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Abstract
Polypyrrole is a conductive polymer that is widely used in electrochemical applications. To identify the effects of different parameters on the synthesis of polypyrrole, an experimental design based on an orthogonal array L9 (34) proposed by Taguchi was applied. The parameters investigated were the oxidant type, molar ratio of oxidant: pyrrole, reaction time and dopant concentration, whereas the response variables observed were the yield, particle size and conductivity. Field Emission Scanning Electron Microscope (FESEM) characterization was used to study the morphology characteristics of the polypyrrole particles. Based on the signal-to-noise (S/N) ratio and the results of analysis of variance (ANOVA), the molar ratio of oxidant: pyrrole and the oxidant type significantly affected the yield and conductivity of the synthesized polypyrrole particles.
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Abstrak
Polipirola merupakan polimer konduktif yang digunakan secara meluas dalam aplikasi elektrokimia. Bagi tujuan mengenal pasti kesan-kesan parameter yang berbeza pada sintesis polipirola, reka bentuk eksperimen berdasarkan ortogon L9 (34) yang dicadangkan oleh Taguchi telah digunakan. Parameter yang dikaji ialah jenis oksidan, nisbah molar oksidan: pirola, masa tindak balas dan kepekatan pendopan, manakala pemboleh ubah sambutan yang diperhatikan adalah jumlah hasil, saiz zarah dan kekonduksian. Pencirian FESEM telah digunakan untuk mengkaji morfologi zarah polipirola. Berdasarkan nisbah isyarat-hingar (S/N) dan hasil analisis varians (ANOVA), nisbah molar oksidan: pirola dan jenis oksidan memberi kesan yang ketara kepada hasil dan kekonduksian dari sintesis polipirola.

Kata kunci: reka bentuk eksperimen, polimer konduktif, jumlah hasil, saiz zarah, kekonduksian


Introduction
Conducting polymers, such as polyaniline (PAni), polypyrrole (PPy), and polythiophene (PTh), have found many industrial applications due to their unique characteristics, such as the dual function of ionic and electronic conductivity, large surface area and good mechanical properties [1-4]. Among the conductive polymers, PPy has attracted much attention because of its high conductivity [5], good environmental stability [6], electrocatalytic activity [7] and ease of synthesis [8]. Therefore, it has been widely used in electrochemical applications (e.g., as an electrode material, in electrochemical energy storage [9], as a catalyst support in fuel cells [10], in supercapacitors [11] and in solar cells [12]. 

Polypyrrole can be synthesized by an electrochemical method [13], chemical oxidative polymerization [14], the reactive self-degradation template method [15], and micro emulsion polymerization [16]. Among the methods of PPy synthesis, the chemical oxidative polymerization method is extensively used because it is cheap, fast, and easy to scale up [17]. Several parameters have been reported to influence the chemical polymerization of PPy such as temperature, polymerization time [18], oxidant species [19], dopant type and dopant concentration  [20]. However, prior studies have only examined the effect of one parameter individually and kept the other parameters constant. The Design of Experiments (DOE) method can be used to simultaneously evaluate the parameters for the synthesis of PPy, and this design also reduces the number of experiments.

An experimental design using the Taguchi approach has been implemented by numerous investigators to study the effect of different parameters on the synthesis of polymer particles. For example, a study by Hajian et al.  [12] applied the Taguchi method to investigate several factors in the synthesis of polyvinyl butyral. Another study by Shahbazian et al. [1] reported the influence of five operating variables on the polymerization of vinyl chloride using the Taguchi method. The variables studied were temperature, water to monomer weight ratio, concentration of initiator and emulsifier, and agitation speed. The effect of each factor was comprehensively discussed, and the relative optimum condition was also determined. Ashassi-Sorkhabi and Bagheri [21] applied the Taguchi method to optimize the factors affecting the sonoelectrochemical synthesis of the PPy-SiN nanocomposite. The factors investigated were current density, synthesis time and amount of nanoparticles.

In this study, the Taguchi method was used to investigate the effects of (A) oxidant type, (B) molar ratio of oxidant:pyrrole, (C) time and (D) dopant concentration on the chemical synthesis of PPy. The response variables observed included the yield, particle size and conductivity. 

Materials and Methods
The synthesis of PPy was carried out using the chemical oxidative polymerization method [22]. A certain amount of TsOH was added to 100 mL double-distilled water in a 250 mL round-bottom flask and stirred for 15 min. Fresh pyrrole (1.0 mL, 14.4 mmol) was added to the above solution, and the mixture was stirred for 45 min at room temperature to obtain a dark solution. An oxidant was added dropwise to the above mixture. Then, the mixture was stirred for a certain amount of time. The black products were filtered and washed repeatedly with ethanol and distilled water until the filtrate was colourless, and then the products were dried under vacuum at room temperature for 24 h.

The particle size of the samples was obtained using a particle sizer analyzer (Malvern Zeta sizer, model Nano zs/ZEN 3600). The conductivity of the samples was measured using Electrochemical Impedance Spectroscopy (EIS) over a frequency range of 102 to 104 Hz with 10 mv at room temperature using a two point probe cell. The morphologies and chemical composition of the samples were characterized using Field Emission Scanning Electron Microscopy (FE-SEM) coupled with Energy Dispersive X-Ray Spectroscopy (EDX) (ZEISS, Germany).

In this work, a Taguchi L9 orthogonal array was used to study the effect of different parameters and determine the optimal conditions. Four factors at three levels were used in this design of experiment, as presented in Table 1 and Table 2, respectively. The response variables observed were yield, particle size and conductivity.








Table 1.  Parameters and levels used in this experiment
	Parameters
	Levels

	
	1
	2
	3

	A
B
C
D
	Oxidant type
Molar ratio of oxidant: pyrrole
Time (h)
Dopant concentration (M)
	APS
1 : 1
1
0.01
	FeCl3
3 : 1
8
0.05
	H2O2
5 : 1
24
0.1




Table 2.  Experimental layout using a L9 orthogonal array
	Exp.  No.
	A
Oxidant type
	B
Molar ratio
	C
Time (h)
	D
Dopant concentration (M)

	1
2
3
4
5
6
7
8
9
	1
1
1
2
2
2
3
3
3
	1
2
3
1
2
3
1
2
3
	1
2
3
2
3
1
3
1
2
	1
2
3
3
1
2
2
3
1




The S/N (signal-to-noise) is a quality indicator that is used to evaluate the effect of changing particular parameter on the process performance. Generally, there are three categories of performance characteristics in the analysis of the S/N ratio [23-26].


Type S (smaller is better):

S/NS = -10 log    				 				         (1)

Type B (Bigger is better):

S/NB = -10 log      								         (2)

and Type N (nominal is better):

S/NN = 10 log    			     		         (3)

where n is the number of replicates and  is the response variable at (i = n). 
In this study, the S/N ratio was selected according to the criterion that smaller is better for particle size and bigger is better for both yield and electronic conductivity.

Results and Discussion
Morphology of the polypyrrole particles
The FE-SEM morphology for the PPy particles obtained in this experiment was presented in Figure 1. As shown in Figure 1, all the PPy particles exhibited agglomerates of various sizes depending on the synthesis parameters. 

Table 3 shows the chemical composition of the PPy particles as obtained by EDAX. The results confirmed that the presence of sulfur originated from the dopant (TSOH). The presence of chlorine and iron elements from experiments no. 4 to no. 6 may come from FeCl3, which was doped into the PPy/TSOH particles as the oxidant.
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Table 3.  Chemical composition in weight percent as obtained by EDAX
	Experiment
	Weight (%)

	
	C
	N
	O
	S
	Cl
	Fe

	1
	68.24
	8.67
	20.32
	2.77
	-
	-

	2
	61.98
	14.04
	18.97
	5.00
	-
	-

	3
	75.47
	1.71
	13.91
	8.90
	-
	-

	4
	63.39
	14.44
	16.37
	3.56
	1.86
	0.18

	5
	72.17
	1.54
	20.31
	3.64
	1.90
	0.44

	6
	70.96
	2.54
	11.94
	6.78
	3.66
	4.11

	7
	60.87
	13.03
	22.10
	4.01
	-
	-

	8
	66.65
	0.70
	31.95
	0.70
	-
	-

	9
	60.76
	12.65
	22.19
	4.41
	-
	-


Taguchi experimental design analysis
The Taguchi method was used to identify the optimal conditions and to select parameters that have the most influence on the yield, particle size and electronic conductivity of polypyrrole. The results of the measurement and S/N ratio values of the Taguchi method are shown in Table 4. As shown in Table 4, the smallest particle size (0.394 µm) was found in experiment no. 1, whereas the highest yield (0.69 g) and electronic conductivity (0.730 S/cm) were found in experiments no. 3 and no. 6, respectively. 


Table 4.  Experimental measured value and S/N ratio for yield, particle size and electronic conductivity
of polypyrrole particles
	No.
	Yield
	
	Particle Size
	
	Electronic conductivity

	
	Raw data (g)
	S/N ratio (dB)
	
	Raw data (µm)
	S/N ratio (dB)
	
	Raw data (S/cm)
	S/N ratio (dB)

	1
	0.09
	-20.92
	
	0.394
	8.09
	
	0.085
	-21.41

	2
	0.34
	-9.37
	
	0.481
	6.36
	
	0.270
	-11.37

	3
	0.69
	-3.22
	
	0.675
	3.42
	
	0.043
	-27.33

	4
	0.07
	-23.10
	
	1.574
	-3.94
	
	0.660
	-3.61

	5
	0.22
	-13.15
	
	0.430
	7.33
	
	0.230
	-12.77

	6
	0.43
	-7.33
	
	0.772
	2.25
	
	0.730
	-2.73

	7
	0.01
	-40.00
	
	0.965
	0.31
	
	0.014
	-37.08

	8
	0.20
	-13.98
	
	0.675
	3.41
	
	0.029
	-30.75

	9
	0.49
	-6.20
	
	1.059
	0.50
	
	0.030
	-30.46




The mean S/N ratio for each parameter level is summarized in Table 5. As shown in Table 5, the molar ratio of oxidant: pyrrole (76.91 %) has the highest value for yield and the oxidant type (82.62 %) has the highest value for electronic conductivity. Therefore, it can be concluded that the molar ratio of oxidant: pyrrole and oxidant type are the parameters that are significant and affect the yield and electronic conductivity, respectively. In contrast, all the parameters were found almost equally to affect the particle size (Table 5).

Table 5.   Mean S/N ratio for yield, particle size, and electronic conductivity
	Factor
	A
	B
	C
	D

	Parameter
	Oxidant type
	Molar ratio
	Time
	Dopant concentration

	Yield
	
	
	
	

	Level 1 (dB)
	-11.17
	-28.00
	-14.08
	-13.42

	Level 2 (dB)
	-14.53
	-12.17
	-12.89
	-18.90

	Level 3 (dB)
	-20.06
	-5.58
	-18.79
	-13.43

	ρ (%)
	11.67
	76.91
	5.65
	5.78

	Particle Size
	
	
	
	

	Level 1 (dB)
	5.96
	1.49
	4.58
	5.31

	Level 2 (dB)
	1.88
	5.70
	0.97
	2.98

	Level 3 (dB)
	1.41
	2.06
	3.69
	0.96

	ρ (%)
	31.67
	26.49
	17.88
	23.95

	Electronic Conductivity
	
	
	
	

	Level 1 (dB)
	-20.04
	-20.70
	-18.30
	-21.54

	Level 2 (dB)
	-6.37
	-18.30
	-15.15
	-17.06

	Level 3 (dB)
	-32.76
	-20.17
	-25.72
	-20.56

	ρ (%)
	82.62
	0.76
	13.99
	2.63



Figure 2 displays the graphs for (a) yield, (b) particle size and (c) electronic conductivity. As shown in Figure 2 (a), the optimum levels for each of the parameters are A1, B3, C3, and D3. Therefore, based on the graph, the optimum conditions for maximizing the yield are an oxidant type of APS, a molar ratio of oxidant:pyrrole of 5:1, a polymerization time of 24 hours and a dopant concentration of 0.1 M. Figure 2 (b) displays the optimum levels for decreasing particle size, which are as follows: A1, B2, C1, and D1, i.e., an oxidant type of APS, a molar ratio of oxidant: pyrrole of 3:1, a polymerization time of 1 hour and a dopant concentration of 0.01 M. Finally, to maximize the electronic conductivity (Figure 2 (c)), the optimum conditions are at A2, B3, C2, and D2, i.e., an oxidant type of FeCl3, a molar ratio of oxidant: pyrrole of 5:1, a polymerization time of 8 hours and a dopant concentration of 0.05 M.
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Figure 2.  Graph for (a) yield, (b) particle size, and (c) electronic conductivity


In addition to S/N ratio, the variance analysis (ANOVA) was performed to investigate which process parameters significantly affect the response variables. The results of the ANOVA for yield, particle size and electronic conductivity are presented in Table 6. As shown in Table 6, the order of significance of the factors for yield is as follows: B> A> D> C, whereas for particle size and electronic conductivity the order is: A> B> D> C and A> C> D> B, respectively.


Table 6.  The ANOVA table of yield, particle size, and electronic conductivity for selected factorial model
	Factor
	Yield
	
	Particle size
	
	Electronic conductivity

	
	S
	ϕ
	V
	F
	
	S
	ϕ
	V
	F
	
	S
	ϕ
	V
	F

	A
	121
	2
	60
	6
	
	38
	2
	19
	16
	
	1045
	2
	523
	41

	B
	797
	2
	398
	38
	
	31
	2
	16
	13
	
	10
	2
	5
	0

	C
	59
	2
	29
	3
	
	21
	2
	11
	9
	
	177
	2
	88
	7

	D
	60
	2
	30
	3
	
	28
	2
	14
	12
	
	33
	2
	17
	1

	
Total
	
1036
	
8
	
	
	
	
119
	
8
	
	
	
	
1265
	
8
	
	




Additional experiments at level A2, B3, C1, and D2 were conducted to confirm the Taguchi method. The results of the experiments as well as the prediction are shown in Table 7. There are good agreements between the predicted and experimental results for the yield, particle size and electronic conductivity. Thus, the synthesis process for the polypyrrole particles can be improved using the Taguchi method. 


Table 7.  Results of the confirmation for yield, particle size and electronic conductivity
	
	
Level
	Yield
	Particle size
	Electronic conductivity

	
	
	Yield (g)
	S/N ratio (dB)
	Particle size
(µm)
	S/N ratio (dB)
	E. Conductivity (S/cm)
	S/N ratio (dB)

	Prediction
	A2B3C1D2
	0.43
	-7.33
	0.771
	2.26
	0.73
	-2.73

	Experiment
	A2B3C1D2
	0.40
	-7.96
	0.725
	2.79
	0.77
	-2.27




Effects of process parameters on the synthesis of the polypyrrole particles
Three types of oxidants were used to study their effects on pyrrole polymerization. All the solid products observed from the different types of oxidants were dark in colour. From the results of the Taguchi analysis shown in Figure 2, when APS was used, the products obtained the highest yield (0.37 g) and smallest particle size (0.52 µm), whereas when FeCl3 was used, the highest conductivity (0.54 S/cm) was obtained. When H2O2 was used as the oxidant, it produced the lowest yield (0.23 g) and conductivity (0.02 S/cm) and the larger particles size (0.90 µm). The PPy synthesized using APS as the oxidant produced a higher yield than FeCl3 and H2O2 because APS has more oxidizability towards the pyrrole monomers than the other oxidants [19, 27]. The high conductivity obtained with FeCl3 as the oxidant compared to APS and H2O2 is due to the presence of iron ions. This result is in agreement with the previous work by Lascelles et al. [28]. They also found that the synthesis of polypyrrole silica particles using FeCl3.6H2O produces a significantly higher conductivity than (NH4)2S2O8 and H2O2.

The effects of the molar ratio of oxidant to pyrrole on the yield, particle size and electronic conductivity are shown in Figure 2 (a-c). The product yield increased from 0.06 g to 0.54 g as the molar ratios of oxidant to pyrrole increased from 1:1 to 5:1. The same observation was also found by Li et al. [27] for the polymerization of PPy using APS as the oxidant. They also noted that the amount of oxidant required to produce sufficient PPy particles is at least equal to the monomer (molar ratio of oxidant/monomer higher than 1). From Figure 2 (b), when the molar ratios increased from 1:1 to 5:1, the particle size of PPy decreased first from 0.98 µm to 0.53 µm and then increased again (0.84 µm). This is consistent with the finding of Li et al. [27]. They emphasized that at a lower concentration of oxidant, less Py radicals are formed, the polymerization process is slow, and thus smaller particles are formed. When the oxidant concentration is too high, more monomers are oxidized into radicals, and the particle size increases. The amount of oxidant also influenced the electronic conductivity of the PPy. Figure 2 shows that as the molar ratio increased from 1:1 to 5:1, the conductivity decreased first from 0.25 S/cm to 0.18 S/cm and then increased with a maximum of 0.27 S/cm at a molar ratio of 5:1. 

Figure 2 also shows the influence of polymerization time on the synthesis of the PPy particles. The yield of the PPy particles increased from 0.24 g to 0.31 g when the polymerization time increased from 1 to 24 h. The same trend were also observed by Omastova et al. [29]  and Pina et al. [11] for the pyrrole polymerization using silver nitrate and gold as the dopant, respectively. From their studies, the yield increased from 0.394 g to 4.939 g and 1 % to 99 % when the polymerization time increased from 24 to 168 hours and 8 to 72 hours, respectively. Thus, the longer the reaction time, the more PPy particles formed. Figure 2 also shows that as the polymerization time increased from 1 h to 24 hours, the particle size increased first from 0.61 µm to 1.04 µm and then decreased to approximately 0.69 µm, whereas the electronic conductivity increased from 0.28 S/cm to 0.32 S/cm and decreased after a polymerization time of 24 hours (0.10 S/cm). 

When TsOH as a dopant into the polymerization was introduced, the yield increased from 0.27 g to 0.32 g as the dopant concentration increased. This is because the TsOH acted as both dopant and template at the higher concentration. Upadhyay and Kumar [15] showed that the yield of the sample increased from 43.12 % to     58.63 % with an increase in CTAB (dopant) concentration from 1 mM to 3 mM. They also observed that the particle size increased from 0.63 µm to 0.97 µm when the concentration of dopant (TsOH) increased. However, the conductivity of the PPy particles was found to increase from 0.12 S/cm to 0.34 S/cm when the dopant concentration was increased from 0.01 M to 0.05 M. Upon further increase in the dopant concentration, the conductivity decreased to 0.24 S/cm.  Yang and Liu [30] observed a similar trend for the polymerization of PPy with the addition of PHMPS as the dopant. Their results showed that the conductivity of the samples increased when the feeding ratio of PHMPS was increased from 1 to 10 wt % and subsequently decreased. Several other investigators also reported the same observation [14-15, 22, 31].

Conclusion
In this study, an orthogonal Taguchi L9 array was used to investigate the effects of the synthesis parameters on the polymerization of pyrrole. The parameters studied were oxidant type, molar ratio of oxidant: pyrrole, time and dopant concentration. The results showed that the molar ratio of oxidant: pyrrole and the oxidant type significantly affected the yield and electronic conductivity, respectively. As the molar ratios of oxidant to pyrrole increased from 1:1 to 5:1, the product yield also increased from 0.06 g to 0.54 g. Additionally, when using FeCl3 as the oxidant, the highest conductivity (0.54 S/cm) was obtained compared with APS and H2O2.
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