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1. Introduction 
 

Membrane and membrane processes are part of our daily 

life. It is interdisciplinary, involving inputs from polymer 

chemists, physical chemists, chemical engineers and 

mathematicians for various purposes. Membrane 

technologies is one of the basic categories of water 

purification technologies that are used to treat water with a 

wide range of salinity type from brackish to sea water i.e. 

desalination applications (Lee et al. 2002, Lee and Bae 2019, 

Jehad et al. 2020). Ion exchange membranes (IEMs) 

constitute a very important class of membrane materials. 

Though resin based IEMs shows good dimensional stability 

than homogeneous membranes, which are the most desirable 

criteria for any commercially successful IEM, more ionic 

charges in the membrane matrix leads to low electrical 

resistance and high degree of swelling combined with poor 

mechanical stability (Vyas et al. 2001). Thus membranes are 

prepared using Ion exchange resin (IER) along with the 

stable, chemically resistant fabric or fiber as reinforcing 

material or binder that gives the necessary strength, 

dimensional stability and electrochemical properties to a 

membrane (Nagarale et al. 2006, Eman et al. 2019). 

Bipolar membrane (BPMs) are type of membranes that  
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contain on one side an anion exchange layer (AEL) and on 

the other side a cation exchange layer (CEL) similar to 

standard anion exchange membrane (AEMs) and cation 

exchange membrane (CEMs) respectively. In BPM water 

dissociation reaction is observed to take place at the junction 

of the CEL and AEL called as intermediate layer (IL) 

(Tanaka 2007). So a high concentration of strong acid and 

base as fixed charges in both CEL and AEL can enhance the 

water dissociation reaction. In addition, presence of any type 

of immobilized water dissociation catalyst as IL with a 

smaller thickness (order of 1-10 nm) can enhance the reaction 

too (Strathmann et al. 1997).  

IEM with resin can be prepared either by calendaring IER 

into an inert plastic film or dry moulding of inert film 

forming polymers and IER and then milling the mould stock 

or dispersing IER in a solution containing a film forming 

binder followed by solvent evaporation (Nagarale et al. 

2005). BPMs were usually prepared by using commercial 

IEM as a precursor for ion exchange layer (IEL) (Kang et al. 

2002, 2004, Wilhelm et al. 2001, Kim et al. 2015). It can be 

prepared by various methods such as loosely laminating (i.e. 

adhering with heat and pressure or gluing two conventional 

IEMs back to back with an adhesive paste) or casting a cation 

exchange polyelectrolyte solution (or an anion exchange 

polyelectrolyte solution) on a commercial AEM or prepared 

from the same base membrane by simultaneous 

functionalization at the two membrane sides (Fu et al. 2003) 

or by selective functionalization on one side to give cation 
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membrane (IEM) which involves water dissociation reaction in intermediate layer.  Here monopolar and bipolar IEMs with 

Ru (water dissociation catalyst) as intermediate layer (IL) are prepared with resin and glass fiber reinforcements using 

functionalized polysulfone polymer (RBPM-Ru). The prepared RBPM-Ru was characterized using universal testing machine, 

thermo gravimetric analysis, contact angle and chemical stability through conductivity and water absorption studies. In 

addition the present study highlights the new method of characterizing RBPM-Ru especially through image segmentation 

technique as one of the prior characteristic technique before SEM analysis to confirm its bi-layer formation in a single 

membrane because of its advantages like no cost requirement and less time consumption method with the same quality of 

accuracy. The performance of RBPM-Ru in a two-compartment electrodialytic cell was evaluated using correlated parameters 

such as pH, concentration and conductivity studies in both compartments. By using current voltage graph (I-V) the importance 

of incorporating catalytic material in IL for enhancing BPM water dissociation reaction were identified. Finaly it can be 
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selectivity and on the other side to give anion selectivity or 

starting with a neutral film, BPM could be formed by 

introducing ionic groups on both sides of the film either by 

plasma treatment  or by chemical treatment with specific 

solutions. Among all the procedures casting method was the 

most attractive one because of its simplicity and low cost 

allowing BPM with desired properties for commercial use 

(Hao et al. 2001). But in case of mix up problems due to 

same solvent during preparation hot press method was 

preferred over the casting technique. The dispersing and hot 

pressing lamination methods are followed in this work for 

monopolar and bipolar membrane preparation respectively. 

Here monopolar (Reinforced cation exchange membrane 

- RCEM and Reinforced anion exchange membrane - 

RAEM) and reinforced bipolar membrane (RBPM with Ru in 

IL as its water dissociation catalyst) IEMs are prepared with 

resin and glass fiber reinforcements using polysulphone 

(PSu) polymer because of its excellent characteristics such as 

film formation, dimensional stability, thermal resistance, 

chemical resistance over the entire pH range, resistance in 

oxidative medium, high mechanical resistance etc 

(Subhankar et al. 2018). Hence the prepared BPM will 

possess excellent mechanical and chemical stability also. The 

prepared RBPM-Ru was characterized using Universal 

testing machine (UTM), Thermogravimetric analysis (TGA), 

contact angle and chemical stability through conductivity and 

water absorption studies for determining its mechanical 

strength during elongation, thermal stability, hydrophilicity 

nature of the IL and its durability nature after performance 

respectively.  

An image segmentation technique is used for segmenting 

and dividing an image into different parts or extract 

dissimilar types of objects in the input images.  It separates 

the images for identifying the objects using regions based 

threshold value. Also this process is simple and fast 

operation. When the object is hidden in background with 

high contrast, this method will perform effectively and 

reduce the cost for identifying membrane layers. It is 

generally used for image compression or object layer 

identifications (Amanpreet and Navjot 2015). The present 

study highlights the characterization of RBPM-Ru especially 

through image segmentation technique which is considered 

as one of the prior characteristic technique before sample was 

subjected to Scanning electron microscope (SEM) to confirm 

its bi-layer formation in a single membrane because of its 

advantages like no cost requirement and less time 

consumption method with the same quality of accuracy. The 

water dissociation performance results of both the prepared 

RBPM-Ru and commercial polystyrene-divinylbenzene- 

based (PSDVB) BPM in a fabricated two-compartment 

electrodialytic cell was compared under similar experimental 

conditions. 

 

 

2. Materials and methods 
 
2.1 Preparation and characterization of RBPM-Ru 

 

Resin and glass fiber reinforced monopolar (both cationic 

and anionic charge) and bipolar IEMs were prepared in the 

‘similar methodology as discussed in our earlier publication’ 

(Venugopal and Dharmalingam 2016, Venugopal et al. 

2017). While commercial BPM made up of PSDVB were 

procured from Arun Electro chemicals, Chennai. The tensile 

strength of the prepared RBPM-Ru is done according to 

ASTM D 882-91 standard using Hounsfield UTM with a 

cross head speed of 2 mm/min. Thermal stability and 

decomposition temperature of RBPM-Ru is analyzed using 

SDT Q 600 US analyzer (ASTM E1131), using alumina as 

the reference material on platinum pans and calcium sulphate 

as standard in a nitrogen atmosphere with the heating rate of 

20ºC/minute from RT to 700°C. The hydrophilic and/or 

hydrophobic nature of the RBPM-Ru is determined using 

Goniometer-sessile drop meter GBX-Digi-drop wetting and 

spreading studies. To investigate the morphology of the 

membranes, SEM micrographs are generally used. In this 

work, an alternative new technique so called “image 

segmentation” is used as one of the prior characteristic 

technique before SEM analysis to identify the bi-layer 

formation in RBPM-Ru. It has an advantage of no cost 

requirement and less time consumption method with the 

same quality of accuracy. The chemical stability of 

RBPM-Ru was determined using their conductivity and 

water absorption studies which is ‘performed in the similar 

procedure as discussed in our publication’. 

 
2.2 Gradient based layer thickness measurement 

using morphological operations and active contour 
 
Image processing technique is widely used to identify the 

membrane layers of various thicknesses. Segmentation is a 

subdivision of image processing used for separating a 

required target region of interest from membrane image. 

There are different techniques used for segmentation of 

interest region from the images. Active contour technique is 

one of the active models in layer segmentation, which make 

use of the energy constraints and forces in the image for 

separating region of interest. Thus it is used in various image 

processing applications specifically in membrane image 

processing because of its advantages like no cost requirement 

and less time consumption method with the same quality of 

accuracy similar to results produced by high cost instruments. 

Active contour defines a separate boundary or curvature of 

the regions of target object for segmentation. An active 

contour is used for segmenting regions in different membrane 

through morphological gradient and is more accurate than 

normal gradient computing methods for color images 

(Hemalatha et al. 2018, Anh et al. 2012, Dhandapani et al. 

2019, Fahimuddin et al. 2016, Ganesan et al. 2019, Sathish et 

al. 2021). Generaly it is computed as in Eq. (1) 

∇k = [
lx
ly

] =

[
 
 
 
∂k

∂x
∂k

∂y]
 
 
 

 (1) 

where: 
𝜕𝑘

𝜕𝑥
 is the derivative with respect to x, i.e., it is the gradient in 

x direction. 
𝜕𝑘

𝜕𝑦
 is the derivative with respect to y, i.e., it is the gradient in 
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y direction. 

∇𝑘 is the output of gradient image 

The derivative of an image can be approximated by finite 

differences. If the central difference is used, then to calculate  
𝜕𝑢

𝜕𝑥
  Eq. (2) 𝑎𝑛𝑑 

𝜕𝑢

𝜕𝑦
  Eq. (3) are used. We can apply a 

1-dimensional filter to the image Im by convolution. 

𝜕𝑢

𝜕𝑥
= [−1 + 1] ∗ 𝐼𝑚 (2) 

𝜕𝑢

𝜕𝑦
= [

+1
−1

] ∗ 𝐼𝑚 (3) 

where * denotes the 1-dimensional convolution operation. 

Since 2 × 1 filter will shift the image by half a pixel, 3 × 1 

([
+1
0

−1
])  is used in order to avoid it. 

The gradient direction can be calculated by the formula 

represented in Eq. (4), 

𝜃 =  tan−1 [
𝑙𝑥
𝑙𝑦

] (4) 

The magnitude is given in Eq. (5), 

√𝑙𝑥
2 + 𝑙𝑦 

2   (5) 

 

2.2.1 Algorithm for membrane layer identification 
Algorithm for membrane layer identification which 

involves morphological operations and active contour are 

given below (Rad et al. 2017). 

Input: Input image Im 

Output: Identified layers L1 and L2 

Step 1: Begin 

Step 2: for each input image Im do 

Step 3: Convert the data type of the image into double 

Step 4: Identify the Region of Interest (ROI) in 

membrane images 

Step 5: Create a mask 

Step 6: if (ROI) 

Step 7: Mask ← 1 

Step 8: else 

Step 9: Mask ← 0 

Step 10: end if 

Step 11: Convert Im to HSV 

Step 12: Take each channel separately 

Step 13: Nh channel = Oh channel – Mask 

Step 14: Ns channel = Os channel – Mask 

Step 15: Nv channel = Ov channel – Mask 

Step 16: Concatenate all the channels 

Step 17: Convert the concatenated channels to RGB to 

get the desired Layer 

Step 18: Take the old V channel alone for processing 

Step 19: Find the image gradient 

Step 20: Dilate the obtained image gradient using line 

structuring element  

Step 21: Reconstruct the dilated image using the fast 

hybrid grayscale reconstruction algorithm 
 

 
Fig. 1 Flow chart representation for layer based 

thickness measurement 
 

 

Step 22: Apply active contour on the reconstructed 

image with the mask 

Step 23: Obtain the segmented image Sm 

Step 24: On the Sm perform 

Step 25: for each Sm do 

Step 26: if (Sm == 0) 

Step 27: Sm ← 1 

Step 28: else  

Step 29: Sm ← 0  

Step 30: end if 

Step 31: end for 

Step 32: Extract the largest blob 

Step 33: After creating a bounding box on L1, calculate 

both the length and breadth of L1 

Step 34: After create a bounding box on L2, calculate 

both the length and breadth of L2 

Step 35: end for 

Step 36: End 

Here Im denotes the input image, H stands Hue, S stands 

for saturation and V stands for value (intensity) and Sm 

stands for the segmented image, Nh, Ns, Nv are New hue, 

saturation and value respectively, Oh, Os, Ov are Old hue, 

saturation and value respectively. 

 
2.2.2 Flowchart representation 
Fig. 1 represents flow chart for layer based thickness 

measurement using morphological operations and active 

contour. From the input images of membrane, the region of 

interest is identified first to create mask in it, suppose if 

mask 1 is there already then convert into HSV otherwise 
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identify the region of interest again. After converting HSV 

images to RGB, image gradient is used for line structure 

and active contour is used for reconstructing image masks. 

Then obtained images are segmented and bounding box is 

created for calculating length and breadth of the layer in the 

membrane. 

 

2.3 Construction and working of BPM cell 
 

The water dissociation capabilities of both the 

synthesized (RBPM-Ru) and the commercial based BPM 

were evaluated using fabricated two compartment 

electrodialytic cells which are procured from Arun Electro 

chemicals, Chennai (Venugopal and Dharmalingam 2016, 

Venugopal et al. 2017). Total volume of each compartment 

is 160 cm3 and an effective membrane area of BPM is 120 

cm2. Initially the compartment is filled with distilled water 

and the membrane is placed in between the electrodes in 

such a way that AEL side faces towards the anode while 

CEL side faces the cathode. The experiment was carried out 

for maximum of 5h to determine the changes in pH, 

conductivity and concentration measurements in both the 

acid and base compartments (AC & BC). 
 
 

3. Results and discussion 
 
3.1 Universal testing machine (UTM) 
 

RBPM-Ru having thickness of about 0.1 mm and width 

of about 20mm, withstood the applied force that tend to pull 

it apart for longer time and later slipped out from the 

tightening knobs without any damage before fracture due to 

the following reasons such as resin fiber reinforcement of 

both the monopolar membranes along with hydrophilic Ru 

intermediate, rigid ring structure in the polymer main chain 

and the intermolecular hydrogen bonds between the polar 

groups (–SO3
– and –NH2) present in the polymer. The 

tensile strength and percentage elongation were found to be 

140.3 MPa and 26 % respectively.  

 
3.2 Thermo gravimetric analysis (TGA) 
 

The TGA curve of RBPM-Ru from Fig.2 shows four 

stages of degradation from the polymer matrix. The first 

weight loss observed up to 120°C is due to the removal of 

solvent in trace amounts along with both physically and 

chemically bonded water molecules. Degradation of 

functional groups (both sulfonic and quaternary 

ammonium) occurs around 368°C. Loosely bound IER 

particles along with an intermediate molecule are lost at 

temperature between 385°C and 470°C. The fourth weight 

loss observed beyond 558°C represents the degradation of 

reinforced fiber along with polymer main chain.  

 

3.3 Contact angle 
 

Small contact angle measurement represents hydrophilic 

membrane surface as per Dias and de Pinho (1999). But the 

contact angle for the reinforced membranes could not be 

measured because of the complete absorption of water 

 
Fig. 2 TGA curve of RBPM-Ru membrane 

 

 
Fig. 3 Input image for layers identification in the 

membrane 

 

 

which reveals the increased hydrophilicity of the 

membranes (Sachdeva et al. 2008, Dai et al. 2001, Guan et 

al. 2005). So in case of RBPM-Ru in order to determine the 

nature of the IL, one face of the reinforced membrane 

(either CEL or AEL) was coated with IL solution and its 

contact angle was measured to be 59.58° which was 

observed to be better when compared with other catalyst 

mentioned in the literature survey (53.99° for RBPM-PVA 

coated, 50.25° for RBPM-PVP coated, 54.88° for RBPM-Pt 

coated). Hence RBPM-Ru can be considered to act as a 

good water dissociation catalyst and can increase the 

efficiency of the membrane performance.  

 

3.4 Image segmentation technique 
 
Fig. 3 shows the input image which is used for the image 

segmentation process. The input RGB image HSV as 

converted into HSV model of the three channelsof h-hue, 

S-saturation and V-value before applying histogram 

equalization to saturation channel only to keep the  image 

brightness. Figs. 4(a), 4(b) and 4(c) calculates the histogram 

for the intensity and displays a plot of the histogram. The 

number of bins in the histogram is determined by the image 

type. 

Fig. 5 in general represents the sequence of process 

involved in the mambrane layer identification such as 

extracted region of interest after applying the mask as 

represeted in Fig. 5(a); Fig. 5(b) represents the canny edge 

detected original image; Fig. 5(c) shows the 

segmentedimage using active contour; Fig. 5(d) shows the 

converted image i.e., region of interest after applying active 

contour; Fig. 5(e) shows active contour based canny edge 

detected method; Fig. 5(f) shows the morphologically dilated 

gradient magnitude; Fig. 5(g) shows the reconstructed image 

after dilation; Fig. 5(h) shows the active contour output of 

the dilated image; Fig. 5(i) shows the extracted largest blob. 
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(a) 

 
(b) 

 
(c) 

Fig. 4(a) Intensity representation of H channel; (b) 

Intensity representation of S channel; Intensity 

representation of V channel 
 

 

Fig. 5 Sequence of process involved in the membrane 

layer identification 

 

 

Fig. 6 Identification of layer 1 and layer 2 with 

respective height and width 
 

 

Fig. 6 shows the identifed layer 1 and layer 2 with 

respective height and width. The length of layer 1 and layer 2 

is about 319 mm and 293 mm  respectively. The width of 

layer 1and layer 2 is about 55 mm and 17 mm respectively. 

These represents two different layer in a single membrane 

from the final detection.  

 

3.5 Laboratory characterization 
 

The life cycle of RBPM-Ru membrane can be 

determined by using Fenton’s reagent which generates 

peroxide. Due to peroxide fast degradation mechanism 

hydrophilic functional groups and incorporated resins 

particles present on the surface are leached out from the 

membrane due to loosening of the fiber materials on 

swelling while using Fenton’s reagent (Cho et al. 2008, Bae 

et al. 2008). However fiber reinforcement and hot pressing 

at higher temperature during the membrane preparation 

helps to control the excess water absorption by a membrane. 

The initial water absorption value observed for RBPM-Ru 

membrane is 26 % and the final value obtained after 

durability test is 23 %. The initial conductivity value for 

RBPM-Ru membrane is 6.8 x 10-3 S cm-1 due to the presence

 of hydrophilic IL along with functional groups while the 

final conductivity value obtained after durability test is 6.3 

x 10-3 S cm-1. From this it was observed to have lower 
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Fig. 7 Comparison of pH variation (a), Concentration 

changes (b) and Conductivity changes (c) with time in 

both AC and BC 

 

 

Fig. 8 Current-voltage curves for RBPM-Ru (a) and 

PSDVB based BPM (b) 
 

 

magnitude from its initial water absorption and conductivity 

value. 

 
3.6 Comparison of BPM performance using 

correlated parameters 
 
Since BPM consists of monopolar layers which are 

joined together using catalytic Ru as IL, when it was placed 

in between the electrodes an excess OH- and H+ ions were 

produced due to large electric field appearing at the 

membrane interface by the enhanced chemical reaction. 

This then migrated through the ion exchange layers into the 

distilled water-filled compartments resulting in the 

formation of acid and base. Confirmation of RBPM-Ru 

possessing BPM characteristics is done by analyzing the 

acid and base compartments using change in correlated 

parameters such as pH, concentration and conductivity 

measurements. Initially before taking readings the pH meter 

and conductivity meter was optimized using distilled water. 

From Fig. 7(a) it is obvious that with increase in time, pH of 

the solutions in the two compartments changed from its 

initial distilled water value. The solution in compartment 

closer to the anode side was found to be basic in nature and 

the one closer to the cathode side was acidic in nature. The 

increasing trend in pH change with time confirmed that 

some ions were newly introduced only during the 

performance and these ions were probably protons and 

hydroxyl ions that were formed on either side of the BPM 

by means of water splitting into its ions under electrical 

driving force in between the electrodes. Because there was 

no possibility of any other ions being present by chance 

since only distilled water was taken in both AC and BC.  

On comparing RBPM-Ru with commercial PSDVB 

based BPM performance in Figs. 7(a)-7(c), it is found that 

RBPM-Ru produce higher acidic ad basic pH value, higher 

acid and base concentrations and conductivity values 

respectively during performance than PSDVB based BPM. 

RBPM-Ru through a steady increase in concentration 

showed the highest acid concentration of about 0.008N and 

base concentration of about 0.006N than PSDVB based 

BPM which showed highest acid and base concentration of 

about 0.004N respectively. Also it is observed that the 

increase in concentration was not regular during the 

performance for PSDVB based BPM due to the higher 

leakage of ions. In case of conductivity, the value increased 

from its initial 0.07 mS/cm to 0.56 mS/cm and 0.51 mS/cm 

as its maximum in AC and BC respectively and then starts 

to decrease from these values in both the compartments for 

RBPM-Ru. While the maximum was observed to be 0.38 

mS/cm and 0.34 mS/cm in AC and BC respectively which 

then starts to decrease from these values in both AC and BC 

for PSDVB based BPM. The lower value or sudden 

decrease or leveling in both AC and BC generally 

represents higher leakage of ions through BPM. All these 

correlated parameters (pH, conductivity and concentration) 

represent a lesser leakage of ions that too at the later stages 

with respect to time through the membranes for RBPM-Ru 

than compared with PSDVB based BPM.  

 
3.7 Current-voltage relationship in BPM 
 

Fig. 8 (a), (b) shows the typical steady state I-V curve 

for the RBPM-Ru and PSDVB based BPM. If rectification 

would have occurred, then current could not have been 

found under the applied voltage in Figs. 8 (a) and (b). 

However, the increase in current with increasing voltage 

proved the occurrence of water splitting in both the BPMs 

(Tanioka et al. 1999). On comparing the potential applied 

during the performance for both BPMs, RBPM-Ru showed 

a higher value up to 12.6 V than PSDVB based BPM (11 V) 

for the same duration whereas the increase in current was 

observed to be lower for RBPM-Ru (maximum of about 48 

mA) than PSDVB based BPM (maximum of about 52 mA) 

(Kumar and Shahi 2010). The smaller magnitude of 

variation in current due to ionic transportation as from 

Fig.8(a) when compared with Fig.8(b) represents a measure 

of BPM selectivity towards co-ion leakage which in turn 

can predict its efficiency as per Aritomi et al (1996). So it 

could be concluded that RBPM-Ru was expected to have 

better process efficiency due to lower co-ion leakage 

capacity when compared with PSDVB based BPM. Beyond 

this potential, water dissociation occurs and the water 

splitting products (OH–/H+) were also available for the 
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current transport which resulted in a steep increase in 

current.  
From above discussions it is very clear that water 

dissociation reaction occurs in both RBPM-Ru and PSDVB 
based BPM which in turn supports the discussion on pH, 
conductivity and acid-base concentration of both BPM 
systems. The only reason for the difference observed in all 
the results between two BPMs is the presence of the Ru 
based IL along with fiber and resin reinforcements for 
RBPM-Ru whereas such modification were absent in 
PSDVB based BPM system. On introducing IL and resin 
into the membrane it became more hydrophilic by attracting 
water from the IEL to the space charge region. The BPM 
without any catalyst increases the water dissociation 
resistance with increase in current, because the water 
dissociation rate was slower than the ion transfer rate. The 
above obtained results thus confirm that the Ru intermediate 
introduced in RBPM-Ru function as a water dissociation 
catalyst. 

 

 

4. Conclusions 
 
Monopolar (RCEM and RAEM) and bipolar (RBPM 

with Ru in IL as its water dissociation catalyst) IEMs are 
prepared with resin and glass fiber reinforcements using 
polysulphone (PSu) polymer.  

• From UTM studies, the tensile strength and percentage 
elongation of RBPM-Ru were found to be higher due to 
combination of resin fiber reinforcement of monopolar 
layers with Ru intermediate, rigid polymer ring structure 
and hydrogen bonding between functional groups.  

• TGA curve of RBPM-Ru exhibited four stages of 
degradation while average contact angle of water on Ru 
coated CEL of RBPM-Ru reveal the increased 
hydrophilicity of the membranes.  

• In addition the present study highlights the new 
method of characterizing RBPM-Ru especially through 
image processing technique instead of SEM to confirm its 
bi-layer formation in a single membrane because of its 
advantages like no cost requirement and less time 
consumption method with the same quality of accuracy.  

• Water absorption and conductivity value shows the 
durable nature of RBPM-Ru.  

• The water dissociation capacity nature of BPM was 
tested in a two-compartment electrodialytic cell. 
Confirmation of RBPM-Ru possessing BPM characteristics 
is done by analyzing the acid and base compartments using 
change in correlated parameters like pH, concentration and 
conductivity measurements. 

• From I-V graph, the increase in current with 
increasing voltage proved the occurrence of water splitting 
in BPM because of incorporating catalytic material in IL.  

• Finally it can be concluded that RBPM-Ru was 
expected to have better process efficiency due to lower 
co-ion leakage capacity when compared with results of 
PSDVB based BPM under similar experimental conditions. 
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