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Experimental Design and Statistical Analysis using RSM 
The Design Expert (DE) software was used to generate the total number of experiments, 

analyze the experimental data, and acquire the relationship between the different input 
parameters and output responses. The DE software estimates statistical parameters to assess the 
validity of the resulting models using Analysis of Variance (ANOVA).  

For the synthesis of PPy@MoO3@Fe3O4 (PMF1) and PPy@MoO3@Fe3O4 (PMF2) sets of 
experiments were generated using this software. The experiments were carried out and the output 
responses for each respective experiment was added to the software. Models were generated by 
the software using reduced quadratic type modeling. Statistical significance was ensured for each 
term in each model using an α of 0.05 and by ensuring the lack of fit was insignificant. 
Furthermore, we ensured that the resulting F-values were greater than 25 for each model 
indicating that the signal to noise ratio was high enough to allow us to use the resulting models to 
predict our optimum material. Equations 1-6 describe the resulting models for each of the 
material and output responses as second-order equations for methylene blue (MB) dye removal 
and dissolution in terms of coded factors. 

 
PMF1	%	MB	Dye	Removal	(Dark) = 60.46 − 0.0642A + 5.10B − 10.09C + 9.67AB −

10.40A! − 21.92B!          (1) 
	

PMF1	%	MB	Dye	Removal	(Light) = 81.25 + 3.75A + 2.80B − 11.81C + 16.63AB +
5.68BC − 16.92A! − 14.33B! + 7.37C!       (2) 

 
PMF1 % Dissolution = 11.48 - 1.23A -1.10B - 1.26C - 8.52AC - 5.45B2   (3) 
 
PMF2	%	MB	Dye	Removal	(𝐷𝑎𝑟𝑘) = 75.72 + 2.59A − 48.4D + 4.11AD + 16.52A! −

71.68𝐷! + 52.87𝐴!𝐷          (4) 
 
PMF2	%	MB	Dye	Removal	(Light) = 81.46 + 5.36A − 100.80D + 5.60AD + 64.48A! −

122.14𝐷! + 107.57𝐴!𝐷         (5) 
 
PMF2 % Dissolution = 9.86 + 4.62A + 4.38D + 4.44AD - 5.36𝐴2    (6) 
 
where A is the amount of ammonium molybdate tetrahydrate (AMT), B is the amount of 

Fe3O4, C is the volume of pyrrole monomer, D is the amount of MoO3@Fe3O4 (MF), AB is the 
interaction between the amount of AMT and amount of Fe3O4, AC is the interaction between the 
amount of AMT and volume of pyrrole monomer, BC is the interaction between the amount of 
Fe3O4 and volume of pyrrole monomer, AD, is the interaction between the amount of AMT in 
MF and the amount of MF in PMF2, and A2, B2, and C2 are the quadratic terms for each of the 
main factors, respectively. The equation in terms of coded factors can be used to make 
predictions about the response for given levels of each factor. The negative sign indicates the 
antagonistic effects whereas the positive sign indicates the synergistic effects.1 The obtained R2 
values shown in Table S1 for R1, R2 and R3 were high (greater than 0.8) meaning that the models 
generated for each system have good predictability. Adequate precision of all responses was 
greater than 10.27 indicating adequate signals. The low standard deviations of the models for 
MB dye removal and dissolution also confirm the goodness of fit. 
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Table S1. Fit Statistics of the Responses on the Reduced Quadratic Model 
 R1: % MB Dye 

Removal (Dark) 
R2: % MB Dye 
Removal (Light) 

R3: % Dissolution 

PMF1 PMF2 PMF1 PMF2 PMF1 PMF2 
Std. Dev. 6.73 0.5796 3.04 0.4458 3.21 1.28 
Mean 45.25 40.39 70.01 45.96 8.92 5.61 
C.V. % 14.88 1.44 4.34 0.97 35.94 22.8 
R² 0.8981 0.9997 0.9850 0.9998 0.7994 0.9714 
Adjusted R² 0.8370 0.9994 0.9997 0.9997 0.7082 0.9599 
Predicted R² 0.6474 0.9989 0.8705 0.9993 0.5309 0.955 

Adequate 
Precision 

10.9146 153.5627 25.5967 210.6617 10.2713 24.5496 

 
The MB dye removal efficiency and dissolution of catalyst in the solution as predicted by 

Equation 1 to Equation 6. The results show a good correlation between the actual values and the 
predicted responses. Response surface contour plots for all responses are shown in Figure S-1 
and Figure S2 for PMF1 and PMF2, respectively. These plots allow us to understand the 
relationships of the independent variables to their responses. To understand the responses for 
PMF1, one of the independent variables (i.e pyrrole) was held constant at its center level to show 
the interaction of the remaining factors (i.e. Fe3O4 and MoO3 precursor) towards the response. 
Figures S1a.i and S1b.i illustrate the surface of MoO3 and Fe3O4 with a maximum response on 
MB dye removal. An increase in the amount on both factors showed an increase of MB dye 
removal first followed by a decrease. This trend agrees with Equation 1 and Equation 2, where 
the quadratic term A2 and B2 had a negative value indicating a downward curvature. The effects 
of pyrrole and MoO3 concentrations (Figure S1.a.ii and Figure S1.b.ii) and the effects of pyrrole 
and Fe3O4 concentration (Figure S1.a.iii and 1b.iii) show a slight decrease of MB dye removal 
when pyrrole concentration increased. The slight upward curvature on the pyrrole was a result of 
the positive quadratic term (C2) in Equation 2.  

The interaction of the factors in Figure S1.c.i and 1.c.iii illustrate that there is no significant 
effect on the dissolution of the nanomaterials. However, the interaction of the MoO3 and pyrrole 
on the dissolution of the nanomaterial as shown in Figure S1.c.ii was significant with a positive 
effect. The response surface contour plot illustrates a minimax response. The graph illustrates 
that increasing either factor while decreasing the other leads to an increase in the dissolution of 
the nanomaterial. Also, increasing or decreasing both factors at the same time leads to a decrease 
in the dissolution response. 
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Figure S1: Contour plots of methylene blue dye removal by PMF1 in a) dark and b) light, and c) 
dissolution of PMF1 material where (i) amount of Fe3O4 vs amount of AMT (ii) volume of 
pyrrole vs the amount of AMT, and (iii) volume of pyrrole vs the amount of Fe3O4 
 
 

Figure S2 shows the contour plots describing Equations (4) to (6). The MB removal in light 
and dark (Figure S2.a and Figure S2.b, respectively), show similar trends. The amount of MF in 
PMF seems to be the predominant factor as to the extent of MB removal. While the amount of 

(iii) (iii) 
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AMT results in an overall positive effect on the removal of MB (see Equations (4) and (5)), the 
amount of MF produced a negative effect, which was counteracted by the interaction of the 
amount of AMT and amount of MF in PMF. From the contour plots we can see that there was an 
optimum region defined for the removal of MB in the light and dark. The amount of AMT, 
however, was the factor that most influenced the dissolution of the material as shown in Figure 
S2.c This as we expected since the larger the amount of AMT was, the more molybdenum was 
available in the material, which could readily dissolve. However, the PANI coating could help 
counteract the dissolution of MoO3 when it could coat a sufficient amount of the material.  
 

 
Figure S2. Contour plots of methylene blue dye removal by PMF2 in a) light, b) dark, and c) 
dissolution of PMF2 material 
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Table S2. Model Validation of the PPy@MoO3@Fe3O4 (PMF1) and PANI@MoO3@Fe3O4 
(PMF2) synthesis from numerical optimization 
Response Nanomaterial Predicted 

Mean 
(%) 

Standard 
Deviation 
(%) 

95% PI 
low(a) 
(%) 

Data Mean 
(Observed) 
(%) 

95% PI 
high(a) 
(%) 

MB Dye 
Removal 
(Dark) 

PMF1 66.12  6.73  55.21  70.26  77.02  
PMF2 59.92  0.58  57.60  60.18  62.23  

MB Dye 
Removal 
(Light) 

PMF1 90.75  3.04  85.65  95.39 95.85  
PMF2 75.94  0.45  74.17  75.98  77.72  

Dissolution PMF1 13.17  3.21  7.38  4.12  18.97  
PMF2 3.78  3.21  1.50  5.6  6.07 

a)Confidence = 95% 
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Table S3. Comparison of our developed material with other photocatalysts in the removal of 
methylene blue (MB) 

Material 
Material and 
Contaminant 
Concentrations 

Light 
Source 

Percent 
Removal 

Time to 
Achieve 
Removal 

Ref 

Bi2O3/MoO3 500 ppm photocatalyst 
in 10 ppm MB solution 

Visible, 
500W 

86.6% 120 min 2 

h- MoO3 
 
 

25 ppm catalyst in 10 
ppm MB solution 

Visible, 
350W 

19 % 
 
 
 

105 min 
 
 
 

3 

AgNPs 
decorated 
microstructure 
ZnO 

600 ppm catalyst in 10 
ppm MB solution 

UV, 
6W 

87.74% 60 min 4 

TiO2/GO 1000 ppm catalyst in 
0.01mM MB solution 

Visible, 
450W 

51.3% 60 min 5 

MoO3/P25 100 ppm catalyst in 15 
ppm MB solution 

Visible, 
110W 

38% 150 min 6 

PPy@MoO3
@Fe3O4 
(PMF1) 

500 ppm catalyst in 40 
ppm MB solution 

Visible, 
4W 

95.39% 120 min (this work) 

PANI@MoO3
@Fe3O4 
(PMF2) 

500 ppm catalyst in 40 
ppm MB solution 

Visible, 
4W 

75.98% 120 min (this work) 
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Table S4. Material structural parameters calculated from the XRD data 

Material 
Crystallite 
size1 (nm) 

1Lattice strain 
(%) 

Microstrain,2 e 
(x10-3) 

Dislocation density,2 d  
(x1014 m-2) 

MF1 26 0.67 1.56 21.3 
PMF1 32 0.55 1.26 13.8 
MF2 37 0.46 1.06 9.7 

PMF2 44 0.36 0.89 6.6 
1 Calculated using Scherrer calculator form X’Pert HighScore Plus software 
2  Calculated based from the formulas presented in literature7,8 
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Figure S3: XRD Pattern of a) MF1 and b) PMF1 
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Figure S4: XRD Pattern of a) MF2 and b) PMF2 
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Table S5. Relative atomic concentrations from XPS 
Material C (%) O (%) Mo (%) Fe (%) Other (%) 

MF1 13.6 60.8 25.3 0.3  
PMF1 31.3 47.8 16.7 0.4 N: 2.8, S: 1.0 
MF2 19.1 57.8 21.8 1.3  

PMF2 51.2 33.9 12.8 0.1 N: 1.3, Cl: 0.7 
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Figure S5. XPS Fe 2p spectra of a) Fe3O4 and the fitted spectra of b) MF1 and c) MF2 
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Figure S6. XPS O1s fitted spectra 
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Table S6. Molybdenum XPS fitting parameters 
Material Peak type Peak Center 

(eV) 
FWHM 
(eV) 

Area Concentration 
% 

MF1 Mo 3d5/2 (Mo+6) 232.57 1.31 49196.01 56.0 
Mo 3d3/2 (Mo+6) 235.72 1.31 31942.06 36.3 
Mo 3d5/2 (Mo+5) 231.45 1.21 4053.00 4.6 
Mo 3d3/2 (Mo+5) 234.60 1.21 2701.69 3.1 

MF2 Mo 3d5/2 (Mo+6) 232.59 1.37 37399.71 57.3 
Mo 3d3/2 (Mo+6) 235.77 1.37 24889.87 38.1 
Mo 3d5/2 (Mo+5) 231.51 1.27 1774.23 2.7 
Mo 3d3/2 (Mo+5) 234.66 1.27 1227.52 1.9 
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Table S7. ATR-FTIR peaks and corresponding bond vibrations of Fe3O4, MoO3, MF1, PMF1, 
MF2, and PMF2 
Fe3O4 MoO3 PPy PANI MF1 PMF1 MF2 PMF2 Functional 

group/assignment 
- -  1564.7 

cm-1 
- - - 1606.9 

cm-1 
C=C-C stretching 
vibrations (PANI-
quinoid diamine, 
N=Q=N)9–12 

- - 1552.4 
cm-1 

- - 1552.0 
cm-1 

- - Pyrrole ring 
vibrations(C=C 
stretching)11–14 
 

- - - 1488.3 
cm-1 

- - - - C=C-C aromatic 
ring stretching of 
the benzenoid 
diamine (N-B-
N)9,10,14 

- - 1461.8 
cm-1 

- 1433.4 
cm-1 

1443.5 
cm-1 

1442.5 
cm-1 

1442.0 
cm-1 

C-N 
stretching10,11,13,15 

- 1403.5 
cm-1 

- - 1405.2 
cm-1 

- 1405.7 
cm-1 

- N-H bending16,17 

- - 1305.1 
cm-1  

- - 1317.6 
cm-1 

- - C-H in-plane 
vibrations9,15 
 

- - - 1296.0 
cm-1  

- - - 1305.6 
cm-1 

C-N stretching 10,18 

- - - 1245.0 
cm-1 

- - - 1246.8 
cm-1 

C-N+ stretching19,20 
 

- - 1174.5 
cm-1 

- - - - - C-N stretching11,12 

- - 1042.8 
cm-1 

~1145-
~1038 
cm-1 

- - - - C-H in plane 
vibrations9,13,15,19,20 

- 956.1 
cm-1  

- - 969.6 
cm-1 

965.2 
cm-1 

972.4 
cm-1 

971.5 
cm-1 

M=O 
stretching17,21 

- 895.3 
cm-1  

- - 895.8 
cm-1 

896.8 
cm-1 

895.8 
cm-1 

895.3 
cm-1 

M=O 
stretching17,21 

- 878.9 
cm-1  

- - - - - - M=O 
stretching17,21 

- - - 797.5 
cm-1  

- - - - C-H out of plane 
bending in 
aromatic ring9,19,20 

- 568.4 
cm-1 

- - 579.5 
cm-1 

579.0 
cm-1 

571.8 
cm-1 

565.1 
cm-1 

Mo-O-Mo 
bending10,16,17,21 

559.9 
cm-1 

- - - - - - - Fe-O-Fe bending22 

- 517.3 
cm-1  

- - 517.4 
cm-1 

518.3 
cm-1 

517.8 
cm-1 

517.3 
cm-1 

Mo-O-Mo 
bending21 
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Table S8. Fitting curve values corresponding to equation 2 once polymerization was completeda  
Material Levelb G Rg (Å) B P Background 

(cm-1) 
Reduced 
χ2 

PPy on 
MF1 

1 23.9 ± 
0.64 

286.7 ± 
0.95 

4.72e-8 ± 
1.62e-11 

3.78 ± 
1.52e-4 

0.066 ± 
7.26e-6 

1.05 

2 312.4 ± 
18.66 

561.4 ± 
5.56 

8.23e-6 ± 
3.40e-8 

2.86 ± 
0.007 

3 3.35e5 ± 
1.69e3 

2744 ± 
4.05 

4.49e-7 ± 
9.77e-11 

3.61 ± 
5.30e-4 

PPy on 
MF2 

1 12.01 ± 
0.57 

259.9.00 
± 0.57 

1.17e-7 ± 
6.35e-11 

3.53 ± 
1.52e-4 

0.064 ± 
3.41e-6 

1.14 

2 502.6 ± 
4.93 

635.4 ± 
2.23 

1.96e-5 ± 
4.07e-8 

2.73 ± 
0.060 

3 5.16e5 ± 
1.10e4 

3300 ± 
5.97 

4.36e-8 ± 
1.39e-11 

3.90 ± 
1.54e-4 

PANI 
on MF1 

1 1.37 ± 
0.069 

378.5 ± 
110.46 

3.19e-8 ± 
1.66e-10 

3.19 ± 
9.63e-3 

0.264 ± 
1.41e-5 

0.61 

2 50.71 ± 
5.44 

1245 ± 
35.94 

3.00e-5 ± 
3.74e-7 

2.03 ± 
3.68e-3 

3 1781 ± 
2.75e3 

2965.3 
± 
236.72 

1.06e-7 ± 
2.31e-9 

3.04 ± 
7.88e-3 

PANI 
on MF2 

1 1.87 ± 
0.05 

304.5 ± 
4.43 

8.07e-8 ± 
3.26e-10 

3.11 ± 
0.005 

0.20 ± 
1.34e-5 

1.06 

2 370.44 ± 
8.18 

1369 ± 
9.15 

1.70e-6 ± 
1.11e-8 

2.74 ± 
0.001 

3 3433.0 ± 
1.63e3 

2890 ± 
21.03 

1.47e-7 ± 
5.11e-9 

3.1 ± 
0.007 

4 0 1e10 1.71e-5 ± 
1.23e-7 

3.15 ± 
0.083 

a G is a pre-factor for the Guinier exponential term, B is a pre-factor for the power law term, Rg 
is the radius of gyration of the structure feature, P describes the fractal dimension of the material, 
and the background arises from the incoherent scattering background of the samples. The 
reduced χ2 value describes the goodness of fit where the closer the value is to 1 the better the fit; 
b On each material, the Level 2 structure arose from the polymer. 
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Scheme S1. Pyrrole and aniline monomers, cation radicals, and polymers 
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