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ABSTRACT
The present study proposes a simple and inexpensive photometric method for the selective determination of Ag(I). This method employed 
a home-made double beam photometer for the determination of silver ions based on an optode sensor prepared by immobilization of 
5-(P-Dimethylaminobenzylidene)-rhodanine (PDR) on triacetyl cellulose (TAC) membrane. Two green LEDs as sources of light and light-
dependent resistors (LDRs) as detectors were used in the proposed device. The LEDs are turned on by a programmable microcontroller that 
receives signals from light passed through the sensor, and the absorbance is calculated and displayed on a Liquid-crystal display (LCD) screen. 
With the optimum conditions, the calibration plot was linear in the concentration range of 0.5–6 μg mL−1. For five replicate determinations 
of 2 µg mL−1 Ag(I) and the related detection limits, the relative standard deviations were 2.29% and 0.25 µg mL−1, respectively. The method 
was applied successfully for determining silver in a silver sulphadiazine cream, a radiology effluent, and radiology film samples and the 
results obtained were in good agreement with those of the standard flame atomic absorption spectroscopy (FAAS) method. 
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 INTRODUCTION

Using light emitting diodes (LEDs) for lighting is increasing, and 
several research works are being conducted on simple photometric 
techniques in different fields like clinical and environmental.1 The 
advantages of LED lights are long life, low price, and more energy 
efficiency, which results in replacing LED-based devices with the 
traditional spectrophotometer.2-3 An inexpensive and compact USB 
photometer based on a single interchangeable LED as a light source 
has been constructed and utilized to determine dye concentrations 
in time (characterization of a microreactor) and to determine the 
concentration of p-nitrophenol product in a kinetic study.4 In similar 
works, inexpensive and portable LED-based photometers were used 
to determine copper in sugarcane spirit5, urea in milk6, and a trace 
amount of nitrate in surface water and atmospheric liquids.7 Flow 
analyzers also use LED capabilities to make them portable and low 
cost with reduced waste generation8 and improve the sampling 
rate.9 Combining a set of LEDs as a radiation source and associate 
interference filters to narrow the selected wavelength developed 
simple and portable photometers that operate in the near IR spectral 
region and used for fuel quality control.10−11

LED has other characteristics and can be used simultaneously as a 
light source and detector in devices known as paired emitter-detector 
diodes (PEDDs) based photometers. LED as the light detector makes 
the device simpler because it does not require a power supply to 
generate photovoltaic output.12−13 

Optical chemical sensors have some features, such as easy 
manufacturing, higher selectivity and sensitivity, and low price. 
Because of this, they are a suitable choice in process control and analysis 
of the environmental samples14 and heavy metals15 that require quick 
and easy techniques. Optical sensor-based methods have been used 
to determine sulfate,16 zinc,17 lead,18 and mercury19 ions in different 
environmental samples. 

The present work reports a simple hyphenated approach combining 
a home-made double-beam LED-based photometer with triacetyl 
cellulose (TAC)-based sensor for colourimetric detection of silver 

ions in aqueous samples. The proposed device comprises green colour 
LEDs as a light source, light-dependent resistors (LDR) as detectors, 
and plastic semi-micro cuvettes as sensor membrane containers. 
Silver ion sensing membrane was prepared by immobilizing of 
5-(P-Dimethylaminobenzylidene)-rhodamine (PDR) on a TAC 
membrane, and its colour change was determined using the devised 
photometer. 

MATERIALS and METHODS 

Instruments

A Shimadzu UV−1650PC (Japan) spectrophotometer was employed 
to record all UV-Visible spectra, and a Shimadzu 2554 (Japan) 
spectrofluorimeter was used to record LEDs light emission spectra. A 
Shimadzu AA-6300 flame atomic absorption spectrophotometer was 
used as a standard method for comparing the results. 

Reagents

All chemicals used in the study had the highest purity available or 
analytical reagent grade (Merck, Darmstadt, Germany). Double 
distilled water was used for preparing the solutions. A silver stock 
solution (1000 mg L−1) was prepared by dissolving 0.149 g of AgNO3 
in water and making up to 100 mL in a volumetric flask. This solution 
was poured into a dark bottle for storage. Standard solutions were 
prepared on a daily basis by diluting the stock solution. A hydrogen 
phthalate buffer solution was developed by dissolving 1.88 g of sodium 
hydrogen phthalate in water and diluting it to 100 mL. The pH of the 
buffer solution was stabilized at 3.5 by adding 6 mol L−1 nitric acid, 
dropwise. A solution of PDR as a 0.024 µg mL−1 in ethylenediamine 
was prepared and used. 

The detection device and analytical procedure

A schematic diagram of the constructed double-beam 
photocolourimeter applied for colourimetric determination of Ag(I) 
based on the sensing membrane is shown in Figure 1. A green-colour 
LED (5 mm diameter, Mingxue Optoelectronic) was employed 
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for lighting, and an LDR (5 mm diameter, Xiamen Xinpulong 
Semiconductor Co.) was used as a detector in each channel of the 
photometer. The emission wavelength and the spectral bandwidth of 
the LED are 560 and 40 nm, respectively. The LED light passed through 
the plastic semi-micro cuvette with the sensing membrane, and the 
LDR detected the intensity of the transmitted light. The membrane 
was placed in the middle of the cuvette at an equal distance from the 
LED and the LDR and was held by a simple hand-made polymeric 
holder. The membrane entered the cuvette through the center slot of 
the holder. The LED was turned on and off sequentially using a switch, 
and after placing blank membranes in two cells, signals of LDRs were 
balanced using another switch, all controlled by a microcontroller 
processor. The absorbance of the sensing membrane was determined 
by replacing a blank membrane with a sample membrane, and the 
results were indicated on a Liquid-crystal display (LCD) screen. The 
proposed device is portable with five rechargeable serial batteries.

To perform absorbance measurement, the membranes were fixed 
on the phthalate buffer (pH 3.5) for 100 s to achieve equilibrium. The 
LEDs were turned on; two blank sensing optical membranes were 
placed into the sensor containers after standing for 1.5 min, followed 
by balancing of the two LDRs signals, and the absorbance of the 
analyte-containing sensor was then measured.

Optical membrane 

The sensing optical membrane was prepared by immobilizing PDR 
on the TAC membrane.  To produce the transparent TAC membrane, 
photographic film waste was treated with commercial sodium 
hypochlorite (0.01 mol L−1) to remove coloured gelatinous layers 
and irritated with grindstone (a 10×10 cm film for 5 min). Then, 
5×1 cm slices of the membranes were prepared and treated with PDR 
(0.024 mol L−1) for eight minutes in ethylenediamine at an ambient 
temperature; the pieces were washed afterwards using water, and 
additional reagents were removed. The prepared colourimetric sensing 
membrane was stored in water for later use.

Sample preparation

Firstly, 10 mL of 6 mol L−1 nitric acid was added into a beaker 
containing 0.5 g of radiology film sample. The mixture was filtered 
after 10 minutes, and the separated solution was made up to 100 mL 
in a volumetric flask. 

Secondly, 2 g of the silver sulphadiazine cream sample was 
transferred into a 100 mL beaker containing 1 mL of perchloric acid 
(60%), 10 mL of nitric acid (65%), and 40 mL of distilled water. The 
mixture was heated in a water bath for 30 min at 100 °C and cooled to 
50 °C after dissolution. After adding 5 mL of hydrogen peroxide, the 
mixture was slowly heated to 200 °C to decrease the volume, followed 
by dilution to 50 mL.

Thirdly, 50 mL of radiology effluent sample was transferred into a 
250 mL beaker containing 2.5 mL of hydrogen peroxide (30%), 10 mL 
of sulphuric acid (0.5 mol L−1), and 10 mL of nitric acid (1 mol L−1) 
and mixed thoroughly. The mixture was heated, and when the 

solution was almost dry, 1 mL of nitric acid (1 mol L−1) was added to 
the beaker, and the beaker-wall was washed with distilled water. The 
prepared solution was then filtered, and the remaining was poured 
into a 100 mL graduated flask, filled with distilled water to the mark.

RESULTS and DISCUSSION

Preparation of optical membrane and LED selection

PDR is a chemical dye, practically insoluble in water and soluble in 
organic solvents, and reacts with metal ions in an acidic solution, 
resulting in insoluble metal-PDR complexes. On the other hand, 
PDR as a reagent with amino group could be linked chemically 
with triacetyl cellulose.20 Because of these characteristics, it is used 
to prepare optical sensors.21 Response mechanism of the PDR based 
optode sensor to metal ions was proposed in the literature.22 As shown 
by the absorption spectrum of PDR fixed on the TAC membrane; the 
highest absorbance wavelength was at 450 nm. In addition, a new peak 
appeared at 530 nm with an Ag-PDR complex on the surface of the 
membrane. As a light source, a green LED with a continuous spectrum 
between 520 and 605 nm (λ max = 560 nm) was used.

Irritation of membrane surface

Results have shown that the membrane surface can affect dye 
adsorption characteristics, and the smooth surface of the membrane 
cannot adsorb adequate PDR. Irritation of the membrane surface 
using sandpaper increases the adsorbing efficiency because the 
irritated surface possesses several tiny pores to maintain the sensing 
reagent. Sandpapers are available in grit size ranges which are used 
to clear surfaces by removing a layer or making the surface smoother 
or adding to the roughness of a surface. Usually, the grit size is 
marked on the paper as a number that has an inverse relationship 
with the particle size. Nine membranes were irritated with three 
different types of sandpaper, and the results obtained for conventional 
spectrophotometry, and the proposed LED-LDR-based methods are 
presented in Table 1. While the macro grit sandpapers demonstrate a 
higher response rate, there is lower repeatability than the micro grits, 
which results in higher surface non-uniformity. 

Most importantly, given the high precision of the LED-LDR-
based detection system for macro grits, it outperformed the 
spectrophotometers, and overall, the results are entirely satisfactory 
for the proposed method. It can be said that using an LED-based 
detection system overcomes the decreased reproducibility and 
repeatability. It was also observed that divergence of the light emitting 
from a LED compared to a conventional spectrophotometer leads to 
a notably larger area of sensor membrane being in contact with the 
emitted light. 

Due to the results obtained, sandpaper assigned by the P1000 code 
was selected as irritating sandpaper in this work. A Simpler design 
and lower price of the introduced method mixed with improved 
repeatability and precision of the result may overcome other 
weaknesses and makes the method competitive with commercial 
spectrophotometers.

Figure 1: Schematic diagram of the constructed device

Grindstone
Spectrophotometer Home-made photometer
Mean 

(Absorbance) RSD (%) Mean 
(Absorbance) RSD (%)

P180 0.195 4.69 0.201 3.45

P320 0.162 4.23 0.181 3.16

P1000 0.143 2.55 0.157 2.32

Table 1: Results obtained for the determination of 2 µg mL−1 of Ag(I) using 
sensor membranes irritated with different sandpapers (n=9)
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Parameters in the sensor preparation

PDR is a hydrophobic dye and must be dissolved in a sufficient 
organic solvent to immobilize on the TAC. For this purpose, five 
membranes irritated according to the procedure described, placed in a 
0.1 mol L−1 KOH solution for 14 hours, and treated with 10 mL of PDR 
(0.015 mol L−1) in five solvents (dimethylformamide, tetrahydrofuran, 
acetonitrile, ethanol, and ethylenediamine). The results obtained 
showed that using ethylenediamine as a solvent yields the highest 
outcomes.

The effect of the concentration of PDR in ethylenediamine, 
the volume of the ethylenediamine, and the role of time in PDR 
immobilization on the membrane were also studied (Table 2). As 
seen, the sensitivity increases with the PDR amount up to 0.024 g and 
remains constant thereafter. On the other hand, the chemical effect 
of the ethylenediamine on triacetyl cellulose and deformation of the 
membrane results in decreases in absorbance after 10 min. Eventually, 
dilution of the PDR solution in high amounts of ethylenediamine leads 
to a decrease in the response. Therefore, to achieve the best results, the 
optical membrane should be treated for 7–8 minutes with 0.024 g PDR 
in 4 mL of ethylenediamine.

Optimizations of the parameters in Ag-PDR complex 
formation

The effect of the pH of the solution, buffer type, and buffer 
concentration on the Ag-PDR complex formation was examined. 
The treated and activated membranes were washed in 2 µg mL−1 Ag 
(I) in the pH range of 3.0–7.0. After washing with distilled water and 
drying, the complex and signal on the surface of the membranes were 
determined.  Based on the obtained results, the highest response of 
the sensor was achieved with a pH of 3.5, which was then selected for 
deeper investigation. The same procedure was repeated in 0.1 mol L−1 
acetate, phosphate, borate, sodium hydrogen phthalate, and citrate 
buffer solutions at pH = 3.5, and the best result was obtained with 
phthalate buffer solution. To achieve the highest buffer concentration, 
its effect was examined in the 0.02–0.50 mol L−1 range. According to 
the findings obtained, there was  a slight increase in the sensitivity up 
to 0.10 mol L−1, which then remained unchanged until 0.40 mol L−1, 
followed by a slight decrease. To avoid the desorption of PDR because 
of the growth in the solution’s organic characteristics, 0.10 mol L−1 
phthalate was adopted as the best concentration.

Investigation of the LED light stability

When LED is turned on, its’ intensity decreases by 3–4% in the initial 
moments and stabilizes after a few minutes. Variation in the absorbance 
of a standard sample solution in different standing times after turning 
on the LED was studied. The results indicated that the absorbance 
remained unchanged following 2.5 min. Thus, all determinations were 
performed following 2.5 min with the LED on. 

Response time, stability, and lifetime

Figure 2 shows the changes in Ag-PDR complex formation on the 
membrane surface by measuring the absorption after the given 

membrane/Ag(I) solution contact time. As can be seen, the sensor 
membrane reached the maximum signal after 10 min in different 
Ag(I) concentrations.

The reproducibility of the sensor membrane was investigated through 
five determinations for the seven different membranes on different 
days. The relative standard deviation (RSD) for the determination of 
2 μg mL−1 solution of Ag(I) was 3.67% which indicated a satisfactory 
day-to-day reproducibility.

With the prepared membrane in the open air stable for one hour, 
studies have indicated that the absorbance of the prepared membrane 
after storing it in distilled water for 30 days has no significant change 
compared to the newly prepared membranes. Oxidation of the reagent 
in the air is a possible cause of the instability that even causes the 
reagent to change colour from yellow to red.

Regeneration of the sensor membrane

Regeneration or recovery of a sensor membrane means leaving the 
analyte out of the membrane surface so it can be used again. This 
operation is performed by immersing used membranes in a solution 
of a sufficient regeneration agent. In this work, some anions, including 
I−, EDTA, SCN−, CN− and S2O3

−, were studied as regeneration agents 
and found based on the experiments that Cyanide, with a regeneration 
time of less than one minute at a low concentration (0.001 mol L−1), is 
the optimum reagent for this objective. 

The repeatability of the sensor, the number of sensor regeneration, 
was performed by successive runs on a single sensor.23 It was found 
that the result was repeatable until ten continuous implementations, 
and the RSD of sensor response for 2 μg mL−1 was 2.58%.

Analytical parameters

Quantitative characteristics of the introduced method were studied 
with optimized analysis conditions to evaluate the performance. There 
was a linear calibration graph in the 0.5-6 µg mL−1 range of Ag(I) 
concentration with a correlation equation of Y = 0.0513X + 0.0512 
(in this equation, X is Ag(I) concentration (mol L−1)) and an R2 value 
of 0.9985. The relative standard deviation (RSD) calculated for nine 
replicates of 2 µg mL−1 of Ag(I) was 2.29%. Based on the IUPAC 
definition (CLOD = 3Sb/m, where Sb represents the standard deviation 
of blank, and m denotes the slope of the calibration line), the limit 
of detection (LOD) was equal to 0.25 µg mL−1. For the standard 
spectrophotometric method, the linearity of the method was in the 0.3-
5 µg mL−1 of Ag(I) range. The RSD (n=9) of the method for 2 µg mL−1 

Ag(I) and the estimated LOD value were 3.44% and 0.20 µg mL−1, 
respectively. The sensor membranes used in this comparison were 
prepared by the same procedure.

Table 2: Results obtained for the study of parameters affecting the sensor 
membrane preparation

Parameter  Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6

Amount of  
PDR

0.114
(0.005 g)

0.155
(0.015 g)

0.183
(0.020 g)

0.191
(0.024 g)

0.192
(0.026 g)

0.192
(0.30 g)

Volume of  
ethylenediamine

0.140
(1 mL)

0.159
(2 mL)

0.172
(3 mL)

0.174
(4 mL)

0.171
(5 mL)

0.170
(6 mL)

Time 0.167
(3 min)

0.172
(5 min)

0.175
(7 min)

0.175 
(8 min)

0.174
(10 min)

0.169
(12 min)

Figure 2: Response time of the introduced sensor membrane at 1 µg mL−1 

(line 1), 2 µg mL−1 (line 2), 3 µg mL−1 (line 3), and 4 µg mL−1 (line 4) Ag(I) ions
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Method selectivity

In order to study the method selectivity, the effect of some foreign ions 
on the determination of 3 µg mL−1 Ag(I) was examined. The tolerance 
limit of interfering ions, which gives an error of less than ±5% in 
absorbance reading, is given in Table 3. The results obtained show that 
no interference was observed from most of the ions except from Au3+ 
and Hg2+, which were minimized by using EDTA (0.001 mol L−1) and 
KI (0.1 mol L−1) as masking agents, respectively.

Analytical applications

The method accuracy was examined using the introduced sensor 
membrane to determine silver sulphadiazine burning cream, silver 
in a radiology film, and radiology effluent samples. The outcomes of 
the introduced procedure were compared to those of flame atomic 
absorption (FAAS) methods (Table 4). Five replicate samples were 
analysed separately using FAAS and optical sensor membrane-based 
methods. The results showed that the methods were not significantly 
different and showed good agreement.

CONCLUSIONS

In this work, a simple and cheap photometric approach was developed to 
the selective determination of Ag(I) in aqueous samples using a home-
made double beam photocolourimeter composed of green colour LEDs 
as a source of light and light-dependent resistors (LDR) as a detector. 
The determination procedure was performed using a sensor membrane 
based on the immobilization of PDR on a TAC membrane to generate 
an Ag-PDR colouring complex. The results showed that the proposed 
method has a good selectivity towards silver ions, and the devised 
detection system has good capability to overcome the usual disadvantage 
of low repeatability of sensor membranes. The introduced method was 
used to determine Ag(I) in some real samples. The outcomes obtained 
are in good agreement with those obtained by the FAAS.
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