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ABSTRACT 

A cost effective hydrogel test kit was successfully developed for the detection of pre- and 

post-blast trinitrotoluene (TNT). A polyvinyl alcohol (PVA) hydrogel matrix was used to entrap the 

potassium hydroxide (KOH) colourimetric reagent. The easily portable test kit was fabricated in-situ 

in a small tube to which the sample could be added directly. The test kit was used in conjunction with 

digital image colourimetry (DIC) to demonstrate the rapid quantitative analysis of TNT in a test soil 

sample. The built-in digital camera of an iPhone was used to capture digital images of the 

colourimetric products from the test kit. Red-Green-Blue (RGB) colour data from the digital images 

of TNT standard solutions were used to establish a calibration graph. The validation of the DIC 

method indicated excellent inter day precision (0.12-3.60%RSD) and accuracy (93-108% relative 

accuracy). Post-blast soil samples containing TNT were analysed using the test kit and were in good 

agreement with spectrophotometric analysis. The intensity of the RGB data from the TNT complex 

deviated by +6.3%, +5.1%, and -4.9% after storage of the test kits in a freezer for 3 months. The test 

kit was also reusable for up to 12 times with only -5.4%, +0.3%, and +4.0% deviations. The hydrogel 

test kit was applied in the detection of trace explosive residues at the scene of the recent Bangkok 

bombing at the Ratchaprasong intersection and produced positive results for TNT demonstrating its 

operational field application as a rapid and cost effective quantitative tool for explosive residue 

analysis. 
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1. Introduction 

Trinitrotoluene (TNT) is a widely used explosive material. It is known to have contaminated 

soil and water as a consequence of its use in military activities, the operational deployment of land 

mines, and in other industrial activities [1-3] which has led to significant environmental pollution. A 

wide range of instrumental methods have been applied for the detection of TNT such as ion mobility 

spectroscopy, capillary electrophoresis, and gas or liquid chromatography [3-12]. Although the 

instruments used to conduct such tests are highly efficient, they are expensive and are not available in 

many laboratories. Field detection of TNT using various sensors has also been reported [13, 14]. 

Although colourimetric sensors based on the entrapment of specific reagents within solid supports 

provides a low cost, portable, and flexible means for the rapid on-site qualitative detection of TNT, a 

spectrophotometer is required for quantitative analysis [1, 15, 16]. In this article, a low cost 

colourimetric test kit was developed based on the synthesis of hydrogel material and used 

incorporately with digital image colorimetry for quantitative analysis.   

Poly vinyl alcohol (PVA) has been widely used in the manufacture of adhesives and 

emulsifiers as well as in the textile and paper industry [17]. This synthetic water soluble hydrophilic 

polymer is commonly used to prepare new materials because it is non-toxic, non-carcinogenic, 

biodegradable and biocompatible. It can also be used to form gels with tailored morphologies, 

blended with other polymers, or to form the matrix for different fillers [18].  

A three-dimensional cross-linked PVA network, PVA hydrogel, can absorb and retain large 

amounts of water and biological fluids [19]. It can be used to prepare a stimulus-sensitive material, 

capable of detecting, for example, pH, temperature, pressure, stress, ionic strength, electric field and 

light [20, 21]. Such gels have been used in various applications including tissue engineering, drug 

delivery systems or biomedical engineering. It has been applied as a sensor by using a transducer to 

convert the swelling of the hydrogel to an optical or electrical output [21, 22] and used for pollutant 

sorption of dyes [18] and uranyl ions [23] by being blended with other materials.     



PVA hydrogels can be synthesized by either a chemical or physical cross-linking process 

[24]. Chemical cross-linking can be conducted by irradiation or the use of bifunctional cross-linkers 

such as glutaraldehyde, while physical cross-linking can be achieved by the use of freezing/thawing 

cycles to form crystals. The hydrogel made by physical cross-linking processes produce a gel with a 

larger mesh or pore size [25] but with poorer mechanical properties and less thermal stability than 

gels formed by chemical cross-linking [26]. The properties of the synthesized material can be 

improved by the combination of cryogenic treatment with a chemical cross-linking process which can 

induce both physical and chemical cross-linking [27]. The combination of the two methods of 

synthesis produces an elastic and sponge-like cryogel with good mechanical stability and high flow-

through pores [28, 29]. 

This article reports the successful synthesis of a PVA hydrogel as a low cost colourimetric 

test kit for the simple and rapid TNT detection for the first time. The PVA hydrogel test kit 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 potassium hydroxide 

(KOH) was used as the colourimetric reagent. Entrapped KOH was released from the hydrogel matrix 

to react with TNT producing a specific colour product. Quantitative analysis was obtained through 

digital image colourimetry using an iPhone and delivered reliable and validated results removing the 

necessity for spectrophotometric detection.  

2. Materials and methods 

2.1. Materials 

2,4,6-Trinitrotoluene in acetonitrile (1 mgmL-1) was purchased from Supelco (Bellefonte, PA). 

Potassium hydroxide (KOH) was produced by Carlo Erba (Spain), and acetone was purchased from 

Merck (Darmstadt, Germany). Poly vinyl alcohol (Mw 85000-124000 gmol-1, >99% hydrolyzed) and 

poly ethylene glycol diglycidyl ether (EGDE, 98%) were purchased from Sigma-Aldrich Ltd. 

Ultrapure water was obtained from a Barnstead EasyPure II laboratory water purification system 

(Barnstead EasyPure II, Thermo fisher scientific, OH).  



2.2. Preparation of the PVA hydrogel TNT test kits  

The PVA hydrogel TNT test kits were prepared by modifying the procedure reported in 

previous work [23, 28, 29]. A PVA solution was prepared by dissolving PVA granules in ultrapure 

water at 100°C and stirred for 30 minutes to obtain a clear viscous solution. It was cooled at room 

temperature before the addition of the colourimetric reagent and the cross-linker. The colourimetric 

reagent, KOH solution was added to the PVA solution and stirred for two minutes. Finally, EGDE 

solution was added as a cross-linker and the solution stirred for a further minute. The polymer mixture 

was then transferred into micro-PCR tubes and kept in a freezer overnight prior to further use. Blank 

hydrogel test kits were also prepared using the same procedure without the addition of KOH. 

For optimization of the test kit, various of combinations of the necessary ingredients including 

concentrations (2.5, 5.0, 7.5, 10% w/v) and volumes (0.5, 0.75, 1.0, 1.25, 1.5, 1.75, 2.0mL) of PVA 

solution,  concentrations (0.05, 0.1, 0.25, 0.5, 1.0 molL-1) and volumes (0.25, 0.5, 1.0, 1.5, 2.0mL) of 

KOH solution, volumes of EGDE (25, 50, 75, 100µL), and volumes of polymer mixture (25, 50, 75, 

100µL) were studied. The optimum hydrogel recipe was chosen as that which produced the darkest 

color product of TNT using the least amount of chemicals.       

2.3. Characterization of the PVA hydrogel TNT test kits 

The morphology and functional groups of the PVA hydrogel TNT test kits were investigated 

using a scanning electron microscope (SEM-Quanta400, FEI, Czech Republic) and Fourier transform 

infrared spectroscope (FTIR-Equinox55, Bruker, Germany). Spectral analysis of the FTIR was 

performed over a range of 4000 to 400 cm-1 at a resolution of 4 cm-1 using KBr pellet preparation. 

2.4. Colour test of TNT 

A series of TNT standard solutions in the range of 0.5 to 100 mgL-1 were prepared by diluting a 

stock solution (1 mgmL-1 in acetonitrile) with acetone. Each TNT standard solution was transferred 

into five PVA hydrogel TNT test kits (100µL each) and mixed for one minute. The red-brown 

products obtained were then photographed using the built-in digital camera of an iPhone 4.0, six 



images of each test kit being taken. The average intensities of the red, green and blue colors (RGB 

values) across the six images from the five test kits at each concentration were studied using an in 

house RGB analysis program. 

2.5. Photographic system for quantitative analysis of TNT 

A photographic box (13.5cm15.5cm7.5cm) made of opaque black corrugated plastic board 

with an internal white background and 24 high intensity white light-emitting diodes (LEDs) was used 

throughout this work. Five PVA hydrogel TNT test kits were hung at the top of the box and sealed 

with a small cover to eliminate any effects from environmental light. The red-brown products 

obtained from the five test kits were captured through an aperture in the side of the box using the 

built-in digital camera of an iPhone 4.0 which was set with the flash off and automatic white balance 

on. The high dynamic range (HDR) mode was switched off and the images were recorded as original 

1.05 MB (2592×1936-pixel) JPEG (24-bits) images on the iPhone’s memory.  

All the images from the iPhone’s memory were transferred to a computer before the RGB 

values were analysed using an in house RGB analysis program. A 30×30 pixel patch of the image 

from each test kit was initially manually selected from one of the six recorded images for colour 

analysis. Equivalent image patches from the other five digital images for each test kit were then 

automatically selected by the image analysis program. The calibration curve for quantitative analysis 

was established by using the average RGB values from all six images from the five test kits (30 values 

in total) as a single data point for each standard concentration. 

2.6. Colour test of TNT in soil sample 

Four post-blast soil samples were prepared using the same procedure as in previous studies [30-

32]. Briefly, a 1 gram soil sample was extracted using 5mL of acetone before being sonicated for 10 

minutes and filtered using Whatman No.1. The four post-blast soil extracts were then analysed using 

the PVA hydrogel TNT test kits. A blank soil sample was prepared using the same procedure. A TNT 

standard solution (5 mgL-1) was spiked into the blank soil sample before and after extraction to 



investigate the efficiency of the extraction method (%recovery) and the effect of the colour of the soil 

filtrate on the colour product.  

2.7. System performance and method validation 

The analytical performance of the test kit and the digital image colourimetry, e.g. linear range, 

calibration equation, linearity, sensitivity, precision, and accuracy were investigated. Precision in 

terms of percentage relative standard deviation (%RSD), both intra- and inter-day for each color 

component, for six replicates of six images was investigated over a period of three days. The accuracy 

was investigated in terms of the percentage relative accuracy (%RA). This was achieved by analysing 

a sample of a known concentration of TNT (xcontrol=7.5 mgL-1) and that concentration was then 

quantified using the established calibration curve (xe). The limit of detection (LOD) was calculated 

based on the standard equation, yLOD=yB+3SB, where yLOD is the y value at the limit of detection, yB is 

the y-axis intercept, and SB is the standard deviation of the slope of the calibration graph [33].   

3. Results and discussion 

3.1. Preparation and characterization 

The PVA hydrogel TNT test kits were synthesized by a combination of cryogenic treatment and 

chemical cross-linking using EGDE as a bifunctional agent instead of glutaraldehyde. Although 

glutaraldehyde is a common bifunctional agent [29, 34], its toxicity and the non-uniformity of the 

obtained matrix [19] were matters of concern. The optimization studies found that 1mL of 5% w/v 

PVA solution, 1mL of 0.25 molL-1 KOH as a colourimetric reagent, and 25µL of EGDE provided an 

elastic hydrogel (Fig. 1) which produced the darkest colour product with TNT.  

Insert figure 1 

The SEM images of the PVA hydrogel TNT test kit (Fig. 2a) revealed a homogenous 

entrapment of KOH molecules within the hydrogel matrix. The presence of this colourimetric reagent 

within the hydrogel matrix was confirmed by the presence of the large absorption bands at 1356 cm-1 

and 1442 cm-1 [35] in the FTIR spectrum of the material (Fig. 2b). These entrapped KOH molecules 



will be released after an addition of sample solution. This made the reaction between TNT and 

colourimetric reagent occurred and finally produced the colour product. A band with maximum 

absorption at 3266 cm-1 was attributed to the O-H stretching vibration peak from the PVA [17, 36, 

37], while the maximum absorption peak at 1096 cm-1 can be attributed to C-O-C stretching vibration 

from the cross-link reaction of the PVA and the EGDE [23, 38]. The stretching vibration of the alkyl 

groups (R-CH2) from the EGDE [38] and/or the PVA [26] was observed at a wave peak between 3000 

and 2850 cm-1 with the maximum peak at 2910 cm-1.  

Insert figure 2 

The reproducibility of the TNT quantification in terms of %RSD for 20 test kits prepared at the 

same time was in the range of 0.09-1.22%RSD for the measured RGB intensities. When 20 test kits 

were prepared for 4 times (5 test kits each), the %RSDs obtained were in the range of 0.39-1.35%.     

3.2. Colourimetric test of TNT 

A colourimetric test based on the formation of Janowsky complexes from the nitro-aromatic 

rings of TNT with alkaline acetone [15 , 16, 39, 40] was conducted using potassium hydroxide, KOH, 

as a strong inorganic alkaline [40-43] (Fig. 3a). The addition of a clear TNT standard solution into the 

test kit container immediately produced a red-brown product (Fig. 3b) different from the red-violet 

product obtained from the KOH solution without the hydrogel matrix (Fig. 3c). This red-brown 

product remained for 4 minutes before gradually changing to red, while the red-violet products from 

the KOH solution gradually changed to red within 15 minutes. The red-violet product from the KOH 

solution and the red-brown complex from the hydrogel kit thus seem to be an intermediate form of the 

red Janowsky complex of TNT.  

The green and blue channels from the RGB analysis of the digital images of the red-brown 

products revealed constant intensities for 4 minutes before increasing (Fig. 4a), while the red-violet 

products obtained from the TNT reaction with the KOH solution without the hydrogel matrix showed 



constant intensities for 15 minutes (Fig. 4b). It seems that the hydrogel matrix shortens the period of 

presence of the red-violet intermediate form of the Janowsky complex. 

Insert figure 3 

Insert figure 4 

A purple-blue product was observed after the addition of 1,3-dinitrobenzene (1,3-DNB) (Fig. 

3d), while a blue product was obtained from standard solutions of 2,4-dinitrotoluene (2,4-DNT) (Fig. 

3e) for 6 minutes post reaction. When 4-nitrotoluene (4-NT; 1000 mgL-1) was analysed, no colour 

change was observed. These colour products were easily distinguished from the red-brown product of 

the TNT complex. The colour of all the complexes at 2.5 mgL-1 could be observed by eye indicating 

the high sensitivity of the test kit for these compounds. The highest sensitivity, in the range of 1-10 

mgL-1, was obtained from the 1,3-DNB complex with those from the 2,4-DNT and TNT being lower 

(8.9±0.4 (IG), 8.8±0.3 (IR) and 6.7±0.4 a.u.Lmg-1 (IB), respectively). When the mixture of TNT, DNB, 

and DNT was tested, the red-brown product of TNT immediately occurred before slowly changing to 

violet-blue as DNB and DNT product. The product is finally stable as the mix color of red-brown, 

purple, and blue which is different from each individual product.       

3.3. Digital image colourimetry for the quantification of TNT 

The quantification of TNT using the PVA hydrogel TNT test kit was achieved by using digital 

image colourimetry (DIC). Digital images of the red-brown complexes produced by TNT were 

captured as previously detailed. The intensity of the red light (IR) was lower than the green and blue 

light at low concentrations of TNT (< 1 mgL-1), but was the highest at high concentrations (Fig. 5a) 

because of the presence of darker red-brown products (Fig. 3b).  

Insert figure 5 

The calculated molecular absorption [44-46] of the red-brown products was also investigated. 

The blue channel (400-500nm) revealed the highest level of absorbance (Fig. 5b) corresponding to the 

reported maximum absorption wavelength (max) at 462nm using a spectrophotometer [40]. The 



calculated absorbance of the red-brown complex increased with TNT concentrations from 0.5-40 

mgL-1 before becoming constant. The total intensity (ITotal) (Fig. 5c) and the total absorbance (ATotal) 

(Fig. 5d) were also investigated and revealed similar results to other measurements reported.    

3.4. System performance and method validation 

The calibration equations for the quantification of TNT using the PVA hydrogel TNT test kit 

and DIC are summarized in table 1, while the analytical performance is shown in table 2. The red 

channel provided the lowest sensitivity for both intensity and calculated absorbance. The highest 

sensitivity was achieved from the total intensity (ITotal: 12.1±0.8 a.u. Lmg-1), while the widest linear 

range was obtained from the intensity of the red channel (0.5-100 mgL-1). This was wider than 

previously reported using a spectrophotometer (5-50 mgL-1) [1]. The limit of detection 

(0.32±0.01mgL-1) was obtained from the calculated absorption of green light and was better than 

those recently reported using colourimetry coupled with spectrophotometric detection (3 mgL-1) [1]. 

Precision was in the range of 0.42-1.60%RSD for intra-day analysis and 0.12-3.60%RSD for inter-day 

(over three days). Good accuracies (93-108%RA) were obtained for almost all measurements, except 

the calculated absorbance of red light (130%RA).  

Insert table 1 

Insert table 2 

3.5. Stability 

The PVA hydrogel TNT test kits (n=225) were prepared using the same ingredients at the 

same time in order to evaluate their stability. Three test kits were tested with TNT on the day of 

preparation, while the remaining kits (n=222) were split into three groups and stored in a freezer at -

18°C, and outside and inside a desiccator at 29°C. Three kits were removed from each group for TNT 

detection every two days over a one-month period and then on a weekly basis for 3 further months. 

The intensities of the red, green and blue channels from the test kits stored in the freezer had altered 

by +6.3%, +5.1%, and -4.9% respectively after 3 months, while the RGB values from the test kits 



stored inside the desiccator had reduced by 7.8%, 30%, and 25% after a month (29 days). The test kits 

stored outside the desiccator produced the worst stability with the RGB values reducing by 12%, 22%, 

and 24% after 27 days. On the basis of these results, storage of the test kits in a freezer is 

recommended.  

3.6. Reusability 

The reusability of the PVA hydrogel TNT test kit was investigated by applying a new test 

after washing the test kit with acetone. It was found that the RGB values taken from the red-brown 

product changed by -5.4%, +0.3%, and +4.0% after 12 uses of the same test kit (Fig. 6). Because one 

PVA hydrogel TNT test kit costs only 0.5 THB (0.01 USD) to produce, the fact that each test can be 

used 12 times indicates that one test actually costs less than 0.001 USD. 

Insert figure 6 

3.7. Quantification of TNT in soil 

A quantity of 5 mgL-1 standard TNT solution was spiked into six blank soil samples before and 

after extraction to investigate the efficiency of the extraction method and the influence of soil 

matrices. A percentage recovery of 103.6±0.8% and %relative accuracy of 98.33±0.02% were 

obtained. These results indicate good extraction efficiency and detected no influence from the soil 

colour.  

The test kits were applied to four post blast samples recovered from soil. Two of these provided 

positive results with the kits (S1 and S2 in Fig. 7d) with concentrations of 0.011 and 0.06 mg g-1. The 

results were in good agreement with spectrophotometric data obtained from the same samples (0.012 

and 0.06 mg g-1) indicating excellent performance of the hydrogel TNT test kits when combined with 

DIC for these types of samples.  

Insert figure 7 

 



3.8. Application on Bangkok bombing case (Ratchaprasong intersection) proof of concept 

The hydrogel TNT test kit was deployed to detect trace explosive residues at the scene of the 

Ratchaprasong bomb explosion a week after the bombing. Positive results for TNT were obtained 

from the scene as shown in Fig. 7a-c. The results were in good agreement with other in-house 

developed test kits [32].    

4. Conclusion 

A cost effective PVA hydrogel TNT test kit was successfully developed for trinitrotoluene 

detection. The test kit was easy to transport and use as it was fabricated within a small flat cap micro-

PCR tube where all that is required is the addition of a small volume of the sample solution into the 

test kit tube during testing.  The PVA hydrogel TNT test kit was stable for 3 months when kept in a 

freezer and was able to be reused 12 times without significant loss of accuracy. Rapid quantitative and 

accurate analysis of trinitrotoluene was achieved by using the test kit in combination with DIC.  

References 

1.  E. Erçag, A. Üzer, and R. Apak, Selective spectrophotometric determination of TNT using a 

dicyclohexylamine-based colorimetric sensor. Talanta. 78(3) (2009) 772-780. 

2. A. Halasz, C. Groom, E. Zhou, L. Paquet, C. Beaulieu, S. Deschamps, A. Corriveau, S. 

Thiboutot, G. Ampleman, C. Dubois, and J. Hawari, Detection of explosives and their 

degradation products in soil environments. J. Chrom. A. 963(1-2) (2002) 411-418. 

3. M. E. Walsh, Determination of nitroaromatic, nitramine, and nitrate ester explosives in soil by 

gas chromatography and an electron capture detector. Talanta. 54(3) (2001) 427-438. 

4. T. Borch and R. Gerlach, Use of reversed-phase high-performance liquid chromatography-

diode array detection for complete separation of 2,4,6-trinitrotoluene metabolites and EPA 

Method 8330 explosives: influence of temperature and an ion-pair reagent. J. Chrom. A. 

1022(1-2) (2004) 83-94. 



5. S. Calderara, D. Gardebas, and F. Martinez, Solid phase micro extraction coupled with on-

column GC/ECD for the post-blast analysis of organic explosives. Forensic Sci. Int. 137(1) 

(2003) 6-12. 

6. Gaurav, A. K. Malik, and P. K. Rai, Development of a new SPME-HPLC-UV method for the 

analysis of nitro explosives on reverse phase amide column and application to analysis of 

aqueous samples. J. Hazard. Mater. 172(2-3) (2009) 1652-1658. 

7. W. Guan, F. Xu, W. Liu, J. Zhao, and Y. Guan, A new poly(phthalazine ether sulfone 

ketone)-coated fiber for solid-phase microextraction to determine nitroaromatic explosives in 

aqueous samples. J. Chrom. A. 1147(1) (2007) 59-65. 

8. R. L. Marple and W. R. LaCourse, A platform for on-site environmental analysis of 

explosives using high performance liquid chromatography with UV absorbance and photo-

assisted electrochemical detection. Talanta. 66(3) (2005) 581-590. 

9. J. M. Perr, K. G. Furton, and J. R. Almirall, Gas chromatography positive chemical ionization 

and tandem mass spectrometry for the analysis of organic high explosives. Talanta. 67(2) 

(2005) 430-436. 

10. R. Tachon, V. Pichon, M. Barbe Le Borgne, and J.-J. Minet, Comparison of solid-phase 

extraction sorbents for sample clean-up in the analysis of organic explosives. J. Chrom. A. 

1185(1) (2008) 1-8. 

11. R. Tachon, V. Pichon, M. B. L. Borgne, and J.-J. Minet, Use of porous graphitic carbon for 

the analysis of nitrate ester, nitramine and nitroaromatic explosives and by-products by liquid 

chromatography-atmospheric pressure chemical ionisation-mass spectrometry. J. Chrom. A. 

1154(1-2) (2007) 174-181. 

12. G. A. Buttigieg, A. K. Knight, S. Denson, C. Pommier, and M. Bonner Denton, 

Characterization of the explosive triacetone triperoxide and detection by ion mobility 

spectrometry. Forensic Sci. Int. 135(1) (2003) 53-59. 

13. L. Senesac and T. G. Thundat, Nanosensors for trace explosive detection. Mater. Today. 

11(3) (2008) 28-36. 



14. S. Singh, Sensors--An effective approach for the detection of explosives. J. Hazard. Mater. 

144(1-2) (2007) 15-28. 

15. A. Üzer, E. Erçag, and R. Apak, Selective colorimetric determination of TNT partitioned 

between an alkaline solution and a strongly basic Dowex 1-X8 anion exchanger. Forensic Sci. 

Int. 174(2-3) (2008) 239-243. 

16. E. Erçağ, A. Üzer, Ş. Eren, Ş. Sağlam, H. Filik, and R. Apak, Rapid detection of 

nitroaromatic and nitramine explosives on chromatographic paper and their reflectometric 

sensing on PVC tablets. Talanta. 85(4) (2011) 2226-2232. 

17.  E. Fonseca dos Reis, F. S. Campos, A. P. Lage, R. C. Leite, L. G. Heneine, W. 

L.Vasconcelos, and Z. I. P. Lobato, Synthesis and Characterization of Poly (Vinyl Alcohol) 

Hydrogels and Hybrids for rMPB70 Protein. Adsorption. Mat. Res. 9 (2006) 185-191. 

18. R. Dobritoiu and S. Patachia, A study of dyes sorption on biobased cryogels. Appl. Surf. Sci. 

285 (2013) 56-64. 

19. E. G. Crispim, J. F. Piai, A. R. Fajardo, E. R. F. Ramos, T. U. Nakamura, C. V. Nakamura, A. 

F. Rubira, and E. C. Muniz, Hydrogels based on chemically modified poly(vinyl alcohol) 

(PVA-GMA) and PVA-GMA/chondroitin sulfate: Preparation and characterization. Express 

Polym. Lett. 6 (2012) 383-395. 

20. S. K. Rai and P. Basak. Synthesis and characterization of polyvinyl alcohol hydrogel. in 

International Conference on Systems in Medicine and Biology. 2010. Kharagpur, India: IEEE. 

21. S. Herber, W. Olthuis, P. Bergveld, and A. van den Berg, Exploitation of a pH-sensitive 

hydrogel disk for CO2 detection. Sensor Actuat. B-Chem. 103 (2004) 284-289. 

22. H. J. van der Linden, S. Herber, W. Olthuis, and P. Bergveld, Stimulus-sensitive hydrogels 

and their applications in chemical (micro)analysis. Analyst. 128 (2003) 325-331. 

23. Y. Liu, X. Cao, R. Hua, Y. Wang, Y. Liu, C. Pang, and Y. Wang, Selective adsorption of 

uranyl ion on ion-imprinted chitosan/PVA cross-linked hydrogel. Hydrometallurgy. 104(2) 

(2010) 150-155. 

24. L. Wu and C. S. Brazel, Modifying the release of proxyphylline from PVA hydrogels using 

surface crosslinking. Int. J. Pharm. 349 (2008) 144-151. 



25. F. Fergg, F. J. Keil, and H. Quader, Investigations of the microscopic structure of poly (vinyl 

alcohol) hydrogels by confocal laser scanning microscopy. Colloid. Polym. Sci. 279 (2001) 

61-67. 

26. A. V. Reis, A. R. Fajardo, I. T. A. Schuquel, M. R. Guilherme, G. J. Vidotti, A. F. Rubira, 

and E. C. Muniz, Reaction of Glycidyl Methacrylate at the Hydroxyl and Carboxylic Groups 

of Poly(vinyl alcohol) and Poly(acrylic acid): Is This Reaction Mechanism Still Unclear? J. 

Org. Chem. 74(10) (2009) 3750-3757. 

27. Y. C. Nho and K. R. Park, Preparation and Properties of PVA/PVP Hydrogels Containing 

Chitosan by Radiation. J. Appl. Polym. Sci. 85 (2002) 1787-1794. 

28. P. Kueseng, C. Thammakhet, P. Thavarungkul, and P. Kanatharana, Multiwalled carbon 

nanotubes/cryogel composite, a new sorbent for determination of trace polycyclic aromatic 

hydrocarbons. Microchem. J. 96(2) (2010) 317-323. 

29. F. M. Plieva, M. Karlsson, M.-R. Aguilar, D. Gomez, S. Mikhalovsky, I. Y. Galaev, and B. 

Mattiasson, Pore Structure of Macroporous Monolithic Cryogels Prepared from Poly(vinyl 

alcohol). J. Appl. Polym. Sci. 100 (2006) 1057-1066  

30. A. Choodum, P. Kanatharana, W. Wongniramaikul, and N. Nic Daeid, Using the iPhone as a 

device for a rapid quantitative analysis of trinitrotoluene in soil. Talanta. 115 (2013) 143-149. 

31. A. Choodum, P. Kanatharana, W. Wongniramaikul, and N. NicDaeid, Rapid quantitative 

colourimetric tests for trinitrotoluene (TNT) in soil. Forensic Sci. Int. 222 (2012) 340-345. 

32. A. Choodum, P. Kanatharana, W. Wongniramaikul, and N. NicDaeid, Poly vinyl alcohol 

cryogel as a selective test kit for pre and post blast trinitrotoluene. Sensor Actuat B-Chem. 

222 (2016) 654-662. 

33. J. N. Miller and J. C. Miller, Statistic and Chemometric for Analytical Chemistry. 5th ed. 

2005, Essex: Pearson Education Limited. 

34. P. Martens and K. S. Anseth, Characterization of hydrogels formed from acrylate modified 

poly(vinyl alcohol) macromers. Polymer. 41(21) (2000) 7715-7722. 

35. Potassium hydroxide (1310-58-3)IR1.  [cited 2015 September 2]; Available from: 

http://www.chemicalbook.com/SpectrumEN_1310-58-3_IR1.htm. 

http://www.chemicalbook.com/SpectrumEN_1310-58-3_IR1.htm


36. A. R. Patel and P. R. Vavia, Evaluation of Synthesized Cross Linked Polyvinyl Alcohol as 

Potential Disintegrant. J Pharm Pharmaceut Sci. 13(2) (2010) 114 - 127. 

37. J. Wu, N. Wang, L. Wang, H. Dong, Y. Zhao, and L. Jiang, Unidirectional water-penetration 

composite fibrous film via electrospinning. Soft Matter. 8(22) (2012) 5996-5999. 

38. H. S. Mansur, R. L. Oréfice, and A. A. P. Mansur, Characterization of poly(vinyl 

alcohol)/poly(ethylene glycol) hydrogels and PVA-derived hybrids by small-angle X-ray 

scattering and FTIR spectroscopy. Polymer. 45(21) (2004) 7193-7202. 

39. E. Dimitriu, S. C. Moldoveanu, and E. E. Iorgulescu, Solvent-reagent effect in chemical 

detection of energetic materials type contaminants. Russ. J. Phys. 83(9) (2009) 1713-1717. 

40. T. F. Jenkins and M. E. Walsh, Development of field screening methods for TNT, 2,4-DNT 

and RDX in soil. Talanta. 39(4) (1992) 419-428. 

41. T. F. Jenkins and P. W. Schumacher, Evaluation of field kit for detection of TNT in water and 

soil., in US Army Corps of Engineers, USA Cold Regions Research and Engineering 

Laboratory, Special Report 90-201990: Hanover, NH. 

42. T. F. Jenkins and M. E. Walsh, eds. Reagent Chemistry for on-site TNT/RDX determination. 2 

ed. Current Protocols in Analytical Chemistry, ed. Lopez-Avila. 1998, Wiley. 

43. J. Almog and S. Zitrin, Colorimetric Detection of Explosives, in Aspects of Explosives 

Detection, M. Marshall and J.C. Oxley, Editors. 2009, Elsevier B.V.: Amsterdam, The 

Netherlands. 

44. A. Choodum and N. Nic Daeid, Rapid and semi-quantitative presumptive tests for opiate 

drugs. Talanta. 86 (2011) 284-292. 

45. A. Choodum and N. Nic Daeid, Digital image-based colourimetric tests for amphetamine and 

methamphetamine. Drug Test. Anal. 3 (2011) 277-282. 

46.  M. Kompany-Zareh, M. Mansourian, and F. Ravaee, Simple method for colorimetric spot-test 

quantitative analysis of Fe(III) using a computer controlled hand-scanner. Anal. Chim. Acta. 

471(1) (2002) 97-104. 



16 

Figure captions 

Fig.1 The PVA hydrogel TNT test kit.    

Fig. 2  (a) Scanning electron microscopic (SEM) image (b) FTIR spectrum of the PVA hydrogel TNT test 

kit.  

Fig.3 (a) Chemical reaction of TNT and KOH solution [15-16] (b-e) Colourimetric products of (b) TNT (d) 

1,3-DNB (e) 2,4-DNT using the PVA hydrogel TNT test kit, and (c) TNT using KOH solution without 

hydrogel matrix. 

Fig. 4 Stability of colourimetric products of TNT (a) using the PVA hydrogel TNT test kit (b) using KOH 

solution without hydrogel matrix. 

Fig. 5 Relationships of TNT concentrations and (a) RGB intensities (b) the calculated absorbance (c) total 

intensity (d) total absorbance  

Fig. 6 Reusability of the PVA hydrogel TNT test kit. 

Fig.7 Colourimetric products of (a-c) post blast samples from the scene of Bangkok bombing (at 

Ratchaprasong intersection) tested using the PVA hydrogel TNT test kit (d) post blast soil samples
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Table 1 Calibration equations for quantification of TNT using the hydrogel TNT test kit and DIC 

Relationships Calibration equation Linear rang (mg L-1) R2 

IR and C y=-(0.74± 0.02)x+(114±1 )                        0.5-100 0.9928 

IG and C y=-(4.1±0.3)x+(121±3) 2.5-20 0.9975 

IB and C y=-(6.7±0.4)x+(117±3) 1-10 0.9972 

AR and C y= (0.0046±0.0002)x+(0.32±0.01) 5-100 0.9911 

AG and C y= (0.024±0.003)x+(0.3±0.1) 0.5-40 0.9975 

AB and C y= (0.0426±0.001)x+(0.30±0.02) 0.5-40 0.9972 

ITotal and C y=-(12.1±0.8)x+(356±4) 1-10 0.9916 

ATotal and C y= (0.07±0.03)x+(0.9±0.6)   0.5-40 0.9979 
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Table 2 Analytical performance for TNT detection using the hydrogel TNT test kit and DIC 

Relationships Sensitivity (a.u. Lmg-1) Limit of detection 

(mgL-1) 

Precision (%RSD) Accuracy  

(%Relative accuracy) Intra-day, n=6 Inter-day, n=3 

IR and C 0.74± 0.02 5.8±0.2 0.80 2.63 93 

IG and C 4.1±0.3 1.2±0.1 1.60 0.13 108 

IB and C 6.7±0.4 1.4±0.1 0.80 1.52 104 

AR and C 0.0046±0.0002 6.8±0.3 0.98 3.60 131 

AG and C 0.024±0.003 0.32±0.01 1.17 0.12 99 

AB and C 0.0426±0.001 0.61±0.02 0.42 1.05 93 

ITotal and C 12.1±0.8 1.3±0.1 0.99 1.55 101 

ATotal and C 0.07±0.03 2.14±0.04 0.75 1.29 93 

*yLOD = yB+3SB [33] 

 

 

 

 

 

 


