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Etude des propriétés d’'inhibition de la corrosion par de nouvelles
couches organiques de phénylaldéhyde fonctionnalisées avec
différents amino-alcools électrodéposés sur cuivre
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Abstract. Phenyl aldehyde layers were formed on copper foils by electro-assisted diazonium reac-
tions and subsequently functionalized with either amino-2-propanol or 2-amino-1-butanol. The
anticorrosion properties of the two obtained organic films 2-[(phenylmethylidene)amino]butan-1-
ol and (phenylmethylidene)amino-propan-2-ol were evaluated in aerated buffer acetate solution
pH = 3.5. The electrochemical corrosion inhibition properties were investigated after different im-
mersion times using electrochemical impedance spectroscopy and potentiodynamic polarization
analysis (Tafel). Contact angle measurement confirms the hydrophobic nature of the new organic
coatings and layer stability after immersion in buffer. The results showed that both developed
layers provided good anticorrosion protection and the highest inhibition was achieved using 2-
[(phenylmethylidene)amino]butan-1-ol coating on copper, which makes it a useful device for anticor-
rosion protection. Moreover, correlations between the molecular structures of the corrosion inhibitors
and their protecting efficiencies have been established.

Résumé. Des couches de phénylaldéhyde ont été déposées sur des feuilles de cuivre par des ré-
actions électro-assistées au diazonium et ensuite fonctionnalisées avec soit de 1’amino-2-propanol
ou 2-amino-1-butanol. Les propriétés anticorrosion des deux films organiques obtenus de 2-
[(phénylméthylidene) amino] butan-1-ol et (phénylméthylidéne) amino-propan-2-ol ont été évaluées
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dans une solution aérée d'un tampon acétate pH = 3.5. Les propriétés d’inhibition de la corrosion élec-
trochimique ont été étudiées apres différents temps d’immersion en utilisant la spectroscopie d’im-
pédance électrochimique (EIS) et polarization potentiodynamique (Tafel). Des mesure de 'angle de
contact avec 1'eau confirment la nature hydrophobe des nouveaux revétements organiques et leur
stabilités apreés immersion en tampon. Les résultats ont montré que les deux couches développées of-
fraient une bonne protection anticorrosion et que l'inhibition la plus élevée était obtenue en utilisant
un revétement de 2-[(phénylméthylidéne) amino] butan-1-ol sur cuivre, ce qui en fait un dispositif
utile pour la protection anticorrosion. De plus, nous avons établi des corrélations entre les structures
moléculaires et les efficacités de protection des inhibiteurs de corrosion.

Keywords. Copper corrosion, Diazonium salts, Organic inhibitor, Phenyliminebutanol, Phenylimine-
2-propanol.

Mots-clés. Corrosion du cuivre, Sels de diazonium, Inhibiteur organique, Phényliminebutanol,
Phénylimine-2-propanol.
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1. Introduction

Corrosion of copper is an expensive industrial prob-
lem. Various strategies have been developed to ad-
dress the growing need for the inhibition of cop-
per corrosion [1]. Considerable efforts in corrosion
science have been done to find organic molecules
that have the potential to be applied as corrosion
inhibitors and increase their corrosion inhibition
efficiency [2]. Among the methods available for the
control of metallic corrosion, the use of synthetic
corrosion inhibitors is one of the most practical and
cost-effective methods. Diazonium compounds are
well known in surface chemistry and are commonly
used for the surface modification of metals and alloys
to form robust and densely packed organic layers due
to the formation of covalent carbon-metal bonds [3].
It was shown that grafting of diazonium salts onto
various substrates is a powerful technique for surface
coating and provides a significant protection against
corrosion [4,5]. With the many possibilities for
R-groups on aryl diazonium salts, a wide range of or-
ganic derivatives can be obtained from their covalent
binding onto a copper surface. Also, different meth-
ods for Cu surface modification with aryl diazonium
salts such as electrochemical [4,6,7], physical adsorp-
tion [4,8,9], and photochemical [10] are available.
The great interest of diazonium-based layers lies
in their covalently attached organic structures that
can be developed for various types of interfacial
processes [3]. This aspect can be exploited to gen-
erate the layer growth mechanism with long-term
efficiency adapted to anticorrosion technology. Gen-
erally, the films with covalent bonds act as mixed-
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type inhibitors by decreasing the anodic and ca-
thodic reactions responsible for the corrosion pro-
cess [11]. Aryl or alkyl organic films have been shown
to be effective at preventing corrosion on iron [12],
steel [13] and copper [4] surfaces.

In our previous work, we have showed that the
steric effects of the aryl substituent have an im-
portant effect on the corrosion inhibition proper-
ties of diazonium-based organic layers [14]. In this
work, we present the effects of various modifiers
using readily available and lower-cost materials
covalently attached to the same diazonium-based
coating on the long-term layer stability and anti-
corrosion properties. The first organic layer was
electrodeposited after in situ transformation of 4-
aminophenyl aldehyde into diazonium and subse-
quently two amino alcohol derivatives, 2-amino-1-
butanol or 1-amino-2-propanol, reacted with the
grafted aldehyde moieties to further functionalize
the first layer (Figure 1). The purpose of our work
is to demonstrate the magnitude of the influence
induced by only minor changes in modifier structure
on the anticorrosion properties of the layer and thus
we have employed compounds with close chemi-
cal structure. The study of the copper corrosion in-
hibition was carried out in acetate buffer solution
(pH = 3.5) since acetic acid is one of the abundant
species which has been commonly used to represent
the effect of all organic acids in corrosion studies, at
least as far as it concerns the oil and gas industry [15].
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Figure 1. Schematic representation of phenyl aldehyde (multi)layer formation on copper surface by elec-
trodeposition via diazonium (A); pathway corresponds to the surface functionalization to phenylimine-

1-butanol or phenylimine-2-propanol (B).

2. Experimental section
2.1. Material and methods

4-Aminobenzaldehyde, amino-2-propanol 93%,
2-amino-1-butanol 97%, sodium nitrite, sodium
chloride, potassium ferrocyanide, potassium ferri-
cyanide, potassium phosphate monobasic, sodium
phosphate dibasic, potassium chloride, sodium ac-
etate, and acetic acid were obtained from Sigma-
Aldrich. Hydrochloric acid (37%) was obtained
from Carl Roth, 2-propanol was purchased from
Merck Millipore. Chemically pure ethanol and pu-
rified water (18 MQ-cm™!, Millipore) were used to
prepare solutions. Acetate buffer (50 mM, pH = 3.5,
supplemented with 50 mM KCI) was used for elec-
trochemical evaluation of copper corrosion. All ex-
periments reported in this work were performed in
quiescent non-deaerated acetate buffer.
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2.2. Apparatus

All electrochemical measurements (chronoamper-
ometry, chronopotentiometry and linear polariza-
tion, open-circuit potential and electrochemical
impedance spectroscopy) were carried out using a
PGSTAT302N potentiostat/galvanostat (Metrohm-
Autolab) controlled using Nova 1.10 software and
equipped with a conventional three-electrode cell:
copper foil as working electrode, platinum foil as
auxiliary, and Ag/AgCl/3 M KCl as reference.

Copper foils 0of 30 x 5 x 0.4 mm (EN-1172-Cu-DHP-
R240 from KME Deutschland) were used in this study,
all cut from the same sheet. The exposed surface area
of 0.25 cm? of copper electrode was used as working
electrode. Prior to each experiment, the copper spec-
imens were washed ultrasonically with 2-propanol
for 20 min to get rid of the grease, rinsed with bi-
distilled water and dried under argon stream.
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The protection of the deposited organic layers
against copper corrosion was evaluated by poten-
tiodynamic polarization (Tafel) curves and electro-
chemical impedance spectroscopy (EIS). The cop-
per working electrode was immersed in a test so-
lution for 300 s at the open-circuit potential (OCP)
at the beginning of the experiment. Then, the EIS
was conducted on the copper electrode at the OCP.
The EIS measurements were conducted in acetate
buffer pH = 3.5 at OCP at 50 frequencies logarith-
mically distributed between 9.5 kHz and 0.1 Hz with
an AC amplitude potential of 5 mV. For potentiody-
namic polarization experiments, the potential was
scanned from —400 to 300 mV vs Ag/AgCl at a scan
rate of 5 mV-s~!. The results were represented as
Nyquist plots and interpolated using Randles equiva-
lent circuit. Static contact angles measurements were
performed with water using a CAM 101 goniometer
(KSV Instruments).

2.3. Electrodeposition of aryl diazonium salts on
copper surfaces

The diazonium moieties were prepared under ice im-
mediately before electrodeposition in 10 mL solution
of 5 mM 4-aminobenzaldehyde, 5 mM NaNO, and
50 mM HCL The electrochemical deposition of dia-
zonium compound was made by chronopotentiom-
etry at —0.25 mA for 600 s to generate the strong
bonds between copper and phenyl. After phenyl
aldehyde layer deposition, the second reaction takes
place using a well-known coupling method [16],
amino groups from amino-2-propanol or 2-amino-
1-butanol react with the aldehyde groups to form
imine bonds. To the copper functionalized with the
organic layer was added 10 puL of 1 mM amino-
2-propanol or 2-amino-1-butanol solution in dis-
tilled water and allowing it to react 3 h. Finally,
the modified copper surfaces were rinsed with large
amounts of water.

3. Results and discussion

3.1. Influence of the electrodeposition process on
the copper surface

Electrodeposition of aryl diazonium salts formed in
situ from aromatic amines is a versatile approach for
layer deposition onto the metal surface. The amine
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concentration, deposition time and electrochemical
parameters are the key parameters for determining
the final properties and morphology of the layer. The
modified copper electrodes developed for corrosion
protection were produced by electrodeposition of a
phenyl aldehyde layer using diazonium chemistry
followed by the binding of amino alcohols via active
sites of carbonyl groups (Figure 1).

The reactions based on radicals’ attack char-
acteristic for diazonium electrodeposition gener-
ate mono or multilayer films. However, the for-
mation of the aryl diazonium radicals often pre-
dominantly leads to multilayer structures (Fig-
ure 1A) [3]. The copper surface was grafted with
2-[(phenylmethylidene)amino]butan-1-ol (Cu-P1B)
and (phenylmethylidene)amino-propan-2-ol (Cu-
P2P) in two steps: (i) electrografting of phenyl alde-
hyde on metal surface by diazonium electrode-
position and (ii) amino-2-propanol or 2-amino-1-
butanol subsequent reaction with immobilized alde-
hyde (Figure 1B).

In order to study possible adsorption of 4-
aminobenzaldehyde, amino-2-propanol and 2-
amino-1-butanol, the copper surface was immersed
24 h in 1 mM of each compound. The adsorp-
tion properties of the coatings were determined
by recording EIS measurements in acetate buffer
(pH = 3.5) at room temperature before and after im-
mersion. No significant changes were observed after
copper foils immersion suggesting that no signifi-
cant non-specific adsorption occurs at the metal sur-
face and no stable layers of organic compounds are
formed which hinder charge transfer to the electrode
surface.

3.2. Contact angle measurements

The contact angle is the angle that occurs between
a drop of water and the solid surface under equilib-
rium. The hydrophilic properties of the modified sur-
faces were assessed by contact angle measurements.

Contact angle goniometry (0) demonstrated an
important modification of surface properties before
and after 96 h immersion of bare copper foils in a test
solution (Figure 2). The contact angle obtained for
bare copper foil indicate a weak hydrophobic surface
(81.0°) and after 96 h immersion in corrosion buffer,
an important change of the contact angle to 22.4° was
determined for bare copper foil indicating important
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modifications due to corrosion. The initial contact
angles measured for Cu-P1B and Cu-P2P coatings
are characteristic of more hydrophobic surfaces with
very close properties due to very close nature of the
amino alcohols (102.7° and 97.7°, respectively). The
immersion of the functionalized Cu-P1B and Cu-P2P
copper surfaces for 96 h in corrosion buffer induced
a very small variation of the measured contact angle
for Cu-P1B (to 99.1°) and a slightly more important
modification for Cu-P2P (to 88.4°). For comparison,
the initial contact angle of 86.9° for phenyl aldehyde
layer (PhA) decreases to 61.4° after immersion in ac-
etate buffer solution, indicating a more hydrophilic
surface and intermediate anticorrosion abilities be-
tween unprotected bare copper and Cu-P1B or Cu-
P2P copper surfaces.

3.3. Electrochemical impedance measurements

The EIS is a convenient tool to confirm and char-
acterize the properties of chemically grafted layers.
In case of immersion, experiment type ISO 16773-
4:2017 was followed to measure the impedance val-
ues of the coatings formed on metals [17]. A modified
Nyquist circuit without the Warburg element (Fig-
ure 3A) was used to best fit the EIS data [18] since
the linear part of the Nyquist plots is absent in nu-
merous cases or only a small part is present. The data
were fitted using a subset from measured signals in
the few cases where a small linear part was apparent
(Figures 3D, E) in order to investigate only the semi
arch that is characteristic for the film properties.

Prior to each electrochemical impedance mea-
surement, the OCP values were measured and set as
fixed DC potential for EIS. The Nyquist plots mea-
sured at the OCP of copper electrode coated with or-
ganic layers after 24, 48, or 96 h immersion in ac-
etate buffer solution are presented in Figure 3. To ac-
curately evaluate the anticorrosion performance of
obtained organic films applied on copper surface, it
is necessary to analyze and compare the changes of
impedance of coating films after immersion in the
electrolyte solution over a prolonged time period.

From the impedance measurements, inhibition
efficiency (IE) was calculated using the following ex-
pression [19].

Ryt —R®
IE (%):%xloo,

ct
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where R and Rgt are the charge transfer resistance
of the copper surface with organic layer and bare,
respectively.

After each immersion time, we have observed im-
portant changes in the measured impedance spec-
tra due to a decrease of the corresponding R values
and an important increase of Qq; for both the Cu-P1B
and Cu-P2P anticorrosion films. These two studied
organic coatings exhibit a different behavior for vari-
ous immersion times in corrosive media (Figure 3).

The radius of the capacitive loop at the interface
between the electrolyte and organic film is related to
the R¢;. As can be seen in Table 1, an R = 937 Q was
measured for the bare copper—electrolyte interface.
The surface coating with PhA leads to an increase
of Rt from 937 Q to 4.19 kQ for modified electrode
surface by diazonium chemistry. The further enlarge-
ment of the capacitive loops for P2P (Figure 3B) or
P1B (Figure 3C) coatings on the copper in compari-
son with the phenyl layer, indicate an important in-
crease in the hindering of charge transfer on the cov-
ered copper surface, which reveals the increase in
corrosion resistance.

The Nyquist plots for the impedance measure-
ments carried out with bare copper have significantly
changed even after 24 h of surface immersion in cor-
rosive medium (Figure 3E). It is obvious that after
96 h exposure in acetate buffer, the substrate material
was significantly altered after the corrosion test. The
Nyquist plots recorded after deposition of a phenyl
aldehyde layer suggest a good initial inhibitor behav-
ior. But after 24 h immersion intervals, the organic
layer becomes inefficient (Figure 3D). Thus, the im-
provement of the anticorrosion coatings using amino
derivatives assembled by covalent attachment was
necessary.

The Nyquist plots in Figure 3B show decreasing
protective properties of the P2P coating in time due
to slight changes of film properties that lead to de-
crease of the measured R.;. Thus, the arcs of the ca-
pacitive loops decrease in size and the corrosion re-
sistance reached a lower value after 96 h immersion
in buffer acetate. On the other hand, the evaluation
of corrosion protection of the P1B film in the cor-
rosive electrolyte, depicted in Figure 3C, indicates
that this organic layer maintains its barrier properties
with time probably due to an increase organic film
density, thus enhancing the corrosion resistance of
coating system-metal interface. Significantly smaller
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Figure 2. Contact angle (0) for different copper surfaces functionalized with organic layers before and
after 96 h exposure in acetate buffer solution: bare (a,b), P1B (c,d), P2P (e,f) and PhA (g,h).
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Figure 3. (A) Modified Randles equivalent circuit used for fitting EIS data, (B) Nyquist plots measured
after immersion in acetate buffer during 24, 48, or 96 h recorded for Cu-P2P, (C) Cu-P1B, (D) Cu-phenyl
aldehyde, and (E) Cu-bare surfaces. Lines are the interpolated data.

changes in comparison with P2P in the impedance
spectra, even for 98 h immersion in acetate buffer
solution, were obtained for the R values decrease,
which indicates that the P1B coated layer can serve
as an effective corrosion inhibitor for copper. The
impedance parameters calculated from the fitting
models are summarized in Table 1.

3.4. Potentiodynamic polarization measure-
ments

Potentiodynamic polarization curves of the copper
foils have been measured to study the kinetics of
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the anodic and cathodic reactions. Potentiodynamic
polarization curves of the bare and modified elec-
trodes are presented in Figure 4.

IE was calculated using the following expres-
sion [20].

i
IE (%) =

cort — igon
- x 100,
Leorr
where icor and ié‘;}r} are corrosion current densi-
ties in the presence and absence of the inhibitor on
the electrode surfaces. Similar IE (%) percentages
were obtained for both EIS and potentiodynamic

measurements.
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Table 1. Electrochemical impedance data as a function of immersion time

Inhibitor/immersion time R (Q) Ret kQ) Qg (uMho) N IE (%)
Cu-P1B initial 583 8.6 25.8 0.583 89
Cu-P1B (24 h) 548 7.49 12.6 0.579 87
Cu-P1B (48 h) 980 7.28 32.8 0.575 87
Cu-P1B (96 h) 682 6.45 36.7 0.569 85
Cu-P2P initial 597 5.57 13.8 0.567 83
Cu-P2P (24 h) 622 4.3 40.5 0.563 78
Cu-P2P (48 h) 698 2.6 49.1 0.59 63
Cu-P2P (96 h) 700 2.16 53.4 0.592 56

Cu-PhA 334 4.19 36.5 0.524 77
Cu-PhA (24 h) 700 2.18 53.7 0.545 57
Cu-PhA (48 h) 690 1.38 89.2 0.552 32
Cu-PhA (96 h) 684 1.32 105 0.545 29

Cu-bare (initial) 207 0.982 387 0.454 -
Cu (24 h) 219 0.937 332 0.450 -
Cu (48 h) 226 0.916 293 0.448 -
Cu (96 h) 270 0.892 555 0.398 -

The evaluation of corrosion behavior for bare and
coated copper electrodes was obtained by immersing
the electrodes in a test solution for different times.
The studied coatings have relatively close molecu-
lar structures, but the overall properties of the elec-
trochemical behaviors are significantly different. It
can be observed from Table 2 that copper electrodes
coated with P1B and P2B films have higher IE% val-
ues than the IE for PhA-coated electrodes (Figure 4C).
Compared to the modified electrodes, bare Cu has
the highest corrosion current density. Regarding the
long-term effect of acetate buffer on the bare copper
surface, bare copper underwent severe corrosion af-
ter 48 h of immersion, as a result of which the iy
value increased drastically from 32 to 104 pA/cm?
(Figure 4D). This drastic change in current density
values suggested that acetate ions severely corrode
the bare metal.

The anodic and cathodic Tafel slopes recorded for
P2P film on copper were changed after immersion in
the test solution. We have observed that the organic
coatings still block the reaction sites of the metal
surface after 24 h, but the coated copper is affected
after 48 or 96 h of immersion, both on the anodic
and cathodic reaction mechanisms (Figure 4B). For
the longest tested immersion times, the reduction of
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polarization slopes and shifting of Eq; toward more
cathodic domains occurs. On the other hand, the
P1B film gives protection by blocking effect offering
high resistance to corrosion media even after 96 h of
immersion (Figure 4A).

Both P2P and P1B decrease the i values in com-
parison with the bare copper surface, as shown in
Table 2, leading to increased IEs. Close examination
shows that increased immersion times slightly in-
crease the .o values for Cu-P2P, while there are no
significant changes for Cu-P1B. The corrosion inhibi-
tion mechanism can be classified as an anodic or ca-
thodic type only if the displacement in corrosion po-
tential is more than 85 mV with respect to corrosion
potential of the blank [21]. The maximum observed
variation of corrosion potential was 62 mV for P2P
after 92 h immersion, which indicated that both the
studied organic inhibitors belong to the mixed-type
inhibitors.

As indicated in Table 2, the changes in (. val-
ues were higher than that of §,, which indicated
that the inhibitors act as mixed type with predom-
inant cathodic effectiveness. Our results indicated
that copper foils modified with P1B films presented
improved anticorrosion properties because this coat-
ing gives protection by barrier effect on the anodic
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Figure 4. (A) Tafel polarization curves of CU-P1B, (B) Cu-P2P and (C) Cu-phenyl aldehyde modified
electrodes before and after 24, 48, and 96 h exposure in a 0.05 M acetate buffer solution. (D) The curves
for bare copper electrode are presented for comparison.

and cathodic reaction of the metal substrate inter-
face. Our interpretation of such a behavior is that
the inhibitor grafted onto the metal surface offers
moderate electrolyte permeability in a buffered so-
lution with acetate ions and acetic acid molecules.
Increasing immersion time does not significantly
change the current values for both CU-P1B and (B)
Cu-P2P and therefore the IE measured do not vary
significantly. This layer by layer depositions on the
copper surface results in stable organic films with
good IE.

4. Conclusions

Molecular phenyl aldehyde (multi)layers were elec-
trochemically formed based on diazonium chem-
istry on Cu and were covalently modified with either
amino-2-propanol or 2-amino-1-butanol. Contact
angle measurement revealed the hydrophobic na-
ture of surfaces modified by the inhibitor molecules

C. R. Chimie, 2021, 24, n° 1, 21-31

applied in the corrosive solution. The P1B film-metal
interface system was determined to be more hy-
drophobic than the P2P coating on the copper sur-
face by water contact measurements. The corrosion
inhibition behavior of P1B and P2P films was inves-
tigated in acetate buffer after different immersion
times. The layer functionalization had an important
effect on the anticorrosion properties in comparison
with the phenyl aldehyde (multi)layers. Interestingly,
there is a marked difference between the effects of
the two studied modifiers despite their relatively
similar structure. Position of the hydroxyl group
attached on the alkyl molecular fragment influ-
ences the formation and efficiency of the protection
coatings on the copper surface. The protection effi-
ciency calculated from EIS measurements after 24,
48, or 96 h of immersion in corrosion electrolyte
was much higher for P1B in comparison with P2P.
Based on the Tafel polarization results, the inves-
tigated organic coatings can be classified as mixed
type inhibitors.
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Table 2. The electrochemical kinetic parameters from potentiodynamic polarization of copper in 0.05 M
acetate buffer solution: corrosion current density (icorr), corrosion potential (E¢qrr), anodic Tafel slope
(Ba), cathodic Tafel slope (B.), polarization resistance (Rp), corrosion rate (Cg), and polarization resis-

tance (Pg) obtained from Tafel plots

Inhibitor/ Ecorr icorr Be Ba Cgr Pr IE
immersion time (mV) (UA/ cm?) (mV/dec) (mV/dec) (mm/year) (kQ) (%)
Cu-P1B initial -10 3.30 —-169 48 0.07 26.0 89.7
Cu-P1B (24 h) -7 3.87 —124 57 0.09 23.0 87.9
Cu-P1B (48 h) -6.2 4.65 —154 93 0.11 17.4 85.4
Cu-P1B (96 h) -10 5.40 —414 39 0.12 10.8 83.1
Cu-P2P initial —44 4.70 —646 206 0.108 21 85.3
Cu-P2P (24 h) —48 7.03 —-599 82 0.161 17.9 78
Cu-P2P (48 h) -51 12.11 -316 116 0.280 12.1 63.9
Cu-P2P (96 h) —-62 14.56 —-201 141 0.334 9.99 56.6
Cu-PhA (initial) -13 7.4 -336 81 0.17 15.3 76.9
Cu-PhA (24 h) -18 14 —248 94 0.32 8.98 56.3
Cu-PhA (48 h) 22 21.3 —-592 75 0.49 5.41 33.6
Cu-PhA (96 h) —28 22.5 —988 66 0.5 4.8 29.9
Cu-bare (initial) -10 32.10 —-591 72 0.74 3.40 -
Cu-bare (24 h) 25 38.96 —454 89 0.87 3.36 -
Cu-bare (48 h) 26 104.62 297 64 2.40 0.885 -
Cu-bare (96 h) 37 5090 —554 89 117 0.264 -
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