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bstituted catechols with side-
chains of different C]C bond number as urushiol
analogues and their anticorrosion performance†

Zeng-Feng Wei, *a Li-Jie Ni,a Heng Quana and Jiang Duan*b

4-Substituted catechols with different C]C bonds as urushiol analogues were synthesized through the

a three-step route including reductive amination reaction of 3,4-dihydroxybenzaldehyde with N-Boc-

piperazine, Boc deprotection, and amidation with various fatty acids. Electrochemical polymerization of

these analogues on a copper surface afforded robust coatings with desirable adhesive force,

hydrophobicity and thermal stability. Cyclic voltammetry and infrared spectroscopic characterizations

revealed that the coating formation of urushiol analogues resulted from the electrooxidation-induced

radical coupling of phenoxyl radicals with a phenyl ring and the side chain C]C bond. The coating of

the urushiol analogue bearing only one side chain C]C bond exhibited the best performance in copper

corrosion inhibition, with an inhibition efficiency of 99.99% and long-term effect (99.9% after 4 weeks of

immersion in 3.5 wt% NaCl). The desired performance of these urushiol analogues suggests that they

could be of practical applications as an alternative to the resource-limited natural urushiol.
Introduction

Among various metals, copper was the earliest and is the most
widely used nonferrous metal; it is utilised in electrical engi-
neering and other sectors because of its excellent thermal
stability, electrical conductivity and mechanical properties and
its relative inertness.1–3 Although copper is relatively resistant to
corrosion, it can be easily corroded in aggressive environments,
such as sea water or acid solutions.4,5 Owing to their low density,
easy preparation, and excellent corrosion resistance and
mechanical properties, organic coatings can effectively protect
copper from corrosion.6 However, organic coatings are eventu-
ally and gradually destroyed, leading to the formation of cracks
and defects, resulting in coating failure.7

Raw lacquer is a natural resin that has been used in China
for thousands of years because of its desirable coating proper-
ties, such as corrosion resistance, glossiness, solvent resistance,
and thermal stability.8 Urushiol, the main component and the
major lm-forming constituent of raw lacquer that accounts for
80–86 wt%,9 is a mixture of 3-alkenylcatechols bearing C15
chains with 0–3 C]C bond(s).10 However, its application is
limited by scarce resources, low production and high costs.11
ass Fiber and Eco-Dyeing & Finishing,

ring, Wuhan Textile University, Wuhan

logy of the Ministry of Education, College

sity, Wuhan 430079, P. R. China

tion (ESI) available. See DOI:

the Royal Society of Chemistry
Therefore, new strategies for synthesising urushiol analogues
must be developed. Zhou et al.12 obtained urushiol analogues by
a one-step Friedel–Cras alkylation reaction of methyl eleos-
tearate (the main component of tung oil) with catechol via
ultraviolet photocatalysis. Watanabe et al.13 used eugenol (4-
allyl-2-methoxyphenol) as a starting material and reacted it by
organosilane protection, thiol–ene click reaction and depro-
tection to obtain several urushiol analogues with different alkyl
chains. Although various synthetic methods for preparing
urushiol analogues have been developed, a more economical
method should be devised to achieve urushiol-like
performance.

Drawing inspiration from the adhesive nature of catechols
and amines in mussel adhesive proteins, researchers use poly-
dopamine (PDA) as one of the most versatile approaches for
functionalising almost all substrate surfaces.14 PDA coatings
can be formed in alkaline solutions without the need for any
external conditions, such as light or heat, and can exhibit
excellent adhesion capacities in aqueous environments.15

Dopamine is a 4-substituted catechol derivative, and urushiol is
actually a mixture of 3-alkenylcatechols. Therefore, we
combined dopamine to construct urushiol analogues with 4-
substituted catechol structure to improve coating adhesion.
This benecial property is more conducive to the long-term
corrosion resistance of coatings under marine environments.

A previous study synthesised 3-substituted catechol at
a medium yield via a two-step procedure, namely, Mannich
reaction of catechol with formaldehyde and N-Boc-piperazine
and deprotection, and amidation with various fatty acids.16 In
the present work, we directly introduced 4-substituted catechol
RSC Adv., 2021, 11, 16955–16961 | 16955
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Scheme 1 Structure of natural urushiol (A) and synthetic routes of 4-
substituted urushiol analogues (B). Reaction conditions: (a) N-Boc-
piperazine, CH3OH, 40 �C, 4 h; NaBH3CN, 24 h. (b) HCl, ethyl acetate,
r.t, 4 h. (c) R–COOH, NHS, EDC$HCl, CH3OH, r.t, 12 h.
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View Article Online
groups and further functionalised amine groups through the
reductive amination reaction of 3,4-dihydroxybenzaldehyde and
N-Boc-piperazine. Subsequently, we synthesised four 4-
substituted catechols with different side chain saturations as
urushiol analogues through deprotection and amidation reac-
tions with different unsaturated fatty acids (Scheme 1). We
examined the structures, morphologies and anticorrosion
performance of cured coating and evaluated the structural
effects of these properties. Results demonstrated that these
urushiol analogues and their urushiol-like mixtures have the
ability to form strong and thermally stable coatings with
excellent corrosion inhibition performance. The raw materials
Fig. 1 Stacked 1H NMR spectra of CPA0–3 for structural comparative
analysis.

16956 | RSC Adv., 2021, 11, 16955–16961
are cheap and the synthesis of urushiol analogues can be
produced on a large scale to reduce the cost. This is of great
signicance to the development of urushiol.

Results and discussion
Synthesis and characterization of urushiol analogues

The structures of CPA0–3 were characterised well by the 1H
NMR spectra (Fig. 1). Identical aromatic resonances appeared
as a set of three signals of neighbouring three Ar–Hs with
a 1 : 2 : 2 splitting pattern in d 6.5–7.0 ppm, representing the 4-
substituted catechol units of CPA0–3.17 The differences in the
CPA0–3 spectra according to the signals of the C]C bonds in
the side chains, such as CPA0 has no but CPA1–3 have the
vinylic hydrogen signal at d 5.35 ppm, which increased in
intensity with the increase in C]C bond numbers (marked in
red in Fig. 1a). Another difference was that CPA2 and 3 showed
the resonance of 1 and 2 methylene groups (marked in blue in
Fig. 1b) anked by two C]C bonds at d 2.77 ppm. By contrast,
CPA0 and CPA1 had no resonance. Moreover, both CPA1 and 3
displayed the C]C bond-neighbouring methylene absorption
at 2.04 ppm (marked in purple Fig. 1c). The other similar
characteristic resonances between CPA0 and 3 were the peaks of
the linking methylene (N–CH2) at 3.61 ppm, piperazine ring
methylenes at 3.44 and 2.45 ppm, acyl methylene at 2.32 ppm
and its next group at 1.62 ppm and other methylenes in the
chain at �1.27 ppm. The terminal –CH3 of CPA0–2 appeared at
d 0.89 ppm, whereas it was absorbed at d 0.98 ppm for CPA3.

The FTIR spectra of CPA0–3 showed no notable differences
in terms of functional groups, except for the signals of the C]C
bond in the side chains. As shown in Fig. 2, the catecholic
hydroxyls of CPA0–3 were absorbed at 3250 cm�1 as a broad
peak. The vinylic C–H bond stretched at 3013 cm�1, with its
intensity increasing with the increase in C]C bond numbers in
the side chain. A strong saturated C–H absorption was observed
at about 2800–2980 cm�1. The amide group appeared inten-
sively at 1607 cm�1, phenyl ring band at about 1438 cm�1 and
the phenylic O–H bending at �1270 cm�1.18 The intensity of
vinylic C–H bond could be an important indicator of their
electropolymerisation reaction.
Fig. 2 FTIR spectra of CPA0–3.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The first scan of cyclic voltammetry plots of urushiol, CPA0–3
and CPAm in range of 0–3.0 V vs. SCE at scan rate 30 mV s�1 (a), and
cyclic voltammetry plots of CPA3 with successive 15 potential scan
cycles (b).

Fig. 4 ATR-FTIR spectra of CPA2monomer and its coating (a), and the
plausible electropolymerization mechanism of urushiol analogues (b).
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Electropolymerization and its mechanism

CPA0–3 and CPAm were polymerised on the copper surface via
cyclic voltammetry. As shown in Fig. 3a, an irreversible and
broad oxidation peak between 0.7–1.5 V was found for urushiol,
CPA0–3 and CPAm during the rst scan cycle, which was
attributed to catechol oxidation.19 As scan number increased,
the oxidation currents rapidly dropped and then remained
constant (Fig. 3b), suggesting that the insulating coating
formed on the copper surface.

The polymerisation of CPA0–3 and urushiol was also investi-
gated by comparing the ATR-FTIR spectra before and aer poly-
merisation (Fig. 4a and S1†). The spectra of the CPA2 monomer
exhibited the characteristic broad phenolic O–H stretching
absorption at about 3250 cm�1, Ar–H and alkenyl ]C–H stretch-
ing at 3013 cm�1 and phenylic O–H bending at�1270 cm�1. Aer
polymerisation, these characteristic absorption peaks showed
several differences. A remarkable decrease in ]C–H stretching
was observed at 3011 cm�1, which could be attributed to the
participation of C]C bonds in the polymerisation. Moreover, the
phenyl ring band was enhanced at about 1458–1560 cm�1 due to
the coupling of phenyl rings. Furthermore, the appearance of new
adsorptions at about 1214 and 918 cm�1 was ascribed to the
formation of aromatic ether bonds and trans C]C bonds,
respectively, during polymerisation.20

The results of cyclic voltammetry and ATR-FTIR combined
with the possible mechanisms of urushiol according to
© 2021 The Author(s). Published by the Royal Society of Chemistry
different methods16,21,22 suggested that the electro-
polymerisation of the analogues was an electrochemically
initiated radical polymerisation process on the copper surface
(Fig. 4b). First, the catechol unit in the analogues was anodically
oxidised to quinone form within 0.7–1.5 V. Second, the quinone
immediately reacted with another catechol unit to form semi-
quinone radical species via a single-electron exchange
process.23 Finally, several radical couplings occurred between
the phenoxyl radical with phenyl ring and the C]C bonds in the
side chains, leading to the formation of a complex crosslinking
network.

Coating properties

The coating thickness, hardness, adhesion strength, water
contact angle and thermal stability of the electropolymerised
coatings were also investigated (Table 1). The coating thick-
nesses of CPA0–3, as well as of CPAm, were between 11.2 and
14.6 mm. However, the coating of urushiol was only 7.5 mm
thick, indicating that the urushiol analogues underwent cross-
linking reaction at a similar rate during the electro-
polymerisation process and were faster than urushiol. By
comparison, their coating hardness varied from 1H to 6H, and
all coatings were hydrophobic with water contact angles ranging
from 95.5� to 107.2�. The highest hardness of the urushiol
coating was 6H, whereas those of the coatings of urushiol
analogues displayed a moderate hardness of 1–2H, suggesting
that the number of C]C bonds in the side chains did not affect
coating hardness. The adhesion strength of the coatings was
RSC Adv., 2021, 11, 16955–16961 | 16957
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Table 1 Physical properties and thermal stability of the electropolymerization coatings

Coating Thickness (mm) Pencil hardness Adhesion strength Contact angle (�) T10% (�C) T50% (�C) Tmax (�C) Wchar (%)

CPA0 11.2 � 1.9 2H 5B 106.2 � 1.0 268.7 428.8 421.6 27.50
CPA1 14.6 � 1.1 1H 4B 95.5 � 1.1 244.6 437.8 425.6 29.84
CPA2 12.7 � 1.8 1H 2B 98.3 � 1.6 238.9 444.7 411.9 40.68
CPA3 14.5 � 3.4 1H 3B 107.2 � 2.7 250.6 479.4 420.7 46.09
CPAm 12.8 � 2.7 2H 3B 104.5 � 4.8 262.6 540.5 446.9 46.48
Urushiol 7.5 � 1.3 6H 5B 98.5 � 1.1 321.8 446.5 437.2 34.62
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also measured. The adhesion strength of CPA0, CPA1, CPA2,
CPA3 and urushiol coating was 5B, 4B, 2B, 3B, 3B and 5B,
respectively. However, the adhesion force of urushiol analogue
coatings was worse than that of natural urushiol (which
exhibited an excellent adhesion strength of 5B), suggesting that
the substitution position had a considerable impact on coating
adhesion performance. Moreover, the 3-substituted catechol
structure was more conducive than 4-substituted in terms of
adhesion onto the copper substrates probably because the
adhesion of dopamine not only came from the 4-substituted
catechol structure but also from the amino group. By contrast,
urushiol coating had excellent durability, and its main
composition is 3-alkenylcatechols,24 illustrating that if the side
chain was long, then the 3-substituted catechol structure was
benecial to adhesion capacity.

Thermal stability, which was measured via TGA, is another
important factor of coatings (Fig. 5). Thermal stability includes
weight loss temperatures (T10% and T50%), maximum weight
loss rate (Tmax) and char yield at 600 �C (Wchar) (Table 1). All
coatings exhibited a three-step thermal degradation process.
The rst step degradation occurred at about 100–150 �C and
corresponded to the evaporation of water. The second step,
which occurred within the range of 220–330 �C, was the thermal
degradation of unreacted C]C bonds or oligomers. The third
(and the fastest) degradation step occurred at about 330–480 �C,
which was attributed to the decomposition of the polymers. All
individual coatings of the analogues and their mixtures had
similar T10% values ranging from 238.9 �C to 268.4 �C, which
were obviously inferior to that of urushiol (321.8 �C). CPA0–3
Fig. 5 TG analysis of the coatings of urushiol and urushiol analogues.

16958 | RSC Adv., 2021, 11, 16955–16961
had T50% values ranging from 428.8 �C to 479.4 �C, similar to
that of urushiol. All the Tmax values for the analogues were
about 420 �C, which was slightly lower than that of urushiol
(437.2 �C). This was not the case for CPAm coating, which had
the highest T50% (540.5 �C), Tmax (446.9 �C) and Wchar values
(46.48%). The Wchar values increased as the number of C]C
bonds increased, which was ascribed to the formation of
a higher degree of cross-linking network with a higher content
of C]C bonds in the side chains. The results of TG analysis
demonstrated that these analogues and their mixtures have
a high thermal stability.

SEM images of the surfaces of the electropolymerised coat-
ings are shown in Fig. 6. The CPA0 surface had a rough and
uneven surface. As the number of C]C bonds increased, the
surfaces of the CAP1–3 coatings became smoother and at,
demonstrating a higher degree of cross-linking network.
Moreover, some particles appeared on the coatings' surfaces
possibly because of the polymerisation of urushiol analogues in
the solution and the formation of nanoscale particles that
attached onto the coatings' surfaces. Furthermore, compared to
the surface of CPA2 and CPA3, the surface of the CPA1 coating
had an obviously aggregated morphology, which was more close
to that of natural urushiol coatings, indicating that CPA1 may
have lm-forming properties similar to those of natural
urushiol.
Anticorrosion performance

The electrochemical experiments of urushiol analogue coatings
were investigated to determine their corrosion protection
performance relative to that of urushiol. Corrosion inhibition
behaviour was examined via potentiodynamic polarisation
(Fig. 7). Values of corrosion current density (icorr) and potential
Fig. 6 SEM photographs of different electro-polymerization coatings.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Polarization curves for copper, urushiol and urushiol analogues
coating in 3.5 wt% NaCl solution at 25 �C.

Fig. 8 Nyquist polts for copper, urushiol and urushiol analogues
coating in 3.5 wt% NaCl solution at 25 �C (a) and equivalent circuit
model used for fitting EIS dates of bare Cu (b) and coated Cu (c).
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(Ecorr), along with the estimated corrosion rate (CR) and IE, are
summarised in Table 2.

Regardless of the type of coating, icorr substantially
decreased by 3 to 4 orders of magnitude. Moreover, Ecorr shied
to a high positive potential compared with the copper substrate.
The CPA0 coating showed a slightly larger icorr (3.30 � 10�8)
than the other coatings, which exhibited similar icorr values in
the order of 10�9. Furthermore, these coatings were estimated
to have corrosion rates ranging from 10�4 to 10�5 mm per year,
considerably lower than that of bare copper.16 Calculation of the
icorr and CR values of CPA0–3, CPAm and urushiol coatings
achieved excellent IE values ranging from 99.85% to 99.99%.
The CPA1 and CPA2 coatings exhibited an anticorrosion
performance similar to that of natural urushiol.

The Nyquist plots of EIS measurements for copper, urushiol
and urushiol analogue coatings in 3.5 wt% NaCl solution at
25 �C are presented in Fig. 8a. Values of solvent resistance (Rs),
charge transfer resistance (Rct) and coating resistance (Rc) were
obtained by tting the impedance data to the equivalent circuit
models (Fig. 8b). The Nyquist diagram of the urushiol analogue
coatings did not have one but two capacitive arcs,25 indicating
that two RC parallel circuits were present on the copper surface.
Meanwhile, the total resistance of the coatings (Rp) was calcu-
lated as follows:26

1/Rp ¼ 1/(Rc + Rct) (1)
Table 2 Corrosion data of copper with and without coating

Sample icorr (A cm�2) Ecorr (V vs. SCE)

Copper 2.23 � 10�5 �0.283
Urushiol 2.50 � 10�9 �0.208
CPA0 3.30 � 10�8 �0.204
CPA1 2.73 � 10�9 �0.216
CPA2 3.12 � 10�9 �0.176
CPA3 7.24 � 10�9 �0.203
CPAm 9.34 � 10�9 �0.235

© 2021 The Author(s). Published by the Royal Society of Chemistry
The Rp values are summarised in Table 2. The Rp of copper,
urushiol, CPA0–3 and CPAm was 1.66 � 103, 2.30 � 106, 1.06 �
106, 2.27 � 106, 2.18 � 106, 1.53 � 106 and 1.53 � 106 U cm2,
respectively. Compared with that of bare copper, the Rp of all
coatings remarkably decreased, indicating excellent corrosion
resistance. The CPA1 and CPA2 coatings exhibited superior
performance, consistent with the results of potentiodynamic
polarisation characterisation, thereby conrming the reliability
of anticorrosion performance.

The long-term corrosion inhibition of the CPA0–3 and CPAm
coatings on copper was also tested via potentiodynamic polar-
isation and compared with that of urushiol coating (Fig. 9).
During the rst 2 weeks, the IE of the coatings begun to
decrease but remained higher than 99%, except for CPA2 (98%).
When the coatings were immersed for 4 weeks, their IE values
were still higher than 93%, especially for CPA1, which main-
tained IE values of >99%, which was even higher than that of the
natural urushiol coating. This desirable anticorrosion perfor-
mance and durability were attributed to the uniform structure
and the multiple-crosslinking networks of the urushiol
analogues that prevented the contact of copper with the corro-
sive species.27 Notably, the long-term corrosion inhibition
CR (mm per year) IE (%) Rp (U cm2)

2.59 � 10�1 — 1.66 � 103

2.90 � 10�5 99.99 2.30 � 106

3.83 � 10�4 99.85 1.06 � 106

3.17 � 10�5 99.99 2.27 � 106

2.47 � 10�5 99.99 2.18 � 106

8.39 � 10�5 99.97 1.53 � 106

1.08 � 10�4 99.96 1.53 � 106

RSC Adv., 2021, 11, 16955–16961 | 16959
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Fig. 9 Bar graph of the long-term corrosion resistance of urushiol and
its analogue coatings.
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effects of these coatings were comparable to those of a recently
reported urushiol or lacquer coating26,28 but inferior to those of
urushiol analogue coatings with a 3-substituted structure.16

Therefore, the substitution position on the catechol not only
affected the adhesion capability but also the anticorrosion
performance of the urushiol analogues.

Conclusions

In this work, 4-substituted catechols with side-chains of
different C]C bond numbers as urushiol analogues were
designed and synthesised, and their anticorrosion performance
on copper was investigated. This synthetic method conveniently
obtained the urushiol analogues as alternatives of resource-
limited natural urushiol with a high yield. The analogue coat-
ings exhibited excellent and long-term corrosion inhibition
performance on copper, which was attributed to the formation
of a complex cross-linking network by electropolymerisation.
The urushiol analogue with one C]C bond in the side chain
displayed the best anticorrosion performance, even better than
that of natural urushiol. This study determined the effects of the
content of double bonds on the performance of urushiol
analogues. It provides guidelines for the design of urushiol
analogues.

Experimental
Materials

Raw lacquer was provided by the Institute of Lacquer (Xi'an,
China). Urushiol (98%) was extracted from the raw lacquer by
using ethanol following a previously describedmethod.29 N-Boc-
piperazine, oleic acid (98%), a-linolenic acid (85%) and linoleic
acid (98%) were purchased from Aladdin Reagent Co., Ltd.
(China). 3,4-Dihydroxybenzaldehyde, 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride, NaBH3CN,
N-hydroxysuccinimide and stearic acid were acquired from
Sinopharm Chemical Reagents Co., Ltd. (China). Other reagents
and solvents were of analytical grade and used without further
purication.
16960 | RSC Adv., 2021, 11, 16955–16961
Synthesis and characterization of urushiol analogues

As shown in Scheme 1B, 4-substituted catechols were syn-
thesised via a two-step procedure. These urushiol analogues
bearing 0–3 C]C bonds in the side chains were correspond-
ingly named as CPA0 (81% yield), CPA1 (78% yield), CPA2 (78%
yield), and CPA3 (75% yield). The mixture consisting of CPA0
(4.5 wt%), CPA1 (15.0 wt%), CPA2 (10.8 wt%) and CPA3
(62.8 wt%) was denoted as CPAm according to the typical
content of natural urushiol. The structures of these urushiol
analogues were characterised via 1H NMR, 13C NMR, FTIR, and
HRMS. NMR spectra were recorded on a Varian NMR spec-
trometer (Mercury plus-400) by using CDCl3 as the solvent.
Chemical shis were reported in terms of parts per million
(ppm) relative to tetramethylsilane. High-resolution ESI mass
spectra were obtained on an Agilent 6530 accurate-mass Q-TOF
spectrometer. FTIR spectra were measured by Burker Tensor 27
infrared spectrometer. The details are described in ESI.†
Coating preparation

Copper foils (>99.7%) were polished with emery papers of
different grades, cut into square pieces with a dimension of
15.0 mm � 10.0 mm � 1.0 mm, ultrasonicated with ethanol for
5 min, and then blown-dried. The urushiol analogue coatings
were formed on the copper foils via cyclic voltammetry with
potential sweeping from 0–3 V vs. saturated calomel electrode
(SCE) at a rate of 30 mV s�1 for 15 cycles through Autolab
PGSTAT30 (Echo Chemie B.V., the Netherlands), with an SCE as
the reference electrode and a platinum plate as the counter
electrode. The electrolyte was 30 mg mL�1 urushiol or urushiol
analogue in 1 mM Tris–HCl (pH 8.5) ethanol/water solution
(10 : 1 in volume).
Characterization of coating

Attenuated total reection (ATR)-FTIR was measured using
a Nicolet iS10 spectrometer (Thermo Scientic, USA). Coating
thickness was measured by a coating thickness gauge (EC-770,
Yuwese, China). The adhesion force of the coatings was inves-
tigated according to ASTM D3359 method, and pencil hardness
was determined by the standard test method ASTM D3363.
Static contact angle (3 mL water) was measured using a contact
angle system (OCA 20, Dataphysics, Germany) and repeated to
ve times on different spots. The coating thermal stability was
investigated via thermogravimetric analysis (TGA 4000, Perkin
Elmer, USA) at a heating rate of 10 �C min�1 under N2 atmo-
sphere. The surface morphologies of the substrates were
acquired using a Zeiss Ultra Plus eld-emission scanning elec-
tron microscope (SEM) (Carl Zeiss AG, Germany) with an
accelerating voltage of 15 kV.
Electrochemical corrosion measurement

Electrochemical measurements were performed in 3.5 wt%
NaCl solution by potentiodynamic polarisation and electro-
chemical impedance spectroscopy (EIS).30 Potentiodynamic
polarisation tests were conducted from �300 mV vs. steady
open circuit potential at a rate of 1 mV s�1 and 25 �C. The EIS
© 2021 The Author(s). Published by the Royal Society of Chemistry
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was measured within the 10�2 to 105 Hz frequency range with
applied 10 mV sinusoidal perturbations. Each measurement
was measured three times to ensure reproducibility. Inhibition
efficiency (IE) was calculated as follows:

IE (%) ¼ (icorr(0) � icorr(c))/icorr(0) � 100 (2)

where icorr(0) and icorr(c) are the corrosion current densities in the
absence and the presence of coatings, respectively. Corrosion
rate (CR) was calculated as follows:

CR ¼ K(icorr/r)Ew (3)

where K is a conversion constant (3.27 � 10�3 mm g per mA cm
year),31 r (¼ 8.96 g cm�3) is the density of copper, and Ew (¼
31.77) is the equivalent weight of copper.
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