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The extraction yield (%), UA content (%) and g UA/100g lichen values ​​were calculated in the experiments carried 
out under the conditions determined by the RSM (Table 2). The extraction efficiency was calculated from the differences 
between initial and final amount of lichen during the extraction process, and the UA content (%) was found from the peak 
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Figure 2. FTIR spectra of commercial UA and supercritical extract (40 °C, 2.5%, 7h).

Table 2. Experimental program using Box-Behnken design, response and calculated extraction values.

Factor 1 Factor 2 Factor 3 Response

Std Run
x1:
Extr. temp. 
(°C)

x2:
Amount of
co-solvent (%)

x3:
Extr. time
(h)

g UA/ 
100 g lichen

Amount of UA
(mg)

Extraction yield
(%)

UA content
(%)

10 1 40 5 5 0.290 0.639 4.54 71.87
14 2 40 2.5 7 0.302 0.665 4.13 73.64
9 3 40 0 5 0.271 0.596 3.77 77.24
8 4 45 2.5 9 0.171 0.377 4.91 73.91
17 5 40 2.5 7 0.317 0.697 4.31 71.34
12 6 40 5 9 0.295 0.650 3.22 77.12
13 7 40 2.5 7 0.266 0.586 4.22 71.41
7 8 35 2.5 9 0.045 0.098 4.90 76.30
5 9 35 2.5 5 0.077 0.170 3.54 75.50
4 10 45 5 7 0.297 0.654 5.40 82.57
11 11 40 0 9 0.051 0.113 3.68 77.02
16 12 40 2.5 7 0.286 0.629 3.45 74.84
6 13 45 2.5 5 0.184 0.404 4.81 74.95
15 14 40 2.5 7 0.302 0.665 4.13 73.64
2 15 45 0 7 0.223 0.490 4.72 82.37
1 16 35 0 7 0.071 0.156 2.77 73.71
3 17 35 5 7 0.150 0.330 3.59 80.42
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Figure 3. HPLC chromatograms of the (a) calibration solution (50 mg / L) (b) center point experiment (40 °C, 2.5%, 7h). 

ratio obtained by HPLC chromatograms. HPLC chromatograms of the samples of the calibration solution (50 mg / L) and 
center point experiment (40 °C, 2.5%, 7h) are given in Figure 3. 

Extraction yield%, UA content and g UA/ 100g lichen values ​​were calculated in the range of 2.77–5.4, 71%–82%, 0.045–
0.317, respectively. These values ​​were compared with limited studies of the lichen extraction by SC-CO2 in the literature. 
Zizovic et al. [30] found the extraction yield as 0.38% and 0.60%, usnic acid content as 59.48% and 36.49%, and g UA/100g 
lichen as 0.219 and 0.226, respectively. Brovko et al. [31] obtained 91% UA content by evaluating the peaks in the HPLC 
chromatogram for the first 10 min. In this study, the duration of the analysis was extended (40 min), and the peaks of the 
possible components except the UA were considered. The UA content was determined as 71%–82%. No purification was 
required due to the high percentage of UA content in the extract. 

The results of the variance analysis (ANOVA) of the quadratic model used for the optimization of the UA extraction 
parameters were given in Table 3. In addition, the polynomial equation was presented below:

g UA/ 100g lichen = 0.29 + 0.067*x1 + 0.052*x2 – 0.033*x3 – 1.250E-003*x1x2
 + 4.750E-003 x1x3 + 0.056*x2x3

 – 0.11*x1
2

 –	
9.250E-004*x2

2 + 0.067*x3
2	 (3)

Probe > F values ​​less than 0.05 indicated that the model parameters were significant. The F test and Probe > F values 
of the model were found as F = 16.32 and Probe > F = 0.0007, which shows that the model was significant. According to 
ANOVA results, x1, x2, x3, x2x3, x1

2 and x3
2

 model parameters had an important effect on the g UA/100g lichen. The regression 
coefficient (R2) indicated how the relation between the independent variables was expressed by suggested model. R2 and 
R2

adj (adjusted regression coefficient) values were determined as 0.9545 and 0.8960, respectively. The value of the lack of 
fit was found as not significant (p = 0.0764). This indicated that the model fitted the data well [32]. The BBD model was 
acceptable with considering all these values. When the equation coefficients were examined, it was seen that the increase 
of extraction temperature (x1) and amount of co-solvent (x2) causes the g UA/ 100g lichen to increase, while the increase of 
extraction time (x3) had a negative effect on the g UA/ 100g lichen. The increasing of the temperature at constant pressure 
leads to decrease of the density of the supercritical fluid. On the other hand, the increase of the vapor pressure of the solute 
causes to increase the solubility of the solute. The addition of co-solvent (ethanol) to apolar compound carbon dioxide 
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Table 3. The results of the ANOVA of the quadratic model.

Source Sum of squares df Mean square F value p-value Prob > F

Model 0.15 9 0.017 16.32 0.0007
x1 0.035 1 0.035 34.53 0.0006
x2 0.022 1 0.022 21.11 0.0025
x3 8.450E-003 1 8.450E-003 8.25 0.0239
x1x2 6.250E-006 1 6.250E-006 6.100E-003 0.9399
x1x3 9.025E-005 1 9.025E-005 0.088 0.7752
x2x3 0.013 1 0.013 12.35 0.0098
x1

2 0.049 1 0.049 48.31 0.0002
x2

2 3.603E-006 1 3.603E-006 3.516E-003 0.9544
x3

2 0.019 1 0.019 18.40 0.0036
Residual 7.173E-003 7 1.025E-003
Lack of fit 5.670E-003 3 1.890E-003 5.03 0.0764
Pure error 1.503E-003 4 3.758E-004
Cor total 0.16 16
R2 0.9545

R2 Adj 0.8960

Figure 4. 3D response surface plots of the g UA/100g lichen affected by (a) amount of co-solvent and extraction 
temperature (b) extraction temperature and extraction time (c) amount of co-solvent and extraction time.
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Figure 5. Comparison of experimental and predicted values of the g UA/100g lichen.

medium enhances the solubility of the polar compounds in the supercritical medium. The long extraction time can cause 
degradation of compound or conversion to other compounds [33–35].

In Figure 4, the binary effects of the independent variables on the response were given graphically. Amount of co-solvent/ 
extraction temperature binary interaction was determined as not significant (p = 0.9399) in Table 3. However, the 3D graph 
(Figure 4a) shows that this binary interaction passes through an apparent maximum ridge. While the extraction temperature 
makes the Y variable between 41–43°C maximum, the amount of co-solvent does not cause a significant change; however, as 
its amount increases, it makes an increasing contribution to the Y variable. Extraction temperature/ extraction time binary 
interaction was determined as not significant (p = 0.7752). On the other hand, the 3D graph (Figure 4b) indicates that this 
binary interaction has gone through a significant circular maximization. The extraction temperature and the extraction time 
make the Y variable maximum between 41–43°C and 7–8 h, respectively. Amount of co-solvent/ extraction time binary 
interaction was determined as significant (p = 0.0098) in Table 3. The 3D graph (Figure 4c) shows that this binary interaction 
passes through an apparent maximum ridge. The values at which the extraction time makes the Y variable maximum change 
within 7–8 h. While the Y variable is affected negatively in the range of 8–9 h of extraction time, Y variable increases by 
increasing of amount of co-solvent. According to the statistical results, it was determined that the extraction temperature and 
amount of co-solvent are more positive effective parameters than extraction time on the Y variable. 

The optimum conditions were predicted as 42 °C extraction temperature, 4.3% amount of co-solvent (ethanol) and 7.48 h 
extraction time with 0.338 ± 0.015 g UA/100g lichen response value. The supercritical extraction of the lichen was performed 
three times at the optimum conditions, and the response was determined as 0.372 ± 0.022, which was compatible with 
theoretical model value. The relationship between predicted and experimental values verified the accuracy of the model with 
points clustering around the diagonal line (Figure 5).

4. Conclusion
In conclusion, U. longissima lichen was extracted in supercritical carbon dioxide (SC-CO2) successfully. Box-Behnken design 
(BBD) of response surface methodology (RSM) was applied to obtain the high amount of UA in the lichen. The optimum 
conditions were determined as 42 °C extraction temperature, 4.3% amount of co-solvent (ethanol) and 7.48 h extraction time. 
The recommended model was acceptable, and the theoretical and experimental response values, which realized at optimum 
supercritical conditions were compatible.
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