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Actual Values

Coded values MPI concentration

Pump rate (mL/h)

Distance (cm) Applied voltage

(% wt.) (KV)
-a 1.79289 ~ 1.8 0.0585786 ~0.06  7.92893 ~ 7.9 13.9645 ~ 13.9
-1 2 0.1 10 15
0 2.5 0.2 15 17.5
+1 3 0.3 20 20
+a 3.20711 ~ 3.2 0.341421~034  22.0711-~22.1 21.0355 ~ 21.1
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Table 2- Central composite design for the variables and experimental response

Coded Uncoded
MPI : Applied Average
Run A B C D concentration PumE /Late Distance chJ)IF':age diameter (nm)
(% wt) (mL/h) (cm) (V)
1 -1+ +1 -1 2 0.1 20 20 332.4
2 0 0 +2 0 2.5 0.2 22.0711 175 230.3
3 11 +2 -1 2 0.1 20 15 358.5
4 0 0 0 o0 2.5 0.2 15 17.5 204.3
5 -1+ -1 -1 2 0.1 10 20 332.3
6 0O 0 0 O 2.5 0.2 15 175 207.6
7 0O 0 0 -2 2.5 0.0585786 15 17.5 272.7
8 2 0 0 O 1.79289 0.2 15 175 319.8
9 +1 -1 -1 +1 3 0.3 10 15 426.1
10 +1 +1 +1 -1 3 0.1 20 20 373.9
11 -1 +1 -1 +1 2 0.3 10 20 360.4
12 -1 +1 +1 +1 2 0.3 20 20 351.2
13 0 +2 0 0 2.5 0.2 15 21.0355 278.5
14 +1 -1 -1 -1 3 0.1 10 15 403.3
15 0 0 0 0 2.5 0.2 15 17.5 206.4
6 -1 -1 +1 +1 2 0.3 20 15 371
17 41 +1 +1 +1 3 0.3 20 20 395.8
8 0 0 0 +2 25 0.341421 15 17.5 301.7
19 +2 0 0 O 3.20711 0.2 15 175 383.6
20 +1 +1 -1 -1 3 0.1 10 20 380
22 0 0 -2 0 2.5 0.2 7.92893 17.5 239.3
22 0 0 0 O 2.5 0.2 15 17.5 207.7
23 0 0 0 O 2.5 0.2 15 175 207.4
24 +1 -1 +1 -4 3 0.1 20 15 400.8
25 0 -2 0 O 2.5 0.2 15 13.9645 310.6
26 +1 -1 +1 +1 3 0.3 20 15 415.3
27 -1 -1 -1 -1 2 0.1 10 15 355.1
28 -1 -1 -1 +1 2 0.3 10 15 376.6
29 +1 +1 -1 +1 3 0.3 10 20 409.8
30 0 0 0 O 2.5 0.2 15 175 205.9
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Fig. 1- Evaluation of the effects of process variables on the average diameter (nm) of MPI nanoparticles in the Pareto
chart
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Fig. 2- Effect of (A) MPI concentration (% wt.) (B) pump rate (mL/h) (C) distance (cm) and (D) applied voltage (kV) on
diameter (nm) of MPI nanoparticles
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Table 3- Analysis of variance results for diameter (nm) of MPI nanoparticles

Source Sum of Squares df  Mean Square F-value p-value
Model 1.657E+05 14 11839.18 14807.77 <0.0001 significant
A-MPI
Concentra;ion (% 10475.69 1 10475.69 13102.40 < 0.0001
wit.

B'F(’r‘;”cf’h;ate 2224.20 1 2224.20 278190  <0.0001
C-Distance (cm) 164.90 1 164.90 206.25 <0.0001
D-Voltage (kV) 2339.20 1 2339.20 2925.74 < 0.0001

AB 4.10 1 4.10 5.13 0.0388
AC 30.53 1 30.53 38.18 < 0.0001
AD 0.0756 1 0.0756 0.0946 0.7627
BC 74.39 1 74.39 93.04 < 0.0001
BD 46.58 1 46.58 58.26 < 0.0001
CD 11.73 1 11.73 14.67 0.0016
A? 49191.34 1 49191.34 61525.73 <0.0001
B2 15194.47 1 15194.47 19004.37 < 0.0001
C2 1868.27 1 1868.27 2336.73 < 0.0001
D2 18088.41 1 18088.41 22623.95 < 0.0001

Residual 11.99 15 0.7995

Lack of Fit 3.34 10 0.3338 0.1928 0.9868 gnr;?itcam

Pure Error 8.65 5 1.73

Cor Total 1.658E+05 29
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Fig. 4- 3D surface/contour plots of multiple interactions effects of variables on the diameter (nm) of MPI nanoparticles
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Table 4- Predicted optimum conditions and responses for the MPI nanopatrticles

Properties Goal Lower limit  Upper limit  Predicted value Actual value (Run 4)
MPI concentration (% wt.) In range 2 3 2.427 2.5
Pump rate (mL/h) In range 0.1 0.3 0.189 0.2
Distance (cm) In range 10 20 14.737 15
Applied voltage (kV) In range 15 20 17.838 175
Diameter (nm) Minimize 204.3 426.1 203.571 204.3
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Fig. 5- SEM images of MPI nanopatrticles with (A) 20000x magnifications at optimum electro-spraying conditions along
with (B) histogram of diameter distributions
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Fig. 6- Atomic force microscopy (AFM) images of MPI nanoparticles at optimum electro-spraying conditions and 3 pm
magnification with different views (A) 2D, (B) 3D, and (C) roughness distributions histogram.
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Abstract

In this research, nanoparticles of milk protein isolate (MPI) were produced by electrospraying method. In
order to optimize the electrospraying conditions of MPI nanoparticles, the concentration of MPI solution (%wt.),
the process voltage (kV), the moving distance of the particles between the tip of the needle and the collector (cm)
and the pump flow rate (mL/h) in the form of a composite plot central (CCD) were investigated and modeled and
analyzed by the response surface method (RSM). The results showed that the concentration of MPI solution had
the greatest effect and the distance between the tip of the needle and the accumulator had the least effect on the
diameter of nanoparticles. According to the results, by optimizing the concentration of MPI solution (2.5%wt.),
pump flow rate (0.2 mL/h), the distance between the tip of the needle and the collector (15 cm) and voltage (17.5

kV), uniform MPI nanoparticles can be obtained. The images from the scanning electron microscopy (SEM) and

atomic force microscopy (AFM) confirmed the success of the electrospray method in producing spherical
nanoparticles with an average diameter of 329.3 nm and maximum uniformity in particle size distribution. Also,
Fourier transform infrared spectroscopic (FTIR) analysis revealed the chemical structure of nanoparticles.

Keywords: Electrospray, Milk protein isolate, Response surface method, Modeling
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