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Introduction: In modern science and technology, nanoemulsions have attracted significant attention
across various industries, including food, pharmaceuticals, and cosmetics. Their high surface area and
unique physical properties enhance the biological and chemical characteristics of active compounds,
such as essential oils. Their small size enables more effective penetration of biological membranes,
enhancing therapeutic effects. Therefore, optimizing the formulation of essential oil nanoemulsions—
including raw material selection, design, and production processes—is crucial. Essential oils, such as
Ziziphora essential oil, have attracted interest for their flavoring and antimicrobial properties. However,
their volatility and low stability at high temperatures present challenges in practical applications. Proper
formulation design using optimization methods can help preserve these beneficial properties. The
subcritical water method is an innovative and eco-friendly technique for producing nanoemulsions, as
it mimics the properties of organic solvents, effectively extracts phytochemicals, and enhances the
solubility of nonpolar compounds in polar phases. This study utilizes two optimization approaches:
mixture design and fuzzy logic. Mixture desigh employs statistical and empirical methods to determine
the optimal combination of raw materials, while fuzzy logic serves as a mathematical tool for modeling
complex systems with nonlinear and multivariable characteristics. Comparing these methods can
provide deeper insights into their advantages in optimizing nanoemulsion production. Given the
challenges in optimizing nanoemulsion formulations, this research focuses on producing Ziziphora oil

nanoemulsions using the subcritical water method, formulating and optimizing ingredient ratios, and
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comparing the effectiveness of mixture design and fuzzy logic in predicting outcomes. The study aims
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to advance nanoemulsion production while promoting environmental sustainability.

Materials and methods: The primary material in this study was Ziziphora, sourced from local markets
in Sanandaj. Polysorbate 80 (Tween 80), obtained from Merck, served as the emulsifier, while distilled
water from Morvarid Company acted as both the solvent and the aqueous phase in the nanoemulsion
formulation. For antioxidant assessment, 2,2-diphenyl-1-picrylhydrazyl (DPPH) was used. Ziziphora
essential oil was extracted using a Clevenger apparatus. The Ziziphora was cleaned, ground into a
powder, and mixed with 500 mL of distilled water. The extraction was carried out using steam
distillation at 200 °C for 150 minutes, yielding approximately 2.2 mL of essential oil. This process was
repeated to obtain a total yield of approximately 4.3 mL. The study aimed to optimize the formulation
by adjusting the ratios of the aqueous phase (distilled water), oil (Ziziphora essential oil), and emulsifier
ratios. A mixture design was implemented to minimize the number of experimental trials while
maintaining process efficiency. This approach allowed for the accurate estimation of regression
coefficients and the evaluation of interactions between the variables. This design included 15
experiments with repeat three times at the central point for error estimation, utilizing Central Composite
Design (CCD) for response prediction. Nanoemulsion production was carried out using the subcritical
water method. Oil, emulsifier, and distilled water were combined in a Teflon-coated vessel and
subjected to hydrothermal autoclaving at 120 °C for 2 hours. The objective was to achieve minimal
particle size while maximizing antioxidant activity. Particle size and zeta potential were measured using
Dynamic Light Scattering (DLS) with a Malvern instrument, while antioxidant activity was assessed
using the DPPH method. Fuzzy logic, employing Sugeno-type inference, was applied to predict
complex responses based on input parameters, including essential oil, emulsifier, and water. Two fuzzy

models were developed to accurately predict average particle size and antioxidant activity.

Results and discussion: The results indicated significant interactions among variables, statistically
validated using p-values and F-values. The predictions for particle size and antioxidant activity achieved
R2 values of 94.87% and 97.47%, respectively, indicating a high level of confidence in the model’s
accuracy. Two-dimensional and three-dimensional contour plots illustrated the effects of formulation
components on mean particle size and antioxidant activity. The results highlighted that the smallest
particle sizes (under 200 nm) were achieved at optimal emulsifier and Ziziphora oil concentrations.
Additionally, the optimization process identified parameter ranges that minimized mean particle size
while maximizing antioxidant activity. Numerical optimization identified the ideal formulation as 0.44
mL thyme oil, 3.56 mL Tween 80, and approximately 21 mL distilled water, leading to a predicted

particle size of about 150 nm and an antioxidant capacity of 58%. Validation of the results confirmed a
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strong alignment between predicted and experimental outcomes. The study also developed fuzzy logic
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models to predict mean particle size and antioxidant activity based on formulation variables. By
utilizing various membership functions and fuzzy rules, the most accurate models achieved relative
errors of 1.84% for average particle size and 5.82% for antioxidant activity, demonstrating effective
predictive capabilities. Overall, this research offers valuable insights into nanoemulsion formulation

and optimization, paving the way for potential applications in the food and pharmaceutical industries.

Conclusions: This study focused on optimizing a nanoemulsion formulation using Ziziphora essential
oil through a mixture design approach and fuzzy logic methods, alongside the subcritical water
technique. The results demonstrated that the produced nanoemulsion exhibited a low mean particle size
and high antioxidant activity, benefiting from the energy-efficient subcritical water method, which
contributed to enhanced product stability. Optimization of formulation variables resulted in a high-
quality nanoemulsion. The fuzzy logic approach effectively predicted mean particle size and antioxidant
activity, achieving relative mean errors of 1.84% and 5.82%, respectively. In comparison, the mixture
design method showed higher errors (14.03% and 12.01%), highlighting the superior accuracy of fuzzy
logic. These findings underscore the potential of fuzzy logic in optimizing nanoemulsion formulations
and suggest its further application alongside other modeling techniques in future research to explore

additional properties of nanomaterials.
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Table 1. Central composite design and response variables for production of Ziziphora O/W nanoemulsions

Independent variables Amount of Materials (mL)

Independent variables (Response)

Experimental Predicted
Sample Amount o_f Amount of Amount of Mean Particle Ant_io_xidant Mean Particle Ant_io_xidant
No. ess_eptlal oil emulsifier " Size (nm) Activity (%) Size (nm) Activity (%)
(Ziziphora) (Tween 80)

1 0.250 4.500 20.25 210 43.7 248.60 43.139
2 0.000 4.500 20.50 871 0.02 873.29 0.0741
3 0.250 2.250 22.50 195 51.3 213.12 49.652
4 0.250 2.250 22.50 194 51.7 213.12 49.652
5 0.250 2.250 22.50 195 51.4 213.12 49.652
6 0.250 0.000 24.75 731 31.3 697.40 35.051
7 0.500 2.250 22.25 291 61.6 275.60 55.855
8 0.500 0.000 24.50 1254 36.9 1247.60 37.114
9 0.375 1.125 23.50 479 48.3 498.40 51.369
10 0.375 3.375 21.25 211 46.9 199.40 57.483
11 0.125 1.125 23.75 255 37.2 245.90 29.989
12 0.125 3.375 21.50 336 35.4 331.02 31.964
13 0.500 4.500 20.00 198 54.4 174.60 53.48
14 0.000 2.250 22.75 401 0.02 364.20 0.0671
15 0.000 0.000 25.00 1 0.01 12.70 0.0591
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Table 2. The significance probability (p value, t value) of interaction coefficients in final reduced polynomial models

Linear effects XaX2 Xa1X3 XaoX3
Mean Particle Size (nm)

P-Value 0.032 0.043 0.007

F-Value 6.43 4.08 12.25
Antioxidant Activity (%)

P-Value 0.001 0.001 0.019

F-Value 23.18 21.67 8.12
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Table 3. Regression coefficients, R?, adjusted R? and probability values for the final reduced models

Mean Particle Size (nm) | Antioxidant Activity (%)
Regression Coefficients
Y1 Y2
a1 513.02 -668.38
az 11.77 -4.28
as 0.06 -0.006
a -28.95 28.54
a3 -20.04 27.59
a3 -0.49 0.2
R-square (%) 94.87 97.47
R-square Adjusted (%) 93.85 95.42
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Fig 3. Contour plot (a) and Surface plot (b) of estimated Mean Particle Size (nm) as a function of used material components according to the model
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Fig 4. Contour plot (a) and Surface plot (b) of estimated Antioxidant Acticity (%) as a function of used material components according to the model
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Fig. 7. Particle size distribution of the produced Ziziphora essential oil nanoemulsion at obtained optimum of material components
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Table 4. Model error value related to different number of input membership functions for estimation of average particle size

No Membership Rules Membership function type
Struectur function Triangular Trapezoidal Generalized bell Gaussian | Combination gaussian | II-shaped

1 222 8 1.84 28.24 42.75 23.91 21.79 29.39
2 3.2.2 12 6.72 15.51 17.15 13.34 13.77 15.46
3 2.3.2 12 25.12 8.39 14.60 16.03 7.03 7.43
4 2.2.3 12 23.25 15.74 25.89 29.87 17.11 17.01
6 332 18 5.06 11.24 6.21 4.18 11.21 10.65
7 3.23 18 1.98 13.59 5.67 3.12 12.78 14.56
8 233 18 26.12 11.41 82.64 52.38 56.86 13.31
11 333 27 3.98 7.95 4.95 3.37 8.27 8.91
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Table 5. parameters of triangular membership function

Membership function Parameters Input 1 Input 2 Input 3
MF1 a -0.5 -4.5 15
b -0.03389 0.001236 20
c 0.5048 4.5 25
MF2 a 0.000242 0.5119 20
b 0.4634 5.013 25
c 1 9.512 30
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Table 6. Model error value related to different number of input membership functions for estimation of antioxidant activity

No Membership | Rules Membership function type
Gaussian | Combination gaussian | IT-shaped
Structure function Triangular | Trapezoidal | Generalized bell

1 222 8 6.63 9.42 7.99 7.92 9.25 9.85
2 322 12 7.03 8.26 9.53 8.87 8.82 8.45
3 2.3.2 12 14.89 22.14 13.49 10.40 21.26 29.92
4 223 12 12.67 22.61 13.16 10.02 20.23 25.50
6 332 18 5.99 9.28 6.93 7.83 10.59 8.32
7 3.23 18 6.50 13.63 9.25 8.58 13.27 14.31
8 2.33 18 17.48 10.50 6.80 25.24 25.33 10.56
11 3.33 27 6.40 5.82 6.47 7.11 6.65 6.18
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Table 7. Trapezoidal membership function parameters
Membership function Parameters Input 1 Input 2 Input 3
MF1 a -0.175 0.07021 0.3236
b -0.075 0.1702 0.4236
c 0.07021 0.3236 0.575
d 0.1702 0.4236 0.675
MF2 a -1.575 0.6748 2.925
b -0.675 1.575 3.825
c 0.6748 2.925 5.175
d 1.575 3.825 6.075
MF2 a 18.25 20.75 23.25
b 19.25 21.75 24.25
c 20.75 23.25 25.75
d 21.75 24.25 26.75
W9 g0l yi 5 O jgods (glAdjd Cygle b
(O ifx<a
x—a .
a lf a<x<b
f(x)=i1 ifb<x<c o
d-x .
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Fig. 8. Prediction accuracy of average particle size by fuzzy model
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Fig. 9. Prediction accuracy of antioxidant activity by fuzzy model
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Table 8. Fuzzy rules related to the model to estimate the average particle size

Ol oyleds 0Pl T b

1 if (v1is vi MF1) and (vz is v2 MF1) and (vs is va MF1) then (R1=23.55xv1-256xVv2-77.47xv3-12.4)

2 if (v1is va MF1) and (v2 is v2 MF1) and (vs is v MF2) then (R1=343.9%v1-167.9xv2-0.2411xv3+7.028)
3 if (v1is vi MF1) and (vz is v2 MF2) and (vs is vs MF1) then (R1=-472.7xv1+204.3xVv2-18.39%v3-11.47)
4 if (v1is vi MF1) and (vz is v2 MF2) and (v3 is vs MF2) then (R1=-20.18xv1+231.2xv>+140.6xv3+14.06)
5 if (v1is vi MF2) and (vz is v2 MF1) and (vs is vs MF1) then (R1=-17.88xv1+445.5xv2+47.77xv3+19.02)
6 if (v1isvi MF2) and (vz is v2 MF1) and (vs is vs MF2) then (R1=-406.1xv1+73.77xv2+60.8xVv3-10.86)

7 if (v1is vi MF2) and (v2 is v2 MF2) and (vs is vs MF1) then (R1=555.4xv1-402.2xVv2+85.98xv3+9.565)

8 if (v1is vi MF2) and (vz is v2 MF2) and (vs is vs MF2) then (R1=17.91xv;-123.2x 2-169.5xv3-10.99)
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Table 9. Fuzzy rules related to the model to estimate the antioxidant propert

0L oyleds RELRS
1 if (v1is vi MF1) and (vz is v2 MF1) and (vs is vs MF1) then (R2=0)
’ if (v1is vi MF1) and (vz is v2 MF1) and (vs is vs MF2) then
(R2=0.01014xv1+0.09122xv>+1.926xVv3+0.08108)
3 if (v1is vi MF1) and (v is v2 MF1) and (vs is vs MF3) then
(R2=0.01013xv1+0.09117+0.0002376xVv3+0.004062)
4 if (v1is vi MF1) and (v2 is v2 MF2) and (vs is vs MF1) then (R2=0)
5 if (v1is vi MF1) and (vz is v2 MF2) and (vs is vs MF2) then (R2=0.01014xv1-0.09825xv,+0.01073%v3-
0.003095)
6 if (v1is vi MF1) and (v is v2 MF2) and (vs is vs MF3) then
(R2=0.01014xv1+0.09123%Vv2+1.926xVv3+0.0811)
7 if (v1is va MF1) and (v2 is v2 MF3) and (vs is vs MF1) then
(R2=0.0002039x%Vv,+0.0009287%v3+0.0000453)
8 if (v1is vi MF1) and (vz is v2 MF3) and (vs is vs MF2) then (R2=0)
9 if (v1is vi MF1) and (vz is v2 MF3) and (vs is vs MF3) then (R2=0)
10 if (v1is vi MF2) and (v2 is v2 MF1) and (vs is vs MF1) then (R2=0)
1 if (v1is vi MF2) and (vz is v2 MF1) and (vs is vs MF2) then
(R2=0.01228xv1+0.1106xVv2+2.334xv3+0.09828)
12 if (v1is vi MF2) and (v2 is v2 MF1) and (vs is v MF3) then (R2=0.001466xv1+0.1105xv2+1.262x v3
+0.05498)
13 if (v1is va MF2) and (v2 is v2 MF2) and (vs is vs MF1) then
(R2=0.0349%v1+0.3141xv2+1.978xv3+0.09306)
14 if (v1is vi MF2) and (vz is v2 MF2) and (vs is vs MF2) then
(R2=0.02439xv1+0.2195%v2+2.262%v3+0.1002)
15 if (v1is v1 MF2) and (vz is v2 MF2) and (vs is vs MF3) then
(R2=0.01229xv1+0.1106%V2+2.334xv3+0.09829)
16 if (v1is va MF2) and (v2 is v2 MF2) and (vs is vs MF3) then
(R2=0.03615x%v1+0.3363%Vv2+2.078%Vv3+0.09802)
17 if (v1is vi MF2) and (vz is v2 MF3) and (vs is vs MF2) then
(R2=0.0349xv1+0.3141xv,+1.978xv3+0.09308)
18 if (v1is vi MF2) and (vz is v2 MF3) and (vs is vs MF3) then (R2=0)
19 if (v1is v1 MF3) and (vz is v2 MF1) and (vs is vs MF1) then (R2=0)
20 if (v1is vi MF3) and (vz is v2 MF1) and (vs is vs MF2) then (R2=0)
21 if (v1is vi MF3) and (vz is v2 MF1) and (vs is vs MF3) then (R2=0.03067xv1+1.503xv3+0.06135)
22 if (v1is va MF3) and (v2 is v2 MF2) and (vs is vs MF1) then (R2=0.03689xv1+0.332xv2+2.091xv3

+0.09838)
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23 if (v1isvi MF3)and (vz is v2 MF2) and (vs is vs MF2) then
(R2=0.03687xv1+0.3318xv2+2.089xVv3+0.09832)
24 if (v1is va MF3) and (vz is v2 MF2) and (vs is vs MF3) then (R2=0)
25 if (v1is vi MF3) and (vz is v2 MF3) and (vs is vs MF1) then
(R2=0.0499xv1+0.4491xv2+2.611xv3+0.1244)
26 if (v1is vai MF3) and (vz is v2 MF3) and (vs is vs MF2) then (R2=0.0369xv1+0.3321xv2+2.091xv3
+0.0984)
27 if (v1is vai MF3) and (vz is v2 MF3) and (vs is vs MF3) then (R2=0)
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