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Bilayer membrane electrode is an effective method to improve the performance of traditional ion select 

electrode. By adjusting the composition of the membrane, the ion flux in the electrode membrane is 

controlled, thus the detection performance of the electrode can be changed. With the help of least 

square support vector machine and orthogonal experiment, the electrode model was established with 

the membrane thickness and ion exchanger concentration as factors, and the optimal parameters of the 

model were applied to the chloride ion PVC membrane electrode. The experimental results show that 

the detection limit of bilayer chloride ion electrode is one order of magnitude lower than that of 

traditional membrane electrode. 
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1. INTRODUCTION 

Chloride ion, as a common and important anion, widely exists in various fields such as 

environment, food, biology, medical treatment and industry [1-5]. Especially in the industrial field, 

chloride ions may cause corrosion of copper, aluminum and even stainless steel [6-8], and may 

threaten the safe use of boiler or turbine blades [9-11]. Ion chromatography, fluorescence spectrometry 

and flow injection method can meet the requirements for the measurement of trace chloride ions, but 

these methods may have some measurement delay [12-13]. The ion selective electrode (ISE) based on 

polymer membrane can measure chloride ion rapidly and continuously, however, the detection limit of 

chloride ion membrane ISE , as far as we known, is about 10-5.5 M [5,14], which impedes the 

application of the ISE method on chloride measurement. 

http://www.electrochemsci.org/
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The performance and analytical parameters of the ISE depend on the composition of the 

membrane and the concentration of ionic components within it [15]. But these changes are not easy for 

chloride ions. After over 20 years of research, the mainstream chloride selective membrane is still 

composed of mercury organic ionophore, chloride quaternary ammonium salt ion exchanger, polyvinyl 

chloride (PVC) and plasticizer [16-19]. It is not easy to develop new ionophore and ion exchanger, at 

the same time, replacing PVC and plasticizers with acrylates is difficult because acrylates contain too 

many impurities that interfere with chloride ion measurements [20].  

A few years ago, Michalska and co-workers introduced a new method called Potentiometric 

bilayer membrane. The performance of the ISE can be changed by careful tailoring the bilayer 

membrane made of poly (hexyl acrylate) and / or poly (lauryl acrylate) and different ion exchangers. 

By creating the ion flux between the inner membrane and the outer membrane, this concept reduces the 

ion accumulation at the interface between the outer membrane and the solution, so the detection limit 

of the bilayer membrane ISE is lower than that of the monolayer membrane [15,21]. This method has 

been verified on potassium and copper ion selective electrodes, but its effect on anion electrodes is 

unknown. In addition, the ion flux is affected by the membrane material, the type and concentration of 

the ion exchanger, the thickness of the membrane and other factors. How to design the bilayer 

membrane efficiently and accurately is also a problem to be solved. If the single variable method is 

used to solve this problem, not only the number of experiments is very large, but also the relationship 

between different factors may be ignored in the single variable experiment. Central composite design, 

box benhnken and response surface methodology have been successfully used to optimize the design 

of polymer membranes for ion selective electrodes [22-23]. When there are four experimental factors, 

this method needs 27 groups of experiments to ensure the accuracy of the model. The previous 

research of our group shows that the number of experimental groups can be further compressed to 9 by 

using orthogonal experiment and least square support vector machine (LS-SVM) to establish the 

optimization model, and the excellent prediction effect can be obtained [24]. However, this method has 

not been used to optimize the membrane ISE, and the optimization effect of the bilayer membrane is 

still unknown. 

In this paper, the bilayer PVC membrane chloride ion ISE was fabricated and investigated. 

Two different kinds of lipid soluble quaternary ammonium salt were used as the ion exchangers to 

control the ion flux. The orthogonal experiment was designed with membrane thickness and ion 

exchanger concentration as factors. The prediction models of bilayer membrane electrode parameter 

and membrane structure were established by LS-SVM method. The impact of structure on the 

performance was analysed by using the contours of the prediction model, and the optimal parameter 

range was obtained. To the best of our knowledge, both the bilayer PVC membrane chloride ion ISE 

and the optimization model of bilayer membrane have never report before. 

 

2. MATERIALS AND EXPERIMENTAL 

2.1. Materials 

The chloride ionophore III (ETH9033), tridodecylmethylammonium chloride (TDMACl), poly 

(3-hexylthiophene-2,5-diyl) (POT)  and high molecular weight poly (vinyl chloride) (PVC) were provi
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ded by Sigma-Aldrich. Sodium chloride in working chemical grade was provided by Beijing Chemical 

Works. Bis (2-ethylhexyl)sebacate (DOS), tetrahydrofuran (THF), sodium hydrogencarbonate and othe

r materials in analytical-reagent grade were provided by Sinopharm Chemical Reagent. Deionized wat

er (conductivity = 0.055 μScm-1) was produced by Millipore ultrapure water system (ADVANTAGE 

A10). 

 

2.2. Instrument and equipment 

Unless otherwise specified, the electrochemical experiments in this work were carried out at a 

constant temperature of 25 ℃ by using refrigerated circulators (HAAKE Arctic A10 Thermo Fisher 

Scientific). 

The potential responses of all electrodes were measured synchronously by using a 6 1/2-digit 

(22-bit) data acquisition unit (Agilent 34970A) equipped with a 20-channel multiplexer module 

(Agilent 34901A). An Ag/AgCl double junction electrode was used as the reference electrode, in 

which the inner salt bridge was 3 M KCl, and the outer salt bridge was 0.1 M LiAc. The liquid junction 

potential and activity coefficient were calculated by Henderson equation and Debye–Hückel equation, 

respectively.  

The electrochemical impedance test was carried out in a conventional three-electrode electrode 

cell. The reference electrode is same as the electrode used in the potential test, which is the Ag/AgCl 

(3 M KCl) double-junction electrode, the auxiliary electrode was a platinum wire, and the electrolyte is 

0.1 M KCl solution. The frequency range of electrochemical impedance measurement was 20 mHz-10 

KHz with a 10 mV sine wave excitation signal. 

 

2.3. Electrode preparation 

2.3.1. Indicator electrodes and solid contacts 

The glassy carbon electrode with a surface area of 0.07 cm2 was polished by 0.3 and 0.05 μm 

powder successively, and then cleaned by ultrasonic wave alternately in acetone and water. POT was 

dissolved in chloroform with a concentration of 6 mg/ml. As the solid contact layer, 10 μl of the 

solution was applied by drop casting on each glassy carbon electrodes and dry naturally. 

 

2.3.2. Ion-selective membranes and electrode fabrication  

In order to control the ion flux, three membrane solutions with different concentration of ion 

exchanger were prepared. The polymer membrane components including chloride ionophore III (2.0 

wt.%), TDMACl(0.2, 0.5, 0.8 wt.%, corresponding ion concentration is 3.4, 8.5, 13.5 mol/m3), PVC 

(33 wt.%) and DOS (64.8, 64.5, 64.2 wt.%). All components were dissolved in THF (dry mass= 

13.65%). Thickness of outer layer, ion exchanger concentration in outer layer, thickness of inner layer 

and ion exchanger concentration in inner layer were selected as experimental factors of the orthogonal 

experimental design (OED), and each factor had three levels. As shown in the Table 1, these factors 
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may affect the ion flux of the bilayer membrane electrode and further affect the detection performance 

of the electrode. The electrode are divided into 10 different configurations, as shown in Table 2, the 

first 9 configurations are consistent with a typical OED table of L9 (34) because it could be used to 

study 4 factors. As a comparison, the No.10 configuration is added, which has no inner layer and is 

used as a typical representative of the traditional monolayer electrode. According to the configuration 

in Table 2, firstly, the inner membrane solution was applied on the surface of the electrode and kept 

vertical for over 24 hours until the film is completely dry. By conditioned in 0.1M sodium bicarbonate 

solution, the TDMACl in the inner membrane was converted to tridodecylmethylammonium hydrogen 

carbonate (TDMAHCO3) through ion exchange (The calculation of soaking time will be discussed in 

subsequent section 3.1), which has been previously confirmed by Lewenstam et al[25]. After soaking, 

the electrode was left standing for an additional 96 h to make the concentration of bicarbonate ion in 

the membrane as uniform as possible. Finally, the outer membrane of the electrode was applied on the 

inner membrane by drip coating, and TDMAHCO3 was fixed in the inner membrane, which could not 

directly contact with the solution under test, and the ion flux flowing from the outer membrane to the 

inner membrane was formed. 

 
Table 1. Factors and levels of OED. 
 

Level Factors    
 A (outer layer 

thickness)(μm) 
B (outer layer ion 
exchanger concentration) 
(mol/m3) 

C (inner layer 
thickness )(μm) 

D (inner layer ion 
exchanger concentration) 
(mol/m3) 

1 25 3.4 25 3.4 
2 50 8.5 50 8.5 
3 75 13.5 75 13.5 

 
Table 2. Experimental design table 
 
Test No. Factors level    
 A(μm) B(mol/m3) C(μm) D(mol/m3) 
1 1 1 1 1 
2 2 2 2 1 
3 3 3 3 1 
4 3 2 1 2 
5 2 1 3 2 
6 1 3 2 2 
7 1 2 3 3 
8 2 3 1 3 
9 3 1 2 3 
10 2 2 - - 

 

2.4 Theoretical  

In 0.1M sodium bicarbonate solution, bicarbonate ions enter the inner layer due to diffusion 

and electromigration, and reacts with TDMACl to form TDMAHCO3. The total amount of ions 

entering the membrane can be controlled by the soaking time. Affected by the thickness and 

composition of the inner layer membrane, the soaking time of the electrode in sodium bicarbonate 

solution is different. In order to estimate the diffusion time of hydrogen carbonate ions in the inner 
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layer, the ion diffusion model of the inner layer was established by using the finite difference method. 

The one-dimensional ion flux in the liquid phase can be expressed by the following equation [26]: 
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Equation (1) can be rewritten by using the potential function FE
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Where ( )iJ x ,
iD ,

ic , x ,
iz , ( )v x represent the the ion flux in x-direction, the diffusion coefficient, the 

ion concentration, the distance, the charge of the species and the flow velocity in x-direction 

respectively. F is the Faraday constant, R  the universal gas constant, T the absolute temperature, E the 

electrical potential and t  the time. 

The inner layer is represented by N continuous thin segments with the thickness of  , and the 

forward difference method is used to rewrite equation (3) and (2): 
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Where 
, / 1( )iJ t  is the ion flux from the  segment to 1  segment, 

ic is replaced by 
, , 10.5 ( )i ic c   

that indicate the concentration of each segment, and t is the time interval. 

By combining equations (4) and (5), the following equations describing the change of 

concentration can be derived: 
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In order to simplify the previous equation so that it satisfies the traditional forward difference 

form, define: 
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The value of diffusion coefficient 0D  is arbitrary constant,  is the dimensionless time and w  the 

dimensionless flow velocity. Equation (6) can be rewritten as:  
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The interface potential can be described by Nernst equation as follows: 
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Where a  is the activity coefficient. In a dilute solution or solid phase, It can be considered that 

, 1 ,0.5( )i i i ia c c c    , equation (9) can be rewritten as:  
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Define 
0iD D  and skip the targets related to the flow velocity, finally, the membrane 

concentration can be expressed by the equation as follows: 
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All calculations were carried out using Matlab 2016a (MathWorks). 

 

 

 

3. RESULT AND DISCUSSION 

3.1. Digital simulations 

Using the forward difference method, based on equation (11), the concentration distribution of 

ions in the membrane with time and distance is analysed by numerical simulation. Assuming that the 

concentration of bicarbonate ion outside the membrane is 0.1 mol/L and the chloride ion is 0 mol/L, 

the concentration of bicarbonate ion outside the membrane does not change with time during the 

simulation process. The initial concentration of chloride ion in the membrane is 3.4, 8.5, 13.5 mol/m3, 

and the initial concentration of bicarbonate ion in the membrane is 0 mol/L. During the simulation, the 

total thickness of the membrane is 300 μm, which is composed of 200 small segments, each with a 

thickness of 1.5 μm. The total time is 40000 s, consisting of 1000 segments of 20 s each. Also 

assuming that the diffusion coefficients of bicarbonate ion and chloride ion are equal, it can be 

measured indirectly by telephone impedance method as follows [21]: 

 

 
2 2i

I i i

RTx
D
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  (12) 

 

Where A  represents the electrode surface area, that is, 0.07 cm2. IR  represents the low 

frequency resistance of electrochemical impedance spectroscopy. As a result, the diffusion coefficients 

of the inner membranes with chloride ion concentrations of 3.4, 8.5 and 13.5 mol/m3 were 1.2710-13, 

1.5210-13 and 1.7410-13 m2/s, respectively. 
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Figure 1. Simulated concentration profiles of bicarbonate ion in the membrane in 0.1mol/L sodium 

bicarbonate solution. (a) Membrane diffusion coefficient: 1.2710-13 m2/s, initial chloride ion 

concentration: 3.4 mol/m3. (b) Membrane diffusion coefficient: 1.5210-13 m2/s, initial chloride 

ion concentration: 8.5 mol/m3. (c) Membrane diffusion coefficient: 1.7410-13 m2/s, initial 

chloride ion concentration: 13.5 mol/m3. 
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The membrane used in the experiment contains three different initial chloride ion 

concentrations and diffusion coefficients, so three sets of concentration-time-distance surfaces are 

obtained by digital simulation, as shown in Fig.1. As can be seen from the figure, there does not seem 

to be much difference between the three surfaces because there is only a slight difference in the 

diffusion coefficients of the three membrane. At the position close to the solution in the membrane, the 

bicarbonate ion concentration will rise rapidly in a very short time, and gradually approach the ion 

concentration outside the membrane. On the contrary, the concentration of bicarbonate ion in the deep 

part of the membrane rises very slowly. The soaking time obtained by digital simulation is shown in 

Table 3. 

 

Table 3. Digital simulation results of soaking time. 

 

Ion concentration 

(mol/m3) 

Membrane thickness 

(μm) 

Diffusion coefficient 

(m2/s) 

Soaking time (s) 

3.4 25 1.2710-13 52 

3.4 50 1.2710-13 97 

3.4 75 1.2710-13 147 

8.5 25 1.5210-13 103 

8.5 50 1.5210-13 230 

8.5 75 1.5210-13 401 

13.5 25 1.7410-13 152 

13.5 50 1.7410-13 383 

13.5 75 1.7410-13 717 

 

3.2. Potentiometric calibration plots 

 The bilayer membrane electrode used in this study is made of two layers of PVC membrane 

with different ion concentration and thickness. The difference of diffusion coefficient, ion 

concentration and thickness may lead to the difference of ion flux and change the potential response of 

the electrode. Fig. 2 shows the potential calibration curves of 10 groups of electrodes in the Table 2. It 

can be seen from the curve that all the electrodes show good linearity in the region where the 

concentration is higher than 10-5 M even the slope of the electrode is not consistent. Compared with 

the No. 10 monolayer membrane electrode, the potential of the other 9 bilayer membrane electrodes is 

higher about 300 mV. This shows that there is an obvious interface between the two layers of PVC 

membrane, which leads to this obvious potential difference. The potential response characteristics of 

No. 1-9 bilayer membrane electrode were different when the concentration was lower than 10-5 M. The 

slope of most electrodes decreases, but the extent of the decrease seems to be smaller than that of 

monolayer electrode. Electrode No. 9 seems to have the best potential response, and its detection limit 

appears to be an order of magnitude lower than that of the monolayer. These results confirm that the 

potential response characteristic of bilayer membrane electrode is generally better than that of 

monolayer membrane electrode. After the precision tailoring of the electrode, the performance of the 

electrode will be further improved, which shows the necessity of optimizing the electrode parameters. 
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Figure 2. Potentiometric calibration plots for electrodes in Table 2. No. 1: pentagons, No. 2: five-

pointed stars, No. 3: up triangles, No. 4: down triangles, No. 5: rhombuses, No. 6: left triangles, 

No. 7: right triangles, No. 8: hexagons, No. 9: circles, No. 10: squares. 

 

3.3. Orthogonal experimental results 

According to the orthogonal table L9 (34), the slope and detection limit ( LD ) of bilayer 

membrane electrode was recorded, as shown in Table 4. The sum of slope or LD  in the same level i , 

corresponding average value ik  and range R  were calculated respectively as follows: 

 ( ) , 1,2,3
3

i

slope
k slope i 

   (13) 

 ( ) 1,2,3
3

L

i L

D
k D i 

   (14) 

 
max min( ) ( ) ( )R slope k slope k slope    (15) 

 
max min( ) ( ) ( )L L LR D k D k D    (16) 

( )ik slope represent the impact of level i  of each factor to the slope, and ( )i Lk D  represent the impact 

of level i  of each factor to the detection limit. The higher the ik  is, the higher the slope is, and the 

lower the detection limit is. R  indicates the impact of each factor on the slope or detection limit, and a 

higher R  value means that the factor has a greater impact on the slope or detection limit. For the slope 

of the bilayer membrane electrode, as can be seen from the orthogonal table, the order of range was 

RB>RC>RA>RD. According to the R value, the impact of the four factors on the slope decreases in the 

order of B > C > A > D. The optimal combination is A1B1C2D3. Similarly, the detection limit for 

bilayer membrane electrodes, the order of range was RC=RD>RB>RA. According to the R value, the 

impact of the four factors on the slope decreases in the order of C = D > B > A. The optimal 

combination is A2B1C2D3. Comparing the two groups of orthogonal results, A play the smallest role 

for both Slope and DL, and B, C, D is the major impact factor. However, there are obvious differences 
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in the impact of factors on the slope and detection limit. The outer layer ion concentration and inner 

layer thickness have a greater influence on the electrode slope, while the inner layer thickness and 

inner layer ion concentration have greater influence on the electrode detection limit. The outer layer 

thickness is the minimum factor for both the slope and the detection limit. 

 

 

Table 4. Results of orthogonal experiment design and range analysis of slope and detection limit. 

 

Test No. Factors      
 A(μm) B(mol/m3) C(μm) D(mol/m3) Slope(mV/dec) DL(lg) 

1 1 1 1 1 60.0 -5.4 

2 2 2 2 1 54.7 -5.6 

3 3 3 3 1 45.1 -5.4 

4 3 2 1 2 54.9 -5.5 

5 2 1 3 2 56.7 -6.1 

6 1 3 2 2 53.3 -5.7 

7 1 2 3 3 56.0 -5.8 

8 2 3 1 3 50.6 -5.7 

9 3 1 2 3 61.2 -6.2 

k1(slope) 56.44 59.33 55.17 53.26   

k2(slope) 54.00 55.18 57.54 54.97   

k3(slope) 53.72 49.66 51.46 55.94   

R(slope) 2.72 9.68 6.09 2.69   

order(slope) RB>RC>RA>RD   

Optimal level(slope) A1 B1 C2 D3   

Optimal 

combination(slope) 
A1B1C2D3 

  

k1(DL) 5.63 5.90 5.53 5.47   

k2(DL) 5.80 5.63 5.97 5.77   

k3(DL) 5.70 5.60 5.63 5.90   

R(DL) 0.17 0.30 0.43 0.43   

order(DL) RC=RD>RB>RA   

Optimal level(DL) A2 B1 C2 D3   

Optimal 

combination(DL) 
A2B1C2D3 

  

 

3.4. The establishment of electrode performance prediction model 

The orthogonal experiment can be carried out according to the typical factors and levels within 

the scope of the experiment to reduce the number of experiments. It is a simple and effective method to 

obtain the optimal combination of orthogonal experiments by using corresponding average value ik  and 

range R . The orthogonal experiment simplifies the global experiment and tells us the level at which 

each factor affects the performance of the electrode. However, the results of orthogonal experiments 

are semi-quantitative and simple, which makes it impossible to give an accurate optimal value. Using 

the data of the orthogonal experiment obtained in this study, the prediction model is established by 
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using the LS-SVM method, which can approximately "complete" the data of each level of the 

uncarried out experiment, and then obtain the global optimal parameters [27]. 

By adjusting kernel functions and regularization parameters, SVM method can map complex 

nonlinear fitting problems to linear problems in high-dimensional space and approach arbitrary 

nonlinear functions, so it is widely used in small sample modeling[28]. LS-SVM not only inherits the 

good performance of SVM, but also changes the inequality constraints of SVM into equality 

constraints, and transforms the convex quadratic programming when solving Lagrange multipliers into 

linear equations, which greatly facilitates the solving process[29]. For a series of samples 

( , )i ix y , 1,2,3,...,i n . Where 
ix  is a m  dimensional sample, m

ix R  and 
iy  is the output vector, 

iy R . 

Typically, the SVM output equation can be expressed as follows: 
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Where b , w , ( )  is the bias term, the weight matrix and the nonlinear function respectively. 

Based on the SVM constraint condition, the error variable 
ie  is introduced into each sample, and the 

L2 regular term of the error variable is added to the original function. The constraint condition of LS-

SVM is obtained as follows: 
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Where C  is the penalty parameter. For the nonlinear separable training samples, the original 

samples can be mapped to a higher-dimensional linearly separable space. The optimization problem of 

LS-SVM is a quadratic programming problem with equality constraints. The Lagrangian multiplier 

method is used to transform the original problem into a dual problem with a single parameter: 
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Where 
i  represents the Lagrange multiplier corresponding to ix .Derive each variable of the 

Lagrange function according to the Karush-Kuhn-Tucker condition, and make the derivative zero: 
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The support vector   and bias term b  can be obtained from the equations set (20), and the final 

equation of LS-SVM can be expressed as follows: 

 
1

ˆ ( , )
n

i i i

i

y K x x b


     (21) 

Where the kernel matrix is as follows: 

 ( ) ( )

( , ), , 1,...,

T

il i l

i l

x x

K x x i l N

  

 
  (22) 

The radial basis function is selected as the kernel function as follows: 

 2 2( , ) exp[ / 2 ]i iK x x x x     (23) 
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The performance of the model depends on the penalty parameter C  and kernel function 

parameters  . In this paper, a simple and effective grid method[30,31] is used to optimize these 

parameters. 

The four factors involved in the orthogonal experiment: the outer membrane thickness A, the 

outer membrane ion concentration B, the inner membrane thickness C, the inner membrane ion 

concentration D were selected as the model input, { , , , }x A B C D , while the slope and the detection limit 

were respectively selected as the output 
iy  of the LS-SVM prediction model. Before establishing the 

model, it is necessary to preprocess the data to prevent the imbalance of weight allocation from 

causing the model overfitting. The commonly used data preprocessing method is normalization, 

however, in practical application, normalization will also compress the abnormal values in the sample 

to the prescribed range, which will affect the model training. In this paper, standardization is used for 

data preprocessing because most of the data obeys normal distribution, and for the loss function with 

regularized parameters, data standardization is also an excellent choice. The model standardization 

equation is as follows: 

 '
( )ij j

j

x x
x

S


   (24) 

Where jx  is the arithmetic mean of a feature and jS  is the standard deviation of that feature. 

The grid method is used to search the penalty parameter C  in the error function and the kernel function 

parameter   in the regions of [0,0.1,100] and [0,0.1,100], respectively. The penalty parameter C  

represents the degree of "punishment" beyond the error range, which can reduce the test error, prevent 

the model from overfitting, and reduce the complexity of the model. The grid search method can find 

the optimal combination under the condition of a given step size, and the quality of the model can be 

estimated by the following equation: 

 2

1

1
( )

n

i i

i

RMSE t y
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    (25) 

Where it  is the true value and 
iy  is the predicted value. The final equation of the model can be 

written as: 
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         (26) 

For the slope prediction model, the RMSE is 0.00019 and the optimal parameter combination 

is: 

[ , ] [25.9,2.4]C   ； [0.9176, 0.8876,0.8858,0.4306,0.9129, 2.2593,6.5982, 4.9116,5.6919]i     ，

0.2313b     

For the detection limit prediction model, the RMSE is 0.00011 and the optimal parameter 

combination is: 

[ , ] [49.5,2.8]C   ， [0.2083, 0.6193,1.6430, 3.2380,1.2003,0.8056, 4.6740,1.1011, 8.3536]i      ，

0.0028b    

 

3.5. Membrane parameters optimization using the prediction model 

In order to further find the optimal range of ion exchanger concentration and membrane 

thickness in the inner and outer layer, and improve the performance of the electrode, a prediction 
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model was established by LS-SVM, and the effects of those factors on the performance of the 

electrode were analyzed. The slope of the electrode is the most concerned parameter. When the slope is 

close to the Nernst slope, the lower the detection limit, the better. The results of orthogonal 

experiments show that the two factors of B and C are the main factors affecting the slope of the 

electrode, so A and D are selected as the fixed factors at the middle level (50um, 8.5mol/m3). 

According to the LS-SVM model of the slope of the electrode, the effects of factors B and C and their 

interaction on the slope of the electrode are obtained. 3D surface map and its 2D, 3D contour maps, as 

shown in the Fig.3. 

 

 

 
Figure 3. Effect of outer layer ion exchanger concentration and inner layer thickness on electrode 

slope (a) 3D surface plots, (b) Observation of Fig .3 (a) in azimuth of 0° and visual angle of 30°, 

(c) 2D contour plots, (d) 3D contour plots. 

 

It can be seen from the figure that the slope of the electrode is the largest when the thickness of 

the inner layer membrane is 45 to 60 μm, however, the change of the membrane thickness will only 

lead to the change of the slope of 2mV/dec. In the other hand, the slope of the electrode is more 

sensitive to the outer layer ion exchanger concentration. Different from the monolayer electrode, the 

slope of the electrode decreases with the increase of the outer layer ion exchanger concentration. In 

order to explain this phenomenon, the ratio of the outer layer ion exchanger to the inner layer ion 

exchanger is selected as a new factor to replace the concentration of the outer layer ion exchanger, and 
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the inner membrane thickness is maintained as another factor to re-establish the prediction model, as 

shown in Fig. 4. 

 

 

 
Figure 4. Effect of ion exchanger concentration ratio (outer/inner) and inner layer thickness on 

electrode slope (a) 3D surface plots, (b) Observation of Fig .4 (a) in azimuth of 0°and visual 

angle of 30°, (c) 2D contour plots, (d) 3D contour plots. 

 

As can be seen from Fig. 4, the trend of the effect of the inner membrane thickness on the 

electrode slope is similar to that before, and the medium thickness membrane is easier to obtain higher 

electrode slope. After using the concentration ratio of the outer layer ion exchanger to the inner ion 

exchanger as the input of the model, the effect of ion concentration on the electrode slope is further 

magnified, and the electrode slope changes greatly with the concentration ratio. When the 

concentration ratio is 4, the slope of the electrode is only 40mV. When the concentration ratio is less 

than 0.25, the electrode even has a slight super Nernst phenomenon. This shows that the difference of 

ion concentration between the inner and outer layers may have a significant effect on the ion flux and 

further affect the performance of the electrode. At the same time, it also explains why the electrode 

slope is better when the concentration of the outer layer ion exchanger is low. Combined with the 

results of Fig. 3 and Fig. 4, it is considered that the optimum range of inner layer membrane thickness 

is 45 to 65 μm, the optimum range of outer layer ion concentration is 2 to 6 mol/m3, and the 

concentration ratio is about 0.25. 
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For the detection limit of the electrode, two factors C and D with a larger range in the 

orthogonal experiment are also selected to establish the prediction model, and the other two factors A 

and B are selected as the fixed factors at the middle level (50um, 8.5 mol/m3). According to the LS-

SVM model of the detection limit of the electrode, the effects of factors C and D and their interaction 

on the slope of the electrode are obtained. 3D surface map and its 2D, 3D contour maps, as shown in 

the Fig.5. 

 

 

 
 

Figure 5. Effect of inner layer ion exchanger concentration and inner layer thickness on electrode 

detection limit (a) 3D surface plots, (b) Observation of Fig .5 (a) in azimuth of 0° and visual 

angle of 30°, (c) 2D contour plots, (d) 3D contour plots. 

 

It can be seen from Fig. 5 that the detection limit is affected by the change of the ion 

concentration in the inner layer. With the increase of the ion concentration in the inner layer, the 

detection limit of the electrode decreases gradually, and the detection limit reaches the lowest when the 

ion concentration in the inner layer is 9 to 13 mol/m3. The thickness of the membrane also affects the 

detection limit. With the increase of the thickness of the inner layer, the detection limit of the electrode 

decreases gradually, until the thickness of the inner film is 50 to 65 μm, the detection limit reaches the 

lowest. This may be due to the fact that the ion flux variation region is concentrated on both sides of 

the membrane junction, and the ion concentration will significantly affect the ion flux in the transition 
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region, while the ion concentration in the deep layer of the membrane far from the interface is almost 

the same. The continued increase of membrane thickness will not continue to have a significant effect 

on ion flux. 

In the two groups of orthogonal experiments, the range of outer layer membrane thickness is 

almost the lowest. In order to determine the optimal value range, factors A and D are selected as model 

variables, B and C are selected as the fixed factors at the middle level (50um, 8.5 mol/m3), and the 

result is shown in Fig. 6. 

 

 

 
 

Figure 6. Effect of inner layer ion exchanger concentration and outer layer thickness on electrode 

detection limit (a) 3D surface plots, (b) Observation of Fig .6 (a) in azimuth of 0° and visual 

angle of 30°, (c) 2D contour plots, (d) 3D contour plots. 

 

It can be seen from Fig 6 that the detection limit of the electrode reaches the lowest in the inner 

concentration 10 to 12 mol/m3, which is consistent with the results obtained by the model of Fig 5. The 

optimal range of the thickness of the outer layer membrane is 35 to 45 μm, which is exactly between 

the first level and the second level of the orthogonal experiment. This shows that after ensuring that the 

transition region on both sides of the solution-outer layer membrane interface and the outer layer-inner 

layer membrane interface are not intersect, the thickness of the outer layer should be as thin as 

possible. 
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By selecting the intersection of the optimal regions obtained by the four groups of models one 

by one, and selecting the midpoint of the intersection as the optimal value of this factor, the optimal 

values of the four factors can be obtained: outer layer thickness 40 μm, outer layer ion exchanger 

concentration 2.75 mol/m3, inner layer thickness 52.5 μm and inner layer ion exchanger concentration 

11 mol/m3. 

 

3.6. Potentiometric calibration plots 

According to the optimal parameters given by the model, three electrodes were made according 

to the same process. The parameters of ion concentration and thickness of the inner layer were 

substituted into the bicarbonate ion exchange model, and the soaking time was 393 s. Finally, the 

electrode was tested in sodium chloride solution and the calibration curve was obtained. The No. 9 

electrode of the orthogonal experiment is selected as the comparison, and the final result is shown in 

Fig. 7. It can be seen from the figure that the optimal parameters obtained by the model further 

improve the performance of the electrode. The average slope of the electrode is 58.7 mV/dec. When 

the ion concentration is lower than 10-6 mol, the slope of the electrode decreases, but the decrease is 

smaller than that of the No. 9 electrode, which is 25mV. When the concentration is lower than 10-7 

mol, the electrode can hardly distinguish the change of solution concentration, and the final detection 

limit is 10-6.5 mol. 

 

 
Figure 7. Potentiometric calibration plots for optimized electrode (red) in LS-SVM model and No. 9 

electrode in orthogonal experiment (blue). 

 

Compared with other monolayer chloride ion selective electrodes, whether liquid or solid 

contact, bilayer membrane chloride ion electrode shows a better potential response. As shown in Table 

5, the linear range of bilayer membrane chloride ion electrode is the largest of all electrodes, and the 

detection limit is the lowest of all electrodes, which provide that the detection performance of bilayer 

membrane chloride ion electrode optimized by LS-SVM have been effectively improved. 
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Table 5. Comparison of polymeric membrane chloride ion-selective electrodes.  

 

Electrode Slope 

(mV/decade) 

Linear 

range (M) 

Detection 

limit (M) 

Linearity 

(R2) 

Reference 

Liquid filled electrode 56.9mV 10-5 - 10-1 1×10-5 - [16] 

Indium Tin Oxide 

Glass electrode 
54.0mV 10-4 – 10-1 8×10-5 0.990 [32] 

Solid contact electrode 58.1mV 10-4 – 10-1 1×10-5 0.999 [33] 

Microfluidic sensor 64.6mV 10-5 – 10-1 1×10-5 0.972 [19] 

Bilayer membrane 

electrode 
58.7mV 10-6 – 10-1 1×10-6.5 0.997 This work 

 

3.7. Real sample test 

In order to evaluate whether the optimized bilayer membrane chloride electrode can meet the 

requirements of real sample measurement, the real sample test of the electrode was carried out. The 

real samples used in this test were collected from tap water treated by ultrafiltration and secondary 

reverse osmosis. After sampling, the real samples were stored in an airtight container and different 

quality of sodium chloride was added systematically. The experimental results in Table 6 show that the 

recoveries were from 99.9% to 103.2%, indicating that the electrode is sensitive to chloride ion in both 

laboratory and actual water sample analysis. 

 

Table 6. Determination of Cl- in real samples 

 

Samples  Added (mM)  Expected (mM)  Found (mM)  Recovery (%)  

1 0  0.0087 - 

2 0.01 0.0187 0.0193 103.2 

3 0.02 0.0387 0.0393 101.6 

4 0.05 0.0887 0.0895 100.9 

5 0.1 0.1887 0.1886 99.9 

 

 

4. CONCLUSIONS 

In this work, a bilayer membrane chloride ion electrode was designed and fabricated. The 

electrode membrane is based on PVC, while the inner layer and outer layer have two different ion 

exchangers TDMACl and TDMAHCO3. The ion exchange time of the inner membrane was 

determined by finite difference simulation method. The orthogonal experiment based on the thickness 

and ion exchanger concentration of inner and outer membrane was designed, and the electrode 

performance prediction model was established by taking these factors as LS-SVM input, electrode 

slope and detection limit as output, and the optimal parameters of electrode factors were obtained. 

According to the model, changing the concentration of the inner and outer ion exchanger can 

significantly change the ion flux and then change the slope and detection limit of the electrode, and 

changing the thickness of the inner membrane can reduce the detection limit of the electrode, while the 
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thickness of the outer membrane has little effect on the performance of the electrode. Through the 

verification experiment, the slope of the new electrode is 58.7 mV/dec and the detection limit is 10-6.5 

mol. The bilayer membrane structure is suitable not only for acrylic cationic electrodes, but also for 

PVC materials and anions. Compared with the monolayer membrane electrode, the bilayer membrane 

electrode has more variable parameters. Parameter modeling is the best way to optimize these complex 

factors. Therefore, the combination of bilayer membrane and modeling optimization can maximize the 

performance of the electrode and make the polymer membrane electrode more widely used. 
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