alternated with less ordered regions (amorphous) [48]. 
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Plant-based cellulose is a renewable resource that is widely used in multifarious 

applications such as paper, textiles and construction materials (Chapter4). However, it 

consists of hemicellulose, lignin, waxy aromatic substances and other impurities that 

require the additional energy- or chemical- purification processes in order to obtain the 

pure cellulose. Bio-cellulose (BC), also known as the bacterial cellulose, is a chemically 

purer form of this cellulose that is synthesized by many micro-organisms in the presence 

of carbon source and acidic condition. BC exhibits the excellent characteristics than the 

plant cellulose such as high crystallinity, a high degree of polymerization, good 

adsorption capacity (over 100 times of its weight), greater tensile strength, stability, and 

low toxicity. Moreover, bio-cellulose has also a three dimensions property and is resilient 

for human’s skin [49, 50]. So, this can lead to medical application.  

Bio-cellulose is produced by various species of bacteria, such as those of the genera 

Gluconacetobacter (formerly Acetobacter), Agrobacterium, Aerobacter, 

Achromobacter, Azotobacter, Rhizobium, Sarcina, and Salmonella. However, 

Acetobacter xylinum is the most important and most efficient bio-cellulose producing a 

bacterial strain that is capable to produce high levels of polymer from a wide range of 

carbon and nitrogen sources and the highest yield of BC for industrial applications. It is 

a gram-negative rod-shaped bacterium that can obtain glucose, sugar, glycerol or other 

organic substrates and convert them into the pure cellulose. Generally, these bacteria were 

fermented actively at pH 3 - 7 (pH 4.3 is the most suitable) and 25˚C - 30˚C, using 

saccharides as a carbon source. Medium supplementation with some nutrients (nitrogen 

and phosphorus) can also increase the production of bacterial cellulose [48, 51-52]. 

General BC membrane prepared by the coconut juice medium was often chosen [52,53]. 

Another one was blended with silver nanoparticles (Ag), or aluminum (Al) to provide the 

antimicrobial ability [54].  

Wearable sensors have been recently fabricated as a tremendous tool for healthcare, 

security, and environmental fields [55]. Their applications were fairly diverse among the 

important biomarkers such as chloride, potassium, sodium, glucose, lactate, and pH in 

perspiration. In the sweat sample, pH is often considered to physiologic health (hydration 

state). Glucose is also an important marker in the health issue which could diagnose 

hyperglycemia, and is the essential factor for diabetic patients or people who concern an 

obese state [56-60]. 
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In this chapter, the important markers were evaluated based on pH and glucose 

determination. Firstly, the pH measurement using butterfly pea flower, a tropical plant of 

Asia known as Clitoria ternatea, has been commonly used in pharmaceutical and food 

products [61]. Extracting a butterfly pea is an alternative reagent of acid-base indicator 

instead of the synthetic chemical reagent [62,63]. Secondly, the glucose concentration 

was investigated since it is an important marker for diabetes and health diseases. From 

many literature reviews, they focused on the main mechanism via an enzyme and the 

substrate compound (Figure 3.1). The reaction by means of glucose oxidase and anisidine 

substrate was studied to provide the red complex product relating to the glucose quantity 

[64]. Moreover, horseradish peroxidase was also chosen for the glucose analysis to obtain 

brown color from the iodine solution [65,66]. Another choice of a mechanism from these 

enzyme strains was expressed via tetramethylbenzidine (TMB) substrate getting the blue 

complex [67-69], suitable for this proposed sensor.  

 

 

D-glucose + 𝐻2𝑂 + 𝑂2
𝐺𝑂𝐷
→   D-glucono-1,4-lactone + 𝐻2𝑂2 

 

𝐻2𝑂2 + ρ-anisidine 
𝐹𝑒(𝐼𝐼)
→    Red color product + 𝐻2𝑂 

 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

(A) 

(B) 
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𝐻2𝑂2 (𝑓𝑟𝑜𝑚 (𝐵)) + 3,3

′, 5,5′-tetramethylbenzidine (TMB)
𝐻𝑜𝑟𝑠𝑒𝑟𝑎𝑑𝑖𝑠ℎ 𝑝𝑒𝑟𝑜𝑥𝑖𝑑𝑎𝑠𝑒 (𝐻𝑅𝑃)
→                         3,3′, 5,5′-tetramethylbenzidine cation free radical ↔ blue complex 
 

Figure 3.1: The mechanism of glucose determination: (A) GOD and anisidine, (B) 

GOD with HRP and iodide, (C) GOD with HRP and TMB 

 

3.2 Experimental procedures 

3.2.1 The synthetic process of bacteria-cellulose membrane 

There are some methods for the BC synthesis process based on the bacteria strain 

[52, 53]. A. xylinum was used as the acetic acid bacterial strain. The culture medium was 

prepared with coconut-water and followed by the addition of sugar as the carbon-source 

and acetic acid as the acidifier. Coconut juice production was excessed from many 

applications of agro-industries in Southeast Asian countries. Because the residues still 

contain carbon and nitrogen sources, they could be utilized as a substrate for producing a 

good quality BC. In addition to carbohydrates and protein substances, coconut water also 

contains many old minerals needed by Acetobacter xylinum. After sterilization, the 

medium was inoculated with A. xylinum (5–10%, v/v) and cultivated statically for 3–7 

days. The celluloses were collected and rinsed with deionized water several times in order 

to remove bacteria and nutrients. The wet BC membranes sterilized by an autoclave and 

compressed to remove the excess water by a compressor. Another medium was 

cultivating the bacterial with the rice water in an inflatable pool for 10 days.  

Additionally, some metal particles were added into this cellulose mask for 

improving efficiency. A new nanostructure was blended on the BC membrane with Al 

particle in an aqueous NaOH/urea solution, media containing 0.5% ammonium sulfate, 

5.0% sucrose, and 1.0% acetic acid in the coconut water [70]. The BC membranes 

presented relatively high porosity and flexible membranes combined with the magnetic 

nanocomposite (iron oxide nanoparticles) functionalized with polyethylene glycol (PEG) 

[71]. BluRibbon was invented from the combination of two technology platforms: nano-

biocellulose technology (Acetobacter xylinum in Thai rice medium) and engineered silver 

nanotechnology. Silver nanoplates allow a larger amount of the silver ion interact with 

bacteria and fungi which shows the antimicrobial activities [54]. 

(C) 
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To prepare our own BC membrane, some ingredients were required. The coconut 

juice, sugar and nitrogen-containing compounds from a local market, was blended with 

the brown sugar as a carbon source in a prepared pot and then adding ammonium 

phosphate into the previous solution. Boiling for 5 min, the pot was taken in the cold-

water medium to get a better warm temperature. The vinegar, ethanol and bacterial starter 

were added into this homogenous solution following the ratio as mentioned above. 

Cultivating the bacterial solution from the previous procedure in each round-bottom bottle 

(250 ml), which sterilized by hot water. These bottles were closed and replaced by the 

tissue at the partial areas of their cap for the good producibility. After incubating in a 

room temperature environment for 7 days, the bio-cellulose was obtained initially. 

Produced cellulose membranes were collected by boiling for 5 min and then kept in a 

freezer at 4 oC (Figure 3.2-3.4). 

 

 

 

 

 

 

 

 

 

Figure 3.2: Acetobacter xylinum (Starter) 

 

 

 

 

 

 

 

 

Figure 3.3: Acetobacter xylinum in the nutrient medium 
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Figure 3.4: The produced cellulose membrane illustrating from left to right: day 1(a, b),            

day 3(c) 

 

3.2.2 pH determination via the proposed membrane sensor 

To begin the pH assay, the universal reagent or the butterfly pea reagent 10 µl was 

dropped on a filter paper. After that, buffer samples (100 µl) in the range of pH 4-8 were 

gradually added into the bio-cellulose membrane and then captured the result by iPhone 

camera (Figure 3.5). The information was linked to a program of color evaluation 

(ImageJ). 

 

 
 

Figure 3.5: A sensor diagram of the bio-cellulose membrane based on pH determination 

 

 

3.2.3 Glucose determination via the proposed membrane sensor 

To initiate a reaction, the ratio of reagent from the chemical part (chapter2) was 

done, GOD: HRP: buffer: TMB = 10: 10: 40: 250 µl. The mix reagent 10 µl was dropped 

a b c 
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on a filter paper and then glucose samples (100 µl) in the range of 0-20 and 0-10 mM 

were gradually added into the bio-cellulose membrane, captured the result by an iPhone 

camera (Figure 3.6). The information was linked to a program of color evaluation 

(ImageJ). 

 

 
 

Figure 3.6: A sensor diagram of the bio-cellulose membrane based on multi-analysis 
 

 

3.3 Results and discussion 

3.3.1 The properties of the produced bio-cellulose membrane 

3.3.1.1 The physical property 

 
 

 
 

 

Figure 3.7: The collected cellulose membrane from day 4 in terms of side- and above-

capturing (A, B), the accumulated layer membrane from day 2-12 (C) 

 

According to the preparation of the membrane as the experimental 

procedure (chapter 2.3.1), the proposed bio-cellulose was tough and flexible with the 

white color (Figure 3.7). Their diameter was around 9 cm based on the size of round bottle 
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container cultivating bacterial stain. From the above view, the appearance of the 

membrane was unique and quite homogeneous; however, their thickness was slightly 

different confirming from the side observation. This unexpected physical property is 

caused by not being in a static condition through an incubating process and the round 

bottle container. The average thickness of bio-cellulose membranes was measured by 

ruler daily presenting in Table 3.1. 

 

Table 3.1: The average thickness of bio-cellulose membranes with the different days 

 

Collecting 

Days 

The membrane thickness [cm] The example 

picture (Petri dish: 

9×9 cm) 
M1* M2 M3 M4 M5 Average±SD 

Day 2 0.30 0.40 0.35 0.40 0.45 0.38±0.06 

 

Day 3 0.60 0.65 0.55 0.52 0.50 0.56±0.06 

 
Day 4 0.75 0.70 0.75 - - 0.73±0.03 

 
Day 5 0.90 0.95 0.90 - - 0.92±0.03 

 

Day 6 0.95 0.95 1.10 - - 1.00±0.09 

 

Day 7 1.10 1.00 1.15 - - 1.08±0.08 

 
Day 8 1.40 1.60 1.55 - - 1.52±0.10 

 

Day 9 1.50 1.50 1.60 - - 1.53±0.06 

 
Day 10 1.55 1.60 1.50 - - 1.55±0.05 

 

Day 11 1.85 1.80 1.90 - - 1.85±0.05 

 

Day 12 2.10 1.90 1.90 - - 1.97±0.12 

 
 

*M: Membrane 
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Figure 3.8: The relation graph between the membrane thickness and collecting days 

 

  The thickness of the membrane was gradually increased via the incubating 

day from day 2 to 8 (Figure 3.8), then remained constant among day 8 to 10. After that, 

it continuously grew until day 12. The range of its thickness was around 0.30 – 2.00 cm. 

It was observed that the thickness was constant at some periods: days 5-7, days 8-10 and 

days 11-12. 

3.3.1.2 The moisture content ratio: [Wwet – Wdry]/Wwet × 100 [68]   

This cellulose sheet has been claimed as a good ability of water absorption 

in order to maintain the moisture within its structure. In attempt to check this property, 

our bio-cellulose membranes were cut into the piece of 2 × 2 cm, then heated up to 100 

0C by a mechanical oven (Figure 3.9). It took around 2-5 hours for heating. 

 

Table 3.2: The relation between the weight of membranes and collecting days 

Collecting 

days 

Details The weight of membrane [g]/piece 

1 2 3 4 5 Average±SD 

Day 2 BH* 0.8043 0.7909 0.7656 0.8377 0.6526 - 

AH* 0.0073 0.0075 0.0072 0.0080 0.0063 - 

%moisture 99 99 99 99 99 99±0.02 

Day 3 

(circle 

shape) 

BH* 1.0561 1.0973 0.9793 1.0968 0.8283 - 

AH* 0.0115 0.0118 0.0099 0.0117 0.0062 - 

%moisture 99 99 99 99 99 99±0.1 

Day 3 

(square 

shape) 

BH* 1.2191 1.4551 1.4722 1.2543 1.3388 - 

AH* 0.0167 0.0203 0.0218 0.0163 0.0207 - 

%moisture 99 99 99 99 98 99±0.1 
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Table 3.2 (continued) 

Collecting 

days 

Details The weight of membrane [g]/piece 

1 2 3 4 5 Average±SD 

Day 4 

 

BH* 1.5627 1.5588 1.8632 1.8242 1.8064 - 

AH* 0.0339 0.0303 0.0515 0.0455 0.0402 - 

%moisture 98 98 97 98 98 98±0.3 

Day 5 

 

BH* 3.3142 3.3601 3.3572 3.1243 3.1430 - 

AH* 0.1166 0.1203 0.1176 0.1160 0.1154 - 

%moisture 96 96 96 96 96 96±0.1 

Day 6 

 

BH* 3.1179 3.3925 3.3574 3.5781 3.0344 - 

AH* 0.1137 0.1154 0.1147 0.1245 0.1104 - 

%moisture 96 97 97 97 96 96±0.1 

Day 7 

 

BH* 3.9151 4.3605 3.8731 4.3219 4.4565 - 

AH* 0.1226 0.1278 0.1220 0.1261 0.1263 - 

%moisture 97 97 97 97 97 97±0.1 

Day 8 

 

BH* 5.2545 5.5982 5.3961 5.8073 5.7337 - 

AH* 0.1334 0.1362 0.1312 0.1482 0.1423 - 

%moisture 97 98 98 97 98 98±0.1 

Day 9 

 

BH* 5.2752 5.2521 5.6628 6.0823 5.2530 - 

AH* 0.1375 0.1309 0.1365 0.1472 0.1325 - 

%moisture 97 98 98 98 97 98±0.1 

Day 10 

 

BH* 5.2946 6.3268 5.3705 6.1141 5.9917 - 

AH* 0.1383 0.1414 0.1389 0.1422 0.1448 - 

%moisture 97 98 97 98 98 98±0.2 

Day 11 

 

BH* 7.0832 7.7409 6.1348 7.4599 6.1635 - 

AH* 0.1662 0.1661 0.1576 0.1679 0.1526 - 

%moisture 98 98 97 98 98 98±0.2 

Day 12 

 

BH* 6.4958 6.8636 6.3635 7.9287 7.6397 - 

AH* 0.1524 0.1586 0.1574 0.1643 0.1648 - 

%moisture 98 98 98 98 98 98±0.2 

*BH: Before heating, *AH: After heating 
 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9: The bio-cellulose membrane before- (above) and after- (below) heating 
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  It can be noticed that % moisture contents of the cellulose membranes 

were calculated in the range of 96-99% (Table 3.2), similarly to the literature review [68], 

which was not significantly different according to the increasing days. The process of 

cutting the bio-cellulose membrane into small size, especially thick sheet, was quite 

difficult that why the thin layer membrane was interesting for further experiment. 

3.3.1.3 The absorption ability with blue dye color 

  Another ability of this membrane is focused on the dye absorption in order 

to apply in analytical measurement. To clarify this, the cellulose membrane from day3 

was chosen to cut into small pieces. After the water had gradually evaporated in 

proportion to the increasing time (5, 10, 15, 20, 30, 40, 50 min), blue dye (2.0 ppm, 200 

µL) was carefully dropped on the cellulose membrane, then eliminating the excess 

solution.  

 

 

 

 

 

 

 

 

 

 

Figure 3.10: The absorption property of membrane (day 3) via blue dye color  

 

It was found that in the first period, the occurred colors on these 

membranes were slightly rough. After that, this blue solution was passed into each 

membrane gradually (Figure 3.10). This means the color absorption was affected by the 

water evaporation resulting in the color consistency. If the thickness of this membrane is 

selected, the suitable time of water loss will be chosen for the fabrication of the proposed 

membrane sensors. 
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3.3.1.4 The moving efficiency  

  The proposed cellulose membrane was used to compare with a filter paper, 

a size of 1×7 cm, in terms of flowing red dye. Firstly, a number of filter papers adhering 

on a plastic sheet were dripped into a vessel containing the red solution 6 ml. It can be 

concluded via the result that water and the red dye can penetrate along the filter paper in 

the vertical setting depended on the polarity. Second, bio-cellulose membranes were also 

cut into the size of 1×7 cm stuck on plastic sheet regardless of using scotch tape. After 

that, dripping them into the red dye solution in the vessel (Figure 3.11). The results 

illustrated the difference in behaviors comparing to a filter paper since this dye solution 

did not flow into the membrane in the vertical setting. This phenomenon can be explained 

by toughness and strength between materials. However, a red dye solution can flow into 

this material in a horizontal setting after dropping it. In addition, this cellulose membrane 

is flexible and adhere properly with other materials such as transparent plastics, filter 

paper, and skin. Therefore, this membrane material can be used as a channel for the 

solution flow.  

 
 

 

 

 

 

 

 

 

Figure 3.11: The absorption property of membrane (day 3) using blue dye color in a 

variety of the setting types 

 

3.3.2 The physical property of the commercial cellulose membrane (PIP company) 

 

3.3.2.1 The general information 

Since our synthetic membrane was difficult to control their thickness and 

evaporate water, the commercial bio-cellulose sheet has been selected to be a suitable 

material instead of the old one. This bio-cellulose mask was purchased from PIP 
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International company, PIP International Co., Ltd: 91/17 Wattananivej 4, Samsen Nok, 

Huai Khwang, Bangkok 10310 (Figure 3.12-3.13). This membrane has approximately 0.4 

mm in thickness, is a white, smooth and highly flexible sheet with pH 7 (Figure 3.14). 

These appearances are similar to the preliminary results from the synthetic cellulose 

membrane presented previously, but their thickness homogeneity is better. There is a 

certificate of natural and innovative material to confirm there were good natural quality. 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 3.12: The bio-cellulose sheet from PIP International company 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.13: The certificate of natural and innovative material (a coconut sheet) 

  

 

 

 

 

 

 

 

 

 

Figure 3.14: pH value of the bio-cellulose sheet  
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3.3.2.2 Several types of natural membranes 

There are four types of natural membranes using for face mask including 

the face lotion sheet (pulp: A), paper face mask (cotton: B), mask 3D (rayon: C), and 

this bio-cellulose mask (bacteria: D) as shown in Figure 3.15. 

 

 
 
 
 
 

 
 
 

 

 

 
 

Figure 3.15: The different forms of natural membranes as masks 

 
 
 

 
 

 
 
 

 

Figure 3.16: The membranes contacting with human skin in the dry condition (above), 

the wet condition (below) 

 
 
 

  It is noticed (Figure 3.16) that the flexibility of bacterial fiber was higher 

than that of natural or synthetic plant fiber (pulp, cotton, rayon). Also, this material can 

be directly exposed to human skin; therefore, it could be used for chemical analysis with 

the functional sensor. These properties are related to the inner structure of the membrane 

as illustrated in Figure 3.17. It can be explained that the bacterial fiber exhibits a delicate 

and pure structure, compared with the plate fiber, receiving better tensile modulus [72]. 

In addition, % moisture content ratio from bacterial cellulose was more than that of others 

(Figure 3.17, Table 3.3). 
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Figure 3.17: The physical appearance of cellulose membranes [73] 

 

Table 3.3: The moisture content ratio of the membrane: %moisture content ratio = (Wwet 

– Wdry)/ Wwet × 100 

The mask 

types 

Detail The weight of membrane [g]/piece Average±SD 

1 2 3 4 5 

1.1 Wet 0.0589 0.0679 0.0797 0.0660 0.0724  

Dry 0.0106 0.0106 0.0105 0.0094 0.0098 

%moisture 82 84 87 86 86 

 6 7 8 9 10 

Wet 0.0736 0.0749 0.0653 0.0627 0.0504 

Dry 0.0109 0.0107 0.0093 0.0097 0.0086 X̄±SD = 

85±1.53 %moisture 85 86 86 85 83 

 

1.2 Wet 0.0394 0.0538 0.0578 0.0542 0.0534  

Dry 0.0078 0.0068 0.0080 0.0073 0.0078 

%moisture 80 87 86 87 85 

 6 7 8 9 10 

Wet 0.0636 0.0594 0.0546 0.0503 0.0506 

Dry 0.0090 0.0095 0.0080 0.0080 0.0073 X̄±SD = 

85±1.98 %moisture 86 84 85 84 86 

 

1.3 Wet 0.0379 0.0364 0.0419 0.0379 0.0423  

 Dry 0.0057 0.0058 0.0070 0.0068 0.0071 

 %moisture 85 84 83 82 83 

  6 7 8 9 10 

 Wet 0.0456 0.0360 0.0421 0.0504 0.0406 

 Dry 0.0069 0.0067 0.0063 0.0069 0.0063 X̄±SD = 

84±1.49  %moisture 85 81 85 86 84 

 

1.4 %moisture (from the previous results (3.3.1.2)) X̄±SD = 

99±0.2 
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3.3.2.3 The fabrication of the proposed membrane sensor  

These membranes were cut into small pieces as shown in Figure 3.18 

which the rectangular shape is the suitable pattern for further experiment. Considering the 

benefit of this material membrane resulting in the propose of this work, bio-cellulose was 

chosen to absorb the sample solution to react with a chemical reagent coated on a filter 

paper. After that, the red dye solution (4 mg/ml) was dropped to these bio-cellulose pieces 

as presented in Figure 3.19. The reproducibility measurement by the color intensity was 

done (Red: %RSD 1.45, Green: %RSD 5.65, Blue: %RSD 7.66), resulting in the 

acceptable range, not over 10%RSD. Due to the limitation of cutting membrane in other 

shapes, a filter paper should be an alternative choice of a reaction zone. Therefore, the 

research approach was demonstrated by having a newly the prepared membrane as a 

material as sample preparation and the reaction for detection with reagent solution on 

filter paper as a detection zone. The preliminary experiment was studied to check the 

possibility of this sensor; dropping the dye solution to the bio-cellulose sheet was 

transferred to a filter paper. After 10 min, the product picture was taken (see Figure 3.20). 

The bio-cellulose membrane can be used together with a filter paper as both have the 

cellulose structure in providing hydrophilic property. 

 
 
 

 
 

 
 
 

 
 

Figure 3.18: The small sheet of bio-cellulose membrane captured in the general 

environment (left), in the controlling box (right) 

 

 

 

 

 

 

Figure 3.19: The bio-cellulose membrane absorbed with red dye solution 
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Figure 3.20: The filter paper absorbed with red dye solution via the cellulose membrane 

 

3.3.3 pH determination 

3.3.3.1 The possibility of downscaling on pH reaction  

The 96 well-plate was chosen for a preliminary study in terms of the 

possibility of downscaling on pH reaction using universal reagent, reacting with standard 

buffer solution pH = 4 (measured by a pH meter) as shown in Figure 3.21. The results 

revealed the suitable ratio based on 200:50 µl because of the clear color and regardless of 

the excessive use of substances (Figure 3.21).  

 

 

 

Figure 3.21: The standard color chart of pH determination (left), the ratio of buffer 

solution and universal indicator (right) 

 

After selecting the suitable condition ratio of a reagent, the different pH 

buffer solutions were prepared to standardize the unique color for a pH characterization. 

The color result as shown in Figure 3.22 was properly distinguished based on the different 

pH buffer similarly with the standard color. It can be concluded that pH assay is probably 

measured by the downscaling method. 
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Figure 3.22: The standard color of pH determination using a universal indicator 

3.3.3.2 The fabrication of the proposed sensor for pH measurement using                      

a universal indicator 

Study the ratio between a standard buffer solution and a universal reagent 

on a filter paper was done. Several ratios of the buffer solution pH 4 and a universal 

reagent were performed on a filter paper (8 mm diameter) number 1. It can be concluded 

that the best ratio was 10:5 µl since the benchmark color was obtained with less reagent 

quantity (Figure 3.23). Interestingly, when the universal reagent 5 µl was used to react 

with more buffer volume, the color was remained stable verifying the suitable choice of 

reagent ratio in terms of the bio-cellulose sensor. The obtained color from buffer solution 

at different pH values was presented in Figure 3.24. 

 

 
 
 
 
 

 

Figure 3.23: The ratio of buffer solution: a universal indicator from left to right: 2:10 µl, 

5:10 µl, 10:10 µl, 20:10 µl, 5:5 µl, 10:5 µl, 15:5 µl, 20:5 µl 

 

 
 
 
 

 
Figure 3.24: The obtained color from the different pH buffer based on a filter paper 



 

32 

 

The possibility of chemical sensors based on bio-cellulose and filter paper 

was demonstrated by flowing sample solution pass through the bio-cellulose membrane 

(sample preparation) and then reacted with the reagent covered on a filter paper (detection 

zone), occurring the diagram presented as Figure 3.25, more details shown in 

experimental part (section 3.2.2) 

It can be mentioned that the color intensity from the proposed device was 

weaker than the filter paper, but the trend of the color change following the different pH 

values of buffer solutions was still the same. This is why the expected sensor can possibly 

apply to pH determination. 

 

 
 

Figure 3.25: pH determination based on the proposed sensor with a universal indicator 

 

3.3.3.3 The fabrication of the proposed sensor for pH measurement using 

the butterfly pea reagent (BP) 

An alternative reagent for pH assay was considered on extracting a 

butterfly pea flower. The 96 well-plate was chosen for the preliminary study on the 

possibility of downscaling in terms of pH reaction by BP reagent, reacting with standard 

buffer solution (evaluated by pH meter) in the ratio of 200:50 µl as shown in Figure 3.26. 

The color result was fairly distinguished based on the different pH buffer, agreed with the 

result via dropping solution on a filter paper as shown in Figure 3.27. Therefore, pH assay 

can be measured by a downscaling method with the natural reagent (BP extraction) as an 

alternative way. 
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Figure 3.26: The standard color of pH determination using the BP reagent 

 

 

Figure 3.27: The obtained color from the different pH buffer based on a filter paper 

 
After that, the fabrication of chemical membrane sensors based on bio-

cellulose and a filter paper was demonstrated by flowing a sample solution pass through 

the bio-cellulose membrane (sample preparation) and then reacted with the reagent 

covered on a filter paper (detection zone), as illustrated in Figure 3.28. 

 

 

 

 

 

 

 

 

Figure 3.28: The mixture of the buffer and BP reagent based on bio-cellulose membrane 
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Figure 3.29: pH determination based on the proposed sensor with BP reagent 

 

It can be mentioned (Figure 3.29) that the color intensity from the 

proposed device was not dramatically different from the well-plate system previously. 

Although this natural reagent from extracting the butterfly pea can be used for pH 

measurement, the universal reagent provided a better result, clear separation. Therefore, 

this natural reagent should be used as an alternative method. 

3.3.4 Glucose determination  

3.3.4.1 The possibility of downscaling on a glucose reaction  

From the proposed sensor which tested with pH detection, another 

chemical analysis (glucose determination) is also focused on. Numerous mechanisms in 

the introduction part were concentrated (Figure 3.1); however, one of them did not fit 

with this cellulose sensor because of the complex color is brown (Figure 3.1B), difficult 

to evaluate by RGB system. The mechanism that related to form the red product via 

glucose oxidase and anisidine (substrate) was investigated as below. The chemical 

reagents were shown in the experimental part in chapter 2 (section 2.2.3, mix reagents 1), 

which initiated the red complex on a well-plate by the ratio of glucose: GOD: mix reagent 

1 = 1:1:5, standard glucose: 0-1 mM (Figure 3.30A-B), 0-20 mM (Figure 3.30C).  

It can be seen that this reaction can apply to determine the glucose value 

based on changing the red color by means of increasing glucose quantity (Figure 3.30). 

Unfortunately, p-anisidine is quite high toxic and do not be a good candidate for on-site 

analysis where a safe hood does not include.  
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Figure 3.30: Glucose determination on the well-plate: 0-10 mM (outside the controlling 

box (A), inside the controlling box (B)), 0-20 mM (C) 

 

Another mechanism is based on glucose oxidase, horseradish peroxidase 

and TMB (substrate). There are some solutions which illustrated in the experimental 

chapter 2 section 2.2.3 (mix reagents 2). The blue complex was appeared on well-plate 

by the ratio of glucose: GOD: HRP: buffer: TMB = 80: 10: 10: 40: 250 µl, standard 

glucose: 0-20 mM. The well-plate platform was chosen for testing a downscaling analysis 

in glucose assay (figure 3.31). The result revealed the good trend between the color 

intensity and the sample concentration in the range of 0-10 mM glucose (Figure 3.32). 

That why this concentration range should be selected for the proposed sensor. 

 

 

 

 

 

 

 

 

 

 

Figure 3.31: Glucose determination using the 96 well-plate: 0-20 mM (A), 0-10 mM (B) 
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Figure 3.32: A calibration graph of glucose determination using the well plate: 0-20 mM 

(A), 0-10 mM (B) 

 

3.3.4.2 The fabrication of the tiny sensor for glucose assay 

After that, the possibility of chemical sensors based on bio-cellulose and 

a filter paper was demonstrated, a similar procedure with the previous experiment (pH 

measurement) as shown in Figure 3.33. In the experimental part, some solutions were 

required following the experimental part. It can be noticed that glucose measurement (0-

10 mM) can be done via the red or gray intensity. A calibration graph between the red 

A 

B 



 

37 

intensity and the standard glucose concentration was plotted providing good linearity and 

correlation (Figure 3.34-3.35). The limit of detection of this biodegradable sensor was 

0.56 mM, 3×SD of the blank solution. 

 

 

 

 

 

 

 

 

Figure 3.33: The glucose sensor diagram of the bio-cellulose and a filter paper  
 

 

 

 

Figure 3.34: The glucose assay of 0-20 mM glucose based on the cellulose sensor (A), 

0-10 mM glucose (B) 

 
 

 

 

 

 

 

 

 

 

Figure 3.35: A calibration graph for glucose measurement using the bio-cellulose sensor 
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3.3.5 The health related application 

The possibility of this bio-cellulose membrane as a portable sensor in analytical 

chemistry was an alternative way to apply for health related samples (food and artificial 

sweat). Some standard methods were selected for pH and glucose analysis as mentioned 

in the appendix. 

3.3.5.1 Glucose analysis of healthy beverages 

The calculated value was based on the standard calibration, which used 

ImageJ program for RGB measurement. It can be found that the glucose values of samples 

1-6 were 0 mM, 0 mM, 4.0 ± 1.6 mM (not dilute), < LOD, 1.8 ± 2.0 mM (not dilute), and 

0 mM (Figure 3.36). 

 

 

 

Figure 3.36: Glucose determination of real samples (1-6) via the bio-cellulose sensor 

 

3.3.5.2 pH and glucose analysis of the artificial sweat: sample 7-10  

Artificial samples (7-10) were prepared by following the protocol in chapter 2 and 

then tested of pH value and the glucose content. Comparing to the standard chart of pH 

via the universal and butterfly pea reagent, the pH values of samples 7-10 were estimated 

(Figure 3.37) that were 7.0-7.5, 7.0-7.5, 4.0-5.5, 4.0-5.0 (universal reagent), and 7.0-8.0, 

7.0-8.0, 4.0-5.0, and 4.0-5.0 (natural reagent). 
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Figure 3.37: pH analysis of real samples (7-10) via the bio-cellulose sensor 

 

After that, the calculated glucose value was based on the standard 

calibration previously, with ImageJ program for RGB measurement. It can be found that 

glucose values of samples 7-10 were 4.7 ± 0.8 mM, 7.7 ± 0.1 mM, 4.8 ± 0.9 mM, and 7.4 

± 0.3 mM respectively (Figure 3.38). 
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Figure 3.38: Glucose analysis of real samples (7-10) via the bio-cellulose sensor 

 

3.3.5.3 Comparing results between the proposed method and standard 

techniques  

From the experiments (section 3.3.5), the glucose quality in normal and 

healthy beverages (sample 1-6) were measured by the developed cellulose platform 

comparing to glucose machine and spectrophotometry. It can be summarized that the 

proposed sensors provided the glucose concentration almost similarly to all standard 

methods (Table 3.4). Therefore, this can be a valuable way for diabetic patients or people 

who concern their obese state. Apart from the food samples, the goal to fabricate wearable 

sensors is promising. The preliminary step to apply for human biofluid was based on the 

artificial sweat. Considering some markers in health issue, pH is often considered 

physiologic health (hydration state) and glucose is also an important marker to diagnose 

hyperglycemia. It should be noticed that pH and glucose in the artificial sweat via 

developed sensor compared with all standard methods did not have significant 

differences. This should be a good guidance to improve this sensor for real- time 

monitoring in the human body. 
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Table 3.4: pH and glucose values measured by the proposed sensor compared to 

standard methods 

Samples 

pH analysis  Glucose analysis (mM) 

pH 

meter 

pH 

strip 

This 

system 

Glucose 

machine 

Spectro- 

photometry 

This 

system 

1 ne ne ne ER* nd nd 

2 ne ne ne nd nd nd 

3 ne ne ne 4.00 4.60±0.01 4.0±1.6 

4 ne ne ne nd nd nd 

5 ne ne ne 1.44 1.43±0.01 1.8±2.0 

6 ne ne ne ER* nd nd 

7 7.50 7.5 7.2 / 7.5** 4.88 4.74±0.01 4.7±0.8 

8 7.22 7.3 7.0 / 7.0 7.94 8.31±0.02 7.7±0.5 

9 4.53 4.5 5.2 / 5.0 5.22 5.01±0.68 4.8±0.9 

10 4.05 4.0 5.0 / 4.5 7.50 8.32±0.37 7.4±0.3 

ER* = ERROR statement shown (The machine did not show any values)  

X/Y** = pH value via universal indicator / natural reagent 

ne = no experiment performed 

nd = not detection 

3.4 Conclusion 

 The bio-cellulose membrane using bacteria strain has been launched as a chemical 

sensor with a mobile phone. This membrane purposes for the sample solution flowing 

whereas the paper immobilized with reagents for a chemical reaction. The performance 

of the proposed membrane sensor was acceptable and showed no need for sample 

pretreatment. In our attempt to determine some markers in healthy foods and the artificial 

sweat, pH and glucose determination were illustrated. The results from real samples have 

a good agreement with the standard method. The main feature of this approach is a low-

cost and quite functional sensor (high adsorption capacity, low toxicity, flexible 

membrane, small size, and sample solution reduction) apparently for the chemical 

application. This developed membrane sensors should be promising to behave as a 

wearable sensor for further monitoring with human skin (the real-time monitoring). 
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CHAPTER 4 

Chemical sensor employing plant-cellulose based membrane  

The natural membranes are recently interested in a chemical sensing according to 

green analysis. These platforms can be demonstrated from plant resources: the cotton 

thread and paper material. The cellulose structure was deeply described in Chapter3. 

Thread as a microfluidic behavior without the complicated channels fabrication was 

chosen for the solution delivery without sample preparation which most researchers had 

emphasized in low-cost clinical diagnostic. 

In this section, the use of these membrane materials combined together into 

chemical sensor provides separation and detection areas. Several applicable fields are 

illustrated including heavy metals (Cd, Cu), and antioxidant (polyphenol) determination.  

4.1    Introduction  

Microfluidic platforms and chemical sensors have recently been of much interest. 

Several types of materials and their applications have been investigated in various 

approaches. Apart from paper material, the cotton thread which is another cellulose based 

material has also gained interest in the purposes as being cost-effective by itself. Their 

channel fabrication required no sophisticated instrumentation and a clean room. Recently, 

the concept of cellulose based analytical devices was originated by the Whitesides group 

in 2007 presenting a type of porous cellulose paper for diagnostics. Glucose and protein 

assays were measured in a short time [73]. After that, many researchers have developed 

many types of cellulose-based analytical sensors with excellent performance because of 

their advantages such as lightness, low-cost, disposable device, and reagent transport. For 

instance, thread based sensors were applied in environmental science and point-of-care 

diagnosis. In the most developing countries, laboratory diagnosis was instituted at a center 

part of the country affected the difficult determination of samples in isolated rural areas. 

Therefore, the diagnosis application by analyzing the biological measurements including 
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malaria, HIV, nitrite ion, uric acid was done by thread based sensors [74-76].                      

Another alternative material was noodle based system which can be a new analytical 

platform for the copper determination with self-indicator property [77].  

Heavy metal ions are considered as the most toxic and carcinogenic pollutants [78]; 

some of them in drinking water cause vital diseases. As the rapid growth of industrial 

development, the metal ions are highly contaminated into the water causing to drinking 

and agriculture purposed water. The recent report explained that the cadmium (Cd2+) 

quantity is linked to cardiovascular diseases and also involved in prostate, liver, and lung 

cancers. Other metal ions (Cu2+, Co2+) are also toxic based on receiving the excess dose 

that why the determination of these heavy metals is important. Colorimetry becomes a 

choice for metal ions determination, commonly used a chromogenic reagent (4-(pyridyl-

2-azo)-resorcinol (PAR)). Complex products between metal ions and PAR absorbed in 

the range of 410-530 nm [79-80]. There were reported on the determination of metal ions 

by using 4-(pyridyl-2-azo)-resorcinol (PAR) reagent [81-843].  

The phenolic compounds in several plants are vital substances which scavenge and 

quench free radical reactions, causing oxidative damage (cancer). One of the methods for 

the total phenolic content assay refers to Folin-Ciocalteu method which involves the 

reactions of Mo (VI) and Mo (V) compounds via the yellow-blue color change [84, 85]. 

Various in vitro colorimetric methods are commonly available used for the evaluation of 

antioxidant capacity including that employing 2,2′-Azino-bis(3-ethylbenzothiazoline-6-

sulfonic acid) (ABTS), 2,2-diphenyl-1-picrylhydrazyl (DPPH), and hydroxyl radical 

scavenging activity [86]. Among those, DPPH is the most popular one for screening. 

DPPH is a stable free radical that can accept an electron or hydrogen radical to become              

a stable diamagnetic molecule. The value of IC50 defined as the concentration of substrate 

that causes 50% loss of the DPPH color [87, 88]. The total phenolic content exhibited            

a strong correlation with DPPH• scavenging activity [89, 90]. 
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4.2 Experimental procedures 

4.2.1 The cotton thread combining paper based platform 

The cotton thread was obtained from Chom Thong community enterprise, Chiang 

Mai, Thailand, approximately 0.3 mm diameter using a webcam camera and a ruler. The 

cotton line is are made up of ~200 fibers, approximately 13±2 µm (n=10) of each fiber’s 

branch-wide. The cotton thread was treated to improve hydrophilic behavior by                                   

a modified mercerization method based on soaking this material with 20%NaOH for 5 

min. The fibers were then rinsed with DI water and neutralized with hydrochloric acid 

before putting in a desiccator for drying under the conditions similar in previously 

reported [91]. For quantitative analysis, cotton thread bunches stuck on a plastic sheet 

could serve as a channel for a solution to flow due to microfluidic behaviors. The solution 

migrates along the cotton thread and then reaches a reagent on paper pieces. 

4.2.2 Comparing the behavior of cellulose materials 

For thread-based device, as shown in Figure 4.4, each cotton line (10 cm per line) 

was attached on a plastic sheet using transparent tape. Then, SDS solutions, 0 to 5000 

mg/L, were added to a container in a volume of 300 µl. To begin, pieces of cotton on 

plastic material were dipped into a container for 20 minutes. Different concentrations of 

SDS penetrated on the cotton thread with different distances. Then, a mobile phone 

camera was used as a detector to take a picture and link the information to a program of 

distance’s evaluation (ImageJ). 

4.2.3 Metal ions determination 

For three metals assay (Cu2+, Cd2+, Co2+), the rectangular paper (1.5×1.0 cm) has 

been immobilized with the PAR reagent before the experiment. Then, cotton lines were 

dipped into the sample container (300 µl) and this solution was reacted with prepared 

reagent (0.001 M PAR) on paper (Figure 4.1). The reaction can be obtained on the cotton 

membrane. Mobile phone camera was used as a detector to take a picture and link the 

information to a program of color evaluation (ImageJ).  
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Figure 4.1: Metal ions determination using the thread based platform 

 

 

 

Figure 4.2: Graphical diagram of antioxidant assay via the cellulose based sensor 

 

4.2.4 Antioxidant determination 

Similar to the measurement of metals, two platform types were used: one for the 

total phenolic content and another for antioxidant capacity (Figure 4.2). For the total 

phenolic content assay, the paper band (1.5×10 cm) has been immobilized with the Folin-

Ciocalteu reagent (0.20 M), just before an experiment. Cottons on a plastic sheet were 

dipped into the sample container (300 µl), then reacted with Folin reagent (0.20 mol/l) 
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covered on all cotton lines. The reaction can be observed on the cotton thread in 10 

minutes. After taking the paper band out of the platform, the cotton thread is placed on a 

position marked in the light control box for taking photos with mobile phone camera fixed 

on top of the box. For the DPPH assay, the DPPH reagents (0.06 M) immobilized on the 

paper strip (1.5×1.0 cm) is fixed at the end of each thread. The cottons on plastic were 

dipped into the sample container (300 µl). The reaction can be observed on the paper strip 

after 60 minutes. The paper strip is taken out of the platform and put onto the position 

marked in the light control box for photos taking. Then this photo was linked to a program 

of color evaluation (ImageJ). 

 

4.3 Results and discussion 

4.3.1 The behavior of cotton thread and paper material 

Cellulose materials from plants have been realized and chosen as a membrane 

platform for microfluidic sensors without external pumping. The behavior of both 

cellulose materials was quite similar in basic investigation, hydrophilic property, and the 

main chemical structure. Apart from that chemical property was studies based on several 

effects. The separation efficiency is one of the important properties in analytical 

chemistry. The separation behavior on cellulose based platform is significantly focused 

by some researches [14-15]. 

According to the preliminary experiment in terms of chromatography manner 

(Figure 4.3), three types of materials (thread, filter paper, strip filter paper) were chosen 

to separate the dyes standard and real dyes in drinking product.  

From the result, the polarity of mobile phase solvent and cellulose material are an 

important factor to distinct the dye colors. Some dye colors can be clearly separated due 

to the separating property of the sample is influenced by the solubility in a mobile phase 

based on ‘like dissolve like’ theory. However, the suitable mobile phase of thread material 

differed from the paper filter due to the capillary force, porous and surface tension effect 

from material confirming by Washburn’s equation [17]. Additionally, the mixed color 

including blue, light yellow, green and red was divided into three parts involved blue, red 

and yellow. The behavior of conventional paper was different among a strip paper and 

cotton thread. Therefore, the separation ability on the conventional filter paper (two 
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zones) was lower than a strip paper and cotton thread which can separate clearly in three 

zones. Therefore, cotton thread is also a suitable material for downscaling 

chromatography similar to strip paper, and better separation in the mixed solution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3: Imitated picture of chromatography experiment (above), the separation of 

mixed dyes solution using a filter paper (A), strip paper (B) and cotton thread (C) 

 

 

 

 

 

 

Figure 4.4: Imitated picture of solventless extraction on the thread based system 

 

In addition, these materials (filter paper and cotton thread) were used to clarify the 

separation of anionic surfactant (SDS: sodium dodecyl sulfate) solution [92]. Thread 
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based system was able to separate the distances of the different SDS concentration in the 

range of 1,000-5,000 ppm while filter paper cannot be used to separate different SDS 

quantity due to the property of the material (Figure 4.4). Basic downscaling of solvent 

extraction was studied. The part of this cotton thread containing anionic surfactant could 

be seen blue when threated with methylene blue while the part without anionic surfactant 

showed no blue color. The results expressed that the increasing of SDS concentrations 

was directly related to solution flow distances. The calibration curve can be plotted in the 

range of 0.1-100 ppm. That is why cotton thread based analytical device can be used for 

the assay of anionic surfactant without using an organic solvent in microliter level. 

 

4.3.2 The chemical reaction: heavy metals determination  

According to a preliminary study about the property of natural materials used our 

membrane sensors (section 4.3.1), they were expected to demonstrate device for the 

chemical analysis. Metals measurement was fabricated basically which some metal ions 

(Co2+, Cd2+, and Cu2+) can react with PAR reagent to form a complex generating the color 

change from a yellow color to others [93].  

4.3.2.1 Colorimetric reaction between PAR and metals solution 

Preliminary study in well-plate was done in the same concept of down 

scaling chemical analysis as our proposed sensor. The ratio of PAR and metal was 200 

µl: 200 µl, which their concentrations were shown in the experimental chapter 2 (section 

2.3.5). From the result, the intensity of color complex increased following by increasing 

the metal quantity (Figure 4.5). A calibration curve of each metal ion can be plotted; 

however, the suitable range of metal concentration should be more studied. Moreover, the 

different metal including Co2+, Cu2+, and Cd2+ had their own color shade, although the 

little different color was found between Co2+ and Cd2+.   

 

4.3.2.2 Quantitative analysis using the proposed sensor 

The set-up of this cellulose based platform as illustrated in Figure 4.6, was 

initiated following the step from the experimental procedure 4.2.3. First of all, Co2+ was 

chosen to be a model study for metal ion determination on the cotton material. It was 
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clearly seen that the intensity of color related to the metal ion concentration (0-100 ppm), 

noticed similarly to the well-plate system. 

 

 

 

 

 

Figure 4.5: The metal ions and PAR reaction  

 

 

  

 

 

 

 

 

 

 

 

Figure 4.6: The reaction of metal ion (Co2+) and PAR reagent (left), the example of 

evaluating RGB value (right) 

 

After that, three metal ions involving Co2+, Cd2+, and Cu2+ were reacted 

with PAR reagent and RGB value was used to evaluate the intensity of complex color 

by ImageJ program. The obtained results are shown in Figure 4.7, which the relation 

graph between the color intensity and metal concentration of cobalt was y = 0.48x + 

202, R2 = 0.9631, cadmium was y = 0.57x + 187, R2 = 0.9832, and copper was y = 

0.96x + 137, R2 = 0.9846. 
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Metal ions determination using this cotton based platform can be available 

in an individual case of metal ions comparing to the color product with well-plate design. 

However, the mixed metal ions cannot be applied due to the color shade of complex 

between Co2+ and Cd2+ and the proper range of concentration which should be more 

suitable. Recently, this experiment can be a good model study and useful results for metal 

ions determination with the natural material platform, already improved by means of the 

chemometric manner (another project of our group). 

 

 
 

Figure 4.7: The reaction of metal ions (Co2+, Cd2+, Cu2+) and PAR reagent 

 

4.3.3 The chemical reaction: antioxidant determination 

It has been demonstrated a new thread-based microfluidic device for antioxidant 

assay [91]. Chemical assays were based on Folin-Ciocalteu and diphenylpicryhydrazyl 

(DPPH) for total polyphenol and antioxidant capacity, respectively) with some real 

samples (green tea). This is an approach in terms of cost-effective green chemical 

analysis. Folin-Ciocalteu reagent method is electron transferring which the yellow color 
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of Mo (VI) was changed to Mo (V) with blue color measured at 750 nm. Then, the 

scavenging activity was measured based on DPPH color changing from purple to yellow 

(517 nm). Inhibition capacity is calculated by the equation: % I = [(Io – Is)/ Io] × 100, 

where Is is the relative magenta intensity (CMYK mode) of the sample, and Io the relative 

magenta intensity of DPPH•. A mobile phone camera (iPhone 4S) was used as a simple 

detection with Image J or Photoshop for evaluation. A reference standard in this 

experiment is gallic acid, the highest polyphenol structures in numerous plants.  

It can be noticed from the previous results, the appropriate platform was                                

a multiple-lines type of the cotton material for using through this experiment since it 

provides the multiple samples per time assay, relative quantitative analysis, and similar 

matrix effect. 

4.3.3.1 Quantitative analysis using a well-plate system 

To more confirm the possibility of downscaling system of antioxidant 

assay before applying to cellulose based sensor, the well-plate analysis was investigated 

as shown in Figure 4.8-4.9. The increase of gallic acid concentrations was directly related 

to the blue color intensity, plotting a calibration curve in the range of 0-100 ppm (y = 

1.0699x – 1.8841, R2 = 0.9961). Five samples of green tea were determined the total 

phenolic content (Figure 4.8). This well plate system is also used for the antioxidant 

scavenging as the result presented in Figure 4.9. Antioxidant capacity determination is                

an evaluated method of the antioxidant efficiency (often found in phenolic green tea 

compounds) that is the capacity of inhibiting on free radical DPPH. In the evaluation 

sector, the color change was measured from the purple of DPPH reagent turned to yellow 

after reacting with antioxidant samples. Capacity value (IC50 value) of Tea samples were 

measured: the result of tea sample1 (y = 1.2155x + 1.1487, R2 = 0.9957), tea sample2 (y 

= 1.7677x + 1.0943, R2 = 0.9982), and tea sample3 (y = 1.3751x + 1.0858, R2 = 0.9970). 

These mean that downscaling chemical analysis can be probable to moderate the 

antioxidant assay, leading to demonstration on the cellulose based sensor. 

4.3.3.2 Quantitative analysis using the proposed sensor 

The cotton thread was modified by soaking in a base solution and then 

neutralized with an acid solution to improve a hydrophilic property. One set of the 
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experiment included cotton bunches stuck on a plastic sheet (5 × 10 cm). The sample 

solution flowed along the cotton membrane and then reacted with the reagent on the filter 

paper, following the protocol in section 4.2.4 to measure the total phenolic and 

antioxidant capacity. The results were taken by a mobile phone camera via the light 

control box. The blue color intensity was referred to the total phenolic contents (Figure 

4.10A). Also, the decrease of purple color to yellow was expressed as DPPH inhibition 

(Figure 4.10B), measuring the antioxidant capacity of each sample (IC50 value). 

 

 

 

Figure 4.8: (A) The reaction of different gallic acid concentrations and Folin reagent 

(Gallic acid: 0, 10, 25, 50, 75, 100 mg/L, n = 3), (B) the reaction of tea samples 1 to 5 

and Folin reagent comparing with a standard gallic acid 

 

 

 

Figure 4.9: (A) The reaction of different gallic acid concentrations and DPPH (Gallic 

acid: 0, 25, 50, 100, 250, 500 mg/L), (B) the reaction of tea samples 1 and DPPH 

comparing with a standard gallic acid (one set of the experiment) 
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Figure 4.10: The cotton thread combining paper based platforms: (A) total phenolic 

content assay, (B) antioxidant capacity assay 

 

4.3.3.3 Real sample application using the proposed sensor 

The total phenolic contents in the green tea samples via cellulose based 

sensor were found to be 48–105 mg/g, with % RSD of less than 10 for that of higher 50 

GAE mg/g and IC50 values of the samples studied were 25–50 mg/L. The results obtained 

by the developed methods agree with that of the standard methods and downscaling well-

plate system Table 4.1-4.2. For mapping evaluation from the original production of tea 

samples, it can reveal that the total phenol and antioxidant scavenging are depended on 

the sort of tea, collecting procedure, and environmental characteristics of resources.  

Table 4.1: Total phenolic content as GAE obtained by the developed method and that of 

the conventional spectrophotometric standard method and well-plate system 

 

Tea samples 
Total phenolic content (GAE; mg/g) 

Spectrophotometry Well-plate Thread sensor 

Tea sample1 75.8±1.5 79±8 77±4 

Tea sample2 47.5±2.3 44±7 48±6 

Tea sample3 104.6±1.7 100±3 103±3 

Tea sample4 74.6±1.6 67±4 82±4 

Tea sample5 53.7±1.2 52±3 60±4 
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Table 4.2: Antioxidant capacity (IC50 values) obtained by the proposed method and that 

by the conventional spectrophotometric method and well-plate system 

 

Samples 
IC50 of phenol substances (mg/L) 

Spectrophotometry Well-plate Thread sensor 

Tea sample1 48.5±0.3 40 ±1 50±2 

Tea sample2 24.8±0.2 28±1 26±1 

Tea sample3 34.6±0.4 36±1 32±4 

 

The proposed sensors via cellulose based materials (thread and filter paper) have 

been demonstrated as an alternative method for antioxidant assay. This cost-effective 

green approach was developed for total phenolic content and antioxidant capacity in real 

tea samples by means of Folin-Ciocalteu and DPPH reagents, respectively. The bunches 

of cotton thread served as the sample delivery under microfluidic behaviors while the 

paper used as a reagent zone. 

 

4.4 Conclusion 

The chemical platforms engaging these natural membranes, cotton thread and filter 

paper, have been demonstrated with mobile phone regardless of complicate instrument. 

They can deliver the solution via microfluidic flow behavior from the capillary force and 

surface tension. The cotton thread bunch functions for sample solution delivery whereas 

the paper immobilized with reagents. These chemical sensors consisted of separation and 

detection part, not required any sample pretreatments. This work has established a new 

concept in the possibility of green analytical chemistry such as heavy metals and 

polyphenol determination (total phenolic content and antioxidant capacity). The 

developed membrane sensors should be possible for at site assay, especially being useful 

in some remote areas and locations with limited budget states. 
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CHAPTER 5 

Colorimetric sensor employing ion-exchange based membrane 

There is a recent requirement for seawater phosphate determination to better assess 

eutrophication. Today, most accepted sensing approaches are based on the established 

colorimetric molybdenum blue assay. It requires one to modify the sample to strongly 

acidic conditions and to add various reagents, principally molybdate and reducing agent 

(e.g. ascorbic acid), to form a blue colored phosphate complex that is subsequently 

detected spectrophotometrically. The associated need for large sample and mobile phase 

reservoirs and sample preparation, unfortunately, not ideally adapted for the development 

of in situ sensing instruments. It is here demonstrated for the first time that the key 

reagents needed to achieve phosphate detection by the molybdate method may be 

delivered by passive counter transport across ion-exchange membranes. A cation-

exchange Donnan exclusion membrane placed in contact with a sample flow (450 µm 

thick) is shown to provide the strongly acidic conditions (pH~1) necessary for phosphate 

determination. Proton transport is driven, via cation-exchange, by the high sodium 

content of the seawater sample. Molybdate was similarly released through an anion-

exchange membrane by chloride counter transport. Consequently, an in-line flow system 

containing the two membrane modules in series was used for delivering both hydrogen 

and molybdate ions into the sample to form the phosphomolybdate complex for 

subsequent spectrophotometric detection. A linear calibration graph in the range of 0.1–

10 µM phosphate was achieved, which is sufficiently attractive for environmental work. 

A range of seawater samples was tested and the results from this membrane delivery 

device showed no significant differences compared to the classical molybdate assay 

chosen as the reference method. 
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5.1    Introduction [94] 

Phosphate is a vital nutrient for all living organisms as it is needed for almost all 

essential biomolecules as well as most metabolic processes such as photosynthesis, 

respiration and energy delivery. It is also an important key parameter of water quality and 

often the limiting nutrient for the primary production in ecosystems. Excessive 

concentrations of phosphate are known to be harmful to environmental aquatic systems 

as they promote eutrophication. The monitoring and control of phosphate is urgently 

required for these reasons. From the late 1960s to mid 1970s, the measurement of 

phosphate became an important issue to allow for a better understanding of marine 

systems. All phosphorus forms in the environment are transformed into their inorganic 

forms that are transported from terrestrial to aquatic system by natural processes including 

wind erosion and leaching. Total phosphate arrival into open seawater has been estimated 

to be in the range from 9.3×1010 mol/year to 34×1010 mol/year. Phosphate concentration 

depends on the specific marine environment and depth. Vertical profiling of phosphate 

concentration in the North-East Atlantic gave concentrations below 2.5 µM. A depth 

profile of phosphate in the eastern Mediterranean was gave less than 0.25 µM in surface 

waters, but nutrient sinking increased this to 10 µM at higher depth. In another study in 

deep seawater (321 m depth) of Toyama Bay, Japan, a significant daily phosphate changes 

were observed from 0.86 to 1.98 µM. 

Established techniques for phosphate determination commonly used in routine 

analysis include colorimetry, ion chromatography and flow injection analysis. The 

standard method for the determination of soluble phosphate is colorimetry by the 

molybdenum blue reaction (MB). By far the most widely-used reduction method for batch 

and automated analyses is based on the approach described by Murphy and Riley. It asks 

for ascorbic acid to reduce the phosphomolybdate complex in the presence of potassium 

antimony tartrate as catalyst in acidic medium. The reaction pH and the molybdate 

concentration are key parameters for the formation of the phosphomolybdate complex 

and for controlling its reduction. The best sensitivity for orthophosphate detection occurs 

at a pH < 1.  

In the past few years, increased attention has been given to the molybdenum blue 

reaction in flow analysis for determining phosphate in aquatic systems. The currently 
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available flow methods involving flow injection analysis (FIA), segmented flow analysis 

(SFA), and sequential injection analysis (SIA) often provide the low detection limits for 

the analysis of natural seawater samples. The FIA methods are typically coupled to UV-

VIS spectrophotometry, ICP-AES detection and fluorometric or chemiluminescence 

detection. However, special care in sample and reagent delivery and stability is required 

for these performances. Despite the wide acceptance of MB-based spectrophotometric 

methods, they are still rather unwieldly for field monitoring applications: they involve 

high cost, operational complexity, high energy consumption, and require sample pre-

treatment, reagent additions and storage. For these reasons, the development of systems 

for in-situ phosphate determination is an important research direction for the advancement 

of environmental science and conservation. Recent research by the group of Garçon 

suggested a new approach based on the electrochemical generation of molybdate by the 

oxidation of a molybdenum electrode and electrochemical release of hydrogen ions 

through a cation-exchange membrane, followed by electrochemical detection of the 

resulting complex. While this interesting research is still in the early stages, it forms an 

important step towards achieving a miniaturized and simplified phosphate sensing assay. 

Ion-exchange membranes have been established in fuel cells and in a range of 

analytical instrumentation such as ion suppressors in ion chromatography, 

electrochemical desalinators, and potentiometric probe materials. They are an attractive 

means to deliver reagents as they allow to avoid sample dilution and the use of complex 

mixing valves and pumps, thereby greatly simplifying the instrument. The example of 

ion-exchange concept was cation-exchange membrane (Nafion). The anionic groups, 

sulfonic acid (-SO3H), within polymer structure PTFE backbone allow only protons to 

pass through it. The use of proton-exchange membranes for the acidification of the sample 

plug has been well-established in the past with ion suppressors in ion chromatography. A 

few new approaches based on ion-exchange membranes have been recently suggested.  

New report here on the use of cation- and anion-exchange membranes for 

realizing a well-designed and simplified approach to phosphate determination in seawater 

samples. The key reagents (molybdate anions and hydrogen ions) are delivered separately 

into the sample by diffusional counter transport across ion-exchange membranes (Figure 

5.1). The phosphomolybdate complex formed in this method is spectrophotometrically 

detectable, as done here, but in principle also be measured electrochemically (chapter 6). 
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The proposed setup is based on a flow configuration and is compatible with integration 

in a membrane module for in-situ determinations, similar to other systems described 

recently [95, 96]. The suggested approach is therefore less complex than those based on 

classical mixing of reagent streams and likely easier to accomplish compared to the 

concept suggested by Garçon et al., as the reagent delivery is being achieved under zero-

current conditions, by passive diffusion. 

5.2 Experimental procedures 

5.2.1 Acidification and molybdate-releasing modules 

Cation-exchange membrane (FKL-PK-130) and anion-exchange membranes 

(FAPQ-375-PP) were cut in pieces of 6×110 mm (for the acidification/molybdate 

module). The FKL membranes were pre-conditioned in deionized water for at least 6 h at 

room temperature and then at least 1 day in 1 M HNO3 to ensure complete saturation of 

the membrane with hydrogen ions. The anion-exchange membranes were pretreated as 

per supplier recommendations: the FAB, FAS and FAD membranes were pre-conditioned 

in 100 mM NaCl (overnight), the FAPQ membranes need no pre-conditioning and were 

mounted dry in the module directly after cutting.  

The design of the acidification and molybdate-releasing modules is illustrated in 

Figure 5.2. The cell consists of a sheet of cation- or anion-exchange membrane placed 

between two rubber channels (rubber: 10 × 119 × 0.45 mm, channel: 1.7 × 100 × 0.45 

mm). One rubber was prepared for the sample and the other for the acid solution 

(acidification module, H-module) or molybdate solution (molybdate module, Mo-

module). These elements are in turn placed between two acrylic blocks (30 × 120 × 14 

mm) and tightly closed by screws. The ends of the channels connect with the inlet and 

outlet of each block. The inlets and outlets of the two blocks of each module are placed 

in reverse order to provide counter flow in the two channels. 

5.2.2 Membrane selectivity of molybdate-releasing module 

Aqueous solutions were prepared by dissolving the appropriate salts in deionized 

water. FAPQ membrane was cut in the size of 7 mm diameter and mounted in OSTEC 

bodies (Oesch Sensor Technology AG, Sargans, Switzerland). A membrane disk was 

conditioned in 0.6 M NaCl overnight. The inner compartment of the Ostec electrode 
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bodies was also filled with 10 mM NaCl. Solutions of Cl- (NaCl), H2PO4
- (NaH2PO4) and 

MoO4
2- (Na2MoO4) were used to evaluate the selectivity of membrane. Potentiometric 

experiments were performed against a double-juncion Ag/AgCl/sat. KCl/1 M LiOAc 

reference electrode. Membrane selectivity was evaluated by adding aliquots of salts into 

water and the selectivity coefficients were calculated using the separate solution method 

[45]. To do this, the obtained separate calibration curves were extrapolated to 1 M and the 

selectivity coefficient was calculated from this potential difference dividing by the 

theoretical slope (59.2 or 29.6 mV for singly- and doubly-charged anions, respectively). 

The activity of the ion was calculated with a two-parameter Debye-Huckel approximation 

and the speciation of phosphate and molybdate was calculated for each concentration 

from the experimental pH value.  

5.2.3 In-line phosphate detection 

The experimental setup for phosphate determination is shown in Figure 5.3. The 

solution was delivered by peristaltic pumps (ISMATEC, Model ISM935c, Clattbrug, 

Switzerland) equipped with tygon tubings (ISMATEC, inner diameter 1.42 mm). Two 

pumps were used to allow for the delivery of solution streams at identical flow rates (90 

μL min-1). The solutions were pumped through at four different positions (A-D). The 

tygon tubings installed on the pumps were connected to the flow path using PTFE tubings 

(BOLA, inner diameter 0.8 mm). The used reagents (hydrochloric acid and sodium 

molybdate from the ion-exchange modules) and the analyzed solutions from the system 

were collected in waste bottles.  

To obtain the calibration traces, sample solutions with different phosphate 

concentrations were introduced by a peristaltic pump (flow rate 90 μL min-1). The solution 

at the inlet of the system was changed every 10 min by switching from the sample to the 

calibrant solution and the baseline (artificial seawater). These sequential solutions were 

passed through the in-line configuration containing the molydate module and 

acidification module, respectively. An acid concentration of 5-6 M and 6 mM of 

molybdate were fed into the H-module and Mo-module, respectively. The stream of the 

resulting solution containg the phosphomolydate complex was merged and mixed with 

an excess of reducing reagent (mixed solution Reagent(R) of Sascorb and Santimony at the same 

ratio as colorimetry by standard spectrophotometry [97], chapter 2, section 2.3.8) via                      
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a mixing coil. The resulting absorbance was recorded as a function of time by 

spectrophotometry at a 1-s time interval. After each experiment (involving three 

repetitions), the baseline solution was flushed through the system for 20 (or 15) min after 

every phosphate-containing solution, in order to eliminate any baseline drift. 

 

 

Figure 5.1: The main concept of this in-line membrane sensor 

 

 

 

 

 

 

 

 

Figure 5.2: Schematic illustration of the custom-made module for membrane delivery: 

inlet, outlet, acrylic block, rubber channel. Anion-exchange membrane (FAPQ) are used 

for acidification- and molybdate-module respectively. 
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Figure 5.3: Schematic diagram of in-line configuration with spectrophotometric 

detection. The solution is delivered by peristaltic pumps at a flow rate of 90 μL min-1.  

 

5.3 Results and discussion 

5.3.1 Acidification and molybdate-releasing modules 

5.3.1.1 Membrane-releasing module (molybdate reagent delivery) 

This work explores the use of ion-exchange membranes to deliver 

hydrogen and molybdate ions to seawater samples with the goal to achieve a simpler 

phosphate measurement. While sample acidification by ion-exchange has been 

established in the past, the release of molybdate anions into the sample by chloride 

counter transport across an anion-exchange membrane has not yet been reported. A 

previous study has explored a range of anion-exchange membranes as anion-responsive 

membranes in potentiometry, and similar materials were explored here: FAB-PK-130, 

FAS-PET-130, FAD-PET-75, and FAPQ-375-PP. After having the comparative studies 

of these membranes [98], the FAPQ anion-exchange membrane was chosen for an ion-

exchange module of in-line configuration because the efficiency of molybdate transport 

can pass through the FAPQ membrane evaluated by a colorimetric molybdate assay, 

allowing to calculate the molybdate delivery efficiency as 70-75 %. 

The anion-exchange membrane used for molybdate delivery allows for 

some passage of other anions such as phosphate. The potential loss of phosphate in the 

anion-exchange module was therefore evaluated. The anion selectivity of the FAPQ 

membrane was assessed by potentiometry. The membrane responded to Cl- with a 

Nernstian slope of 59.12 mV, similar as traditional ion-selective electrode membrane, see 

Figure 5.4b. No significant membrane selectivity was observed for chloride over 
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phosphate, with log KCl, H2PO4
- pot = -1.12 ± 0.25 (Figure 5.4a). However, the 

concentration of NaCl in seawater ( ̴ 0.6 M) is significantly higher than that of phosphate 

(sub-µM  range). This suggests that the exchange of molybdate anions from the feed 

solution will be mainly accompanied by chloride counter transport, thereby suppressing 

loss of phosphate from the sample. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4: (a) Experimental data points (error bars are standard deviations) for the EMF 

responses of FAPQ-based electrodes for different anions: Cl- (black circle), MoO4
2- (gray 

triangle), and H2PO4
- (blue square), (b) Associated EMF time-trace upon NaCl addition, 

obtained with a FAPQ-based electrode. (c) Potentiometric calibration curve upon NaCl  

addition, obtained with a FAPQ-based electrode. 
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5.3.1.2 Membrane-releasing module (acid reagent delivery) 

An in-line acidification approach based on passive hydrogen ion transfer 

through a cation-exchange FKL membrane has been recently proposed in our group to 

adjust the pH of freshwater samples for nitrite detection [99]. Previous studies with such 

cation-exchange membranes showed that they are sufficiently impermeable to anions and 

therefore should allow one to maintain the same phosphate concentration in the sample 

plug after passing through the acidification module. This custom-built module was 

adapted for the assay of phosphate, see Figure 5.2. The anion-exchange (molybdate-

releasing) and the cation-exchange (acidifying) modules were coupled in series (see 

Figure 5.2).  

5.3.2 The performance of both membrane modules 

To study the performance of ion exchange membranes in term of phosphate loss 

while passing the sample through the acidification module and molybdate module. 

Injection sample by standard condition (without membrane module) was used to 

compared with flow system with ion exchange module.  

 

 

 

 

 

 

 

 

Figure 5.5: Correlation graph between phosphate concentrations after passing 

through membrane modules, including molybdate module and acidification module, and 

in sample initially (n=3). 
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The extent of phosphate loss was studied by a standard colorimetric phosphate 

assay for varying levels of phosphate in a 0.6 M  NaCl background before and after 

passage through the combined acidification and molybdate modules. Figure 5.5 shows 

the resulting correlation of phosphate concentration obtained from the two experiments. 

The loss of phosphate was indeed not dramatic, on the order of 10%, and might also be 

caused by processes other than membrane transport.  

5.3.3 Effect of the flow system parameters 

Optimization of the experimental conditions was performed before turning to 

seawater measurements. Phosphate calibration curves (0-100 µM) were recorded at 

different flow rates, see Figure 5.6. phosphate concentration 0-100 µM. 5-6 M HCl and 3 

mM molybdate solutions were fed into the H-module and Mo-module respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6: Absorbance vs time response for different flow rates: (a) 20 µL min-1, (b) 45 

µL min-1 and (c) 90 µL min-1 
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A higher flow rate is known to decrease the residence time and therefore the 

dispersion of mixed solution zone, providing a narrower peak signal [100]. However, the 

expense of a decreased sensitivity was owed to incomplete ion exchange by the membrane 

module and insufficient reaction time. From the data shown in Figure 5.6, a flow rate of 

90 µL min-1 was selected as each solution gave good separation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7: Absorbance vs time response for different solution volumes: (a) 0.45 mL, 

(b) 1 mL and (c) 1.35 mL 

 

The volume of the sample plug also affects the separation. It is controlled by the 

injection time via the preselected flow rate. Here, 5, 10- and 15-min injection times gave 

0.45, 1.00- and 1.35-mL sample volumes. Figure 5.7 shows the corresponding results for 

a range of phosphate concentrations (0–50 µM), suggesting that 1 mL is suitable as each 

phosphate concentration can be clearly separated. 
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5.3.4 The optimization of reagent concentrations 

The current study refers to phosphate detection in seawater, which contains a high 

concentration of sodium chloride (0.6 M). This high concentration forms a strong 

diffusional driving force for membrane exchange with hydrogen ions. In order to enable 

the detection of phosphomolybdate complex, a final pH of <1 is required after 

acidification. The suitable acid concentration in the acidification module was determined 

by passing 100 µM phosphate solution in 0.6 M NaCl background through the molybdate 

module (3 mM Na2MoO4) and the acidification module with different acid concentrations 

(HCl 1-8 M). The color intensity of blue product was analysed colorimetrically after 

spiking reducing reagent. The correlation graph is shown in Figure 5.8 and suggests that 

optimal performance is observed with 5-6 M HCl, giving a final pH in the sample plug of 

ca. 0.85-1.00. The same membrane was used for at least three weeks without significant 

deterioration of the analytical performance. 

 

 

 

 

 

 

 

Figure 5.8: Effect of acidity on color intensity (n=3) for a sample containing 100 

µM phosphate. Explored HCl concentrations were in the range of 1-8 M. 

The concentration of molybdate in the Mo-module was varied to study the influence 

on system performance. Most literature ask for a molybdate concentration in the 

millimolar range. Consequently, the range of explored concentrations in the reagent 

solution was 0-20 mM, see Figure 5.9 for results. The absorbance of the blue product was 

analysed colorimetrically after spiking reducing reagent. Two phosphate standards, with 

100 µM (blue line) and 10 µM (black line) phosphate concentrations, were analyzed in 

the suggested setup with different molybdate concentrations and a 5 M HCl acid 
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concentration in the feed streams. The sensitivity of the method was found to increase 

with increasing molybdate concentration up to 6 mM, after which it was constant. For 

this reason, a 6 mM molybdate reagent concentration was chosen in the reagent stream of 

the Mo-module. 

 

 

 

 

 

 

 

 

 

Figure 5.9: Effect of molybdate reagent on color intensity for phosphate assay: 

standards containing 100 µM (blue circles) and 10 µM (black circles) phosphate. The 

explored molybdenum concentrations were in the range of 0-20 mM (right). 

 

5.3.5 In-line phosphate detection via spectrophotometry 

Seawater samples were analyzed for phosphate by guiding the sample plug first 

through the acidification module and subsequently through the molybdate-releasing 

module. While the final goal of the work is to achieve an electrochemical detection of the 

resulting phosphomolybdate complex, the more established spectrophotometric detection 

was chosen here to best assess the performance of the membrane modules. The associated 

time profiles for samples containing varying levels of phosphate in a 0.6 M NaCl are 

presented in Figure 5.10 (left). Linearity was obtained in the range of 0.1-10 µM 

phosphate, see Figure 5.10 (right). 
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Figure 5.10: Time-dependent signals for different phosphate concentrations (0.1-

10 µM: left), corresponding calibration graph from the time-based data (right), volume of 

sample plug ca. 1 ml. 

 

Silicate is known to be the principal interferent in the molybdenum blue method 

as it also forms heteropoly acids (12-MSA/12-molybdosilicic acid, H4SiMo12O40), 

thereby reducing available molybdenum blue concentration. Generally, silicate 

concentration in aquatic systems is in the submicromolar range. Silicate concentration 

required for siliceous phytoplankton such as diatoms is <0.1-0.6 µM in the euphotic zone. 

From the liturature, it is suggested that silicate interference can be suppressed with high 

acidity or using antimonyl tartrate as the source of Sb(III) [94]. Here, organic acid was 

used in the combined reductant reagent (potassium antimonyl tartrate), as tartaric acid 

may help to minimise silicate interference. From the result shown in Figure 5.11, adding 

10 µM  silicate solution to a 1 µM phosphate solution does not significantly interfere. 

Only excessive silicate concentrations not common for most seawater environments give 

interference. 
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Figure 5.11. Absorbance and time response illustrating silicate interference in phosphate 

determination, volume of sample plug ca. 0.45 ml. 

 

5.3.6 Seawater samples application 

The in-line membrane system was applied to the determination of phosphate 

concentration in a range of unmodified seawater samples as shown in Figure 5.12a. 

Phosphate concentrations of (0.794 ± 0.018), (0.871 ± 0.051), and (0.513 ± 0.061) µM 

were detected in the samples, see Table 5.1. The phosphate concentrations in the same 

samples were also determined by the traditional molybdate assay chosen as reference 

method. The resulting cross-correlation is shown in Figure 5.12b. The data from the two 

methods are in a good agreement, although we note that the phosphate level in seawater 

sample 3 was too low to be detectable with either method. 

 

Table 5.1. Phosphate analysis in seawater samples (n=3)  

Sample Developed method 

(µM Phosphate) 

Spectrophotometry 

(µM Phosphate) 

SW1 0.794 ± 0.018 0.800 ± 0.027 

SW2 0.871 ± 0.051 0.877 ± 0.035 

SW3 ND* ND* 

SW4 0.513 ± 0.061 0.531 ± 0.043 

SW4 + spike P 5 µM 5.701 ± 0.094 5.615 ± 0.039 
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P 3.5 µM** - 3.553 ± 0.080 

P 1 µM** - 1.185 ± 0.044 

* ND: not detected, ** For checking the performance of spectrophotometric method using 

known concentration of phosphate 

 

 

 

 

 

 

 

Figure 5.12: (a) Time-based responses for seawater samples containing different 

phosphate levels, (b) Correlation graph between phosphate concentration obtained using 

developed system and phosphate determined by standard spectrophotometry, volume of 

sample plug ca. 1 ml. 

 

5.4 Conclusion 

An in-line flow system employing ion-exchange membrane-based reagent delivery 

was successfully developed for the determination of inorganic phosphate in seawater. The 

performance of the ion-exchange membranes was acceptable and showed no dramatic 

loss of phosphate via the membrane modules. The device was coupled to 

spectrophotometric detection for seawater measurement, demonstrating the detection of 

phosphate levels as low as 0.1 µM. The key advantage of this approach is a simpler, more 

integrated membrane-based reagent delivery principle, compared to established 

approaches that rely on mixing. While the long-term goal of this research is to develop a 

miniaturized sensing device with integrated electrochemical detection, the 

spectrophotometric detection chosen here is an intermediate goal that lends itself well to 

the validation of the membrane-based delivery principle.  
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CHAPTER 6 

Electrochemical sensor employing ion-exchange based membrane 

Here, a novel in-situ electrochemical sensor was studied with ion-exchange 

membranes. The necessary reagents (molybdate anions, hydrogen ions) for the formation 

of electroactive phosphomolybdate complex are delivered into the microfluidic flow 

system. The recently reported experiment on the cation-exchange process (Donnan 

exclusion membrane) was adapted for the sample acidification achieving a highly acidic 

condition. Then, the possibility of molybdate anion transported through an anion-

exchange membrane was chosen for the successful phosphate measurement (chapter 5). 

The proposed membrane system in this section was focused on connecting with 

electrochemical measurement using square wave voltammetry. The previous work from 

our group reporting on these ion-exchange membranes was well suited for phosphate 

determination. Therefore, the next challenging for this membrane sensor has studied on 

electrochemical detection (electrode part) instead of a spectrophotometer to receive the 

minimized sample volume and demonstrate a piece of small, portable equipment and 

receiving low power consumption interfaced with the microfluidic module that is suitable 

to be used directly on-site monitoring. 

6.1    Introduction  

Phosphate is an essential nutrient for growth and energy transfer used by all living 

organisms [101]. The current approaches for phosphate monitoring are normally related 

to the conventional method, which the molybdate and phosphate solution are reacted in a 

suitable quantity under acidic medium, providing the phosphomolybdate complex. It is 

reduced with ascorbic acid, in the existence of antimony and subsequently measured by 

colorimetry [97]. 

Electroanalytical technique based on the form of phosphomolybdic complex is also 

chosen for phosphate determination which does not suffer from the interferences and the
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refractive index effect [102,103]. The non-zero current techniques were selected to 

determine this electroactive complex such as amperometry, linear or cyclic voltammetry, 

pulse method and square wave voltammetry [104-110]. However, these techniques had 

to the addition of reagents or using modified screen-printed electrodes with precoated 

reagents. Also, the reports of potentiometric sensors based on phosphate receptors were 

rarely known to reveal insufficient performance (lower detection limit, selectivity) for 

successful phosphate assay in environmental fields [111]. 

There are only a few in-line methods for molybdate production via electrochemical 

techniques reported previously. The new research for electrochemical phosphate 

determination had been newly submitted by V. Garçon et al. based on the production of 

both molybdate and protons into the sample solution simultaneously [112]. In this study, 

protons were electrochemically passed through a cation-exchange membrane into the 

sample partition, using the oxidation of molybdenum electrode section behind this 

membrane. Also, the molybdate species were transported into this sample by oxidizing 

the secondary molybdenum electrode (achieving the protons excess over molybdate). The 

interference from silicate was avoided under the ratio of proton over molybdates close to 

70 at pH 1, confirmed by previous reviews. 

Previous work from our group reported on the use of membrane-based reagent 

delivery for phosphate colorimetric determination which was well suited for the seawater 

application [94]. The next challenging for this membrane system has focused on 

miniaturized electrode detection (detection part) instead of a spectrophotometer to 

improve sensitivity, minimized sample volume and demonstrate a piece of small, portable 

equipment interfaced with microfluidic membrane module.  

Herein, an in-line electrochemical system was fabricated for phosphate assay in the 

real seawater by transporting both hydrogen ions and molybdate species into the sample, 

subsequently detected by mini-electrochemical electrode using an electrochemical 

technique (square wave voltammetry). The proposed setup is simple to incorporate to the 

in-situ determination with the fluidic system in a submersible element. Additionally, 

ascorbic acid which unstable reagent has not required for reduction of complex occurring 

at the electrode surface. This system is suitable to be used directly for in-situ monitoring. 
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6.2 Experimental procedures 

In-line construction for electrochemical measurement 

The proposed scheme of a experimental set-up for phosphate determination is 

shown in Figure 6.1. The solution was delivered by a peristaltic equipped with tygon 

tubings (inner diameter 0.76 mm). Two pumps were used for the delivery of flow 

solutions at the flow rate 40 μL min-1. Importantly, the sample and background flows 

should be delivered on the same pump in order to receive precisely the same flow rate 

and thus avoid the bubbles formation in the channel. The tygon tubings were connected 

to the PTFE tubings (ID 0.8 mm) of the flow path, installed on the pumps. Valve 1 has 

been installed before the pump, in order to select one of the two solutions 

(sample/calibrant or background). Then, valve 2 was connected after the pumps 

delivering the flow to the detection part, in order to switch between analyte and washing 

reagent. The electrochemical detection (electrode part) was connected at the end of 

membrane delivery. An acid cleaning was an additional option for eliminating the 

problem of baseline drift. 

The phosphate reaction is based on Keggin anion formation by molybdate reagent 

in acidic medium. This phosphomolybdate complex can be detected by electrochemical 

measurement. To obtain the calibration graph, solutions with different phosphate 

concentrations and 0.6 M NaCl background were passed through the in-line sensor by 

peristaltic pump shown in Figure 6.1. These sequential solutions were passed through the 

in-line configuration including molybdate module and acidification module respectively. 

The stream of the phosphomolybdate complex was detected by electrochemical part 

(radial cross-flow electrode in Figure 6.2). The sample solutions at the inlet of this system 

were changed every 20 (or 10) minutes by switching the valve 1 between the calibrant 

and NaCl baseline.  
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𝑃𝑂4
3− + 12𝑀𝑜𝑂4

2− + 27𝐻+  →   𝐻3𝑃𝑀𝑜12𝑂40 (𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑎𝑐𝑡𝑖𝑣𝑒 𝑐𝑜𝑚𝑝𝑙𝑒𝑥) + 12𝐻2𝑂 

 

Figure 6.1. A schematic diagram of in-line configuration with electrochemical 

detection, the solution is delivered by peristaltic pumps at a flow rate of 40 μL min-1. 

 

Figure 6.2. The structural component of the radial electrode (https://www.basinc.com) 

 

6.3 Results and discussion 

6.3.1 The effect of flow system parameters 

Microfluidic flow system via the membrane delivery (acidification- and 

molybdenum- module) was previously studied in terms of spectrophotometric detection 

[94]. Apart from that measurement, the electrochemical detection of phosphate by the 

form of the phosphomolybdic complex has been demonstrated on this report.  

Firstly, considering the flow system section, some parameters were investigated. 

Compared to the previous studies (chapter 5), the flow rate should be decreased which 

was preferred around 40 μL min-1. This is due to the small size of the radial-cross electrode 

which the leaking of solution was occured at higher flow rates. According to the result in 

the reproducibility, sample volume (0.4 ml) of P 1 µM was chosen. Each plug of these 

https://www.basinc.com/
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solution was passed through both membrane modules for five repetitions separating by 

switching to a background solution. From the result, the peak current of 2 – 5 plugs did 

not change dramatically and %RSD can acceptable (Table 6.1). This is because every 

sequence of each plug is the same (same solution and same matrix dispersion). Moreover, 

the volume of sample solution also affects a dispersion. From the results in Figure 6.3, 

the different volumes of solution based on fixing time injection were studies (1 min = 

0.04 ml, 3 min = 0.12 ml, 5 min = 0.2 ml). Phosphate 1 µM (n=3) was flowed into the 

system and switching between background solution (NaCl). Peak separation of three 

repetitions of the solution was clearly seen with 0.2 ml volume (gray line) comparing with 

lower volume. So, more than 0.2 ml should be suitable for further experiment. 

 

 

 

Figure 6.3. Time-based diagram of phosphate 1 µM solution passed through both 

modules in terms of different sample volumes 

 

Table 6.1. The average peak current of phosphate 1 µM which each plug solution (0.4 

ml) passed through both modules (subtracting by background solution) 

Peak current (ΔI, µA) 

Peak 2 Peak 3 Peak 4 Peak 5 AVE SD %RSD 

0.63 0.57 0.67 0.66 0.63 0.05 7.11 
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6.3.2 The peak potential of molybdate complex by cyclic voltammetry 

Electrochemical mini-electrode was studied as its general configuration shown in 

Figure 6.2. From the preliminary studies, it can be mentioned that some types of working 

electrodes (gold and glassy carbon) were performed in the bulk and the flow system. The 

results revealed that the gold electrode requested the special control and the surface 

regeneration after contacting to the phosphomolybdate complex even as low 

concentration. Therefore, glassy carbon electrode was selected as a more suitable material 

that is easier-to-treat, and having the similar sensitivity with gold electrode (the co-

worker’s data). 

An electrochemical signal from reducing phosphomolybdate complex was obtained 

in Figure 6.4, generating by phosphate in the acid and molybdate medium. The stability 

of this electro-signal from the developed flow system was studied by injecting the 

phosphomolybdate solution through tubing for 30 minutes (Figure 6.5). Cyclic 

voltammetry has been commonly used for confirming the complex qualitative. As our 

attempt to vary scan rate from 50 to 1000 mV/s, 4 times repetition per each scan rate were 

recorded (Figure 6.5). From a voltammogram, the reproducibility of this solution in a 

flow tube is good. All graphs were plotted from the result of voltammogram based on a 

relationship between peak current (Ip1 – Ip4) and scan rate or a square root of scan rate. It 

seems to be a linear trend in both types of graph. 

 

 

 

 

 

 

 

 

 

Figure 6.4: Cyclic voltammogram of different solutions (NaCl, NaCl + acid + molybdate,  

phosphomolybdate complex) scanning from 0.6 to 0 V, number of crossing = 14 
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Figure 6.5: Cyclic voltammogram of phosphomolybdate complex, scan rate 50, 100, 

200, 300, 400, 600, 700, 800, 900, 1000 mV/s 

 

6.3.3 Different electrochemical techniques 

The main propose of this electrochemical readout is focused on reducing                                    

a phosphomolybdate complex. There are two techniques including cyclic voltammetry 

and square wave voltammetry that are chosen for electrochemical detection part. In 

addition, the condition of both voltammetric methods was expressed in Figure 6.6-6.7. A 

baseline of background did not drift extensively in the range of low concentration of 

phosphate. However, the peak current from the phosphate concentration between 0.1-10 

µM did not clearly distinguish by a basic flow set-up with cyclic voltammetry comparing 

to the better result by square wave voltammetry. Additionally, an electrochemical method 

(SWV) should be chosen as it has been one of the most sensitive methods because of the 

significant reduction of charging current effects based on the phosphomolybdate 

determination, reported previously. 

 

6.3.4 The different scan rate, scan direction, and reproducibility 

The phosphate determination via phosphomolybdic complex was done in the 

forward potential (0 to 0.6 V) of SWV, two peaks were obtained around 0.2 V and a higher 

than 0.3 V as shown in Figure 6.8-6.9. These peaks related to the reduction of 
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phosphomolybdate complex. According to the literature review, two steps of the complex 

reduction provided two peaks potential is similar with these results. These two peaks were 

also referred to the chemical reduction of Mo(VI) to Mo(IV) and Mo(IV) to Mo(II) 

respectively, reported by some authors [106]. However, these observed two peaks can be 

interpreted by the Mo(VI) reduction into two complexes including the ratios of combined 

oxidation states (Mo(V) and Mo(VI)) [110,112]. For instance, Garçon et al. described 

these two peaks by the chemical mechanisms via two and three electron-transfer 

reductions.  

 

 

Figure 6.6: Time-based diagram of the peak current from cyclic voltammetry (CV), scan 

direction from 0.6 to 0 V, scan rate 700 mV/s 

 

 

Figure 6.7: Time-based diagram of the peak current from square wave voltammetry 

(SWV), scan direction from 0.6 to 0 V, amplitude 25 mV 
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Figure 6.8: Square wave voltammogram of phosphomolybdic complex 

 

Figure 6.9: Square wave voltammogram of different direction potentials 

 

Considering the effect of the different direction of the scanning potential is 

interested. There are two scan directions including 0-0.6 V and 0.6-0 V that is a range of 

expected peak position of the phosphomolybdate complex based on the literature review. 

The difference of scan directions has a similar peak position as shown in Figure 6.9. 

However, the different peak height of both directions is can be depended on an adsorption 

of the complex from the previous experiment. Importantly, the dominant peak at E~0.2 V 

(indicated as Peak 1 in Figure 6.9 and Figure 6.10) was chosen for further experiment due 

to higher currents and the stability of current signals.  



 

80 

 

 

 

Figure 6.10: The peak currents (peak1, peak2) of phosphate from square wave 

voltammetry (SWV) scan from 0.6 to 0 V, amplitude 25 mV 

 

Due to the peak current from the previous result by square wave voltammogram, 

studying the effect of different frequency should be done. Switching valve was used to 

change the direction of this flow solution between the background reagent 

(NaCl+acid+molybdate) and the different phosphate concentrations (0-100 µM). The 

current signal of peak1 at 50 Hz would be chosen because of the lower background drift 

and a significant difference of phosphate concentration (Figure 6.11). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.11: A diagram of peak currents from SWV (Ip1, Ip2) with a time of different 

phosphate solutions, scan direction 0-0.6 V, frequency 50 Hz (left), 250 Hz (right) 
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6.3.5 The optimization of reagent concentrations 

The suitable acid concentration in the acidification module was obtained from 

Figure 6.12. The acid concentration around 5-6 M was chosen because a peak current 

position did not shift significantly. In order to study the influence of molybdate in Mo-

module, the different molybdate was varied in the range of mM. The peak current was 

increased corresponding to the molybdate quantity. The molybdate around 3 mM was an 

optimum condition (Figure 6.13) because of high sensitivity and the same peak position 

comparing to electrochemical protocols.  

 

 

Figure 6.12: Square wave voltammogram of the different molybdate concentration from 

0-10 mM 

 

 

Figure 6.13: Square wave voltammogram of the different acid concentration from 0-6 M 

(left), the correlation profile between the acid concentration and the peak current (right) 
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6.3.6 In-line phosphate detection via the cleaning process 

To illustrate the phosphate determination in artificial seawater, the baseline drift 

from the previous result should be eliminated. The attempt to tackle this problem was 

studied by adding a washing-step between measurements, using cyclic voltammetry of 

sulfuric acid ~0.5 M (Figure 6.14). This method was selected due to the results that cyclic 

voltammetry has an acceptable performance to clean the electrode surface both in the bulk 

and in the flow system (preliminary experiment). According to several scan rate 

conditions, the protocol of 100 mV/s or 200 mV/s from -0.7 to 1 V should be used because 

of shorter time cleaning (Figure 6.15). Moreover, in order to eliminate this background-

peaks, it was exposed that the surface of GC working electrode should be regenerated by 

polishing or running CV cycles of sulfuric acid solution continuously for 10 min or less. 

After cleaning system, some unexpected peaks were disappeared as shown in Figure 6.16 

and Figure 6.17. As the polishing process has been done in this flow configuration, 

another valve was chosen for switching between the solution (calibrant or background) 

and the washing reagent (sulfuric acid). After running this in-line membrane sensor with 

cleaning step, the voltammogram result of the experiment was presented in Figure 6.18-

6.19. From the time-based diagram, each baseline of the different phosphate 

concentrations had a similar peak height (especially of lower concentration, figure 6.18). 

Then, the peak current form peak 1 known as the reduction peak (E~0.2V) was plotted 

with time, by increasing the phosphate concentration passed through an in-line structure 

as shown in Figure 6.19. 

 

 

 

 

 

 

 

 

 

Figure 6.14: The voltammogram of the cleaning process (H2SO4 scanning in the range 

of potential from -0.7 to 1 V, scan rate 50 mV/s) 
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Figure 6.15: A diagram of peak currents with time in terms of several scan rate in the 

cleaning process (H2SO4 scanning in the range of potential from -0.7 to 1 V) 

 

 

 
 

Figure 6.16: Cyclic voltammogram comparing between before- and after- cleaning 

process 
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Figure 6.17: Time-based diagram of the peak current influenced by the cleaning process 

(before- clean and after- clean expressing as the black line and the blue line) 

 

      

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.18: A diagram of peak currents from SWV with time (phosphate concentration 

0-10 µM) 
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Figure 6.19: A square wave voltammogram of the different phosphate contents in the 

range of 0-10 µM (left), a calibration graph of the different phosphate quantity (right) 

 

6.3.7 Application to seawater samples  

According to the real sample application, seawater matrix was demonsrated. It can 

be seen that this developed sensor was possible for the phosphate determination. Although 

this method is promising to measure the micromolar phosphate, some factors should be 

improved such as a precise range of phosphate addition, and the repetition of each solution 

(Figure 6.20). In addition, using concentrated acid for cleaning process should be replaced 

due to the electrode demage during long time analysis. 

 

 

Figure 6.20: A diagram of peak currents from SWV with time (the seawater solution 

added by the phosphate concentration 0-10 µM) 
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6.4 Conclusion 

A microfluidic flow system with electrochemical detector has been developed 

allowing for the phosphate determination in the seawater sample. In-line flow sensor for 

reagent delivery was occurred, which protons and molybdate anions were passed into the 

seawater sample. The phosphate detection in seawater was possible measured in the terms 

of the formation of electroactive phosphomolybdate. The developed sensor has been 

effectively coupled with the electrochemical phosphate detection in artificial seawater, 

allowing for the detection limits of micromolar. The potential in forward ramp has been 

shown a suitable option in this proposed membrane sensor for calculating submicromolar 

phosphate concentrations in the seawater sample. Comparing to other instruments, this 

system did not require the addition of reagents which is less complex and easily 

established for a further monitoring system in environmental science. Importantly, this 

proposed electrochemical system do not require the ascorbic acid reductant which is an 

unstable reagent. Considering the long-time measurement, the cleaning process by an 

electrochemical method with acidic washing for eliminating the notable signal drift 

should be replaced with the new protocol, leading to less electrode damage.    
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CHAPTER 7 

Conclusion 

The chemical sensors employing polymeric membranes for separation and 

detection within one system were successfully developed for colorimetric and 

electrochemical detections. The novel possibilities of various membrane platforms based 

on bacteria cellulose, plant cellulose, and synthetic polymers were fabricated.  

Assembling of these systems for downscaling in the chemical analysis were 

explored. The bacteria-produced cellulose membrane was introduced (Chapter3) for the 

determination of important markers such as pH and glucose measurement in the food and 

health related samples. The pH assay was based on colorimetric technique using the 

synthesized universal and natural reagent extracted from butterfly pea flower, providing 

the standard color (visible range) for the different pH value from pH 4 to 8. The glucose 

determination was based on enzymatic method, illustrating a linear calibration: y = 

6.8205x + 2.2506. This approach is the low-cost and quite functional sensor (high 

adsorption capacity, low toxicity, flexible membrane, small size, and sample solution 

reduction), promising to behave as a wearable sensor with human skin. 

Plant cellulose materials, established as a chemical sensor, was easily fabricated 

due to its self-microfluidic behavior for chemical analysis (Chapter4) employing a mobile 

phone. This platform was used for heavy metals (Cd, Cu), and antioxidant (polyphenol) 

assay. The heavy metal was investigated by PAR reagent to produce the color intensity 

from the complex product, relating to their concentration. The antioxidant measurement 

was also based on the colorimetric method of the polyphenol content and DPPH capacity, 

plotting a calibration graph in a range of 0-100 mg/L. Applications to the real green tea 

samples were demonstrated. This work has established a new concept in the possibility 

of green analytical chemistry and possible for on-site assay, especially being useful in 

some remote areas.  
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Ion-exchange membrane (chemical synthetic polymer) in terms of an in-line flow 

system for the determination of phosphate in seawater was developed. The reaction was 

based on molybdate mechanism via a colorimetric method, as shown in Chapter 4. Apart 

from that, phosphomolybdate was electrochemically measured by mini-electrode 

(Chapter5). The seawater samples were used to measure the phosphate concentration in 

the range of 0-10 µM. The key advantage of this approach is the simpler, more integrated 

membrane-based reagent delivery, compared to the older approaches that rely on mixing 

of the reagent addition. 

The results obtained from the proposed membrane sensors illustrated a good 

agreement with their related standard methods. These chemical systems include a 

separation and detection zone, without the sample pretreatment. They are the alternative 

ways for the on-site analysis engaging with easy operation, sample and reagent reduction, 

cost-effectiveness, and multi-functional work.  
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APPENDIX  

The standard method for glucose and pH determination 

1. pH analysis by the strip test 

According to pH and glucose determination (chapter 2), the proposed bio-cellulose 

sensor was compared with the standard techniques in order to test the possibility based 

on real samples (more details in chapter 2). The color results from strip paper were 

illustrated to identify the pH values of samples 7-10, which were pH~7.5, pH~7.3, 

pH~4.5, and pH~4.0 respectively (Figure A1). 

 

 

 

Figure A1: pH analysis of samples 7-10 using the standard strip test 
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2. pH analysis by pH probe 

Another method (pH probe) for checking the pH value of real samples was shown 

in Figure A2. The digital numbers on screen expressed the pH value of sample 7-10, 

which were pH~7.50, pH~7.22, pH~4.53, and pH~4.05 respectively. 

 

 

 

Figure A2: pH analysis of samples 7-10 using pH probe 

 

3. Glucose analysis by ACCU machine: converting the unit mg/dL to mM (m×mg/L) 

ACCU-CHEK Performa, Roche was chosen as electroanalysis for glucose assay. 

The results were obtained in Figure A3, which glucose values of samples 1-10 were 

*ERROR, 0, 2.00 mM (dilute), 0, 0.72 mM (dilute), *ERROR, 4.88 mM, 7.94 mM, 5.22 

mM, and 7.50 mM (*ERROR = The machine did not show any data) 

 

4. Glucose analysis by spectrophotometry 

Another glucose determination was studied via spectrophotometry measuring at 

645 nm wavelength. The glucose enzyme reaction is related to the experimental part of 

chapter 2. The blue products were appeared responsible for standard glucose and real 
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samples in Figure A4. The glucose values were then received by spectrophotometry and 

the calibration graph was illustrated in Figure A5. 

 

 

 

 

Figure A3: Glucose analysis of samples 2-10 using ACCU machine 

 

 

 

 

 

 

 

 

 

 

Figure A4: Glucose analysis of samples 1-10 using colorimetric method 
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Figure A5: Calibration graph of glucose determination by spectrophotometry 

 

Table A1: Absorbance of the blue complex from different samples and the glucose 

values by spectrophotometry 

Sample 

 

Absorbance (645 nm) Glucose (mM) 

1 2 3 Average SD 

Blank 0.473 0.477 0.476 0.475 0.002 0 

1 0.319 0.321 0.528 0.389 0.120 - 

2 0.350 0.352 0.356 0.353 0.003 - 

3 0.992 0.989 0.990 0.990 0.001 2.30±0.01 (dilute) 

4 0.166 0.164 0.167 0.166 0.001 - 

5 0.675 0.672 0.676 0.674 0.002 0.71±0.01 (dilute) 

6 0.199 0.206 0.201 0.202 0.003 - 

7 1.474 1.477 1.475 1.475 0.002 4.74±0.01 

8 2.187 2.190 2.182 2.186 0.004 8.31±0.02 

9 1.452 1.686 1.451 1.530 0.135 5.01±0.68 

10 2.230 2.233 2.105 2.189 0.073 8.32±0.37 
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