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1. Introduction
Several industrial technologies use hydrochloric and 

sulfuric acids in their engineering processes. In this context, 
the search for corrosion inhibitors in acidic media to protect 
metallic surfaces has established the natural products as a 
rich and promising source. The protective efficiency appears 
to increase with the presence of oxygen, nitrogen, sulphur 
and π electrons in the organic compounds1-4. Apparently, the 
inhibition efficiency is linked to the polar functions that act 
as the reaction center for the adsorption process5.

The environmental toxicity of organic corrosion inhibitors 
has prompted the search for green corrosion inhibitors as 
they are biodegradable and do not contain heavy metals 
or other toxic compounds. Plant products are inexpensive, 
readily available and renewable4, as well as environmentally 
friendly and ecologically acceptable.

Species of the genus Bauhinia (Fabaceae) have been used 
to treat several diseases in traditional medicine. For instance, 
Bauhinia purpurea has shown antidiabetic, analgesic, 
anti‑inflammatory, antipyretic, antimalarial, antifungal, 
cytotoxic and thyroid hormone-stimulating activities as well 
as free radical scavenging6-14.

Phytochemical studies with Bauhinia purpurea had related 
the presence of several molecules which could be potential 
corrosion inhibitors, such as flavonoids (rutin7, isoquercetrin7, 
5,6-dihydroxy-7-methoxyflavone 6-O-β-D-xylopyranoside15, 
kaempferol16, quercetin16, isohammetin16, strobopinin6, 
demothoxymatteucinol6, bauhinoxepin C-J6 and bauhinistatins1-41) 

in addition to phytosterols and fatty acids17. The phenolic 
compound extraction is enhanced using methanol solvent18,19.

The aim of this study was to evaluate the inhibitory effects 
of methanolic Bauhinia purpurea leaf extract as corrosion 
inhibitor for carbon steel in a 1.0  mol∙L-1 sulfuric acid 
solution. Open-circuit potential monitoring, potentiodynamic 
polarization curves, electrochemical impedance spectroscopy, 
weight loss measurements and also surface morphology 
analysis were employed to reach this objective.

2. Experimental
2.1. Plant extraction and characterization

Bauhinia purpurea L. leaves were collected from São 
Gabriel da Cachoeira – AM, Brazil. The voucher (number 7657) 
specimen was deposited at the herbarium of Universidade 
Federal do Amazonas, Manaus – AM, Brazil. The leaves 
were dried in the dark for seven days at room temperature, 
subsequently cleaned and powdered. Macerated extracts 
were obtained by mixing 700.0 g of dry leaf powder with 
methanol at room temperature. The extract was filtered and 
evaporated under vacuum to dry. The methanolic extract was 
stored at 4.0 °C until the tests.

2.2. Mass spectroscopy - MS-ESI
The mass spectra of the methanolic leaf extract of 

Bauhinia purpurea were acquired in continuous monitoring 
mode (Thermo LCQ Fleet Tune Application) using an 
ion‑trap mass spectrometer (Thermo LCQ Fleet) equipped 
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with an ESI source in negative mode. The stock sample was 
prepared with methanol (HPLC grade) in a concentration of 
1000 mg∙L-1, then diluted to 10 mg∙L-1 and analyzed by direct 
infusion via the instrument syringe pump (8 µL∙min-1). The full 
spectrum was obtained in the range of 100 – 1000 m/z. Rutin 
and isoquercetrin certified samples were used to confirm the 
presence of these flavonoids in the extract.

2.3. Electrochemical procedure
The electrochemical measurements were conducted 

in a thermostated three-electrode cell. A saturated calomel 
electrode (SCE) was used as reference electrode and the counter 
electrode was a large area platinum wire. The electrolyte was 
1.0 mol∙L-1 H2SO4 prepared from concentrated reagent analytical 
grade (Vetec Fine Chemicals Ltda, Brazil). All experiments 
were performed in 200 mL of electrolytes under non-stirred 
and naturally aerated conditions. The  temperature was 
controlled at 25.0±0.2 oC.

Carbon steel UNS G10200, hereafter named C-steel, 
was used as a working electrode. The electrodes were 
prepared by embedding the steel rods in epoxy resin and 
exposing a surface area of 0.33 cm2 to the electrolyte. Prior 
to each measurement, the sample surfaces were abraded 
with 600 grade emery paper under water flow, washed with 
double-distilled water, degreased with ethanol and dried 
in warm air. In all experiments, the C-steel electrode was 
allowed to reach its stable open-circuit potential (OCP), which 
occurred after 1.0 h. After this period, the electrochemical 
impedance spectroscopy (EIS) measurement was performed 
over a frequency range of 20 kHz to 10 mHz at the stable 
open‑circuit potential with an AC wave of 8 mV and 10 points 
per decade. Subsequently, the polarization curves were 
performed from the cathodic to the anodic direction from 
-300 mV below the open-circuit potential up to 300 mV 
above it, with a scan rate of 1.0 mV∙s-1. All electrochemical 
experiments were performed in triplicate using a Gamry 
Reference 600 potentiostat.

The inhibition efficiency (η%) was calculated from 
potentiodynamic polarization curves and electrochemical 
impedance diagrams, as shown in Equations (1) and (2), 
respectively:
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where jcorr, 0 is the corrosion current density in the absence 
of inhibitor, and jcorr is the corrosion current density in the 
presence of inhibitor, obtained from Tafel plots.

Furthermore, the charge-resistance obtained from the 
EIS and fitted employing Differential Evolution technique 
with the use of the equivalent electric circuit of Figure 1 was 
used to evaluate the inhibition effect, as follows;
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where Rct, 0 is the charge-transfer resistance in the absence 
of inhibitor, and Rct is the charge-transfer resistance 
in the presence of inhibitor. The blank condition was 
1.0 mol∙L-1 H2SO4 without inhibitor.

As a stochastic direct search technique, Differential 
Evolution is able to handle non-differentiable, nonlinear and 

multi-modal objective functions. Moreover, the method has 
good convergence properties, i.e., good convergence to the 
global minimum in independent tests20.

2.4. Weight loss experiment
C-steel coupons (25.0 mm x 20.0 mm x 1.0 mm) of the 

same alloy that was used in the electrochemical measurements 
were abraded with 100 grade emery paper under water 
flow, washed with deionized water, degreased with ethanol, 
and dried in hot air. Triplicate specimens were immersed 
in the acid test solution for 24 h at 25 oC in the absence 
and presence (50, 125, 250 and 500 mg∙L-1) of methanolic 
Bauhinia purpurea leaf extract. The specimens were cleaned, 
washed with deionized water and ethanol, dried in warm air. 
Weight loss was determined by gravimetric tests using an 
analytical balance, Ohaus AS200, with precision of 0.1 mg. 
The inhibition efficiency (η%) was determined using Eq. (3):
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where W0 and W are the weight l oss in the absence and 
presence of the extract, respectively.

The time and temperature effects on the corrosion rate 
of steel coupons in 1.0 mol∙L-1 H2SO4 were examined. These 
experiments were performed in the absence and presence of 
250 mg∙L-1of methanolic Bauhinia purpurea (Fabaceae) leaf 
extract for 24, 48 and 72 h at 25 oC; and during an immersion 
period of 2.0 h at 25, 35, 45 and 55 oC.

2.5. Surface analysis
The samples used in the surface morphology examination 

were immersed in 1.0 mol L-1 H2SO4 in the absence and 
presence of 250 mg∙L-1of methanolic Bauhinia purpurea 
leaf extract at 25 oC for 2.0 h. The images were taken using 
Hitachi TM 3000 scanning electron microscope with an 
accelerating voltage of 15 kV.

3. Results and discussion

3.1. Potentiodynamic polarization curves
The stable open-circuit potential (OCP) was measured 

after one hour exposure (Figure  2). Figure  3 presents 
the potentiodynamic polarization curves of C-steel in 
1.0 mol∙L-1H2SO4 with and without methanolic Bauhinia 
purpurea extract at 25  °C. The other electrochemical 
parameters, i.e., the corrosion potential (Ecorr), the corrosion 
current density (Jcorr) and the anodic (βa) and cathodic (βc) 

Figure 1: Equivalent circuit used to fit the EIS data of C-steel in 
1.0 mol·L-1 H2SO4 without and with different concentrations of 
Bauhinia purpurea extract.
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constants, shown in Table 1, were obtained by fitting the 
Tafel plots.

It can be observed from the potentiodynamic polarization 
curves that the presence of Bauhinia purpurea extract caused 
a decrease in both the anodic and cathodic current densities. 
These results could be explained by the adsorption of organic 
compounds present in the extracts at the active sites of the 
electrode surface, which also led to the retardation of metallic 
dissolution and hydrogen evolution, and consequently slowing 
the corrosive process.

It can be observed from Table 1 that the corrosion current 
density (jcorr) decreases by increasing the concentration of the 

inhibitor. Additionally, in the presence of the extract, both 
OCP (Open Circuit Potential) and Ecorr slightly shifted to more 
anodic potentials compared to the blank (maxima shifts of 
16 and 10 mV in the presence of 250 mg∙L-1, respectively), 
demonstrating that this extract acts as a mixed-type inhibitor. 
The cathodic Tafel slopes (βc) did not change significantly 
with the addition of the extract (Table 1), indicating that the 
adsorbed inhibitor molecules did not affect the hydrogen 
evolution reaction, i.e., hydrogen evolution diminished 
exclusively by the surface blocking effect. Regarding the 
anodic region of the potentiodynamic polarization curves, 
a decrease in the anodic Tafel slopes (βa) can be observed 
with the addition of inhibitor. This result reveals that the 
inhibitor adsorbed to the carbon steel could modify the metal 
dissolution reaction. The inhibition efficiency calculated 
from the jcorr values obtained in the absence and presence 
of Bauhinia purpurea extract varied from 22 to 67% over 
a concentration range of 50–500 mg∙L-1.

3.2. Electrochemical impedance spectroscopy 
(EIS)

Figure  4 illustrates the Nyquist plots of C-steel in a 
1.0 mol∙L-1 H2SO4 with and without methanolic Bauhinia 
purpurea extract at 25 °C. It can be observed in all curves 
a large capacitive loop at high frequencies followed by a 
small inductive loop at low frequencies. The high frequency 
capacitive loop is usually related to the charge transfer of 
the corrosion process and double layer behavior. However, 
the low frequency inductive loop may be attributed to the 
relaxation process obtained from adsorption species like FeSO4, 
inhibitor species or H+

adson the electrode surface. It might be 

Figure 2: Open circuit potential (OCP) of C-steel in 1.0 mol·L-1 
H2SO4 with and without methanolic Bauhinia purpurea extract at 
the following concentrations: 50, 125, 250 and 500 mg·L-1 at 25 °C.

Figure 3: Polarization curve of C-steel in 1.0 mol·L-1 H2SO4 with 
and without methanolic Bauhinia purpurea extract at the following 
concentrations: 50, 125, 250 and 500 mg·L-1 at 25 °C.

Table 1: Kinetic parameters obtained from Tafel plots for C-steel in 1.0 mol L-1 H2SO4 with and without methanolic Bauhinia purpurea 
extract at the following concentrations: 50, 125, 250 and 500 mg·L-1 at 25 °C.

Inhibitor  
(mg·L-1) OCP (mV/SCE) Ecorr (mv/SCE) jcorr (µA·cm-2) βa (mV/dec) –βc (mV/dec) η (%)

0 -488 -469 763 109 86 —
50 -476 -463 597 97 92 22
125 -478 -465 406 77 82 47
250 -472 -459 319 74 81 58
500 -476 -463 251 76 84 67

Figure 4: Nyquist plots obtained at the OCP for C-steel in 1.0 mol·L-1 H2SO4 
with and without of methanolic Bauhinia purpurea extract at the following 
concentrations: 50, 125, 250 and 500 mg·L-1 at 25°C.
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also attributed to the re-dissolution of the passivated surface 
at low frequencies21.

The EIS spectra were analyzed using the equivalent 
circuit (Figure 1), where Rs represents the ohmic resistance of 
the solution and Rct represents the charge transfer resistance 
whose value is a measurement of electron transfer across the 
surface and is inversely proportional to corrosion rate. It is 
worth mentioning that the double layer capacitance value 
is affected by heterogeneity of the surface. Therefore, the 
constant phase element (CPE) is introduced in the circuit 
instead a pure double layer capacitor to give more accurate 
fit22. The impedance of the CPE is expressed by the following 
expression:

1
( )CPEZ

Q iw α= 	 (4)

where Q is the magnitude of the CPE, with -1 ≤ α ≤ 1. 
The capacitive loops have depressed semi-circular appearance, 
0.5 ≤ α ≤ 1, which is often referred to as frequency dispersion 
as a result of the nonhomogeneity or the roughness of the 
solid surface23-25.The factor i is the imaginary number 
(i2 = –1). Normally, the exponent α represents the degree 
of non-ideality in capacitive behavior. The exponent value 
makes it possible to differentiate the behavior of a CPE 
(α < 1) from that of an ideal capacitor (α = 1).

The impedance parameters, including Rct, Q and α obtained 
from fitting the recorded EIS data using the equivalent circuit 
of Figure 1, are listed in Table 2 with the percentage of 
inhibition efficiency (η%). Based on Table 2, it is clear that the 
Rct values increased with increasing inhibitor concentration. 
These results may be attributable to the adsorption of some 

components of the extract onto the metal/solution interface. 
Indeed, this hypothesis is corroborated by the anodic and 
cathodic polarization curves and the corrosion potential results. 
The inhibition efficiency values (η%) were calculated from 
Rct data in the absence and presence of the extract yielding 
49% for the highest concentration.

The Differential Evolution optimization of the equivalent 
circuit parameters was also used to generate a confidence 
region, which shows an approximately elliptical shape, 
indicating a degree of linearity of these factors26. Figure 5 
shows that the 99% confidence region of Q and α is 
approximately elliptical and sloping, which means there is 
a linear dependence between these parameters.

3.3. Weight loss
The results of weight loss measurements for the corrosion 

of C-steel in 1.0 mol∙L-1 H2SO4 with and without methanolic 
Bauhinia purpurea extract in different concentrations 
(50, 125, 250 and 500 mg∙L-1) for 24 h at 25.0 °C are 
provided in Table 3. Again the η% increases with the extract 
concentration, varying from 58 to 80%, as it was observed 
in the electrochemical studies. This efficiency is similar to 
the results of Patel et al.27.

The results of the weight loss measurements for the 
corrosion of C-steel in 1.0 mol∙L-1 H2SO4 without and with 
250 mg∙L-1 of methanolic Bauhinia purpurea extract for 
different immersion times (24, 48 and 72 h) are provided 
in Table  4. These tests demonstrated the stability of the 
extract versus time variation. The C-steel corrosion rate was 
reduced with the addition of the extract for all immersion 
times. It is noted a slight decrease in η% with time, from 

Table 2: Electrochemical parameters obtained from EIS plots for C-steel in 1.0 mol L-1 H2SO4 with and without methanolic Bauhinia 
purpurea leaf extract at the following concentrations: 50, 125, 250 and 500 mg·L-1.

Inhibitor (mg·L-1) Rct (Ohm·cm2) α Q (µMho·cm-2) fmax (Hz) η (%)
0 27.292 0.898 750 12.4 —
50 37.317 0.901 592 9.9 26.8
125 35.687 0.906 545 12.4 23.5
250 42.110 0.889 451 9.9 35.1
500 53.043 0.887 308 15.8 48.5

Figure 5: The 99% confidence region of Q and α obtained by differential evolution fit for EIS data of C-steal in 1.0 mol·L-1 H2SO4 in 
absence and presence of 250 mg·L-1 of methanolic Bauhinia purpurea extract.
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73% to 68% after 24 h and 72 h of immersion, respectively, 
indicating that the inhibition efficiency remains after long 
periods of immersion.

The effects of temperature on the corrosion of C-steel in 
1.0 mol∙L-1 H2SO4 with or without 250 mg∙L-1 of methanolic 
Bauhinia purpurea extract ranging from 25 to 55 °C after 2.0 h 
of immersion time are presented in Table 5. The corrosion 
rates of the steel in both free and inhibited acid media 
increased with the temperature. The inhibition efficiency of 
the methanolic Bauhinia purpurea extract remained almost 
constant with temperature change, slightly decreasing with 
temperature increase.

Clearly, the weight loss is always superior in blank 
condition than with 250 mg∙L-1 in the temperature range of 
25–55 oC, as depicted in Figure 6. Moreover, the apparent 
activation energy for C-steel corrosion in both H2SO4 solution 
and in inhibiting acid solution was determined from an 
Arrhenius-type plot according to Equation 5:

2.303
a

corr
ElogW logA

RT
−

= + 	 (5)

where Wcorr is the corrosion rate, Ea is the apparent activation 
energy, A is the pre-exponential factor, T is the absolute 
temperature and R is the molar gas constant. Arrhenius plots 
of (logWcorr) against (1/T ) for C-steel in 1.0 mol∙L-1 H2SO4 
both in the absence and presence of the methanolic Bauhinia 
purpurea extract are shown in Figure 6.

The apparent activation energy obtained for the corrosion 
process in the free acid solution was found to be 51.2 kJ∙mol-1 
and 65.8 kJ∙mol-1 in the presence of the inhibitor. The energy 
barrier of the corrosion reaction increased in the presence 
of inhibitor and the inhibition efficiency slightly decreased 
with temperature (Table  5). Such observations could be 
explained by a physical adsorption of the inhibitor onto the 
metal/solution interface28.

Physical adsorption is a result of electrostatic attraction 
between charged metal surface and charged species in the 
nearby solution. Adsorption of negatively charged species is 

facilitated if the metal surface is positively charged. Positively 
charged species can also protect the positively charged metal 
surface acting with a negatively charge intermediate, such 
as acid anions adsorbed on the metal surface. In addition, 
components of the methanolic Bauhinia purpurea extract 
can also be present as protonated species (positive charge) 
in an acid solution adsorbing onto metal surface29.

3.4. Surface morphology
Figure 7 shows a SEM micrograph of C-steel immersed 

for 2.0 h in 1.0 mol∙L-1 H2SO4 in the absence (Fig. 7A) and 
presence of 250 mg∙L-1 of methanolic Bauhinia purpurea 
extract (Fig. 7B) at 25 oC. The morphology in Fig. 7A shows 
a rough surface, a characteristic of the uniform corrosion of 
C-steel in acid. In the presence of the inhibitor (Fig. 7B), a 
smooth surface can be observed, indicating that the surface 
was covered by an inhibitor.

3.5. Adsorption isotherm
The change of θ with extract concentration specifies the 

adsorption isotherm that describes the system (Figure 8). 
The fitting of the obtained data to the Langmuir isotherm 
is illustrated by plotting according to equation (6). In this 
equation, C is the concentration, θ the occupied fraction 
of surface and K the adsorption constant. The adjust of the 
Langmuir adsorption isotherm was very good, with r2 close 
to 0.998. This behavior suggests that compounds present in 
the methanolic Bauhinia purpurea extracts were adsorbed 
onto the C-steel surface according to a Langmuir adsorption 

Table 3: C-steel weight loss data in 1.0 mol L-1 H2SO4 with and 
without methanolic Bauhinia purpurea leaf extract at the following 
concentrations: 50, 125, 250 and 500 mg L-1.

Inhibitor (mg·L-1) Wcorr (mg·cm-2·h-1) η (%)
0 2.13 ± 0.04 —
50 0.89 ± 0.09 58 ± 4
125 0.55 ± 0.01 74 ± 1
250 0.57 ± 0.01 73 ± 1
500 0.43 ± 0.02 80 ± 1

Table 4: C-steel weight loss data in 1.0 mol L-1 H2SO4 without 
and with 250 mg L-1 of methanolic Bauhinia purpurea extract at 
the following immersion times: 24, 48 and 72 h at 25oC.

Immersion 
time (h)

Wcorr (mg·cm-2·h-1)
η (%)

Without With
24 2.13 ± 0.04 0.57 ± 0.01 73 ± 1
48 1.98 ± 0.04 0.57 ± 0.02 71 ± 1
72 2.01 ± 0.02 0.64 ± 0.01 68 ± 1

Table 5: C-steel weight loss data in 1.0 mol L-1 H2SO4 without 
and with 250 mg L-1 of methanolic Bauhinia purpurea extract at 
the following immersion temperatures: 25, 35, 45 and 55 oC with 
an immersion period of 2.0 hours.

Temperature 
(oC)

Wcorr (mg·cm-2·h-1)
η (%)

Without With
25 1.62 ± 0.26 0.67 ± 0.02 59 ± 9
35 3.56 ± 0.08 1.45 ± 0.07 59 ± 2
45 6.78 ± 0.07 2.90 ± 0.06 57 ± 1
55 12.11 ± 0.13 7.08 ± 0.07 42 ± 1

Figure 6: Arrhenius plot for the C-steel corrosion rate in 
1.0 mol·L-1 H2SO4 in absence and presence of 250 mg·L-1 of 
methanolic Bauhinia purpurea extract.
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isotherm, indicating the absence of interaction forces amongst 
adsorbed molecules.

1C C
Kθ

= + 	 (6)

As Langmuir isotherm is valid for the present results, the 
increase of concentration also increases the surface coverage.

The CPE parameter (Q) adjusted in the equivalent circuit 
is proportional to the active area22. Therefore the active 

metallic surface reduces and the Q parameter decreases 
proportionally as shown in Figure 8.

The production of the extracts by a methanolic route 
preserves the flavonoids present in the plant30, as shown 
in Figure 9. The mass spectra of the methanolic Bauhinia 
purpurea extract shows the presence of rutin (609 m/z) and 
isoquercetrin (463 m/z). The observed ions indicate the 
presence of other flavonoids (i.e. m/z 477) compatible with 
isorhamnetin derivatives. Phenolic compounds have known 
effects as corrosion inhibitors of carbon steel31,32 and zinc in 
NaCl33. For instance, the flavonoid 3-hydroxy-7-methoxy-2-
phenylchromen-4-one identified by Ezhilarasi et al.34 follows 
the Langmuir adsorption isotherm and showed mixed type 
corrosion inhibition, which is a similar result to the one found 
in the present paper for the methanolic Bauhinia purpurea leaf 
extract. The more specific compound, rutin35, also detected 
in the extract of the present paper, exhibited a protective 
effect in HCl medium. Therefore, the flavonoids from diverse 
origins are potential corrosion inhibitors, including the ones 
presented in the Bauhinia purpurea leaf extract.

4. Conclusions
The Bauhinia purpurea (Fabaceae) extract shows a 

reasonable efficiency on carbon steel in sulfuric acid medium 
(1.0 mol∙L-1 H2SO4) at 25 oC. Moreover:

1.	The results found in polarization measurement show 
that these inhibitors adsorb on carbon steel surface. 
A concentration-dependent reduction of both the 
anodic and cathodic current densities was observed 
together with a shift of the corrosion potential to the 
noble direction, thus suggesting an inhibition of the 
metal dissolution process and hydrogen evolution by 
the surface blocking effect.

2.	The adsorption process followed a Langmuir adsorption 
isotherm.

3.	The Arrhenius plot indicated a physisorption process, 
with an activation energy of 65.8  kJ∙mol-1 in the 
presence of 250 mg∙L-1 of extract.

Figure 9: MS-ESI of methanolic Bauhinia purpurea extracts and 
chemical structure of isoquercetrin (1) and rutin (2).

Figure 7: SEM micrograph (2000x) of C-steel immersed in 1.0 mol·L-1 H2SO4 in the absence (A) and presence of 250 mg·L-1 of methanolic 
Bauhinia purpurea extract (B). 

Figure 8: Langmuir adsorption isotherm of of methanolic Bauhinia 
purpurea extract on the C-steel surface in 1.0 mol·L-1 H2SO4, and 1/Q 
relation with methanolic Bauhinia purpurea extract concentration.
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4.	The inhibitory efficiency of the extract remained stable 
up to 72 hours at room temperature.

5.	The active species of the Bauhinia purpurea extract 
are probably the flavonoids that were detected by 
mass spectrometry.

6.	The Q parameters of constant phase element decreases 
linearly with the Bauhinia purpurea  extract concentration.

7.	The correlation between Q parameter and α dispersion 
model present a quasi linear behavior.
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