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Abstract— A colorimetric polymer sensor was successfully 

developed for the detection of phosphate in water. Potassium 

antimonyl tartrate, ammonium molybdate, ascorbic acid and 

sulfuric acid were entrapped within the polyvinyl alcohol (PVA) 

hydrogel matrix and acted as the colorimetric reagent. The 

PVA sensor was fabricated within a micro-PCR tube to which 

the sample solution could be directly added for in-tube 

detection. This made the developed sensor small and easy to 

carry on field. The optimum condition for sensor synthesis was 

determined in this research by using the digital image analysis. 

They are found at 0.6 g/L potassium antimonyl tartrate, 14.4 

g/L ammonium molybdate, 5.28 g/L ascorbic acid, 0.05 mg/L 

sulfuric acid and 15 min reaction time. 

 
Index Terms—Hydrogel sensor, phosphate detection, 

polymer sensor. 

 

I. INTRODUCTION 

Classified as phosphorus compound, phosphate naturally 

appears in several forms, e.g. organic phosphate and 

polyphosphate. Nevertheless, the most bioavailable species is 

orthophosphate, PO4
3-

, HPO4
2-

 and H2PO4
-
, etc. [1]. It is also 

most abundant one, since it can be stabilized at neutral pH [2]. 

The key point source for phosphate are the municipal 

wastewater [3] and the application as corrosion inhibitor in 

the wastewater treatment system [4], while the gigantic 

amount of phosphate released to the environment comes from 

the non-point source, such as agricultural fertilizer and 

livestock excretion [5], [6]. High concentration of phosphate 

in water body, especially a closed or semi-closed to drainage, 

causes the eutrophication [7]-[10]. This phenomenon is 

responsible for the sensational bloom of algae leading to the 

considerable drop of dissolved oxygen in a natural water 

resource. In addition to the environmental problem, the 

excess phosphate takes account to the progressive fouling of 

pipeline in the industrial water system [11]. 

To reduce these problems, the enough qualitative and 

quantitative information of the contaminated phosphate is 

required through the high efficient analytical method. 

Nowadays, various contemporary techniques are taken 

account to measure the phosphate in the collected sample, 

such as the high performance liquid chromatography [12] and 

ion chromatography [13]. These instrumental methods 

possess the advantage of good system performance, 
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including high precision and low detection limit. However, 

the use of these techniques is prohibited by an investment 

cost of analytical instrument. The cheaper technique, 

spectrophotometry become more popular [5]. Other attractive 

reasons are simple-to-use and small space required. Even 

though, the tedious works of sampling and transferring the 

sample from a site to laboratory for analysis are inevitable by 

the technique. These also cause sample losses and 

contamination. 

A colorimetric sensor would be an advantageous choice 

for rapid cost-effective on-site determinations of 

formaldehyde. This approach would provide a number of 

advantages such as field portability, visual qualitative 

feedback, rapid detection, and ease of handling [14], [15]. It 

is typically based on entrapment or impregnation of a 

colorimetric reagent within various materials, such as a 

sol-gel matrix [16], porous glass [14], or molecularly 

imprinted polymer [17].  

PVA hydrogel is a macromolecule three-dimensional 

crosslinked PVA, which is capable of absorbing and retaining 

large amount of water and biological fluid [18]. It could be 

formed a stimulus-sensitive material by incorporating 

necessary functional groups. It has been used for various 

applications such as tissue engineering, drug delivery system, 

and biomedical engineering.  

The PVA hydrogel polymer can be synthesized by either a 

chemical or physical cross-linking process [19]. Chemical 

cross-linking can be conducted by irradiation or the use of 

bifunctional cross-linkers, while physical cross-linking can 

be achieved by the use of freezing/thawing cycles to form 

crystals. The combination of the two methods of synthesis 

produces an elastic and sponge-like cryogel with good 

mechanical stability and high flow-through pores [20], [21]. 

In this article, a low cost colorimetric sensor was 

developed based on the synthesis of PVA hydrogel polymer. 

It was used incorporately with the digital image colorimetry 

by webcam for semi-quantitative analysis to deliver reliable 

results removing the necessity for spectrophotometric 

detection. 

 

II. MATERIALS AND METHODS 

A. Materials 

All reagents were of analytical grade and the freshly 

de-ionized of 18 MΩ/cm (Millipore, Bedford, MA, USA) 

was handled for preparing all solutions at desired 

concentration. A component for polymer synthesis, which 

were poly vinyl alcohol (Mw 85000-124000 g/mol, >99% 

hydrolyzed) and poly ethylene glycol diglycidyl ether 

(EGDE, 98%) were obtained from Sigma-Aldrich Ltd. 

(USA). A chromogenic species, which were ammonium 
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molybdate tetrahydrate ((NH4)6Mo7O24.4H2O), potassium 

antimonyl tartrate hemihydrates (K(SbO)C4H4O6. 0.5H2O) 

and L-ascorbic acid (C6H8O6), were purchased from Fisher 

Scientific (Leicestershire, UK), while the targeted analyte, 

potassium dihydrogen phosphate (KH2PO4) was obtained 

from Carlo Erba (Val de Reuil , France). Other chemicals 

used in the experiment were concentrated sulfuric acid 

(H2SO4) (J.T. Baker, New Jersey, USA).  

B. Preparation of the PVA Hydrogel Phosphate Sensor 

The PVA cryogel phophate sensor was prepared following 

the procedure reported by previous research [20]-[22] with 

some modification. In brief, PVA granule was dissolved in 

ultrapure water (5% w/v) at 120°C and stirred for 2 hr to 

obtain a clear viscous solution. This solution was cooled at 

room temperature before further use. The colorimetric 

reagents, ammonium molybdate tetrahydrate, potassium 

antimonyl tartrate, ascorbic acid, and sulfuric acid under the 

optimized concentration were added to the PVA solution and 

stirred for 5 min. Finally, 100 L EGDE was added as a 

cross-linker and the solution was stirred for a while. The 

polymer mixture of 130 L was then transferred into 

micro-PCR tubes and kept in a freezer overnight prior to 

further use.  

For optimization of the sensor production, various 

concentration of necessary ingredients, including potassium 

antimonyl tartrate (0.2 - 4.0 g/L), ammonium molybdate (3.6 

- 57.6 g/L), ascorbic acid (0.88 - 10.56 g/L) and sulfuric acid 

(0.02 - 0.11 mg/L), was added into 5 mL PVA solution The 

optimum hydrogel recipe was chosen as that which produced 

the darkest color product of phosphate using the least amount 

of chemicals. The effect of reaction time was investigated on 

this stage of work as well.  

C. RGB Capturing System 

Since the principle of digital image analysis was based on 

the measurement of light reflection from the reaction 

product, the 3‖ × 3.5‖ × 3.5‖ laboratory-built protective 

box was set up to limit the detection interference from the 

environmental light, especially sunlight. The box was made 

from an opaque black corrugated plastic board and interior 

coated with white background. The PCR micro-tube was 

placed on the top of protective box. Three light 

emitting-diodes (LEDs) were employed as the light source 

and the electrical power was supplied by the laptop 

computer with a USB cable connection. Front side of the 

box was perforated for a webcam installation. The digital 

photograph was obtained by Compaq Presario CQ40, 

WXGA (1280×800) High-definition Bright View LCD 

panel (16:10 Wide Aspect Ratio) equipped with webcam 

640×480 pixels. The analysis of RGB intensity was 

performed by our colleague-built program based on 

MATLAB. 

 

III. RESULTS AND DISCUSSION 

This work reports the successful synthesis of a PVA 

hydrogel polymer as a low cost colorimetric sensor for the 

simple and rapid phosphate detection. The PVA sensor was 

formed using a combination of a chemical cross-linking 

process and cryogenic treatment. Ethylene glycol diglycidyl 

ether (EGDE) was used as the chemical cross-linker, while 

the colorimetric reagent was employed following the 

standard method [23] for phosphate detection. Entrapped 

colorimetric species was released from the hydrogel matrix 

to react with phosphate in the sample producing a specific 

color product. The optimum condition of sensor synthesis 

was determined through digital image colorimetry using a 

webcam. 

A. Effect of Colorimetric Reagent and Acidified Reagent 

The major problem of many field analytical techniques 

was an application of expensive chemicals. Thus, the 

portable sensor would be more attractive for the user, if a 

portion of all chemicals in those sensors were minimized. 

Furthermore, it could be answering the question of a green 

chemistry as well. On this ground, the concentration of 

colorimetric reagents for the sensor synthesis, including their 

effect on the color intensity, were investigated in this work. 

Experimental results were presented in Fig. 1-Fig. 4. 
 

 

 
Fig. 1. The effect of potassium antimonyl tartrate concentration in sensor on 

(a) the RGB intensity and (b) absorbance for 1 mg/L phosphate detection. 

 

One of colorimetric reagent, potassium antimonyl tartrate 

was added into the PVA sensor in the form of mixed 

reagent. The relationship between its concentration and the 

color intensity was shown in Fig. 1.  

According to Fig. 1(a), it was clear that the intensity of Red 

(IR), Green (IG) and Blue (IB) were inversely proportional to 

the concentration on of potassium antimonyl tartrate in the 

range 0.2 - 0.6 g/L. This was due to more reaction product 

formation with increasing reactant, the color intensity was 

decreased. However, the intensity became constant after 0.6 

g/L pointing out the stabilized product. Consequently, it 

could be stated that the appropriate potassium antimonyl 

tartrate concentration for sensor synthesis should be 0.6 g/L 

for 1 mg/L phosphate detection. 

Because the eye sees the converse of the color component 

that was primarily absorbed. The molecular absorption of 

color products was also investigated by calculating the 

absorbance at each concentration using (1): 

𝐴𝑋 =  −𝑙𝑜𝑔
(𝐼𝑋−𝐼𝑋 ,𝑏)

 𝐼𝑥 ,𝑤−𝐼𝑥 ,𝑏 
= −𝑙𝑜𝑔

 𝐼𝑥 𝑐

 𝐼𝑥 ,𝑤 
𝑐

= −𝑙𝑜𝑔𝑅𝑥               (1) 

where for each colour (R, B, G), AX was the absorbance of 

X, IX was the intensity of X, IX,b was the intensity of black 

(b

) 

(a) 
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(IX,b = 0), IX,w was the intensity of white (IX,w = 255), and RX 

was the reflectance of light X and C was the concentration of 

X [24]. 

The logarithmic relationship for each color was presented 

in Figure 1(b). The obtained profiles were similar with those 

commonly reported using spectrophotometric methods. 

In contrast with the intensity, the RGB absorbance was 

increased with the increasing potassium antimonyl tartrate 

concentration (Fig. 1(b)). The darker color of reaction 

product was responsible for the increased light absorption. 

Moreover, the results showed that the highest absorbance was 

observed by the blue color component, instead of green as the 

intensity one. This was attributed that the red was the 

complementary color of green [25] and thus the highest 

absorbance of this color among others was found. These 

results showed a good agreement with a conventional 

spectrophotometric method, for which strong absorption at 

880 nm has been described in the region of red wavelength 

[23]. 

In the phosphate reaction, the interaction between 

phosphate, ammonium molybdate and potassium antimonyl 

tartrate produced the phosphorus molybdenum  heteropoly 

acid, which was then reduced by ascorbic acid to form 

molybdenum blue [23]. Therefore, the content of ammonium 

molybdate considerably impacted on the colorimetric 

reaction. Its effect of ammonium molybdate on the intensity 

was existed on Fig. 2. 

 

 
 

 
Fig. 2. The effect of ammonium molybdate concentration in sensor on (a) the 

RGB intensity and (b) absorbance for 1 mg/L phosphate detection. 

 

The same situation as potassium antimonyl tartrate was 

displayed in Fig. 2 for ammonium molybdate effect. It was 

obvious that the color intensity was decreased with the 

increasing ammonium molybdate concentration in the range 

of 3.6 – 14.4 g/L. It was attributed to the rising up of the 

reaction intermediate of phosphorus molybdenum  

heteropoly acid leading to the increment of the molybdenum 

blue formation as the result. However, the increase in the 

ammonium molybdate more than 14.4 g/L was not affected to 

the color intensity. It was owing to the phosphate ion used up. 

The molecular absorption of color products was also 

considered in this section by calculating absorbance at each 

molybdate concentration using an equation previously 

described (1). The absorption of red light was found greater 

than blue and green light (Fig. 2(b)). It was also showed 

sharply alteration both in absorbance and intensity, indicating 

the high sensitivity property of this color. 

As mentioned above, the other reagent involved in the 

reaction was ascorbic acid, which acted as the reducing agent 

in the mechanism. In this study, the effect of ascorbic acid 

concentration in the range of 0.88-10.56 g/L was presented in 

Fig. 3.      
 

 

 
Fig. 3. The effect of ascorbic acid concentration in sensor on (a) the RGB 

intensity and (b) absorbance for 1 mg/L phosphate detection. 

 

 

 
Fig. 4. The effect of sulfuric acid acid concentration in sensor on the RGB 

intensity for 1 mg/L phosphate detection. 
 

The relationship between the ascorbic acid concentration 

and the product intensity/absorbance was similar to those 

obtained from other reagent, i.e. the RGB intensity was 

decreased with increasing concentration, while the 

absorbance was in opposite way (Fig 3(a) and 3(b)). The 

reason was possessed by the strengthen product color. 

However, its intensity and absorbance began to be steadfast 

after 5.28 g/L, so the optimum ascorbic acid was selected at 

(b

) 

(a) 

(b) 

(a) 

(b) 

(a) 
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that level with the sense of cost-effectiveness. 

Since the reaction could be occurred in only acidic 

condition [22], the amount of acid addition was significant 

and was determined in this research for the scope of 0.02 – 

0.11 mg/L. The results were shown in Fig. 4. 

Obviously, the curve in Fig. 4(a) and 4(b) could be divided 

into 2 ranges, i.e. the high level of RGB color and the low one. 

The critical point was found at 0.05 mg/L sulfuric acid. This 

was explained by experimental results: when the acid 

concentration was lower than 0.05 mg/L, the color of sensor 

was changed to blue-green, even no phosphate addition. This 

is way the concentration of green and blue was high at low 

concentration of acid applied. Since the detection greatly 

depended on the color change, it was not proper to use the 

acid at too low concentration. Thus, the optimum 

concentration of sulfuric acid was recommended at 0.05 

mg/L.   

B. Effect of Reaction Time 

One of parameters affecting to the image color was the 

stability of the reaction product. It steadiness immensely 

depended on the reaction time. Thereby, the effect of time 

was investigated in this study in the range of 0.5-60 min to 

keep the color stabilize and rise up a system efficiency in 

terms of a speed analysis. The results were shown in Fig. 5(a) 

and 5(b). 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. The effect of reaction time on (a) the RGB intensity and (b) 

absorbance for 1 mg/L phosphate detection. 

 

Like previous section, the intensity was inversely 

proportional to the reaction time in the range of 0 - 15 min 

and the line became constant after 15 min, since the reagent 

or phosphate was used up. Consequently, the appropriate 

reaction time should be selected at 15 min in order to 

maximize the product concentration. The conclusion was 

supported by the water quality standard method, which 

suggested 10 to 15 min for the reaction undergoing [23]. 

C. Preliminary Application with Water Sample 

Three surface waters were sampled from the water pond 

within university campus to preliminary test the efficiency of 

the developed sensor compared with the traditionally 

analytical technique [23]. Insignificant difference of 3.63% 

for a measured phosphate concentration was observed by 

spectrophotometer and the proposed sensor. This was 

indicated the possibility of sensor application for phosphate 

measurement and it deserved to study with more kind of 

water sample.  

 

IV. CONCLUSION 

A PVA colorimetric polymer sensor was successfully 

developed for phosphate detection by entrapping color 

reagents within the PVA hydrogel matrix. The sensor was 

fabricated within a micro-PCR tube making it easy to 

transport and use. A small volume of the sample solution 

could be directly added into the tube during testing. The 

digital camera installed in the laptop computer could be used 

to detect the color of the reaction product rather than 

traditional human eye, providing more accurate and reliable 

results. With low amount of chemical used, it indicated the 

potential of the method in the aspect of cost-effectiveness. 
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