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Abstract: In our research, the rice straw extract was utilized as an eco-friendly green inhibitor to
prevent Cu dissolution in 2 M of HNOs;. Mass loss, electrochemical tests, and surface checks were
utilized to demonstrate the importance of this green extract to prevent the Cu corrosion procedure. From
all tests, one can find that with increasing the dose of rice straw extract (up to 300 ppm), the protection
efficacy increased to 96.8% at 25°C. Polarization curves showed that rice straw extract is a mixed-kind
inhibitor that retards the anodic and cathodic reactions. From the EIS examination, the double-layer
capacitance lowered by improving the dose of rice straw extract was noticed. On the other hand, the
charge transfer resistance was improved. The corrosion protection (% I) of Cu occurs by the adsorption
procedure, and this metal is followed by the Flory-Huggins and Langmuir adsorption isotherms. From
both isotherms, the adsorption parameters were deduced. This test was also applied at different
temperatures, and the activated parameters were determined and discussed. Results gotten from all used
tests are in excellent harmony.
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1. Introduction

In Earth's crust, copper is the third most widely abundant element, accounting for about
eight percent of the mineral components [1,2]. The importance of Cu metal and its alloys is
due to its multiple applications in several industries, such as the food industry, electronic
devices, building, transport, etc. [3,4]. These different applications depend on several reasons
as their low price, their high energy density, and their electrical capacity. Copper metal can
form a thin stable oxide layer on it, but in the case of aggressive media as HNOs, this oxide
layer is destroyed, and the corrosion for the metal begins [5-7]. Various acidic solutions such
as nitric, sulfuric, and hydrochloric acids are widely utilized in many techniques such as
washing boilers, pickling metals, acidification of oil wells, and recovery of an ion exchanger.
[8, 9]. In addition to the former, HCI is one of the acids commonly applied in improving the
productivity (motivation) of wells in oil and gas production and is used over several years to
increase the initial productivity of new wells as well as restore the productivity of old wells
[10-17].

There are several methods to control the process of metallic corrosion. However, one
of the greatest practical methods utilized is the use of inhibitors to minimize corrosion in
industrial and academic studies and proven in literary surveys [18-22]. Corrosion inhibitors are
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defined as those substances that may reduce or prevent the metals' interaction with these
solutions if added in small amounts to corrosive solutions. Corrosion inhibitors have many uses
if applied to numerous systems like refineries, refrigeration systems, oil and gas production
units, and other systems. Inhibitors are organic materials that contain heteroatoms as nitrogen,
oxygen, and sulfur atoms, in addition to the many existing bonds, all of which help them to
adsorb on the surface of the metal and to protect it from corrosion [23-26]. Since obtaining
synthetic organic inhibitors is costly in addition to environmental damage, researchers have
recently focused their efforts on replacing synthetic organic inhibitors with inhibitors that can
be obtained from natural materials. Naturally, occurring corrosion inhibitors are
environmentally friendly, available, inexpensive, and sources for obtaining them are renewable
[27-34].

This study aims to use environmentally friendly materials as inhibitors for Cu corrosion
in a 2 M HNOs solution, and the choice was to use rice straw extract because of the following
properties: it contains many organic compounds that are ideal in the procedure of hindrance
the metals from corrosion as well as low cost and accessibility. Also, its presence causes
problems such as pollution, which in turn affects human health, and by using it, one can turn
waste into useful materials for society. In this paper, several methods have been used to study
the inhibition performance.

2. Materials and methods

2.1. Preparations of metals.

Through a wire machine, the copper samples used in chemical tests and surface analysis
were cut into a square to avert different angularity and avoid deformation of the lattice structure
caused by other methods. Their dimensions were (20 mm x20 mm x 0.2 cm) and purchased
from Naga Hamady Co, Egypt. About electrochemical corrosion, the working rods were
prepared in 1 x 1 cm? dimensions and surrounded by a glass rod using epoxy, after welding
with copper wire, and placed for 24 hours to adhere well. The samples used are mechanically
sanded with different degrees of silicon carbide (320-1200) slabs until they look shiny, and by
double distilled water, the sheets were washed and then wiped with acetone.

2.2. Solutions.

In this experiment, the nitric acid that was used (5 M) was prepared from 70% nitric
acid using dual distilled water. Afterward, its dose was checked. Using the prepared HNOs3,
different solutions containing 2 M HNOz3 were prepared without adding different doses of rice
straw extract ranging from 50 to 300 ppm.

2.3. Preparation of rice straw extract.

Rice straw used in this research was obtained from a private field in Dagahlia
Governorate, Egypt. After assembly, we dried it in an oven at 60°C. After this step, we crushed
it and converted it into powder. Dried and ground rice straw was extracted using the solvent
extraction method in aqueous ethanol, where the ethanol to water ratio is 60:40 with 0.01M
sulfuric acid and is stirred for 12 hours at a temperature of 50-60°C. Finally, the ethanol is
vaporized until it gets a black liquid, dried in an oven to remove the rest of the ethanol and
obtain the black powder used in the research [35].
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2.4. Chemical constituents of rice straw extract.

The main constituents of rice straw are lignin 19.2%, hemicelluloses 24.3%, ash
18.85%, and 3.25% other trace elements [36].

2.5. Mass loss (ML) measurements.

All experiments with ML tests were considered by the ASTM standard [37]. The Cu
coins are divided, washed with double distilled water, dried, weighed, and added rice straw
extract from 50 ppm to 300 ppm. This occurs in the presence of 2 M HNO3s for comparison
with a sample that has been positioned in the solution of nitric acid without any rice straw. The
steps are repeated every half hour until the end of the experiment after 3 hours. All solutions
were prepared in beakers 100 ml each time the ML is calculated using a sensitive balance. % |
and corrosion rates (C.R.) are determined according to the following equations [38]:

C.R. (corrosion rate) =Am/St (1)

ML is Am, the sample surface area exposed to the solution in cm? expressed by S, and
the submersion time as t in min. % I, surface coverage (0) using the equation (1):

%IE= 1- [(CRinn)/(CRcorr)] X100 = 6 x100 2

2.6. Potentiodynamic polarization (PP) investigation.

In this research, the PP test was concluded in a cell consisting of three electrodes,
copper which is utilized as the working electrode in this paper, and the exposed surface area
equal 1cm 2 and before using the copper electrode, it is processed according to the method
followed ML, the second electrode is the auxiliary (Pt foil), and the third is reference electrode
which is saturated calomel electrode (SCE). The working electrode is placed for 30 minutes in
a solution with an open circuit voltage, where the stability condition is obtained. PP curves
were recorded at a rate scan of 0.2 mVs™* primarily from -0.6 V to +0.5 V (SCE). The % I and
© for rice straw extract is computed from the next Egs. [39]:

1% = [(icorr — lcorr (Inh)) / icorr] x 100 (3)
0= [(icorr - icorr (Inh)) / icorr] (4)

where icorr and icorr (inh) 1S the dissolution current density values in the non-existence and
existence of rice straw extract, correspondingly and specified by extrapolation of both Tafel
lines to the potential of corrosion.

2.7. Electrochemical impedance spectroscopy (EIS) measurements.

In this test, we used the AC signs alternating from 100 kHz to 0.1 Hz with a peak
amplitude of 10 mV at OCP. All the outcome data of EIS were utilizing the Gamry Echem
program, and by utilizing the resistance for a measure of inhibition by the next Eq. [40]:

% | = (1-Rc/R%) X100 (5)

where, Ret and Rc:° are the charge transfer resistances for the inhibited by rice straw extract
and the inhibitor-free system from rice straw extract.

https://biointerfaceresearch.com/ 85


https://doi.org/10.33263/BRIAC121.083104
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC121.083104

2.8. Tests of electrochemical frequency modulation (EFM).

In our research, we used the experiment of EFM and applied the signal with a capacity
of 10 mV among two sinus waves from 2 to 5 Hz [41]. The Current density of (icorr), (CF2 and
CF3), and (Ba and Bc) were calculated from the maximum peaks [42].

In all electrochemical investigations, the device used was Gamry Potentiostat /
Galvanostat / ZRA (PCI4-G750). Gamry includes the DC105, EFM140, and EIS300 programs
for PP, EFM, and EIS calculation, correspondingly. Echem Analyst sort 5.5 was utilized to
drawn, calculated, and synthesize value.

2.9. Surface examinations.

2.9.1. Atomic force microscope (AFM) analysis.

Using AFM, the copper surface properties were tested. AFM occurred in 2M HNOg in
the lack of rice straw extract and the example of the maximum dose of rice straw extract (500
ppm). AFM was performed in a contact manner with a silicon nitride probe (MLCT model;
Bruker).

2.9.2. X-ray photoelectron spectroscopy (XPS) examination.

In this study, the morphology of copper samples was verified before and later being
immersed in a solution of 2 M HNOs in the attendance and absence of rice straw extract (300
ppm) for three hours using electronic XPS. Amounts were made utilizing Thermo-Scientific,
USA.

In this technique, Al coupons were handled in the same way as previous treatment coins
were treated for a WL experiment.

2.9.3 Fourier-transform infrared spectroscopy (FTIR) investigation.

To investigate the functional groups' existence in rice straw after appending it at a dose
of 300 ppm in 2 M nitric acid without dipping the Cu metal coupon and with the same dose in
2 M HNOs after dipping the Cu metal 3 hours, and FTIR test utilized concluded (FT/IR-4100).

3. Results and discussion

3.1. ML measurements.

ML is an important method in determining the inhibitor efficacy of Cu metal corrosion,
and experiments were conducted at several doses of rice straw extract in 2M HNOs. The whole
experience took three hours. Experiments were conducted at different temperatures (25-55°C).
We find this with an increased dose of rice straw to 300 ppm, the rate of inhibition increases in
contrast to the rate of corrosion, which decreases with increasing dose of rice straw extract. By
raising the medium's temperature, the % I will be decreased, while there is a direct correlation
between temperature and the corrosion rate (Figures 1 and 2). The increased inhibition of
corrosion with an increased dose of rice straw extract can be attributed to forming a layer of
the extract on the Cu surface by adsorption [43]. Although the effect of temperature on metals'
reaction in acids is complicated [44] because of several variations to the Cu's surface (rapid
etching, molecules desorption, etc.), a lower in the % | with an improved temperature may be
possible due to improved desorption.
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Table 1. Data of ML of Cu in 2 molar nitric acid solution for several doses of rice straw at 90 minutes and at

(25, 35°C).
25°C 35°C

Conc., AW, , 0 %IE CR2 - AW, i 0 %IE C.F_QZ., .
ppm mg cm- mg cm“min mg cm- mg cm“min
Blank 1684 | - | - 0.187 2748 | - | e 0.309
50 1.290 0.920 92.0 0.0143 7.63 0.722 72.2 0.084
100 117 0.930 93.0 0.013 7.06 0.743 74.3 0.078
150 0.65 0.961 96.1 0.007 6.32 0.770 77.0 0.070
200 0.64 0.962 96.2 0.007 5.63 0.795 79.5 0.063
250 0.61 0.964 96.4 0.006 4.61 0.832 83.2 0.051
300 0.46 0.973 97.3 0.005 4.19 0.849 84.9 0.046

Table 2. Data of ML of Cu in 2 molar nitric acid solution for several doses of rice straw at 90 minutes and at

(45, 55°C)

c 45°0C 55°C

onc.,

ppm AW, 5 0 %IE Ci - AW, > 0 %IE CRZ 4

mg cm mg cm2min mg cm mg cm2min

Blank 7358 | - | - 0.818 7414 | - | - 0.824
50 29.19 0.603 60.3 0.369 30.86 0.583 58.3 0.343
100 22.46 0.695 69.5 0.250 24.78 0.666 66.6 0.275
150 17.54 0.766 76.6 0.195 23.02 0.690 69.0 0.256
200 17.15 0.767 76.7 0.191 21.54 0.709 70.9 0.239
250 14.81 0.798 79.8 0.165 18.86 0.746 74.6 0.210
300 13.46 0.817 81.7 0.150 16.32 0.780 78.0 0.181

wt.loss{mg/cm?)
w B
(=] (=]

[~
o
N

Blank 50ppm 100ppm150ppm200ppm250ppm300ppm
Conc.,ppm

Figure 1. The effect of adding different doses from rice straw extract on the corrosion rate of Cu metal.
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Figure 2. The outcome of addition of several doses from rice straw extract on the % | of Cu metal.

In this examination, the effect of temperature on the corrosion of Cu coins utilized in
the examination and immersed in HNO3 in the non-existence and existence of altered doses
from the extract of rice straw was examined. It has been found that the C.R. increases with
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increasing temperature. On the contrary, increasing the dose reduces the C.R. at one
temperature, thus increasing the rate of % I. Table (3) shows the effect of temperature on
activation parameters without and with straw extract in the temperature range used. The table
shows the Cu activation energy (E”2) measured via the Arrhenius formula:

Log Corrosion rate (C.R.) = log A — E*2/2.303RT (6)

The universal gas constant was expressed using the symbol R, while the symbol (A)
was used for the term exponential factor of Arrhenius, and as usual, it is used to express
absolute temperatures [45]. Arrhenius diagrams are illustrated in Figure 3. Using the
transitional state equation, the changes in entropy and enthalpy were calculated from the next
equation [46]:

Log (C.RIT) = [log(R/Nh) +AS"2/2.303R]-AH"%/2.303RT )

where, (h) is Planck’s constant, and character (N) gives the number of Avogadro. Figure 4
shows straight lines resulting from a drawing log (C.R/T) with 1000/T, where this figure shows
the transitional state of the rice straw extract. The analysis of the results was obtained in Table
3. From Table 3, there is an increase in the E”a by improving the dose of rice straw extract. This
improvement is due to the adsorption nature of rice straw extract on the Cu surface and
corresponds to the physical adsorption of rice straw extract components on the Cu surface [47].
The results in Table 3 also showed that entropy values are negative in the existence of rice
straw extract at the activated state. We conclude from this that the complex formation prefers
association rather than dissociation [48]. The enthalpy values are negative, which in turn
designates that the reaction that happens in the termination procedure is exothermic, and it is
recognized that they can be applied to chemical and physical absorption.

Table 3. Kinetic data got from the Arrhenius equation and transition state equation.

Conc., Ea", -AH", -AS",
ppm kJ mol* kJ mol*! J mol*K!
Blank 16.55 13.79 195.20
50 37.96 38.77 139.84
100 41.36 40.24 132.51
150 44.63 42.62 122.66
200 48.59 47.22 110.47
250 55.48 52.88 80.68
300 65.59 62.96 51.93
0.4 4
*
- .\.\-\
-~ 0.04
=
NE -0.2 4
§ 04
=]
E-06
o
0 -0.8 ® Blank
_8‘ & 50ppm

A 100ppm
¥ 150ppm
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1000/ T
Figure 3. Arrhenius charts (log C.R vs. 1/T) for Cu in 2 molars nitric acid in the non-existence and the existence
changed doses of rice straw extract.
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Figure 4. Charts of log C.R/T vs. 1000/T for Cu in 2 M nitric acid in the non-existence and the existence of

changed doses of rice straw extract at 25 °C.
3.2. Adsorption isotherms.

The outcomes obtained indicate that the components of rice straw extract produced the
inhibition of corrosion. From the three types of adsorption, one or more may occur: = bonding,
chemical adsorption, and physical adsorption [49]. In common, the adsorption process
increases if the extract components contain hetero- atoms like sulfur, nitrogen, and oxygen
where these atoms give one pair of electrons which leads to electrostatic adsorption on the Cu
surface, forming an insoluble layer that reduces the dissolution of Cu. Through the appropriate
isothermal process, the adsorption situation of rice straw extract can be detected on the Cu
surface. Data for ML experiments were used at different temperatures, and they were prepared
in various mathematical adsorption isotherm expressions to identify the more suitable
adsorption isotherms [50]. From this study for different adsorption isotherms, the more suitable
adsorption isotherms for rice straw extract were Langmuir and Flory-Huggins isotherms
equations 8, 9, respectively and as represented in Figures 5 and 6:

Cl0=1/ Kags+ C (8)
Log 6/C = log x Kads+ X log (1-6) 9)

In these equations, the symbols C, 0, Kads express the dose, surface coverage, and
equilibrium constant of the adsorption process, respectively. When the data of x is less than
unity, demonstrating that a single inhibitor molecule replaces more than one water molecule,
the data of the R? for the Langmuir and Flory- Huggins isotherm was more accurate than the
typical isotherm due to it is near to the unit. In Table 4, the symbol Kadgs shows the molecular
strength of the adsorbed layer as its high value indicates the strength of adsorption. From the
table, the value of the adsorption equilibrium constant decreases with increasing temperature,
indicating that the adsorption strength is higher at lower temperatures [51]. In our research,
free energy was used to study the interaction of rice straw extract molecules, and this was done
using the following Eq.:

AG%qds= -RT In (555X Kads) (10)

In this equation, the number 55.5 reveals the water dose in the bulk solution where it is
given in M/ L [52]. Table 4 demonstrates the adsorption parameters for the gotten rice straw
extract. The -ve values of AGgs indicate the stability of the adsorbed layer on the metal surface
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and the extent of the adsorption process's spontaneity. From our previous knowledge, we know
that the results obtained from free energy approve that the type of adsorption incident is
physical adsorption and not chemisorption. It is recognized that negative values when they are
less than -20 kJ / mol are physical adsorption and this corresponds to the results obtained.
Where these results demonstrate that the adsorption is mainly physisorption. Thus, when
negative values are greater than -40 kJ /mol, adsorption is chemical adsorption [53], and this
does not match the study presented. Using the subsequent equation, the change of the
adsorption enthalpy was determined (-AHC%as) and the entropy value was specified (-AS%ds):

AGOads = AHOads - TASOads. (11)

By plotting AG%qs versus T to obtain these values (enthalpy through intercept and
entropy through the slope) Figure 7, from the outcome data we obtained, note that the AS%as is
negative, which refers to exothermic. The exothermic procedure can mention physical or
chemical adsorption. Note that the enthalpy values are fewer than 100 kJ/mol, demonstrating
that the adsorption is chiefly physical [54].

Table 4. Langmuir parameters for adsorption of rice straw extract on the Cu surface at different temperatures.

-AGOads -AHOads -Asoads
Temp. (K R? Log Kads, M1 ' ’
s e - (K) g Fads kJ mol*! kJ mol*! J mol1K1
g5 298 0.999 2.34 23.3
o <
S 9 308 0.998 1.701 20.3 5108 93.97
== 318 0.997 1.555 20.09 ' '
328 0.996 1.506 20.40
0.40
0.35 i
0.30
0.25 - T
[en)
0.20 1
0.15
0.10 .
0.05
0.05 0.10 0.15 0.20 025 0.30
C.o/L

Figure 5. Langmuir of extract from rice straw adsorption on Cu surface in solution from 2 M nitric acid.
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Figure 6. Effect of different temperatures on the free energies of Langmuir isotherm.
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3.3. Open circuit potential (Eocp ).

Before the electrochemical study (EIS, EFM, and PP studies), graphs of the immersion
time versus open circuit potential were documented for the different doses of rice straw extract
when Cu undergoes nitric acid medium (Figure 7). The study showed that the corrosion
potential tends to the noblest direction in the existence of altered doses of rice straw extract.
The displacement increases to the positive direction by increasing the dose until the corrosion
potential reaches stability after a period. This designates that the kinetics of the anode reaction
of Cu in the existence of nitric acid has been strongly affected by the presence of rice straw
extract [55].

-0.74+

-0.76;

-0.78-

E'O'BO' f' —=— blank

- —s— 50ppm

-0.821 —+—100ppm
A —v— 150ppm
] 200ppm

-0.84 250ppm
T —»— 300ppm

0 200 400 600
Time(s)

Figure 7. Potential-time curves for Cu in 2 M nitric acid in the non-existence and the existence of changed
doses from rice straw extract at 25°C.

3.4. Potentiodynamic polarization (PP) tests.

Through the PP technology, one can obtain important data that provide information
about the kinetics of the cathodic and anode reaction [4]. Through the Cu Tafel polarization
curves dipping into 2 M nitric acid in the presence and absence of various doses of rice straw
extract, the following parameters were obtained: electrochemical corrosion, corrosion
potential, and cathodic and Tafel anode constants, which given by the symbols icorr, Ecorr, Be,
and [a respectively. From the values in Table 5, in the presence of different doses of rice straw
extract, there is a decrease in the current density, and the decrease increases with increasing
dose, indicating the formation of a layer from extract on the Cu surface. Moreover, the cathode
and anode Tafel slopes' values have no sharp difference in the existence of altered doses from
rice straw extract (Figure 8). This can be explained by the fact that the dissolution procedure is
caused by covering the active sites located on the metal's surface. This indicates a dissolution
mechanism that is not affected by the presence of rice straw extract [56]. If the variation in
corrosion potential (Ecorr) values is more than + 85 mV in the presence and absence of rice
straw molecules, the inhibitor molecules are named anodic or cathodic type, and this did not
happen because the potential of corrosion values displacement fewer than £85 mV [57]. The
difference in Ecorr values is small (41 mV), and this assured that the molecules of rice straw
extract work as a mixed type of inhibitor [58]. Finally, from Table 5 we can conclude that as
the dose of rice straw extract rises, the density of the current decreases, the %IE increase, the
corrosion rate is reduced, and the polarization resistance rises (Figure 8).
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Table 5. PP parameters for Cu corrosion in 2 molars nitric acid in the non-existence and the existence of
changed doses of rice straw at 25°C.

Conc -Ecorr icorr Rp Ba ﬁc CR 9 %WIE
(ppm) | mMVvs SCE | uAcm? o mV dec? | mV dec? mpy °
blank 85 2300 17.1 391 71 69
100 91 511 375 402 65 44 0.781 78.1
150 82 394 454 479 61 38 0.832 83.2
200 82 267 54.0 427 65 27 0.884 88.4
250 87 163 56.1 337 64 25 0.927 92.7
300 81 150 721 325 66 21 0.931 931
0.6 Blank
—<—100ppm
—=—150ppm
0.4 -
—— 200ppm
250ppm
@ 0.2- 300ppm
&) P
9D Ar e A T e
=
wi 0.0 4
-0.2
-0.4
L] kel | ke | kb | kel | ke | kb | R
1E-7 1E-6 1E-5 1E-4 0.001 0.01 0.1

Logi(A/cm?)

Figure 8. Plots of anodic and cathodic PP for Cu in 2 molars nitric acid in the non-existence and the existence
of altered doses from rice straw extract at 25°C.

3.5. Study of electrochemical impedance spectroscopy (EIS) tests.

One of the exact techniques used to check the corrosion process is EIS [59]. Figure (9)
shows the impedance values of the Cu resulting from equivalent circuit measurements when
there are different doses of rice straw extract. In this circuit, constant phase elements (CPE) are
used as a substitute for capacitors to provide multiple types of homogenization that are not
ideal for electrode corrosion, such as surface impurities and roughness, decreasing polishing,
and grain boundaries [60]. In this study, the two parameters were used to give mathematical
expressions on frequency due to the Cu electrode impedance dependence [61].

Zcre= Yol(jo)™? (12)

In the previous equation, the symbol YO is used to express the CPE parameter, and sine
wave angular frequencies and the imaginary number are expressed as o and j? = —1, symbols,
respectively. The symbol o is equivalent to 2nf, where f indicates the AC frequency. During
experiments, we notice that the values of (n) ranged from 0 to 1, and this occurs for many
reasons, including surface heterogeneity, electrode roughness, and dielectric constant. The
result obtained from the (n) values in 2 M HNOs alone is higher than the results obtained in the
existence of altered doses of rice straw extract. This may be due to the heterogeneity of the Cu
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surface in the presence of rice straw extract compounds [62]. From the following equation, the
capacitance double-layer (Cai) was calculated:

Cai= Yoo™Ysin [n (n/2)] (13)

As a result of the charges being transported on the Cu surface, either near or far from
the surface, multiple impedances occur due to the adsorption of anions and cations. Table (6)
shows the EIS for Cu in 2 M nitric acid in existence and the non-existence from different doses
of rice straw extract. Nyquist and Bode charts for Cu without and with various doses from the
extract used illustrated in Figures 10 and 11. Figure 10 demonstrates the area of small frequency
in the existence of rice straw extract, the impedance data increase associated to the absence of
the rice straw extract, which confirms the observed corrosion inhibition of the rice straw extract
utilized. Besides, the dose of rice straw extract increases, the frequency increases, and the phase
angle reaches the maximum level, indicating the effective adsorption for rice straw extract
molecules on the surface of the Cu [63]. The deviation of the Nyquist curves from semicircles
is due to the Cu surface's heterogeneity and the frequency dispersion [64]. By studying Table
6, we observe a decrease in Cai values as the rice straw extract dose increased. This can be
explained in two ways; The first is the lower of the local dielectric constant, and the second is
the rise in the thickness of the electric double layer [65]. Such is due to the adsorption of rice
straw extract molecules on the Cu/interface of the solution. The charge transfer that mainly
controls Cu corrosion is illustrated by impedance schemes with an almost semi-circular
presence [66].

Table 6. Parameters of EIS for liquefaction of Cu in HNO3 attendance and lack of changed doses of rice straw

extract at 25°C.
Conc. Rp Rs Yox10° Ca x10°
n %l
ppm Qcm? Qcm? ohm™ Sn cm2 uF cm?

Blank 15.83 0.865 0.709 731.1 235 | -
100 104.8 1.266 0.639 900.1 21.0 85.38
150 110.1 1.424 0.625 860.3 20.3 85.53
200 123 1.623 0.593 793.2 16.05 87.10
250 168.2 1.956 0.570 770 14.2 90.50
300 190.5 1.829 0.568 680.2 12.6 91.6

CPE
|
1
R,
Rct

Figure 9. An equivalent circuit suggested for fitting the EIS experimental data.

3.6. Results of electrochemical frequency modulation (EFM) tests.

Figure 12 shows the EFM of Cu in HNOs solution including altered doses of the extract.
Because of its advantages, the EFM technique is used as a non-destructive corrosion test
method. Whereas, in this way, the current corrosion values were estimated without knowing
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previous information of the Tafel slopes [67]. The electrochemical frequency modulation tests'
accuracy was confirmed by an internal check of the causality factors [68].
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Figure 10. Bode charts for liquefaction of Cu in HNOj3 attendance and absence of changed doses of rice straw

extract at 25°C.
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Figure 11. Nyquist charts for liquefaction of Cu in HNO3 attendance and absence of changed doses of rice
straw extract at 25°C.

The sign in this method is a little AC signal, just like the EIS test. Although the EFM
method and EIS method are similar at the point mentioned above, they differ in the fact that
the first method has two sine waves with variable frequencies that are used together with the
cell. The system responds to potential excitation in a non-linear fashion because the current is
a non-linear function of potential. The current response includes input frequencies, components
of the frequency with contrast, sum, and doubles of two input frequencies. One of the
conditions for determining the research's extent is that the frequencies must constitute little and
integer doubles of the frequency basis. Table (7) shows the corrosion parameters. In some
experiments, there may be a deviation of the standard values' causality factor values due to
noise occurrence. Where values 2and 3 are the standard values for CF-2 and CF-3, respectively.
When we compared the experimental and theoretical values of causal factors, a causal
relationship was found between the disorder signal and the response signal, confirming that the
data are reliable [69, 70]. The values are shown in Table 7 by increasing the dose of rice straw

https://biointerfaceresearch.com/ 94


https://doi.org/10.33263/BRIAC121.083104
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC121.083104

extract, the current density has a noticeable decrease
calculated using equation (3).

, and hence % IE increased. %Il was

Table 7. EFM data for liquefaction of Cu in HNO3 attendance and absence of changed doses of rice straw

extract at 25°C.
COﬂC., icorr Ba Bc CR
CF2 CF3 %IE
ppm pA cmr mV dec mV dec mpy °
( ) A cm? V dec?! V dec?! ( )
Blank 1670.7 58.28 158.5 2.08 3.15 68.53
100 169.8 58.7 150.1 1.90 3.24 68.14 89.8
150 168.4 57.7 1418 1.94 3.04 67.58 89.9
200 136.6 53.48 117.3 2.02 3.02 54.8 91.78
250 132.2 54.59 117.7 1.91 3.09 53.06 92.10
300 129.6 55.48 125.3 1.96 3.50 52.30 922
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Figure 12. Intermodulation spectra for liquefaction of Cu in HNOj3 attendance and absence of changed doses of

rice straw extract at 25
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3.7. Surface examinations.

3.7.1. AFM analysis.

Among the tests that are considered highly accurate and used in this research to confirm
the results that we obtained before is atomic force microscopy (AFM). In contrast, this scan is
accompanied by a constant resolution of arranging nanoscale fractions 1,000 times the optical
diffraction limit [71]. Table (8) shows the readings obtained from this survey, where we know
the average roughness (Sa) and the roughness of the root-mean-square roughness expressed
by the symbol (Sg), in addition to the value of the maximum height from top to valley and

symbolized by P-V value.
Sample (3D)

Metal-free

Metal in 2M HNO3

2.53um

Metal in 2M HNO3+300 ppm (Rice straw extract) 2.24um

Y*10um

Figure 13. (A) Surface of polished Cu electrode by AFM; (B) Copper surface electrode by AFM after 3 h
dipping in 2 M nitric acid; (C) The surface of Cu electrode by AFM after 3h dipping in 2 M nitric acid solution
and 300 ppm rice straw extract.
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Figure 13 demonstrated three Cu samples. The first sample is only the metal, the second
sample is the metal after applying it in 2M HCI solution for three hours, and the last sample is
the metal after applying it for three hours in 2 M HNOs solution in the presence of the highest
dose of rice straw extract. From the results, we note that the average roughness of the surface
decreased in the existence of the highest dose of rice straw extract when dipping Cu metal in 2
M of nitric acid from 589.14 to 341.14 nm. This explains that the presence of the highest dose
of rice straw extract made the surface smoother, as a result, the creation of a layer on the Cu
surface impeded the uniform corrosion of the surface Figure 13, where the extracted rice straw
molecules adsorbed on the surface of copper, reducing the contact between Cu and nitric acid.

Table 8. Surface copper surface morphology data after dipping for 3 h in 2 M nitric acid solutions in the
presence and absence 300 ppm of rice straw extract was observed in the light of (AFM).

Samples Sq, (NmM) Sa, (NM) Maximum Peak —to- valley Height (nm)
Free 31.622 24.87 1649.2
blank 338.15 270.68 10163
extract 216.46 180.15 9680

3.7.2. XPS analysis.

Inhibitory layer on the surface of the Cu metal in 2 M HNOs proves the rice straw
exextract's adsorption nature Figure 14 shows the XPS decomposition spectra for each element
separately, which are found in the surface layer formed in a solution that controls the presence
of the composition of the straw rice extracted. By resorting to published reports on the
interpretation of spectral XPS superficial films and The Cu metal spectra recorded when
immersed in a 2M HNOs containing the highest dose of rice straw extract (300 ppm) were for
Cl 2p, Cu 2p, O 1s, and C1s. Table 9 shows the binding energies data (BE, eV) and the same
assignment for every peak component [72]. Four different peaks were observed at binding
energy values of 284.67, 286.6, 288.65, and 289.97 eV for the C1s spectra of Cu, which were
found in 2 M nitric acid and 300 ppm of rice straw extract. Furthermore, O1s spectra were
found in three different peaks at biding energy values of approximately 532.21, 531.72, and
531.02 eV.

3.7.3. FTIR analysis.

We conducted this study on rice straw extract in two cases: the first case is a solution
of 2 M nitric acid, which contains the rice straw extract at the highest dose (300 ppm) in the
metal's absence.

Table 9. The determination of binding energies (eV) for the large core lines was noticed for the surface of Cu,
which is handled by rice straw extract.

2MHCI +300ppm of rice straw extract
Core element -
BE, eV Assignments
284.66 C-H, C-C,
Cls 286.44 C-0. C+-0
287.5 '
Cu2p 933.14 Cu20
531.89
O1ls 532.82 Cuz20, Cu (OH)
530.98
N1s 399.65 Cl 2p3/2
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Figure 14. Photoelectric X-rays results from (a) Cu2p; (b) C 1s; (c) CI2p; (d) O 1s; (e) Scanning elements for
Cu at 2M nitric acid solutions with 300ppm from rice straw extract.

The second case is the solution of 2M nitric acid that contains the rice straw extract at
the highest dose after dipping the Cu metal with it for three hours. Figure 15 shows that the
situation did not change in both cases except for a slight displacement between the two forms,
indicating that the type of adsorption was physical, as confirmed by free energy calculations
according to Table 4.

3.8. Mechanism of corrosion inhibition.

This study started by using many different techniques; ML, PP, EIS, EFM, and finally,
the methods of surface analysis, all of which confirm the adsorption of rice straw extract
molecules on the Cu surface to form a layer that protects the surface of Cu in the corrosive
medium (2M of nitric acid).
https://biointerfaceresearch.com/ 08
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Figure 15. FTIR spectra of: (a) pure rise straw (Red line) and (b) rise straw adsorbed on Cu surface
(brown line).

There are three types of reactions that can occur; the electrostatic attractiveness between
particles of rice straw extract and the surface of the metal charged, the participation of -
electrons found in molecules of rice straw extract in the process of coordination, and unshared
pair of electrons of extract molecules coordinated with metal atoms [73]. The rice straw extract
molecules work as an inhibitor for the Cu metal. This depends on the presence of oxygen atoms,
methoxy groups, and the interaction of r-electron for aromatic rings with d-electrons that are
not shared on the Cu surface in case of chemical adsorption. The absorption of rice straw
molecules onto the metal surface is the first stage in preventing Cu corrosion in an acidic
medium. Through one or more steps, the adsorption process may occur on the surface of the
metal. There are two possibilities for adsorption molecules of rice straw to adsorb on the Cu
surface where the inhibitor molecules are distinguished in proton or neutral form. Corrosion of
the Cu metal in HNOs

4. Conclusions

The Rice straw extract showed good inhibiting efficacy for Cu corrosion in 2 M nitric
acid. PP indicated that rice straw extract works as a mixed-type inhibitor. By raising the dose
of rice straw extract, the effectiveness of the inhibitor increases. Moreover, the extract is
inhibited by adsorbing the rice straw extract molecules on the Cu surface. Adsorption of the
extracted molecules comply with the Langmuir and Fluor-Hogan's isotherms, and the
adsorption was physical adsorption. The rice straw extract particles' activation energy considers
https://biointerfaceresearch.com/ 99
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more values than the blank activation energy and increases the extract dose. Surface analysis
(XPS, FTIR, and AFM) confirmed that the extract layer formed on the Cu surface, as film
prevented the dissolution of metal in the HNOg3 solution. All experimental results, which were
obtained from the ML method and electrochemical techniques (PP, EIS, and EFM) were
consistent with each other.
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