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SMARTPHONE-BASED DETECTION OF DYES IN WATER FOR 

ENVIRONMENTAL SUSTAINABILITY 

 

SUMMARY 

 

The goal of this thesis is to develop the applicability of an ultra-low cost, field-

deployable, plastic fiber based smartphone spectrometer system to study dye 

adsorption from water. A custom cradle using smartphone’s built-in flash and camera 

was designed for visible absorbance spectroscopy without any need for external 

electrical components. We firstly investigated the performance of smartphone 

spectrometer for methylene blue (MB) absorbance in water with a detection limit of 

0.5 ppm, and compared it to that of a commercial spectrometer. We elaborated on the 

contribution of image formats to the calibration of standard absorbance curve. We 

then  studied the catalytic activity of electrospun polyacrylonitrile (PAN)/Zeolite 

composite nanofibers by analyzing MB adsorption as a function of time. The results 

obtained in the proposed compact, cost-effective and high-performance platform can 

help transform measurement science for sustainable water management. 
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ÇEVRESEL SÜRDÜRÜLEBİLİRLİK İÇİN AKILLI TELEFON İLE SUDA 

BOYALARIN TESPİTİ 

 

ÖZET 

 

Bu tezin amacı, sudan boya adsorpsiyonu araştırmak için ultra düşük maliyetli, 

sahada kullanılabilir, plastik fiber tabanlı bir akıllı telefon spektrometresi sisteminin 

uygulanabilirliğini geliştirmektir. Akıllı telefonun dahili flaşını ve kamerasını 

kullanan özel bir düzenek, harici elektronik bileşenlere gerek duymadan görünür 

emilim spektroskopisi için tasarlandı. Öncelikle akıllı spektrometrenin sudaki 

metilen mavisi absorbsiyonu için 0.5 ppm tespit sınırı ile performansını araştırdık ve 

ticari bir spektrometre ile karşılaştırdık. Görüntü formatlarının standart absorbans 

eğrisinin kalibrasyonuna katkısı üzerinde durduk. Daha sonra zamanın bir 

fonksiyonu olarak metilen mavisinin adsorpsiyonunu analiz ederek elektrospun 

poliakrilonitril (PAN) / Zeolit kompozit nanofiberlerin katalitik aktiviteleri üzerinde 

çalıştık. Önerilen kompakt, düşük maliyetli ve yüksek performanslı platformda elde 

edilen sonuçlar, sürdürülebilir su yönetimi için ölçüm biliminin dönüşümüne 

yardımcı olabilir. 
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1. INTRODUCTION 

Possible accumulation of dyes in a body of water is harmful to humans and 

environment. Their removal at industrial facilities is extremely important before they 

are discharged to environment. As much as water is necessary for all living beings to 

survive; it is also critical for development in areas such as science, technology and 

industry. For all these reasons, it is very straightforward that the water is called the 

source of life and it is essential to use clean and purified water resources in each area 

according to the necessary conditions. 

1.1 Water  

1.1.1 Water Quality 

Water is one of the most important natural sources of our daily life obtained from 

two main sources generally, groundwater and surface water. However in our home or 

business, our daily needs are generally procured from municipal or bottled water. For 

municipal water, water is obtained from groundwater or a surface water source, such 

as rivers, and these sources come to our home or business with help of pipes after 

being processed for purification. Filtration and disinfection with chemicals are 

sequentially performed to get rid of microorganisms that cause serious diseases 

sometimes even infectious diseases. While in water-rich countries like USA, North 

and West European countries the annual amount of water per capita as 10.000+ m
3
, 

in our country, this amount decreases to 1.600 m
3
, this difference practically makes 

our country a water-poor country in the world. Just because of this reason, solution-

oriented approaches against the efficient use of water resources should be 

investigated. 

Water is the easiest means of transportation for microorganisms to human body by 

drinking, and using. Surface water is the most prone to pollution since the industrial 

areas are placed fairly close to the surface water sources to be used in industrial 

production. Hence the surface water sources carry waterborne contaminants, such as 

aluminum, ammonia, arsenic are the most common ones.  
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1.1.2 Water and Air Pollution 

The presence of pure and clean water in nature is dependent on biological, physical 

and chemical factors. However for agriculture and industry uses, the quality of water 

can be quite flexible and water pollution is permitted up to a certain extent (Goel, 

2006).  Indirect sources of water pollution include contaminants that enter the water 

supply from soils or groundwater  

and from the atmosphere via rain (Rao, Senthilkumar, Byrne, & Feroz, 2012). The 

effect of the industry on water pollution is major concern. The causes of industrial 

water pollution can be from sewages, nutrients, wastewater, chemical waste, 

radioactive waste, industrial oil and plastics. Chemical waste is a major pollution 

factor, where the best-known pollutant is color dyes used in industry. Dyes are 

generally non-biodegradable, and are very deadly for all living things. However, 

there are water insoluble dyes removed from wastewater with some processing. 

The dye industry also emits various pollutants to air. For example, the certain 

processes in textile production induce air pollution with atmospheric emissions. In 

pigment dyeing, the contaminants are released to air during the drying process.  

1.1.3 Dyes 

Dyes are major components to add or change color to materials and they are 

generally applied to materials in aqueous solution. There are several types of dyes 

such as natural dyes obtained from plants, flowers or vegetables. Moreover, synthetic 

dyes can be produced with chemicals to be used in certain areas. Natural or artificial 

dyes have a with significant coloring capacity and are widely used in production of 

consumer products, including textile, cosmetics, paints, food, pharmaceutical, 

printing inks, plastics, photographic and paper industries(Kumar, 2014). 

1.1.4 Detection Technique 

Water contaminants usually cause a bad smell, taste or appearance. However 

occasionally the water smells tastes or looks good, even though it is not clean enough 

or disinfected properly. Human senses cannot detect the harmful microbial or organic 

contaminants and hence there is a great need for detection mechanism for these 

pollutants. Industrial techniques used in detection of water pollution are 
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Chromatography, Electrode Measurements and Radiation Measurements (Schaefer, 

2014). Among these techniques, chromatography has the most sensitivity and 

accuracy for detection of the chemical contaminants of water. By separating the ions 

in a water sample, chromatography provides the capability to measure chemical 

residues dissolved in water. In chromatography, instruments may have colorimetric, 

mass or conductivity detectors. This technique allows taking measurements quickly 

and precisely. The other technique is the ion-selective electrode technique which 

evaluates the harmful contaminants in water. In this measurement technique there are 

two electrodes one of which is inside the reference solution known concentration and 

the other one is in the sample solution. Only the desired ions go from the reference 

electrode to the sample electrode during the redox reaction. Besides all of these 

techniques, measurement with the radiation is the most-widely used in industry and 

simpler than the others. 

Adsorption is one of the most effective ways to remove undesirable molecules from 

wastewater (Robinson, McMullan, Marchant, & Nigam, 2001; Yagub, Sen, Afroze, 

& Ang, 2014), and absorbance spectroscopy is the major measurement method to 

observe dye removal efficiency (Alver & Metin, 2012; Ayad & El-Nasr, 2010). Cost 

effective field-portable measurement devices provide alternative way for controlling 

the removal of dyes for environmental sustainability and management. Especially 

smartphone platforms with integrated sensing systems are drawing huge interest due 

to the premises of replacing their benchtop counterparts with compatible 

performance and the ability to use in a resource-limited setting. Ultimately, 

smartphone instrumentation went beyond microscopy to replace commonly used 

instruments such as colorimeters (Contreras-Naranjo, Wei, & Ozcan, 2016). For 

instance, a smartphone by itself is enough to quantify colorimetric test strips without 

any external attachments (Hong & Chang, 2014; Shen, Hagen, & Papautsky, 2012), 

or with a simple holding attachment for water monitoring system (Gunda et al., 

2014). By adding external 3D printed housing and optical components, a colorimetric 

plate reader based on image processing was proposed for enzyme-linked 

immunosorbent assay (ELISA) immunoassays (Berg et al., 2015). On the other hand, 

smartphone based spectrometric and colorimetric analyses were studied using 

diffraction gratings as dispersive elements. Here the color spectrum image is further 

processed in various color spaces to extract quantitative data. The wavelength 
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spectrum of interest is usually limited to 400-700 nm due to optical filters placed in 

front of the camera by the manufacturers. A smartphone ELISA platform capable of 

biomarker absorption analysis was demonstrated using a custom cradle consisting of 

several optical components and an external broadband source (Kenneth D Long, 

Hojeong Yu, & Brian T Cunningham, 2014). Similarly, a smartphone fluorimeter 

system was designed to detect miRNA sequences in a liquid based assay using an 

external laser as the source (Yu, Tan, & Cunningham, 2014). Optical fibers were 

incorporated onto smartphone spectrometer systems due to precise light confinement 

and flexible nature. A fiber-based endoscopic spectrometer integrated onto camera 

sensor was proposed for food quality monitoring (Hossain, Canning, Cook, & 

Jamalipour, 2016). Recently, smartphone spectrometers with no external electrical 

and optical components were proposed to improve portability, lower the costs, and 

help environmental sustainability. A surface plasmon resonance based refractive 

index sensor by assembling an fiber optical bench on top of a smartphone with no 

external LEDs was reported (Bremer & Roth, 2015). A spectrometer relying only on 

a smartphone’s built-in flash as the light source and a compact disk as the reflection 

grating was used to detect glucose and troponin I (Wang et al., 2016). No prior 

smartphone spectrometer/ colorimeter instrument has been fully integrated with 

plastic optical fibers, collecting the light from built-in flash and delivering the 

transmitted light to the camera sensor on the phone as the detection instrument to 

study adsorption efficiency of electrospun nanofibers for the removal of dye from 

waters.  

In this thesis, we report ultra-low cost, portable, plastic fiber based spectrometric and 

colorimetric smartphone platform to study dye adsorption by electrospun 

polyacrylonitrile (PAN)/Zeolite nanofibers for field-deployable environmental and 

wastewater management. The composite nanofibers provide advantageous 

combination of zeolite particles and electrospun PAN nanofibers. Electrospinning is a 

versatile and efficient fabrication technique for nanostructured fibers of both organic 

and/or inorganic materials (Burger, Hsiao, & Chu, 2006; Huang, Zhang, Kotaki, & 

Ramakrishna, 2003). The resulting nanofibers enable not only high surface area to 

volume ratio, but also superior mechanical integrity compared to the powdered 

materials (Horzum, Boyacı, Eroğlu, Shahwan, & Demir, 2010; Horzum et al., 2012). 

These properties make PAN/Zeolite composite nanofibers optimal candidates for 
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adsorption applications. Adsorption of methylene blue (MB) molecules on large-area 

nanofibers decreases the absorbance of liquid that is picked up by camera sensor. To 

enable absorbance measurements, we have designed a custom cradle that aligns 

plastic optical fibers onto phone optical components. While the cradle is fixed, the 

liquid can be inserted into the holder slot. The proposed platform is straightforward 

and achieves high resolution by using all plastic components without the need for 

any external emissive sources, electrical sources and cables, and lenses. Our work 

enables smartphone based adsorption studies of other molecules in a robust and 

economically advantageous setting. 
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2. MATERIALS AND METHODS 

2.1 Smartphone Spectrometer System 

Smartphone spectrometer system includes optical elements such as diffraction 

grating and plastic optical fibers, and 3D printing parts as shown in Figure 2.1. The 

smartphone spectrometer was manufactured to integrate with a smartphone (LG G4) 

by using rear-facing camera as the digital light detector. A custom-designed cradle, 

consistent with hot-plug apparatus toting a diffraction grating, and smartphone case 

holder keeping the whole part compact with the cuvette holder were fabricated from 

Acrylonitrile Butadiene Styrene (ABS) polymer using a 3D printer. 

 

 

Figure 2.1 : The schematic representation of the smartphone spectrometer system. 
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Figure 2.2: The grating is placed inside the apparatus, which can be slid onto the smartphone 

case. The collecting plastic fiber with 0.25mm diameter is pushed into the apparatus while 

the light launched from the camera flash is transmitted using a second 1mm diameter fiber. 

The smartphone system is placed onto the cradle. 

 

 

2.1.1 3D printing 

3D printing is an additive manufacturing process that is forming of a profile layer by 

layer. It recognizes a 3D body as many of two-dimensional layers where a wide 

variety of raw materials can be used. This system can create product in various 

fields, such as environmental, medical and scientific. Raw materials can be used to 

prototype in plastic, nylon, resin, ABS, polypropylene and even industrial metals. In 

this study, ABS was used, which is a low cost engineering plastic and allows to 

easily fabricate with 3D printer. ABS has resistance to chemicals, impact and heat.  

Solidworks CAD Software was used in design process. Solidworks is a computer-

aided design program for creating 3D solid models of objects, and it can be used for 

mechanical or industrial purposes.  

A custom-designed cradle, consistent with hot-plug apparatus toting a diffraction 

grating, and smartphon case holder keeping the whole part compact with the cuvette 
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holder were fabricated from ABS polymer using a 3D printer (Zortrax M200). The 

total polymer usage was about 150 g. The total cost of the components is less than 

$10 with the biggest percentage being 3D printer material. 

 

 

Figure 2.3 : A photograph of the smartphone spectrometer with the inset 

(top-left) of plastic fiber coupled to built-in flash. The sample to be tested is placed 

into the cuvette holder. 

 

2.1.2 Diffraction Grating 

A diffraction grating consists of large number of parallel slits. These slists are close 

and parallel to each other, and they usually have equal width and are equadistant 

from each other. A slit is placed between two opaque region with equal width (b), 

and transparent and opaque regions are aligned as a regular sequence. Generally 

there are two types of grating: reflection and transmission grating. If there is like a 

mirror-like surface between the opaque regions, it behaves as a reflecting diffraction 
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grating, (i.e. light reflected between two lines). For the transmission diffraction 

grating, instead of a mirror-like surface, there are transparent regions the opaque 

regions where the incident light cannot pass through.  A plane diffraction grating has 

N numbers parallel slits as shown in Figure 2.4.  When a monochromatic parallel 

beam is coming onto the diffraction grating, the incident light is separated to the 

colors because of the parallel slits. The general form of the transmission diffraction 

grating equation is;  

n λ = d sin(Ɵ) 

where the n is the order of diffraction, the λ is wavelength of incident light, d is the 

distance between the slits of the diffracting element and Ɵ is the angle of diffraction. 

A light wave with different wavelengths is diffracted at different angles to create a 

color spectrum. The distance d is different in different types of gratings according to 

the number of slits per meter, if N is the number of the slits, d=1/N.  

 

Figure 2.4 : Schematic representation of the incoming wave and light going through the 

diffraction grating. Zeroth and first order modes are represented. 

 

 



 

11 

 

 

Figure 2.5: Simulation of modes formation with diffraction grating for different 

wavelengths. 

 

In this project the light from fiber optic cable light passes through a linear diffraction 

grating (1000 lines/mm, Rainbow Symphony) at an angle of 42° to the normal to 

reach the smartphone camera.The diffracted light is first-order spectrum and zeroth 

order is steered away from the camera on purpose as shown in Figure 2.1 and 2.5. 

The designed spectrometer system is simplified with no collimating lens or mirror 

components in the light pathway and all components are mechanically aligned with 

smartphone flash and camera, and with each other. 

 

2.1.3 Camera 

LG G4 was used as the smartphone as it has some advantages compared to other 

smartphones such as, Iphone 5/5s, Samsung Galaxy S6, Motorola Nexus 6. LG G4 

has an 16 megapixel camera and the image size is bigger (5312x2988) from the other 

smartphones. This has almost twice the resolution to the Iphone 5/5s.  LG G4 is an 

overall good smartphone for imaging applications. Lens aperture is an important 

feature in a camera because it facilitates when shooting in low-light. LG G4 is 

preferable due to having a manual mode for White Balance, Focus, ISO, Exposure 

Lock, Exposure Compensation and Shutter Speed. These options allow the user to 

arrange the image according to different lighting conditions and make taking spectral 
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images easier compared to other brands. For this project, the most important 

advantage of the chosen smartphone is the RAW image capture capability. The 

smartphone can take the images as JPEG and RAW (DNG) format at the same time. 

RAW image is suitable for the studies that the color is so important as can be easily 

understood from the Figure 2.6. You can set many features of the images with using 

Adobe Photoshop Lightroom without changing anything on the original images. 

 

 

(JPEG) 

 

(RAW) 

Figure 2.6: Image comparison for JPEG format and RAW format respectively. 
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2.1.4 Fiber 

Polymethyl methacrylate (PMMA) fibers are widely used in optical research. It 

consists of a high refractive index PMMA core, and it is covered with a thin layer 

cladding with a low refractive index. The system carries two pieces of plastic 

(PMMA) fibers: 1.0 mm diameter fiber couples the light from cellphone flash to the 

cuvette and 0.25 mm diameter fiber collects the transmitted light.  

The main advantage of using plastic optical fibers instead of glass-based optical 

fibers besides the cost is the ability to use them without any special tools for 

stripping and cutting. Although the plastic fibers do not have a core with a different 

refractive index, the light is guided due to the air cladding. 

  

2.2 Digital Image Processing  

A digital camera uses two-dimensional array of pixels to record an image. When 

light falls on the pixel, intensity value is calculated with number of photons stored in 

the pixel. As the pixels are not capable of sorting photons in terms of color, only gray 

scale images could be created. To capture a color image, color filter array is placed 

over each pixel that permits only red (R), green (G) or blue (B) primary colors. When 

light passes through the color filter, only filtered photons are stored in the pixel 

which gives the intensity value for the respective color. Therefore, each pixel carries 

single color information: R, G or B. This means one color value at any pixel location 

is known creating a RAW image. Other missing two color values can be calculated by 

interpolating from nearby neighbors where those colors are known. By this process, 

named as demosaicing, RGB values at each pixel location are calculated. After 

applying post-processing methods, such as white-balance, gamma correction, color 

space correction and compression, images are converted to commonly used format 

like JPEG.  

Although JPEG image formats have advantages like occupying small size and being 

instantly displayable, there are certain drawbacks like information loss due to the 

compression, having a nonlinear RGB color space, (Akkaynak et al., 2014) (Vora, 

Farrell, Tietz, & Brainard, 1997) and providing only 8-bit color depth. On the 
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contrary, RAW images store original image data without any post-processing and 

provide 10-14 bits color information. The post-processing steps, which are applied to 

the RAW image, corrupt the linearity of the information. In a linear image, the 

intensity value of each pixel is directly related to the number of photons received at 

that location and is essential for quantitative scientific data acquisition as linear 

relationship with scene radiance is maintained.  

The RAW format is a linear image, but it is not straightforward to work. Therefore, 

many models are proposed to approximate raw (linear) RGB from nonlinear RGB 

images based on series of training images taken under different settings and light 

conditions as well as ground-truth raw images (Kim et al., 2012). Although it is 

reported that this non-linearity can be overcome by simple transformations for 

gamma correction, (Yetisen, Martinez-Hurtado, Garcia-Melendrez, da Cruz 

Vasconcellos, & Lowe, 2014) it has not been verified by other researchers.  

In this study, the RAW image format was used to overcome aforementioned 

limitations of the JPEG format as using raw data enables precise image analysis. The 

images were processed both in RAW and JPEG formats and impact of formats on 

image analysis was demonstrated. The key question is how to get a RAW image using 

a smartphone. Most semi-professional and Professional cameras have capability to 

store the images in a RAW format, which is unconventional in smartphones. 

However, recent developments in smartphones provide access to raw image data free 

from post-processing (Shankland, 2016). 

There are a variety of RAW file formats such as ―.NEF" (Nikon), ―.CR2" (Canon) 

and ―.DNG". Here ―.DNG" format was studied as it is a common open format. Since 

there is no smartphone app for processing ―.DNG" images in smartphone yet, the 

images were transferred to a computer to process in Mat-lab environment. To test the 

reliability of the camera, five consecutive images were captured in JPEG format. 

Difference in normalized values of images is found to be ± 2.73 % with respect to the 

average. Therefore, the average of five consecutive images was found to be adequate 

and was used in processing and analyzing of the experiments in order to improve the 

reliability of the results. Note that all the images were captured in the same 

conditions such as the same shutter speed and ISO, and manual mode is selected to 

prevent any possible post-processing performed by the smartphone. After images are 

captured in ―.DNG" format, they were first converted to tagged image file format 



 

15 

 

(TIFF) for easier extraction of the R, G, B values of the image with freely available 

DCRAW software, (Coffin, 2016) which preserves the linear relationship between 

RAW images and radiance scene. Then, these RGB values were transformed to HSV 

(Hue-Saturation-Value) as HSV is more robust to illumination variation. Among the 

H, S and V, V (value) was employed for processing of the image. The value means, 

for this study, the amount of the transmitted light through the solution. After the line 

(column or row which corresponds to the maximum irradiance) is selected in the 

image, the value versus wavelength is plotted.  

For the conversion of each pixel index in the image into its corresponding 

wavelength value, a calibrated fiber-optic spectrometer (HR2000; Ocean Optics, FL, 

USA) was used with a fluorescent lamp. We used a similar calibration method 

described in (Grasse, Torcasio, & Smith, 2015), assumed that there is a linear 

relationship between wavelength value and pixel index, and extracted spectral 

resolution values for different size plastic fibers. For the same cradle geometry, we 

obtained different spectral images of the same fluorescent lamp that show different 

spatial resolutions (Figure 2.7). 0.25 mm plastic fiber provides a resolution of 0.26 

nm /pixel while using larger diameter 0.5 and 1.0 mm fibers give spectral resolutions 

of 0.265 nm /pixel and 0.27 nm /pixel, respectively. Although the spectral line shapes 

obtained from different sized fibers show fluorescent light characteristics with 4 

peaks between 400-700 nm, the spectrum with 0.25 mm plastic fiber closely 

resembles the spectrum of calibrated spectrometer (Figure 2.8). The spectral 

resolution and signal-to-noise ratio are directly related to fiber diameter.  

 

Figure 2.7: The spectral images obtained by using different-sized (0.25mm, 0.5mm, 1mm 

from left to right) plastic fibers. 
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Figure 2.8: The output spectrum comparing the size of fibers used in the smartphone with 

that a commercial spectrometer. (HSV means the Value is plotted.) 

 

2.1 Fabrication of PAN/Zeolite Composite Nanofibrous Membranes 

Methylene Blue consists of cyrstalline powder or dark green cyrstals, having a 

bronze-like luster. Chemical structure of Methylene Blue is shown in Figure 2.9. The 

aqueous solution of Methylene Blue is blue and the color gets darker with 

concentration. This compound can be used as an indicator and also as a bacteriologic 

stain, in addition  to being used as a dye in this study. MB
+
 is a type of dye with 

maximum absorption of light around 664 nm. 

 

 

Figure 2.9 :  Chemical Structure of Methylene Blue (C16H18ClN3S) 

https://pubchem.ncbi.nlm.nih.gov/search/#collection=compounds&query_type=mf&query=C16H18ClN3S&sort=mw&sort_dir=asc
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Polyacrylonitrile (PAN), a type of synthetic resin, is prepared with the free radical 

chain polymerization of the acrylonitrile as shown in Figure 2.10. PAN can be used 

as coploymers and in fabrics as well as other areas such as in hot gas filtration 

systems, fiber reinforced concrete structures and sail yachts. The acrylonitrile is a 

hard, rigid structure and also resistant to various chemicals and most solvents, of low 

permeability to gases. It may be fabricated using several processes such as 

polymerisation, spinning, streching and lastly winding.  

Zeolites are microporous, aluminosilicate minerals commonly used as commercial 

adsorbents and catalysts. (Grace, 2010). 

 

Figure 2.10: Structure of Polyacrylonitrile (PAN). 

 

Polyacrylonitrile (PAN, Mw = 150,000 g/mol, Aldrich) solutions were prepared by 

dissolving 15 wt % PAN powders in N, N-dimethyl formamide (DMF, Aldrich) at 

room temperature for 1 day. PAN/Zeolite solutions were prepared by adding zeolite 

powder into the PAN solution. The composite mixture was stirred for 1 h at room 

temperature. The concentration of zeolite in the polymer solution was 10 wt %.  

Electrospinning is a type of electrostatic technique that can be used in producing 

nanofibers with dimensions to the nanometer range. In this technique, polymers are 

deposited in fiber form. In the electrospinning process, the polymer solution held by 

its surface tension at the end of the capillary tube, is subjected to an electric field. 

(Doshi & Reneker, 1995) By the help of this electric field, the polymer solution 

forms a cone-shape. When the voltage reaches a certain value, jet formation occurs 

due to deformed solution drops as shown in Figure 2.11. The formation of the fiber 

depends on the properties of polymer solution, such as molecular-weight distribution, 

molecular weight, glass transition temperature, solubility, viscosity, viscoelasticity, 
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concentration, surface tension and electrical conductivity. (Greiner & Wendorff, 

2007) 

 

 

Figure 2.11: Schematic representation of the electrospinning setup. 

 

The PAN and PAN/Zeolite nanofibrous membranes were prepared using a 

commercial platform (Inovenso Basic Setup). The viscous dispersion was loaded in a 

plastic syringe connected with polyethylene tubing. The feeding rate of the polymer 

solution was kept at 1.5 mL h
-1

 for PAN and 3.0 mL h
-1

  for PAN/Zeolite nanofibers. 

A potential of 14 kV was applied at a tip-to-collector distance of 20 cm, and the 

electrospinning time was fixed to 7 minutes to ensure equal thickness. The relative 

humidity and temperature were 55 % and 26 
0
C, respectively. 

The surface morphology and diameter of the nanofibers were observed by a scanning 

electron microscope (SEM, FEI Quanta250 FEG). For quantification of average fiber 

diameters, Fiji-Image J software was used. The elemental composition of the 

prepared materials was also elucidated using Energy Dispersive X-ray (EDX) 

analysis. Attenuated total reflection (ATR) infrared (IR) measurements of zeolite, 

PAN and PAN/Zeolite nanofibers were performed with a Thermo Scientific Nicolet 
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iS5 FTIR spectrometer. The contact angle (CA) measurements were carried out on 

the nanofibers with KSV Attension Theta Lite Optical Tensiometer. 

 

2.2 Adsorption Studies of PAN/Zeolite Composite Nanofibers 

The catalytic activity of the zeolite in the form of nanofibrous mat was examined 

employing a model redox reaction of  methylene blue (MB, Merck) and sodium 

borohyride (NaBH4, Aldrich). For the reduction of MB, a mixture containing aqueous 

solution of MB (3 mL, 7.5 ppm) and NaBH4 (1 mL, 3.8 ppm) was prepared in a 

quartz cuvette. The nanofiber catalyst (6.0 mg), PAN or PAN/Zeolite, was added to 

an aqueous solution of MB and NaBH4. The smartphone-based spectrometer system 

was designed for screening the reaction kinetics by measuring their timedependent 

absorption spectra. Hence at certain time intervals, the spectral images of the dye 

solutions were taken. The performance of the smartphone spectrometer was 

compared with a calibrated spectrometer. 
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3. RESULTS  

3.1 MB Absorption Studies 

While light passes through a sample, transmitted light is reduced when atoms or 

molecules in the sample absorb the energy of the photons possess. Generally, the 

transmitted light is reduced exponentially according to distance traveled by light and 

the concentration of the sample. That’s why transmitted light is expressed in 

percentage scale and found by  

%T = [(Transmitted Light / (Incident Light]*100               (1) 

According to Beer-Lambert Law, the transmittance and the absorbance are related to 

each other as a function of negative logarithm, base 10. The absorbance is directly 

related to the path length of light and the concentration of the analyte.   

Absorbance = 2-      (T)                                (2) 

Moreover, absorbance is a function of the intensity of the transmitted light through 

the reference solution and the intensity of the transmitted light of the sample 

solutions.  

Absorbance =     
  

 
  = εlc                             (3) 

   is the intensity of the light passing through the reference cell such as distilled 

water, and   is the transmitted light intensity of the solutions used in varying 

concentrations in the experimental setup as shown in Fig. 3.1. 
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Figure 3.1: In-detailed presentation of how light is absorbed through the sample cuvvette. 

The most important indicator for dyes or contaminant is the color change with 

respect to the concentration, since the number of molecules or atoms interact with the 

coming light source affects the range of the light absorbed. If the solution is quite 

concentrated, the absorbance value becomes excessive. On the contrary if we choose 

a dilute solution, the absorbance value is much lower than the concentrated solutions. 

As shown in Eq.3, the path length of the light is also important since the number of 

molecules along the path that can be encountered and the probability of the 

interaction with the undesirable molecules increase. Hence the path length should be 

fixed for all steps of the experiment. 

In this thesis, the absorption of the Methylene Blue solutions by smartphone light 

source was observed by varying of the concentrations of the methylene blue. The 

range of the concentration of the MB was decided according to the sensitivity of the 

smartphone, then MB solutions were selected as 0.1, 0.5, 1.0, 2.5, 5.0, 7.5, 10.0 ppm 

(particles per million). The color is noticeably varying with the increasing of the 

concentration value; this means the number of dye particles is increasing in the 

solutions. From low to high concentration is shown Fig. 3.2 with varying the color, 

with increasing the concentration of the MB, color becomes darker gradually.     
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Figure 3.2:The photographic images of MB solutions from 0.1 to 10 ppm with increasing 

concentration and color intensity. 

 

Figure 3.3:The spectral images of MB solutions from 0.1 to 10 ppm, from left to right. 

 

In this thesis, by using a 0.25 mm plastic PMMA fiber, the spectral images were 

taken by smartphone camera as shown in Fig. 3.3. The brightness of red part of the 

spectrum is gradually decreasing as it goes from low concentration to high 

concentration because the characteristic absorption of MB is 664 nm that 

corresponds to the red part of the spectrum. Hence the end part of the spectrum was 

mainly observed during the experiment and due to non-linear sensitivity of the 

smartphone camera to the wavelength, the blue and the green part of the spectrum 

were saturated. In this study, the multicolored images were taken and processed to 

obtain the absorbance spectrum which was calculated using the Beer-Lambert Law 

as shown in Eq. 3. The spectrum obtained from the smartphone spectrometer was 

compared with a commercial spectrometer from Ocean Optics. By using the same 

MB concentrations, the spectrums were obtained by these two spectrometers shown 

in Fig. 3.4. The characteristic absorption of MB around 664 nm is similar in both 

spectra for low concentrations such as 0.1 ppm to 5.0 ppm. However at high 

concentrations the MB spectrums are slightly separated.  
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Figure 3.4:Absorbance spectrums obtained from smartphone and commercial 

spectrometers for serial dilutions. 

 

The calibration curves for the MB solutions measured by the smartphone and 

commercial spectrometers are shown in Fig. 3.5, with regression coefficients of 

0.998 and 0.997, respectively. The regression coefficient is statistical adjacency of 

the data to the fitted line and is also known as R-squared. The definition of R-

squared can also be thought by a linear model as the percentage of the response 

variations. R-squared can be calculated by dividing the explained variation by total 

variation. This coefficient is always between 0 and 1 corresponding to 0% and 100% 

respectively. The higher the value the better model is for fitting your data. Although 

the R-squared values represent nearly perfect linear relationships, a small shift is 

obvious in absorptivity. This shift was reported before by (Kenneth D. Long, 

Hojeong Yu, & Brian T. Cunningham, 2014) (Grasse et al., 2015) as due to internal 

filters of smartphone camera and non-linear responsivity of the sensor. Looking at 

this shift, using the same smartphone in the whole experiment is suggested for the 

absorptivity of this analyte.  

Limit of Detection is the lowest analyte concentration likely to be reliably 

distinguished and at which detection is feasible. (Armbruster & Pry, 2008) In this 
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study, the limit of detection (LOD) was calculated as 0.5 ppm which corresponds 

three times the standard deviation of distilled water (Ingle Jr, 1974). The sensitivity 

of the smartphone spectrometer system was found to be 0.1817/ppm that is also the 

slope of the fitted absorption line (RAW) as shown in Fig. 3.5. For our system, the 

dynamic range of the sensing is 0.5-10 ppm.    

 

 

Figure 3.5:The absorbance at 664 nm was measured by smartphone spectrometer in RAW 

and JPEG formats and one commercial spectrometer. LOD was calculated as three standard 

deviations above the distilled water measurement 

 

In JPEG format, some properties of the image, such as white balancing, are changed 

internally by the camera proprietary software. To test the efficiency of the JPEG 

image format in absorbance measurements, images captured for different 

concentration values were processed. As illustrated in Fig. 3.5, the absorbance values 

obtained from spectral images in JPEG format shows a non-linear relationship fitted 

to a second-degree polynomial as opposed to the RAW format. Moreover, due to 

image postprocessing during JPEG image reconstruction, the data spectrum at 664 

nm for 10 ppm concentration shows zero transmission, and hence fails to supply an 

absorbance value. This is the main reason the RAW images from smartphone camera 

were used. 
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3.2 Characterization of PAN/Zeolite Composite Nanofibrous 

Membranes 

SEM micrographs of zeolite powder, nanofibers of PAN and PAN/Zeolite are shown 

in Fig. 3.7 a-c. The zeolite powder was composed of nanosized zeolite particles. The 

PAN nanofibers were smooth and uniform with average diameter of 340±50 nm. The 

diameter of the PAN/Zeolite nanofibers increased to 550±95 nm due to the addition 

of zeolite into the PAN solution. Zeolite particles were uniformly distributed without 

any aggregation along the fibrous membrane. Furthermore, the energy dispersive X-

ray spectrometer (EDS) spectrum shows oxygen, silicon, and aluminum signals for 

the PAN/Zeolite nanofibers in Fig. 3.6 a-c. The distribution of the additional elements 

in the mapping image indicates the  successful incorporation of the zeolites into the 

nanofibers. The inset images in Figs. 3.7 a-c show the CAs of the PAN and 

PAN/Zeolite composite nanofibers. The PAN fibrous membrane showed a CA around 

92°, whereas the composite membranes with 10 wt % zeolite content showed a CA 

around 86°. The decrease in the CA of the composite nanofibrous mat is due to the 

hydrophilic nature of the zeolites. (Lopes, Ribeiro, Sencadas, Botelho, & Lanceros-

Méndez, 2014) The FTIR spectra of nanofibers of PAN and PAN/Zeolite, as well as 

the zeolite powder are presented in Fig. 3.8. The broad bands in the range of 3000 - 

3600 cm
-1

 is due to the water and hydroxyl groups. The corresponding bending 

vibration of water molecules occurs at 1665 cm
-1

. The band at 1020 cm
-1

  is 

attributed to the asymmetric stretching of SiO4 and AlO4 tetrahedra for the zeolite. 

(Jacobs, Flanigen, Jansen, & van Bekkum, 2001) A characteristic band of nitrile 

groups in PAN chain at 2240 cm
-1

 is present on the surface of both nanofibers. The 

absorption bands observed at 2930 and 1460 cm
-1

 are due to the C-H bonds. In the 

spectra of composite nanofibers, a new absorption band appeared at 1040 cm
-1

 

supporting the successful zeolite modification. 
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Figure 3.6 The EDS spectrum and elemental mapping of the (a) zeolite powder, (b) PAN 

nanofibers, and (c) PAN/Zeolite nanofibers 
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(a)                                           (b)                                                      (c) 

 

Figure 3.7:SEM micrographs of (a) zeolite powder, (b) PAN nanofibers, (c) 

PAN/Zeolite nanofibers 

 

Figure 3.8:  FTIR spectra of the materials. 

3.3 Adsorption of MB by Electrospun Nanofibers 

The catalytic activity of the PAN/Zeolite composite nanofibers was tested in a model 

reaction taking place between MB dye and the reducing agent of NaBH4. The 

reduction of MB occurs in the presence of a catalyst even if there is a reducing agent 

in the reaction medium(Demir, Uğur, Gülgün, & Menceloğlu, 2008) (Berber, 

Horzum, Hazer, & Demir, 2016). In order to understand the catalytic activity of the 
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PAN/Zeolite composite nanofibers, this reaction was selected for observation. The 

intensity of MB absorption band at 664 nm was again followed by measuring the 

optical density of the solution. Fig. 3.9 shows the variations in the absorbance spectra 

of MB solution in the presence of PAN and PAN/Zeolite nanofibers. There is an 

initial drop in MB absorbance due to addition of NaBH4. In the case of PAN 

nanofibers, the absorbance stays unchanged for the duration of 12 minutes. On the 

other hand, using PAN/Zeolite nanofibers, the characteristic absorption peak of MB 

decreases as a function of time corresponding to a concentration reduction from the 

initial value of 6.45±0.38 ppm to 1.72±0.14 ppm. Inset spectrograms show the 

images taken from initial MB solution and reduced MB solution after adsorption by 

using PAN/Zeolite nanofibers.  

Fig. 3.10 illustrates the photographs of the MB solutions containing PAN or 

PAN/Zeolite nanofibers after 15 minutes. In line with these results, the bright blue 

color of MB turned to a lighter color indicating the consumption of MB in the 

medium by the redox reaction. The blue color of PAN/Zeolite nanofibers is a also 

clear sign for the physical adsorption of the dye on the nanofibrous mat. The color of 

MB solution containing PAN nanofibers showed almost no change. 

 

 

 

Figure 3.9: The effect of different fiber catalysts on the catalytic degradation of MB. 
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(Inset: The color bands observed on the smartphone screen at initial and 15 minutes) 

 

 

 

 

Figure 3.10:The photographic image showing the color of the fibrous mats and the 

resultant solutions after adsorption. 

  



 

30 

 

 

  



 

31 

 

4. CONCLUSION 

The goal of this thesis was to develop a new, easily applicable detection technique to 

assess the quality of water, and this is the one of the colorimetric detection  

techniques. Colorimetry is used the color of  water to analyze the effects of 

contaminants. With this technique, users can easily test the quality of water with a 

few process from the their own smartphone. Besides drinking, in many areas, it is so 

necessary to use clean and pure water. The purity and cleanliness of an aquatic 

resource and what values it should have depends on the country, region and area of 

use. The negative effects of water contaminants on the health of the living things 

were discussed in detail.  

It is focussed on to design an ultra-low cost, portable, plastic fiber based smartphone 

spectrometer platform for investigation of MB dye adsorption using electrospun 

PAN/Zeolite composite nanofibers. We demonstrated the effect of fiber size on the 

spatial and spectral resolution. We processed color spectrum images in RAW and 

JPEG formats, showed that RAW format is preferred for absorbance experiments, 

and obtained a dynamic range of 0.5 to 10 ppm. The sensing platform was able to 

detect down to 0.5 ppm, with a sensitivity of 0.1817/ppm. The PAN/Zeolite 

nanofibers showed higher catalytic activity than those of PAN due to the presence of 

zeolite nanoparticles having high ion exchange capacity and enhanced surface area. 

The results of this study indicate that the proposed smartphone spectrometer is 

capable of replacing benchtop spectrometers for field-deployable instrumentation for 

environmental sustainability. The cost of the proposed cradle could be further 

decreased by using an alternative manufacturing method, such as injection molding. 

We envisage this strategy for numerous applications such as water treatment 

management, point-of-care sensing, performance and lifestyle monitoring.  
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