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Abstract 

Diazocrowns of 18-, 21- and 23-membered rings with pyrrole residue as a part of macrocycle 

were for the first time used as chromoionophores in lead(II) selective optodes. Sensing 

properties of optodes depend on the type of macrocycle, namely its size and the type of linker: 

oligoether or hydrocarbon chain.  

The best results were obtained for optode bearing 18-membered crown with oligoether linker 

showing linear response range of 8.05×10
-8 

- 2.24×10
-5

 M
 
lead(II) and detection limit of

1.15×10
-8

 M. Membrane, based on cellulose triacetate, is lead(II) selective giving color

change from red to different shades of blue (pH 5.5). Results obtained for model and real 

samples of lead(II) showed that easily accessible and regenerable sensor material can be used 

for spectrophotometric and colorimetric (Digital Color Analysis) detection and determination 

of lead(II).  
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1. Introduction 

Common environmental pollutant is lead and its salts. Lead(II) has a negative influence on 

human's health, but also on animals and plants, which are an integral part of our environment 

[1-11]. Although lead and its salts were almost eliminated from many areas of life and 

technologies, the Notre-Dame de Paris fire broke out on 15 April 2019 had risen fears about 

the potential lead(II) intoxication as a result of melting of 410 tons of lead from roof 

construction and spire of the cathedral. Harmful lead and its compounds can enter the body 

directly by respiration or by oral route with water or food. It was a reason for the preventive 

determination of the level of lead in blood in firefighters as well as its content in natural 

products such as honey [12-18]. Among others such situations need fast, reliable and 

importantly - field methods of lead detection and determination of the level of contamination.  

Various types of sensors are used nowadays in many fields including control of industrial 

processes, environmental monitoring, clinical analysis and objects of everyday use, including 

food quality control [19-22]. Widely used are optical sensors due to their relative simplicity 

coming along with ensuring the accuracy, precision of indications [23-29] and the possibilities 

of analysis by digital color sensing - Digital Color Analysis (DCA) [30-33]. Selective optical 

sensors can be obtained among others by use of a selective (chromo)ionophore [34,35] 

immobilized in the receptor layer. It allows detection and determination of various chemical 

species in different types of samples and concentration levels (however, the determination of 

analytes in highly colored samples can sometimes be difficult). Optical sensors are important 

analytical tool, e.g. in medical diagnostics, clinical and environmental analysis [36-46]. Good 

candidates for ionophore-based optical sensors seem macrocyclic azocompounds due to 

relatively simple synthesis, spectral properties and discrimination of analyte according its size 

[47]. 

Our studies [48-50] showed that azomacrocyclic derivatives bearing pyrrole residue are 

lead(II) selective in acetonitrile and mixture of this solvent with water, but also are good 

lead(II) ionophores when used as ion-carriers in ion selective electrodes. Since that time other 

derivatives of this class of compounds were obtained and investigated as 

chromo(fluoro)ionophores [51,52]. Recently, we have investigated the effect of the exchange 

of oligoether fragment (18- and 21-membered crowns 1 and 2, Fig.1) by hydrocarbon chain in 

18- and 23-membered crowns 3 and 4 (Fig.1) on metal cation complexation [53].  
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Fig. 1. Diazocrowns 1 - 4 [48,50,53] with pyrrole moiety in macroring. 

Compounds 1-4 form stable complexes with lead(II) of 3:2 stoichiometry (crown:Pb) in 

acetonitrile which has been lastly confirmed by mass spectrometry [53]. Lead(II) 

complexation in acetonitrile and its mixture with water is related to a large spectral shift in 

UV-Vis absorption spectra observed as a distinct color change of solution from red-orange to 

blue. Crown 3 was proposed as a selective lead(II) probe in acetonitrile:water mixture with 

detection limit 56 g/L. Preliminary studies showed that macrocycles can serve as 

chromoionophores in optical sensor layers for lead(II) detection in aqueous solution.  

In this research, for the first time, four diazobenzocrowns 1-4 with pyrrole residue as an 

integral part of macrocycle were immobilized in a cellulose triacetate (CTA) membrane and 

were investigated as chromoionophores for lead(II) selective optodes. The spectrophotometric 

response of prepared optodes towards lead(II) aqueous solution was investigated regarding the 

influence of membrane composition and pH of solution on the response time, life-time and 

reversibility of sensor layer, detection limit and linearity of response. Digital Color Analysis 

(DCA) approach as competing to spectrophotometric measurements was also proposed. 

2. Materials and methods 

2.1. Chemicals 

Chromoionophores 1-4 (Fig. 1) were prepared according to the previously reported methods 

[48,53]. Identity of compounds was confirmed by comparison of spectral and TLC data with 

data for genuine samples of macrocycles deposited in our lab.  

Cellulose triacetate (CTA) was acquired from Acros Organics. Triethylene glycol ≥99.0% 

(TEG) was obtained from Merck (Germany). Bis(1-butylpentyl) adipate ≥98.0% (BBPA), 

dibutyl phthalate ≥99.0% (DBP), bis(2-ethylhexyl) phthalate ≥99.5% (DOP), bis(2-

ethylhexyl) sebacate ≥97.0% (DOS) and 2-nitrophenyl octyl ether ≥99.0% (NPOE) were 

purchased from Sigma Aldrich (Selectophore). Potassium tetrakis(4-chlorophenyl)borate 

≥98.0% (KTClPB) was procured from Fluka (Selectophore). Dichloromethane, chloroform, 2-

propanol, acetic acid, hydrochloric acid, disodium ethylenediaminetetraacetate dihydrate 

(EDTA-Na2) and ethylenediamine (EDA) were purchased from POCh (Poland).  
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All aqueous solutions were prepared using ultra-pure water obtained by the reverse osmosis 

(RO) from Hydrolab Poland station (conductivity <1 μS/cm
-1

). Nitric acid and sodium 

hydroxide (p.a.) used for adjusting pH of solutions were purchased from POCh (Poland). 

Aqueous stock solutions of salts (10
-2 

M) of NaNO3 (≥99.8%), KNO3 (≥99.8%), 

Mg(NO3)2×6H2O (≥99.0%), Ca(NO3)2×4H2O (≥99.0%), Ni(NO3)2×6H2O (≥98.0%), 

Zn(NO3)2×6H2O (≥98.0%), Cd(NO3)2×4H2O (≥98.0%) from POCh (Poland) and 

Cu(NO3)2×3H2O (≥99.5%) from Merck (Germany) as interfering ions were used. Stock 

solution (10
-2

 M) of Pb(II) was prepared by dissolving Pb(NO3)2 (≥99.0%, Alfa Aesar, 

Massachusetts, USA) (0.0331 g) in nitric acid (1 mL of 10
-2

 M) and diluting it in volumetric 

flask (10 mL) with deionized water. Working solutions containing Pb(II) were prepared by a 

serial dilution of the stock solution. For recovery studies Standard Reference Solution of 

lead(II) 1000 ppm (Merck) was used. 

2.2. Instrumentation 

All absorbance measurements were carried out using a Unicam UV-300 spectrometer in 1 cm 

quartz cuvettes (Starna® Brand). pH was monitored using pH-meter CPC-511 with glass 

electrode EPS-1 (ELMETRON, Poland). The concentration of metal ions in reference sample 

of real treated industrial wastewater was determined by ICP-OES iCAP 7400 Analyzer. 

2.3. Membrane preparation 

To obtain the best sensing membrane films in terms of maximum sensitivity towards Pb(II), it 

was necessary to optimize various experimental conditions. For this purpose four series (A-D, 

of optodes were prepared, all based on cellulose triacetate (250.0 mg), containing the 

respective plasticizer and chromoionophores 1, 2, 3 or 4. Unfortunately membranes with 

compound 3 can’t be obtained, because of crystallization of chromoionophore in the polymer 

matrix (Fig. S1). 

Series A of membranes were based on different types of plasticizers (337.2 mg, d = 1.124 

g/mL) and chromoionophore 1, 2 or 4 (1.0 mg).  

Series B of optodes were prepared using triethylene glycol - TEG (337.2 mg) as a plasticizer 

and different amounts of the respective chromoionophores (0.5 – 2.0 mg). 

Series C of optodes contained varying amounts of TEG (168.6 – 505.8 mg), the respective 

amount of chromoionophores from series C and lipophilic salt KTClPB in amount 

corresponding to half mass of chromoionophores. 

Series D of membranes consisted of TEG (337.2 mg), 1.0 mg of compounds 1 or 2 or 1.5 mg 

of compound 4 and different amounts of lipophilic salt KTClPB (0.25 – 1.00 mg).  
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The composition of membranes of series A-D with corresponding amounts of all membranes 

components are shown in Table S1. 

All components of each optode from each series were dissolved in dichloromethane (6 mL) 

with continuous stirring using a magnetic stirrer for 2 h and ultrasonicated for 5 min – to form 

a clear solution. In the next step, solutions were poured on, prepared in advance (washed with 

nitric acid, deionized water, acetone and 2-propanol) petri dish (9 cm diameter), covered 

loosely with a lid and left for solvent evaporation. After 24 h obtained optode films were 

peeled off from the petri dish and cut into 0.9×4.5 cm strips. Blank membranes were prepared 

in an analogous way using all components besides chromoionophores and lipophilic salt. 

2.4. Measurement procedures 

2.4.1. Absorbance measurements 

Before measurements, membranes were washed three times with deionized water to remove 

water-soluble additives from the surface. Then the membranes were placed in a quartz cuvette 

containing nitric acid solution (2.3 mL, 10
-5

 M) in the sample path of the spectrophotometer. 

Measurements were carried out against blank membranes in the reference path of the 

spectrophotometer.  Then the content of the measurement cell was titrated with a solution of 

lead(II) nitrate.  

In order to avoid the absorbance measurements errors resulting from possible heterogeneity of 

the optodes prepared in different series, the absorbance value measured at two wavelengths 

corresponding to the maximum absorbance of the chromoionophore and its complex with 

lead(II) is given as the spectral response. Then the response is expressed as the difference in 

absorbance ΔA for two wavelength and calculated using the formula: A = (AλmaxPb/Aλmax) - 

(A0λmaxPb/A0λmax), where A0 is absorbance before and A after contact with lead(II) salt, λmax 

corresponds to maximum absorbance measured for membrane with chromoionophore and 

λmaxPb is absorbance value at wavelength corresponding to maximum absorbance measured for 

membrane upon contact with lead(II) salt. Precisely: Aλmax - the value of absorbance at 518 

nm for membranes with azocrown 1 and at 508 nm for optodes with compounds 2 and 4; 

AλmaxPb - the value of absorbance at 615 nm for membranes with azocrown 1 and at 587 nm 

for optodes with crowns 2 and 4. 

In competition studies the value of the signal generated by optode in the presence of lead(II) 

nitrate was recorded before (ΔA0) and after (ΔA) addition of 10-fold molar excess of 

interfering metal salt. The influence of interfering ions on spectrophotometric response 
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towards lead(II) was expressed as the absolute value of relative response RR% = |[(ΔA- 

ΔA0)/ΔA0]|  100%. 

Limits of detection (LOD) were calculated using expression LOD = 3σ/k, where σ is the 

standard deviation of the blank and k is the slope of the linear function A = f([Pb(II)]). 

All experiments were carried out in the presence of lead(II) nitrate concentration 10
-4

 M at 

nitric acid solution (pH 5.50±0.05). 

2.4.2.Digital image colorimetry system 

Digital images were captured in a photograph lightbox of white sides (16×10×20 cm) 

illuminated with 20 LEDs with a color temperature of 6000K (1.5 W) (Fig. S2). The focusing 

distance was fixed at 10 cm. Smartphone LG K10 with the Color Analysis application (CA) 

designed by Roy Leizer [54], was used for capturing digital images. Image data has been 

processed by cropping to a 260×780 pixels rectangular area of the image after immersing the 

optode in lead(II) nitrate solution. Obtained images were analyzed with a CA application 

giving the percentage of individual values of red (R), green (G) and blue (B) components of 

the pixels in the image. These values were saved in an Excel file and sent to a computer to 

calculate the intensity values of each color. Color change of optode given as ΔERGB [55-57] 

was calculated using equation: ΔERGB = [(R0 - R)
2
 + (G0 - G)

2
 + (B0 - B)

2
]

1/2
 where R0, G0 and 

B0 values correspond to membranes dipped in deionized water of pH 5.5 (HNO3), and R, G 

and B values correspond to color of membrane after immersing in lead(II) nitrate solution.

3. Results and discussion 

3.1. Effect of the individual components of membrane on response value A of the optodes 

towards lead(II) 

Series A of optodes has been investigated in terms of the value of the generated signal 

depending on the type of plasticizer (Fig. 2a). Optodes were obtained using six most 

commonly used plasticizers: TEG, BBPA, DOS, NPOE, DOP and DBP. For these screening 

studies the same amount of each plasticizer i.e. 337.2 mg was used. The highest value of ΔA 

was obtained for all membranes using TEG. Therefore, this plasticizer was chosen for further 

studies. 

To optimize the amount of chromoionophore, membranes with different quantities (0.5–2.0 

mg) of diazocrowns 1, 2 or 4 were prepared in a series B of membranes. The highest value of 

ΔA was obtained for optodes with 1.0 mg of compound 1 or 2 and 1.5 mg in the case of 

chromoionophore 4 (Fig. 2b). More than 1.0 mg of chromoionophore for membranes with 
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crowns 1 or 2 and 1.5 mg for sensor layer with compound 4, causes the decrease of the 

observed signal. Worth noting is the highest, among investigated membranes, observed ΔA 

value for membrane with diazocrown 1 in all cases. Above mentioned quantities of 

chromoionophores were selected for further research. 
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Fig. 2. The effect of a) type of plasticizer, b) amount of chromoionophore [mg], c) amount of TEG [mg] and d) 

amount of KTClPB [mg] on A value (change of the optical signal, absorbance, in the presence of lead(II) salt) 

of optodes with chromoionophores 1, 2 and 4. 

The amount of TEG does not significantly affect the optode response (Fig. 2c), however, 

triethylene glycol obviously affects the mechanical properties and membrane durability. For 

membranes with chromoionophore 1, maximum amount of TEG is 168.6 mg (150 l), 

otherwise the crown eluviation from polymer matrix occurs. For membranes with compounds 

2 and 4, the optimal amount of TEG seems to be 337.2 mg (300 l). Above this quantity, a 

slight decrease of response and deterioration of the mechanical properties are noticeable and 

the membrane ceases to be stiff. The effect of lipophilic salt presence - KTClPB - and its 

amount (0.25–1.0 mg) on the value of the generated signal A, was checked for the 

membranes from series B were compared with the optodes from series D. Fig. 2d shows that 

the highest increase of ΔA signal was obtained for membranes containing 1.0 mg of the 
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KTClPB. For optodes with compound 1 or 2, the amount of lipophilic salt above 0.5 mg in the 

membrane, slightly increases the value of the detection limit, however enhances sensitivity 

(cf. Table S2). The same effect was noticed, when more than 0.75 mg of KTClPB was used in 

optodes with compound 4. Having in mind the proposed model of the lead(II) binding by 

macrocycles 1-4 in acetonitrile [53] (realizing that complexation equilibrium can be a 

different process in pure organic solvent than in membrane) we assume possible functioning 

mechanism: 

       
                   

               
          

        
  

where LH is chromoionophore, R
- 

is the anion of the lipophilic salt and (Pb2L3H)
2+

 is a 

complex. It suggests chromoionophore/lipophilic salt ratio 1.5. On the other hand it was 

proved that complexes of various stoichiometry can be formed depending on the measurement 

conditions, e.g. mass spectra registration [53]. Taking all above into account, 0.5 mg of 

lipophilic salt was selected for further testing of membranes with crowns 1 or 2, and 0.75 mg 

for polymer layers with crown 4 as a compromise between detection limit and the sensitivity 

of the sensing material. 

The possible effect of solvent which is used for optode cocktail preparation was also 

investigated by dissolving all components of membranes in dichloromethane or in 

chloroform. Interestingly, it was found that membranes for which dichloromethane was used 

as solvent characterize larger ΔA values than these for which chloroform was used. All 

membranes obtained in chloroform showed a lower value of the generated signal (ΔA) than in 

dichloromethane, regardless of the composition of the receptor layer: type of plasticizer, 

amount of chromoionophore or amount of additive (Fig. S3a-c). It follows that the use of 

dichloromethane as a solvent for the preparation of optodes is a better choice (Fig. S4). This 

can be influenced by the solvent evaporation rate, and perhaps also a tendency to formation of  

complexes with dichloromethane by azomacrocyles confirmed by the X-ray structure in 

literature [48]. 

On the basis of above, for further studies we have chosen as an optimized composition of 

membranes the composition listed in Table 1. 

Table 1. The optimized composition of membranes of optodes with diazobenzocrowns 1, 2 and 4 as 

chromoionophores. 

Optode 
Chromoionophore KTClPB TEG CTA 

mg wt% mg wt% mg wt% mg wt% 

1 1.00 0.24 0.50 0.12 168.60 40.13 250.00 59.51 

2 1.00 0.17 0.50 0.08 337.20 57.28 250.00 42.47 

4 1.50 0.25 0.75 0.13 337.20 57.21 250.00 42.41 
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3.2. UV-Vis spectral characterization of optodes  

The response of optodes of composition shown in Table 1 towards lead(II) was investigated 

spectrophotometrically (Fig. 3). UV-Vis spectra of optodes with crowns 1, 2 and 4 before 

contact with lead(II) are similar to spectra of these macrocycles registered in highly apolar 

solvent - acetonitrile [48,50,53]. Electronic spectra exhibit bands which can be attributed to 


* 

(~390 nm) and 
*
and/or n

*
 (~500 nm) electronic transitions typical for 

chromophore systems with azo group(s) connecting aromatic rings [58]. The 

spectrophotometric response of optodes in the presence of lead(II) nitrate characterizes with 

the appearance of a new, bathochromically shifted absorbtion band, which intensity increases 

with the increasing concentration of lead(II) nitrate (Fig. 3). The maximum of absorption of 

the optodes with diazocrown 1 is located at 518 nm and for 2 and 4 it is at 508 nm, and is 

shifted towards 615 (for 1) and 587 nm (for 2 and 4) when titrated with aqueous solution of 

lead(II) nitrate. It is consistent and comparable with spectral and color changes resulting from 

the formation of complex of 3:2 stoichiometry when titrating  acetonitrile solutions of crowns 

1, 2 and 4 with lead(II) perchlorate [50,53]. Thus it can be assumed that the observed spectral 

pattern for optodes can be a result of the complex formation between macrocyclic 

chromoionophore entrapped in a polymeric matrix and lead(II) nitrate.  

Comparing the obtained results shown in Fig. 3 it is quite well seen that spectral changes - the 

highest increase of optical signal and the highest spectral shift - are the most pronounced for 

optodes with crown 1.  

The properties of ion-selective membranes are the result of many factors. The sensing 

mechanism depends mainly on the properties of ionophore such as its lipophilicity, shape, 

molar mass and the value of stability constant of complex with target ion. Other membrane 

components, namely membrane solvent - plasticizer, polymer matrix or ionic additives also 

affect the characteristics of the sensor layer.  

Used by us chromoionophores are macrocyclic compounds of similar structure: two azo 

groups and pyrrole moiety as parts of macrocycle. The difference is that two of them bear an 

oligoether chain (1 and 2) and in the case of two other (3 and 4) ring closure is achieved by 

introducing hydrocarbon linkage (Fig.1). Differences in the length of above linkages result in 

various macrocycle size, namely 18-memebred - compounds 1 and 3, 21- for 2 and 23-

membered in case of 4. The change of linker type obviously affects the lipophilicity of 

macrocycles (Table S3, Fig. S5). The highest value (logPTLC) 9.42±0.03 was determined for 
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23-membered crown 4 (ten carbon atoms linkage) and the lowest 5.54±0.05 for 18-membered 

crown 1 (oligoether moiety).   

Macrocycles, as it was reported by us earlier [48,50,53] form in aprotic dipolar solvent - 

acetonitrile complexes with lead(II) of 3:2 stoichiometry (crown:lead(II)) of relatively high 

values of stability constants (Table S3, Fig. S5). The highest value of logK 21.10±0.09 was 

found for complex formed by 21-membered crown 4, the lowest 18.10±0.01 for 18-membered 

macrocyle 1.  

Chromogenic crowns 1, 2 and 4 were successfully incorporated into cellulose triacetate 

membrane - a polymer matrix of a moderate hydrophobicity [59,60] plasticized with a polar, 

hydrophilic triethylene glycol. The relative compatibility in hydrophobic/hydrophilic nature 

between membrane matrix and crown 1 of relatively high, however the lowest, lipophilicity 

among studied here macrocycles may be one of the reasons for the most promising properties 

of the obtained sensing layer.    

The sensor properties are also dependent on the cation exchange equilibrium between organic 

(membrane) and aqueous phase, which is on the other hand dependent on the complex 

formation constant in polymeric matrix [61]. The formation of very stable complexes of 

relatively high formation constants connected with low dissociation rate usually precludes the 

use of the particular compound as an effective ionophore in membrane systems. Although 

given above stability constant values of lead(II) complexes of crowns used here as 

chromoionophores were determined in acetonitrile, and having in mind that the complex 

formation unnecessarily must be analogous in polymer membrane, it may be seen that 

strength of the host-guest interaction correlates with the obtained results for fabricated by us 

optodes. Namely, more promising in regard to the generated optical signal is optode in which 

crown 1 of the lowest value of stability constant was used.  One more factor connected with 

the properties of the ionophore and its complex with target ion influencing on optode 

characteristics, which may be taken under consideration is molar mass. Lower molar mass 

enables higher mobility in the membrane – which also speaks in favor of using compound 1 

as chromoionophore in proposed lead(II) selective optodes.  

The effect of the presence of ion-exchange sites as additive components of membranes on the 

properties of both ion-selective electrodes and optodes was widely discussed in literature as 

their presence influence the characteristics of sensors [e.g. 62-65] . The positive effect of the 

use of the lipophilic additives is usually connected among the others with the sensitivity 

improvement, increasing of the selectivity for divalent over monovalent ions, reduction of the 

response time, but it was also shown that higher amounts of these components may result in 
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deteriorated detection limit due to increased ion flux across the membranes [66,67]. These and 

some other reasons discussed in details by Simon and co-workers [62] point, that the 

components of carrier-based ion-selective electrodes must be chosen very carefully. 

The properties of the optodes with crowns 1, 2 and 4 as chromoionophores are probably the 

synergistic effect of all mentioned above factors and likely some others, not predicted, 

connected with the specificity of the investigated system. Thus at this stage, it seems hardly to 

postulate which of them is dominating. The choice of the membrane of the proposed 

composition was the compromise among the values of the generated optical signal, linear 

response range, reversibility and detection limit.   
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Fig. 3. Changes in UV-Vis spectra of optodes based on diazocrowns: a) 1, b) 2 and c) 4, upon titration with 

aqueous lead(II) nitrate solution in the concentration range of 0 – 1.25×10
-3

 M, 0 – 2.75×10
-3

 M, and 0 – 

1.83×10
-3

 M, respectively. 

3.2.1. Effect of pH 

Aqueous solutions of lead(II) nitrate are undergoing hydrolysis and form hydroxides at pH 

higher than 5.5 [68-70]. Thus the response of the optodes towards lead(II) obviously can be 
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expected to be influenced by pH. The response of optodes at lead(II) concentration 10
-4

 M in 

pH range 1–12 (nitric acid/sodium hydroxide) solutions was studied. The response signal 

(ΔA) increases with the increase of pH in range from 1 to 10 (Fig. S6). Above pH 10 the 

decrease of signal was observed, which might be connected with the ionization of 

chromoionophore and its elution from the polymer matrix. Taking all above into account, all 

further studies were carried out under pH 5.50±0.05. 

3.2.3. Response time, reversibility, repeatability and life time 

Response time is one of the important factors when considering the applicability of optodes as 

sensors. To determine the response time, experiments using membranes immersed in solution 

of lead(II) (10
-4

 M, pH 5.5) with contact time up to 15 min. were carried out. ΔA of the 

optodes as a function of time needed for constant optical signal is shown in Fig. S7. The 

membranes were found to reach 95% of the final signal (t95) within 7 min for optodes with 

compound 1, and 3 min for membranes with crowns 2 and 4. This may be the effect of 

differences in membrane composition, namely the higher ratio of plasticizer in membranes 2 

and 4 comparing membrane 1 affecting the mobility of membrane constituents [63]. 

The possibility of regeneration of optodes after use - to make them reusable - was checked 

using as regeneration solutions of HNO3, HCl, CH3COOH, EDTA-Na2 and EDA (10
-1

 and 10
-

2
 M). Regeneration time for optodes with compounds 2 and 4, was 30 seconds, when using 

HNO3 or HCl (10
-1

 M). For membrane with crown 1, the regeneration time was 2 min. In 

EDTA-Na2 and EDA solutions the regeneration time was over 30 min and moreover complete 

regeneration of membranes was not possible (cf. Fig. S8). Thus 10
-1

 M nitric acid was 

selected for optodes regeneration. After regeneration, optodes were washed three times with 

deionized water. In Fig. 4 regeneration of optodes is shown for all prepared membranes. After 

ten cycles a drift of optical signal was less than 1% for optodes with crows 2 and 4, and less 

than 4% after five cycles for membranes with compound 1. 
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Fig. 4. Regeneration cycles for optodes with crowns 1, 2 and 4 in 0.1 M HNO3 solution after contact with 

lead(II) nitrate solution (10
-4

 M, pH 5.5). 

The reproducibility of optodes was evaluated by comparing the ΔA values of the lead(II) 

loaded membrane samples obtained in the different series for two concentrations 10
-5

 and 10
-4

 

M are shown on Fig. 5. The relative standard deviations for the measured ΔA values for 10
-5

 

(n = 10) and 10
-4

 M (n = 10), were 1.1% and 1.5% for optodes with crown 1, 1.0% and 1.6% 

for optodes with crown 2, 1.3% and 1.8% for optodes with crown 4, respectively. 
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Fig. 5 Reproducibility of optodes with crowns 1, 2 and 4 after contact with lead(II) nitrate solution a) 10
-5

 M and 

b) 10
-4

 M (pH 5.5). 

The life time of all membranes was determined by immersing membranes in nitric acid 

solution and measuring the value of ΔA over time, i.e. after: 1, 2, 4, 8, 24, 48, 72, 168 (7 

days) and 336 h (14 days). No significant loss of signal was found. Membranes were found to 

be insensitive to sunlight after 14 days. Membranes that were used and left to dry out typically 

for cellulose triacetate material undergo deformation, losing their mechanical properties 

(mainly flexibility). Thus between measurements optodes should be kept in solution, 
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preferentially in nitric acid solution. Just prepared optodes and not used for measurements can 

be stored safely for a period of at least 3 months in a dry and dark place (room conditions) 

without losing their properties (Fig. S9). 

3.2.4. Effect of interfering ions 

The response of prepared optodes was investigated in the presence of several interfering metal 

ions: Na
+
, K

+
, Ca

2+
, Mg

2+
, Ni

2+
, Cu

2+
, Zn

2+
, Cd

2+
. Fig. 6 shows the influence of addition of 

10-fold molar excess of interfering ion salt on the generated signal A of optodes immersed 

in 10
-4

 M solution of lead(II) nitrate (pH 5.5), as RR% value. Only in the presence of 

copper(II) RR% value exceeds 5%, however just in case of optode with 21-membered crown 

2 as chromoionophore this value is higher than 30%. For 1 and 4 the interference from copper 

is about 6%. The interference from copper(II) is not surprising, taking into account the 

agreement with results obtained in metal cation complexation studies in solution for crowns 1, 

2 and 4 [53]. 

Na+ K+ Mg2+ Ca2+ Ni2+ Cu2+ Zn2+ Cd2+
0

1

2

3

4

5

6

30

31

32

33

34

R
R

 %

 1

 2

 4

 

Fig. 6. Interferences of several metal cations (used in 10-fold molar excess), expressed as RR%, to spectral 

response (A) of optodes with chromoionophores 1 (at 615 nm), 2 (at 587 nm) and 4 (at 587 nm) towards 

lead(II) nitrate (pH 5.5). 

3.2.5. Linear response range 

The optical response A of prepared optodes depending on the used chromoionophore show 

various ranges of linear responses to lead(II) concentration as it is shown in Fig. 7 and Fig.8. 

For optode with crown 1 (Fig. 7) linear response was found for lead(II) concentration range of 

8.05×10
-8

 – 2.24×10
-5

 M with a regression equation of ΔA = 34741.2133[Pb(II)] + 0.0069 (R
2
 

= 0.998) and detection limit 1.15×10
-8

 M. At concentration ca. 2.0×10
-3

 M
 
sensor riches 

saturation with analyte. For optodes with chromoionophores 2 and 4 the linear response range 

of A vs. lead(II) concentration was found to be relatively narrow. Thus the use of 
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semilogarithmic calibration curves for low concentrations seems to be more convenient (Fig. 

8). Then linear response range for optode with compound 1 in semilogarithmic scale covers 

concentrations 7.86×10
-6

 – 3.83×10
-4

 M, for 2 1.51×10
-6

 – 2.02×10
-4

 M and for 4 4.00×10
-5

 – 

1.83×10
-3

 M, with regression equations ΔA = 1.1639log[Pb(II)] + 6.1962 (R
2
 = 0.999), ΔA = 

0.1248log[Pb(II)] + 0.7245 (R
2
 = 0.996) and ΔA = 0.2071log[Pb(II)] + 0.9836 (R

2
 = 0.995) 

for 1, 2 and 4, respectively. The detection limit of the sensor membranes (n = 10) was found 

to be 4.79×10
-6

 M, 1.84×10
-6

 M and 2.03×10
-5

 M, for optodes with crowns 1, 2 and 4, 

respectively. 

0.0 5.0x10
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8.0x10
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1.0
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
A

[Pb(II)]

Equation y = a + b*x

Adj. R-Square 0.9975

Value Standard Error

Intercept 0.0069 0.00461

Slope 34741.2133 550.5157


A
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Fig. 7. The optical response ΔA of prepared optodes with chromoionophores 1 to lead(II) concentration. Insets: 

full range of response.  
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Fig. 8. Calibration curves of optodes with chromoionophores a) 1, b) 2 and c) 4. Insets: full range of response.  

3.3. Comparison of optodes with already existing ones 

In Table 2 the properties of lead(II) selective optodes described in literature [71-81] are listed 

for comparison with the characteristics of membranes obtained in our studies. From this 

comparison it is quite well seen that optodes obtained by us are, in general, more or less 

comparable with those proposed by other authors. However, saying that, the optode with 18-

membered macrocycle 1 having comparable LOD value and the range of linear response 

coming along with relatively short response time can compete with most of the optodes listed 

in Table 2. 

Table 2. Comparison of obtained optodes with already existing ones.  

Sensing material Support 
Dynamic range 

[Pb(II)] 

LOD 

[Pb(II)] 

Response time 

[min] 
Reference 

ETH 5435 + ETH 5418 PVC 5.0×10
-9

-5.0×10
-5

 3.2×10
-12

 order of minutes [71] 

ETH 5493 + ETH 2439 PVC 1.0×10
-7

-5.0×10
-2

 N/D N/D [72] 

PAN +  

Dibenzodiaza-18-crown-6 
PVC 1.0×10

-8
-5.0×10

-5
 1.0×10

-8
 20 [73] 
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KTBPE* + 

Dibenzo-18-crown-6 
PVC 1.0×10

-5
-1.0×10

-4
 8.0×10

-6
 15 [74] 

ACAD** CTA 1.0×10
-6

-5.0×10
-1

 6.9×10
-7

 10 [75] 

Diphenylcarbazone PVC 6.9×10
-6

-1.1×10
-2

 6.5×10
-6

 3 [76] 

4-hydroxy salophen CTA 1.0×10
-7

-1.0×10
-3

 8.6×10
-8

 10 [77] 

Lead ionophore IV  

+ ETH 5294 
PVC 6.2×10

-8
-5.0×10

-5
 2.5×10

-8
 30 [78] 

Dithizone CTA 2.4×10
-6

-2.7×10
-5

 7.3×10
-7

 11-15 [79] 

Dithizone Agarose 1.2×10
-8

-2.4×10
-6

 4.0×10
-9

 28 [80] 

Dithizone 
Chitosan-

Silica 
9.7×10

-7
-5.3×10

-6
 5.3×10

-7
 3 [81] 

1 CTA 8.1×10
-8

-2.2×10
-5

 1.2×10
-8

 7 This work 

2 CTA 1.5×10
-6

-2.0×10
-4

 1.8×10
-6

 3 This work 

4 CTA 4.0×10
-5

-1.8×10
-3

 2.0×10
-5

 3 This work 

* 3′,3′′,5′,5′′-Tetrabromophenolphthalein ethyl ester potassium salt 

** 2-amino-cyclopentene-1-dithiocarboxylic acid 

3.4. Digital image colorimetry 

The colorimetric analysis of the digital images was carried out in parallel with the study of the 

spectrophotometric response of the optodes. Fig. 9 show color changes of optodes with 

chromoionophores 1, 2 and 4 after contact with solutions of different concentrations of 

lead(II) nitrate at pH 5.5. Photos were taken using a Smartphone camera. The most visible 

color changes, which can be traced by "the naked eye" were observed in the case of the 

membrane with compound 1. In the case of materials with chromoionophores 2 and 4  the 

observed color changes were not spectacular, especially for membranes with crown 4. Fig. 9a 

shows the dependence of color change (ΔERGB) vs. log[Pb(II)] for optode with compound 1 

with the dynamic range covering concentration range 7.79×10
-7

 – 2.07×10
-4

 M and regression 

equation ΔERGB = 58.44log[Pb(II)] + 357.44 (R
2
 = 0.997). For membranes with crown 2 (Fig. 

9b) the calibration curve in a semilogarithmic scale is linear within 2.37×10
-5

 to 7.10×10
-4

 M 

of lead(II) salt and calibration curve can be expressed with equation of ΔERGB = 

25.39log[Pb(II)] + 122.01 (R
2
 = 0.995). The response of the optode with compound 4 (Fig. 

9c) towards lead(II) can be described by equation ΔERGB = 15.72×[Pb(II)] + 75.85 (R
2
 = 

0.997) with linear range of response in the concentration range of 2.04×10
-5

 – 1.83×10
-3

 M of 

Pb(II). For detailed data see Tables S4-S6. Comparing slopes of obtained calibration curves, 

optode 1 characterizes with the highest sensitivity among investigated materials. The 
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detection limits (LOD) are 8.62×10
-7

 M, 2.05×10
-5

 M and 2.33×10
-5

 M for membranes with 

diazocrowns 1, 2 and 4, respectively. 
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Fig. 9. Left upper corner: Color change of membranes with chromoionophores 1, 2 and 4 after contact with 

aqueous lead(II) nitrate at different concentrations (pH 5.5). Calibration curves for membranes with 

chromoionophores a) 1, b) 2 and c) 4 as a function of the color change (ΔERGB) vs. log[Pb(II)] (pH 5.5) Insets: 

full range response. 

3.5. Analytical performance - determination of Pb(II) in model and real samples 

Applications of proposed optodes were tested using different samples: of known lead(II) 

concentrations – commercial lead(II) standard solution, spiked tap water from different 

regions of northern Poland, and real industrial sample of treated wastewater of unknown 

elemental composition. In the last case results were compared with the values obtained by 

independent analysis using ICP-OES. As a sensor, optode with chromoionophore 1 was 

chosen, as material of the best properties among all obtained optodes. All measurements were 

done at pH 5.5. Both attempts were tested: spectrophotometric (A) and colorimetric (ERGB) 

detection of lead(II) using a calibration curve method.  

Comparison of recovery results obtained for optodes with chromoionophore 1 upon 

immersion of the sensor layer in a commercial standard lead(II) solution (SRM) of different 
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concentrations are collected in Table 3. The recoveries are at least about 98.97 – 101.59% (n 

= 5) for spectrophotometric detection (A) for lead(II) concentrations in range from 4.8310
-8

 

M (10 ppb) to 4.8310
-6

 M (1000 ppb). Colorimetric determination is possible at 

concentration 4.8310
-6

 M (1000 ppb) with recovery 100.96% (n = 5). To evaluate the 

influence of the sample matrix three different samples of tap water were spiked with known 

concentration of lead(II) - Table 3. In this case recoveries were within 98.96 – 101.65% (n = 

5) for spectrophotometric detection (ΔA) and 101.24 – 102.28% (n = 5) for Digital Color 

Analysis attempt (ΔERGB). 

Table 3. Determination of lead(II) ions by optode with compound 1 - recovery test for commercial Standard 

Reference Solution, and in a real sample - spiked tap water. 

 
Added Pb(II) 

Found Pb(II) 

ΔA Recovery RSD ΔERGB Recovery RSD 

[Pb(II)] ppb [Pb(II)] ppb % % [Pb(II)] ppb % % 

Standard 

Reference 

Solution  

of lead(II) 

4.76×10
-8

 9.864 4.84×10
-8

 10.010 101.59 2.70 <LOD - - 

9.94×10
-8

 20.580 9.90×10
-8

 20.497 99.60 1.59 <LOD - - 

2.43×10
-7

 50.376 2.45×10
-7

 50.646 100.82 0.94 <LOD - - 

4.86×10
-7

 100.650 4.81×10
-7

 99.564 98.97 0.61 <LOD - - 

Tap water 1 

- - <LOD - - <LOD - - 

4.83×10
-8

 10.00 4.78×10
-8

 9.89 98.93 3.26 <LOD - - 

4.83×10
-7

 100.00 4.80×10
-7

 99.39 99.40 0.34 <LOD - - 

4.83×10
-6

 1000.00 4.85×10
-6

 1004.58 100.48 0.30 4.89×10
-6

 1012.32 101.25 0.41 

Tap water 2 

- - <LOD - - <LOD - - 

4.83×10
-8

 10.00 4.89×10
-8

 10.13 101.31 2.11 <LOD - - 

4.83×10
-7

 100.00 4.84×10
-7

 100.22 100.22 0.65 <LOD - - 

4.83×10
-6

 1000.00 4.90×10
-6

 1014.71 101.49 0.45 4.92×10
-6

 1018.88 101.91 0.57 

Tap water 3 

- - <LOD - - <LOD - - 

4.83×10
-8

 10.00 4.86×10
-8

 10.07 101.31 2.49 <LOD - - 

4.83×10
-7

 100.00 4.78×10
-7

 99.03 99.05 0.50 <LOD - - 

4.83×10
-6

 1000.00 4.91×10
-6

 1016.49 101.67 0.36 4.90×10
-6

 1014.71 101.49 0.27 

 

The last probe for testing practical application of the proposed sensor layer was using optode 

with chromoionophore 1 for spectrophotometric detection of lead(II) in real wastewater 

sample of the elemental composition shown in Table S7. Trace elements were determined by 

the ICP-OES method.  

In Table 4 results of the recovery test are collected. Recovery when the calibration curve 

method was used is 96.25% (n = 5), whereas standard addition method was applied the 

recovery was  99.06 – 100.62% (n = 5).  
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Table 4.  Determination of lead(II) in treated industrial wastewater using optode with compound 1. 

 
ICP-OES Added Pb(II) Found Pb(II) ΔA Recovery RSD 

[Pb(II)] ppb [Pb(II)] ppb [Pb(II)] ppb % % 

Industrial 

wastewater 

9.51×10
-8

 19.70 - - 9.15×10
-8

 18.95 96.25
a
 3.95 

  9.66×10
-8

 20.00 1.90×10
-7

 39.33 99.06
b
 1.19 

  2.42×10
-7

 50.00 3.39×10
-7

 70.13 100.62
b
 0.57 

a - calibration curve, b - standard addition method 

Analysis of the recovery test shows successful agreement between our results and the results 

obtained by both comparison with SRM and obtained by ICP-OES method. It can be 

concluded that sensing membrane with chromoionophore 1 can be a useful - fast and reliable - 

analytical tool for detection and determination of lead(II) in aqueous samples.  

4. Conclusion 

Pyrrole bearing diazocrowns 1-4 of different macrocycle size and type of linkers were tested 

as chromoionophores in optodes based on cellulose triacetate matrix. The best properties: 

linear response range and detection limit presents sensor material where 18-membered 

derivative bearing oligoether moiety was used. The obtained optode can be used for the 

detection and determination of lead(II) in environmental samples, both as a quick qualitative 

test and for quantitative determination of analyte. Both laboratory applications and also field 

analyses are worth considering by use of mobile spectrophotometers and using free of charge 

color application for mobile devices. It might be said that proposed by us, an easy and cheap 

solution can be considered as at least complementary, if not competitive, for routinely used in 

environmental analysis methods such as AAS or ICP-OES, which are not only expensive with 

equipment, but also require well trained staff. To sum up, the proposed optodes can be used 

for routine analysis of water samples also with portable equipment.  
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