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Abstract

Cedar tar was obtained from a local producer located in Timhdite, Morocco, and it was
subsequently cleaned using distilled water. The chemical composition analysis of both the
uncleaned (UNC-CDT) and cleaned (C-CDT) cedar tar was performed using gas
chromatography (GC-MS). To investigate its inhibitory effect on E24 steel corrosionina 1l M
HCI solution, electrochemical impedance spectroscopy and Tafel polarization curves were
employed. The study also examined the influence of concentration and temperature on the
inhibition's effectiveness, and the surface morphology was analyzed through SEM-EDX. The
chemical composition analysis revealed that both UNC-CDT and C-CDT were characterized by
three main compounds with the highest percentages: epi-B-Caryophyllene at 15.78% and
13.27%, followed by a-himachalene at 7.89% and 8.13%, and finally, (E)-Atlantone present at
6.06% and 5.21%, respectively. The electrochemical measurements showed that the inhibitory
effect of Cedar Tar increased with concentration, reaching 93.09% and 95.51% at 1.5 g/L for
UNC-CDT and C-CDT, respectively, at 293 K. The study observed that the organic components
of cedar tar bind to metal surfaces through chemical and physical adsorption. The inhibitor
exhibited good adsorption on the surface of E24 steel, following the Langmuir adsorption
isotherm. As the inhibitor concentration increased, a thicker layer of inhibitor effectively
covered the surface. In a 1 M hydrochloric acid solution, cedar tar proved to be an efficient
corrosion inhibitor for E24 steel. Further studies are required to deepen our understanding and
assess the full potential of wood tar as a corrosion inhibitor.
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1. Introduction

Corrosion phenomena in steel have been a significant issue in numerous industrial
applications worldwide, drawing the attention of researchers seeking effective solutions
[1, 2]. During application, steel exhibits weak resistance to corrosion due to its inability to
passivate in corrosive environments [3]. Consequently, extensive damage occurs, leading to
high maintenance, repair, and corrosion costs [4]. Addressing corrosion control is crucial
from an application standpoint, and the utilization of inhibitors plays a pivotal role in
mitigating corrosion attacks and reducing environmental aggressiveness [5]. An emerging
trend in finding effective corrosion inhibitors for metals in acidic mediums involves the use
of environmentally safe and readily available natural products, such as plant extracts [6].
Essential oils, among these natural products, have gained popularity as eco-friendly
corrosion inhibitors, proving their effectiveness in various studies [5—8]. The corrosion-
inhibiting properties of essential oils are attributed to their phytochemical constituents [6],
which adsorb onto the surface of the metal, effectively blocking active sites and consequently
reducing the corrosion rate [6]. Apart from essential oils, wood tar is another type of plant
extract produced through the pyrolysis of different vegetable matter from various species
[9-11] Although wood tar has been the subject of research in various domains, only two
research papers have investigated its use as a green inhibitor. These studies evaluated the
essential oil of cedar tar [8] and Olea europaea Subsp. Cuspidata wood tar [12] as potential
corrosion inhibitors.

In this research paper, our main objective was to test and compare the corrosion protection
ability of two types of cedar tar: uncleaned cedar tar (UNC-CDT) and cleaned cedar tar (C-
CDT), as green inhibitors for E24 steel in a 1 M HCI solution. To assess the performance of
both samples, we conducted electrochemical tests using potentiodynamic polarization (PP) and
electrochemical impedance spectroscopy (EIS). Additionally, we examined the surfaces of the
steel samples using scanning electron microscopy with energy-dispersive X-ray analysis (SEM-
EDX).

2. Experimental

2.1. Inhibitor

The cedar tar, used as a green inhibitor in this study, was obtained from a local producer in
Morocco, situated in Timhdite, Azrou region, in February 2022. A portion of the cedar tar
sample (UNC-CDT) was subjected to multiple rounds of purification using distilled water
until the water became clear [13, 14]. The purified cedar tar, referred to as C-CDT tar, was
then stored in a bottle at 4°C [14] (Figure 1).
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Figure 1. Geographical location of Timhdite and cedar tar samples preparation.

2.2. Material and solution

The carbon steel (E24) samples that was utilized in this study exhibited the following
chemical composition (in wt%): Mn =0.52%, Si=0.20%, C=0.16%, S =0.009%,
P =0.007% and the remaining balance was Fe. Circular coupons of carbon steel were
prepared, each having a diameter of 1 cm. Before conducting any measurements, the surface
of the coupons that was exposed underwent mechanical abrasion using abrasive paper with
specific grades 1000, 1500 and 2000. Subsequently, the specimens were rinsed with distilled
water, degreased using ethanol, and subsequently dried using airflow. As for the corrosive
solution, a 1 M HCI solution was prepared by diluting 37% HCI with distilled water. Prior
to the electrochemical tests, pre-trials were conducted to determine the appropriate
concentration ranges of cedar tar. Ultimately, the selected concentration ranges for the
electrochemical tests were 0.5 g/L to 1.5 g/L.

2.3. Chromatographic GC-MS analysis

The analysis of both UNC-CDT and C-CDT was conducted using gas chromatography (GC)
coupled to mass spectrometry (MS) at the Moroccan Foundation for Advanced Science,
Innovation, and Research (MASCcIR) Institute, following the conditions described in
Skanderi’s research paper. Cedar tar samples were diluted in chloroform and analyzed under
the following conditions “an HP-5MS capillary column (5% phenyl 95%
dimethylpolysiloxane, 30 m=0.25 mm i.d., 0.25 um film thickness); Helium (purity: N 6.0)
as the carrier gas; a flow rate of 0.5 mL/min; injection mode set to splitless; a solvent delay
of 3 min; an injection volume of 0.2 uL; an injection temperature of 300°C; and an oven
temperature programmed from 50°C to 250°C at a heating rate of 5°C/minute with a
15-minute hold at 250°C. The ionization mode used was electronic impact at 70 eV.” The
compounds’ identification was carried out using the NIST 2017 MS Library [15].



Int. J. Corros. Scale Inhib., 2023, 12, no. 4, 2142—2170 2145

2.4. Electrochemical measurements

The potentiodynamic polarization measurements were carried out in a standard three-
electrode electrolytic cell. The selected reference electrode was a saturated calomel electrode
(SCE), while the auxiliary electrode was made of platinum. As for the working electrode
(E24 steel), a small circular piece with a 1 cm diameter was utilized. To control the
measurements, we utilized the Voltalab (PGZ 100) connected to a personal computer
running VVolta Master 4 software for our experiments [16]. The sweep rate used was 10 mV/s,
starting from an initial potential of —-800 mV and ending at —100 mV relative to SCE. Before
recording each curve, we allowed a stabilization period of 60 min to ensure a stable value
for the free corrosion potential Ec,r. The corrosion current densities were subsequently
derived from the polarization curves by linearly extrapolating the Tafel curves. Furthermore,
the same equipment was used for electrochemical impedance spectroscopy (EIS). After
determining the steady-state current at a particular potential, a wave voltage with a peak-to-
peak amplitude of 10 mV was superimposed on the resting potential. The measurements at
the resting potential were automated through computer programs after 60 min of exposure.
We represented impedance diagrams using the Nyquist plot [17, 18].

2.5. Surface morphology

Scanning Electron Microscopy (SEM) equipped with Energy Dispersive X-ray (EDX) was
employed to analyze the surface structure and elemental composition of carbon steel samples
after 24 h of exposure to a corrosive solution, with and without uncleaned and cleaned cedar
tar. The analysis was carried out at the Laboratoire MEB-EDX, one of the Technical Support
Units for Scientific Research under the National Center for Scientific and Technical
Research.

3. Results and Discussion

3.1. Chromatographic GC-MS analysis

We have marked with green circles distinctive peaks on the chromatogram of both uncleaned
and cleaned cedar tar. The results are depicted in Figure 1, indicating characteristic
compositions of the UNC-CDT and C-CDT samples (Table 1). Among the highlighted
components, one molecule stands out with the highest percentage in both samples, appearing
at a retention time (RT) of 17.275 This molecule is identified as (1R,9R,E)-4,11,11-trimethyl-
8-methylenebicyclo[7.2.0]undec-4-ene, commonly known as epi-B-caryophyllene, with
percentages of 15.78% and 13.27%, respectively. Following that, the second-highest
percentage belongs to 1H-Benzocycloheptene, 2,4a,5,6,7,8,9,9a-octahydro-3,5,5-trimethyl-
9-methylene-, (4aS-cis)-, also referred to as a-himachalene, with percentages of 7.89% and
8.13%, respectively. In the third position, we identified (E)-atlantone, which was present at
6.06% and 5.21%, respectively. The fourth place includes 5-hydroxy-6-methoxy-8-[(4-
amino-1-methylbutyl)amino]quinoline trihydrobromide, known as y-himalachene, with
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percentages of 4.27% and 5.88%. Lastly, in the fifth position among the most characteristic
compounds, we found 4-acetyl-1-methylcyclohexene, with percentages of 2.52% and 1.6%
for the uncleaned and cleaned tar, respectively.
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Figure 1. Chromatogram of the composition of uncleaned and cleaned Cedar Tar.

Table 1. Percentage (%) of constituent compounds in uncleaned and cleaned Cedar Tar.

Compound RT UNC-CDT C-CDT
2-Methyl-2-cyclopenten-1-one 3.433 0.02 -
1-Ethyl-3-methyl-benzene 4.098 - 0.06
1-Ethyl-2-methyl-benzene 4.143 0.29 0.10
5-Methyl-2-furancarboxaldehyde 4.290 0.12 -
3-Methyl-3-cyclohexen-1-one 4.662 0.10 0.06
2,4,6-Trimethyl-benzoicacid,5-methylene-1,3a,4,5,6,6a- 4763 0.05 0.04
hexahydropentalen-1-ylester
1-Ethenyl-2-methyl-benzene 4.864 0.21 -
1-Ethenyl-3-methyl-benzene 4.864 - 0.06
O-Cymene 5.349 0.27 1.02
2,3-Dimethyl-2-cyclopenten-1-one 5.710 0.03 -
Indene 5.777 0.03 -
2-Methyl-phenol 6.341 0.09 —
3-Ethenyl-1,2-dimethyl-1,4-cyclohexadiene 6.656 0.04 -
O-Isopropenyltoluene 6.667 — 0.03
1-Methyl-4-(1-methylethenyl)-benzene 6.780 0.39 0.31
2-Methoxy-phenol 6.870 0.69 —

3-Methyl-phenol 6.983 - 0.05
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Compound RT UNC-CDT C-CDT
p-Cresol 7.084 0.10 -
4-Methyl-1,3-heptadiene 7.084 - 0.06
2-Methyl-benzofuran 7.220 0.09 0.04
4-Acetyl-1-methylcyclohexene 7.839 2.52 1.6
1-Methyl-1H-indene 8.200 0.08 0.07
Decamethyl-cyclopentasiloxane 8.313 0.14 0.16
3-Cyclohexene-1-methanol, .alpha.4-dimethyl- 8.380 0.08 —
2,3-Dimethyl-phenol 8.628 0.17 -
2,4-Dimethyl-phenol 8.639 - 0.11
Naphthalene 9.079 0.17 0.15
1-(4-Methylphenyl)-ethanone 9.214 0.51 0.35
Creosol 9.459 1.00 0.10
1,5,5-Trimethyl-6-methylene-cyclohexene 9.676 - 0.05
5,6-Dimethyl-1H-benzimidazole 9.879 0.14 —
2-Ethenyl-1,3,5-trimethyl-benzene 10.093 0.09 -
1,3-Dimethyl-1h-indene 11.040 0.20 0.07
1H-1,5-Benzodiazepine, 2,3,4,5-tetrahydro-2,4-dimethyl- 11.389 - 0.06
4-Ethyl-2-methoxy-phenol 11.671 0.98 0.30
2-Methyl-naphthalene 11.941 0.22 0.23
Dodecamethyl-cyclohexasiloxane 12.786 - 0.09
4-tert-Butyltoluene 12.899 - 0.03
1,2,3,4-Tetrahydro-1,1,6-trimethyl-naphthalene 13.327 2.47 0.06
2,5-Dimethoxyethylbenzene 13.767 0.21 —

8,8,9,9-Tetramethyl-3,4,5,6,7,8-hexahydro-2H-2,4a-

methanonaphthalene 13.857 0.06 0.33
2-Methoxy-4-propyl-phenol 13.947 0.29 0.25
(1,1,2-Trimethylpropyl)-benzene 14.251 0.79 —
5,6,7,8-Tetrahydroindolizine 14.386 — 0.75
10,10-Dimethyl-2,6-dimethylenebicyclo[7.2.0]Jundecane 14.398 0.67 —
Gamma-muurolene 14.668 0.93 1.18

2,3-Dihydro-1,1,3-trimethyl-1h-indene 14.972 0.57 —
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Compound RT UNC-CDT C-CDT
2,6-Dimethyl-naphthalene 15.209 0.70 -
Alpha-farnesene 15.356 2.48 —
1,2,3,4-Tetrahydro-1,5-dimethyl-naphthalene 15.457 0.23 0.52
1,6-Dimethyl-naphthalene 15.209 — 0.86
1,2,3,4-Tetrahydro-8-methyl-1-naphthalenemethanol 15.468 - 0.29

1H-Benzocycloheptene,2,4a,5,6,7,8,9,9a-octahydro-3,5,5-trimethyl-9-

methylene-, (4as-cis)- 15.716 7.89 8.13

Trans-isoeugenol 16.099 0.56 -

5-Hydroxy-6-methoxy-8-[(4-amino-1-

methylbutyl)amino]quinolinetrihydrobromide 16.426 1.03 -

Tricyclo[5.4.0.0(2,8)]undec-9-ene,2,6,6,9-tetramethyl-,(1R,2S,7R,8R)-  16.099 — 0.41

5-Hydroxy-6-methoxy-8-[(4-amino-1-methylbutyl)amino]quinoline

trihydrobromide 16.618 4.21 588
Di-epi-.alpha.-cedrene-(i) 16.674 0.99 0.95
1-(1,5-Dimethyl-4-hexenyl)-4-methyl-benzene 16.787 0.59 0.75
(1R,9R,E)-4,11,11-Trimethyl-8-methylenebicyclo[7.2.0]undec-4-ene  17.271 15.78 13.27
Benzene,1-methyl-4-(1,2,2-trimethylcyclopentyl)-, (R)- 17.339 1.53 1.81
Alpha.-dehydro-ar-himachalene 17.474 1.14 1.52
Naphthalene,1,2,3,5,6,8a-hexahydro_-4,7-dimethyl-1-(1-methy|ethyl)-, 17792 331 381
(1s-cis)-

Gamma-dehydro-ar-himachalene 17.835 2.23 2.68

Ar-himachalene 18.038 1.37 -
1-Methyl-7,11-dithiaspiro[5,5]undecane 18.049 - 1.68
4-1sopropyl-6-methyl-1-methylene-1,2,3,4-tetrahydronaphthalene 18.161 2.05 2.25
Gamma-himachalene 18.511 — 0.18
6-Methyl-2-(4-methylcyclohex-3-en-1-yl)hepta-1,5-dien-4-ol 18.702 — 0.15
(4aS)-3,5,5,9-Tetramethyl-1,2,5,6,7,8-hexahydro-4a,8- 18.916 B 0.31

epoxybenzo[7]annulene

1H-Indene,1-ethenyl-2,3-dihydro- 19.131 0.15 0.19
(+/-)-Dihydro-ar-turmerone 19.424 1.80 1.90

4-(2,4-dimethylcyclohex-3-enyl)but-3-en-2-one 19.581 0.30 —

Propane,2-cyclohexyl-2-phenyl- 19.683 0.77 —

Cis-.alpha.-copaene-8-ol 19.705 — 1.61
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Compound RT UNC-CDT C-CDT
(+)-.Beta.-himachaleneoxide 19.784 0.54 -
Beta-himachalenoxide 19.897 0.65 2.62
1(2H)-Naphthalenone,octahydro-4,8a-dimethyl-6-(1-methylethenyl)-, 19.919 B 0.83
(4.alpha.,4a.beta.,6.alpha.,8a.beta.)-

(1R,4R,5S)-1,8-dimethyl-4-(prop-1-en-2-yl)spiro[4.5]dec-7-ene 19.976 0.40 0.47
Epicubenol 20.156 0.77 0.96
1,1'-Biphenyl,4-(1-methylethyl)- 20.291 0.20 0.49
(3S,3AS,6R,8AS)-3,8,8-Trimethyl-7-methyleneoctahydro-1h-3a,6- 20.381 B 0.47

methanoazulene

2,4-Dimethoxy-benzonitrile 20.472 0.52 0.53

1H-3a,7-Methanoazulene, 2,3,4,7,8,8a-hexahydro-3,6,8,8-tetramethyl-,

[3r-(3.alpha.,3a.beta.,7.beta.,8a.alpha.)]- 20.663 1.32 1.76
(3R,4aS,8aS)-8a-Methyl-5-methylene-3-(prop-1-en-2-yl)- 20.776 B 0.45
1,2,3,4,4a,5,6,8a-octahydronaphthalene
(2)-1-Methyl-4-(6-methylhept-5-en-2-ylidene)cyclohex-1-ene 20.945 2.07 4.48
Ar-Turmerone 21.136 2.90 2.32
1,3-Dimethyl-5-trifluoroacetoxycyclohexane 21.193 1.06 -
2,5-Dimethyl-para-anisaldehyde 21.193 - 1.33
Naphthalene, 1,6-dimethyl-4-(1-methylethyl)- 21.283 1.50 1.67
1,5-Dimethyl-7,11-dithiaspiro[5.5]undecane 21.384 0.38 -
4-(1H-Imidazol-1-yl)-benzenamine 21.384 - 0.42
Tumerone 21.677 3.36 2.89
2,2,6-Trimethyl-6-(4-methylcyclohex-3-en-1-yl)dihydro-2H-pyran- 21.824 333 313
4(3h)-one
1,3-Diisopropenyl-6-methyl- cyclohexene 21.925 - 2.61
(2)-.gamma.-atlantone 21.970 2.99 -
3,3,4-Trimethyl-4-(4-methylphenyl)-cyclopentanone 22.083 0.69 0.85
(2)-alpha-atlantone 22.184 1.42 1.34
8-Quinolinemethanol 22.511 - 1.32
1,2,3,4-Tetrahydro-1,6-dimethyl-4-(1-methylethyl)-,(1S-cis)- 99 579 0.39 0.56

naphthalene

3-Methyl-2-butenoicacid, 2,7-dimethyloct-7-en-5-yn-4-yl ester 22.804 0.23 0.38
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Compound RT UNC-CDT C-CDT

6-Isopropenyl-4,8a—dimethyl-l,2,3(,;'3,6,7,8,8a-octahydro-naphthalen-z- 93131 B 0.50
1-Chloro-5-methyl-hexane 23.142 0.30 -

(E)-Atlantone 23.503 6.06 5.21

2-(3-Ethyl-1H-1,2,4-triazol-5-yl)phenol 23.582 0.33 0.40
2-Bromomethyl-2,3-dihydrobenzofuran 23.931 0.07 —
2,3-Pentadienoic acid, 2-methyl-4-phenyl-, ethyl ester 24.021 0.12 -

2,2,7,7-Tetramethyltricyclo[6.2.1.0(1,6)]Jundec-4-en-3-one 24.021 - 0.23

1H-Indole-2-carboxylic acid, 1-methyl- 24.156 - 0.14

2-Methyl-6-methyleneocta-2,7-dien-4-one 24.247 - 0.23

Neoisolongifolene, 8-bromo- 24.393 0.19 0.41

Boron, difluoro[1-(2-hydroxy-4-methoxyphenyl)ethanonato]-, (t-4)-  24.742 0.51 0.75

(2-Hydroxy-4,5-dimethylbenzoyl)formic acid 25.103 0.05 0.15
Naphthalene, 6-(1-ethylpropyl)-1,2,3,4-tetrahydro- 25.734 0.29 —
1H-Pyrazole-3-propanol, 5-(4-methylphenyl)- 26.230 0.12 -

Dodecanoic acid, n-octyl ester 25.734 — 0.38

Cinnoline, 4-ethyl-3-methyl- 26.219 - 0.23

Hexadecanoic acid, methyl ester 26.410 0.10 0.18

7-lsopropyl-1,1,4a-trimethyl-1,2,3,4,4a,9,10,10a- 98.822 0.05 0.05

octahydrophenanthrene

e, sl om0

9,12-Octadecadienoic acid(Z,Z)-, methyl ester 29.577 0.11 0.11

9-Octadecenoic acid(Z)-, methyl ester 29.689 0.08 0.08

Methyl stearate 30.185 0.04 0.04

Benzene, 1,1'-selenobis- 31.740 — 0.04

Methyl dehydroabietate 33.825 - 0.03
1H-Inden-5-0l, 2,3-dihydro-3-(4-hydroxyphenyl)-1,1,3-trimethyl- 35.481 0.10 —

Allopregnane-3.alpha.,20.alpha.-diol 38.546 — 0.09

Pyrene, 2-methyl- 38.637 — 0.04

2-Aminocaprylic acid, n-(2-methoxyethylcarbonyl)-, dodecyl ester 39.031 — 0.1

Fluoranthene, 2-methyl- 39.121 — 0.02
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Compound RT UNC-CDT C-CDT
11,12-Dihydroxyseychellane 40.890 0.03 -
4-Bromo-n-[2-[1-(4-bromophenyl)-5-tetrazolyl]ethenyl]-benzenamine  41.093 — 0.01
7H-Dibenzo[de,g]quinolin-7-one, 1,2,9,10-tetramethoxy- 41.206 - 0.04
2,4-Diamino-6-[[4-phenyl-2-thiazolyl]thio]quinazoline 41.217 0.07 —
2-(Triethoxysilyl)-ethanethiol 41.544 - 0.02
3-(Triethoxysilyl)propanenitrile 41.555 0.04 —

Thiazolo[3,2-a]benzimidazol-3(2H)-one, 6,8-dimethyl-2-(3-

nitrobenzylideno)- 42.152 0.25 -

4-(2',4' 4'-Trimethylycyclo[4.1.0]hept-2'-en-3'-yl)-3-buten-2-one 42.310 0.04 0.03

1-Methoxy-2-(1-methyl-2-methylenecyclopentyl)-benzene 42.389 - 0.04

N-(2,3,5,6,7,8-tetrahydro-1H-cyclopentano[b]quinolin-9-yl)-

heptanamide 42.400 0.06 -

2-Methoxy-4-methyl-3-nitro-, methyl-benzoic acid 42.682 — 0.05
Ethyl 6-amino-4-[p-chloroanilino]-5-nitro-2-pyridinecarbamate 43.054 0.07 0.19
2-Pyridinamine, n-(4,5-dihydro-5-methyl-2-thiazolyl)-3-methyl- 43.786 0.11 0.06
N-Octyltriethoxysilane 43.967 0.35 —
2-(4-Ethoxyphenyl)-2-methyl-propanal 43.967 - 0.19
2-(4-Methylbenzoyl)-, benzoic acid methyl ester 44147 0.13 0.02
1,2-Benzisothiazole-3-acetic acid, methyl ester 45.285 0.03 -
N-(3-Chlorophenyl)maleimide 45477 0.02 -
Silane, diphenyl(cis-hex-3-en-1-yloxy)dodecyloxy- 46.942 0.18 -
4-Methyl-n-(triphenylphosphoranylidene)-benzenamine 47.223 - 0.09
2-(N-Propyl)oxybenzylideneacetophenone 47.449 0.07 -
2-[2-[2-(4-ChIoro-phenoxy)-ethyls_uIfanyl]-benzoimidazol-l-yl]- 47 651 0.23 0.18
acetamide
28-Norolean-17-en-3-one 47.821 0.60 0.35
1H-Pyrazole-1-acetamide, 4-iodo-n-(4-pyridinylmethyl)- 48.925 0.20 0.01
4-Chloro-6-methoxy-2-methylquinolin-8-amine 49.240 0.04 0.07
Hexamethyl-cyclotrisiloxane 49.229 — 0.23
2,4-Dimethyl-benzo[h]quinoline 49.894 0.20 0.18

Thymol, tbdms derivative 50.288 0.02 —
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According to previous studies, Atlas cedar tar (Cedrus atlantica) is primarily composed
of hydrocarbon sesquiterpenes, including cadinene stereoisomers, a-cedrene, 5-epi-
aristolochene, and benzocycloheptene. It also contains oxygenated sesquiterpenes such as (a,
B, and y) Himachelene, Tumerone, Ar-tumerone, a-Atlantone, and Himachalol [9-14, 19—
22]. In Skanderi’s study on the chemical characterization of cedar tar in Algeria, researchers
identified 88 components representing 76% of the tar, with B-himachalene being the most
abundant at 14.51%. Comparing our results, we did not find epi-p-caryophyllene, which, in
our case, was the dominant compound. Instead, we observed all other compounds with lower
percentages compared to their results, specifically 4.53%, 5.15%, 4.07%, and 0.48% for a-
himachalene, (E)-atlantone, y-himalachene, and 4-acetyl-1-methylcyclohexene, respectively
[15]. In another study focusing on Lebanese cedar tar, 41 compounds were identified, with
B-himachalene being the main compound at 22—28%. a-Himachalene was present in smaller
amounts (6—10%), along with E-(a)-atlantone [23].

Our findings are consistent with previous studies, indicating the presence of several
important compounds in Atlas cedar tar, such as B-himachalene, a-himachalene, and
atlantone, among others. In Morocco, essential oil extracted from Cedrus atlantica sawdust
was analyzed by GC and GC/MS, identifying 53 components, with the three isomers of
himachalene being predominant and smaller amounts of (E) and (Z) isomers of atlantone
were also present [24]. The chemical composition of Cedrus species, especially essential
oils, has been widely studied. However, to the best of our knowledge, only a few studies
have investigated the composition of wood tar obtained from Cedrus atlantica. According
to Burri etal., Atlas cedar tar remains largely unexplored and has not been thoroughly
studied analytically. Although some tars produced in Morocco through technical charcoal-
burning processes have been analyzed [9].

3.2. Potentiodynamic polarization

3.2.1. Concentration effect

The results represented in Figure 2 show the potentiodynamic polarization curves for E24
steel immersed in a 1 M HCI solution, both in the absence and presence of Cedar Tar at a
temperature of 293 K. These curves provide valuable insights into the electrochemical
parameters, which include the corrosion potential (Ecorr), corrosion current density (icorr),
anodic (B,) and cathodic (B.) Tafel constants. These parameters that are crucial for assessing
the corrosion behavior were derived from the Tafel plots.

An interesting observation emerges from the potentiodynamic polarization curves,
revealing a notable reduction in both anodic and cathodic current densities in the presence
of Cedar Tar. This outcome can be attributed to the adsorption of organic compounds present
in both the uncleaned Cedar Tar (UNC-CDT) and cleaned Cedar Tar (C-CDT) onto the
active sites of the electrode surface. This adsorption phenomenon effectively retards the
dissolution of metallic components and the evolution of hydrogen, indicative of a mixed-
type behavior exhibited by Cedar Tar. Consequently, this interaction serves to decelerate the
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overall corrosion process [8—25]. These findings align with the research outcomes of
Turkustani et al. and Jaouadi et al. [8—12].
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Figure 2. Cathodic and anodic polarization curves of E24 steel in 1 M HCI at different
concentrations of UNC-CDT and C-CDT.

The electrochemical parameters, such as corrosion potential (Ecorr), cOrrosion current
density (icorr), and the anodic and cathodic Tafel slopes (Bc and B2), for varying concentrations
of Cedar Tar (UNC-CDT and C-CDT), are presented in Table 2. The B. and [, values are
computed from the linear segments of the polarization curves, while ico is determined at the
point where the linear portion of the cathodic curves intersects with the corresponding
stationary corrosion potential.

The inhibition efficiency (IE%) is assessed based on the icor Values, utilizing Equation 1.

i(?orr - iggrr]r
|E% = o "o .10 @)
lorr

The corrosion current densities in the absence and presence of UNC-CDT and C-CDT
inhibitors, denoted as i%,, and il"" | respectively, are determined through the extrapolation
of the anodic and cathodic Tafel lines to Ecor.

Table 2. Corrosion inhibition parameters and their corresponding inhibition efficiencies for E24 in 1 M HCI
solution in the absence and presence of various concentrations of UNC-CDT and C-CDT.

Inhibitor  Cinh, g/l Ecorr, MV/SCE icorr, pA/lcm? B, mV/dec  Ba, mV/dec IE%
None 0.0 —488 174.8 -94.7 93.3 —

0.25 —505 35.94 -103.0 49.5 79.44

UNC- 0.5 —491 20.49 -130.2 44.2 88.28

CDT 1.0 483 17.71 ~121.5 56.8 89.87

1.5 —473 12.08 -128.6 41.6 93.09
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Inhibitor Cinh, /L Ecorr, MV/SCE icorr, pA/lcm?  Be, mV/dec  Ba, mV/dec IE%
0.25 —532 16.41 -102.9 55.8 90.61
0.5 -530 13.97 -111.2 61.0 92.01
C-CDT
1.0 -520 10.01 -103.8 80.6 94.28
15 —500 7.85 -111.3 7.7 95.51

It can be observed from Table 2 that the addition of the inhibitor to the studied medium
significantly reduced the corrosion current density (icor), bringing it down to only
12.08 pA/cm? and 7.85 uA/cm? for UNC-CDT and C-CDT, respectively. Furthermore, the
inhibition efficiency calculated from the i Values obtained in the presence of cedar tar
samples ranged from 79.44% to 93.09% for UNC-CDT and from 90.61% to 95.51% for C-
CDT over a concentration range of 0.25—1.5 g/L. These results demonstrate that both Cedar
Tar samples can efficiently protect E24 steel from dissolution in 1 M HCI solution,
particularly C-CDT at a concentration of 1.5 g/L.

3.2.2. Effect of Temperature

To assess the impact of temperature on the corrosion of E24 steel, we performed
potentiodynamic polarization measurements across a temperature spectrum ranging from
293 K to 323 K, both in the absence and presence of UNC-CDT and C-CDT. The resulting
polarization curves are represented in Figure 3, and the electrochemical parameters are
detailed in Figure 3. Potentiodynamic polarization curves for the corrosion of E24 steel at
different temperatures, with and without cedar tar samples (1.5 g/L) in a 1 M HCI solution.
Table 3.
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Figure 3. Potentiodynamic polarization curves for the corrosion of E24 steel at different
temperatures, with and without cedar tar samples (1.5 g/L) in a 1 M HCI solution.

Table 3. Corrosion parameters obtained from potentiodynamic polarization of E24 steel in 1 M HCI, with
and without the addition of 1.5 g/L of UNC-CDT and C-CDT, at various temperatures.

Inhibitor Temperature, K Ecorr, MV/SCE icorr, pA/cm? IE%
293 —488 174.8 -
303 —476 234.7 -
Blank
313 —473 341.7 -
323 —466 735.6 -
293 473 12.08 93.09
303 —-508 36.25 84.56
UNC-CDT
313 -520 52.6 84.60
323 —526 91.4 87.57
293 —-500 7.85 95.51
303 -500 62.54 74.48
C-CDT
313 —-508 86.21 74.34
323 -511 120.77 82.84

Based on the results presented in Figure 3. Potentiodynamic polarization curves for the
corrosion of E24 steel at different temperatures, with and without cedar tar samples (1.5 g/L)
ina 1l M HCI solution.

Table 3, we can observe that as the temperature rises, there is a corresponding increase
in the corrosion current density (icorr), and a slight decrease in the inhibition efficiency values.
This observed phenomenon can be attributed to the desorption of certain inhibitor molecules
from the surface of the E24 steel, driven by the temperature elevation.

It’s important to emphasize that in the absence of Cedar Tar samples, the current density
values experience a significant spike at higher temperatures when compared to the inhibited
solution. However, when Cedar Tar samples are introduced, the dissolution of E24 steel is
markedly inhibited. This intriguing effect can be attributed to a decrease in the adsorption
process with the increase in temperature, suggesting a physical adsorption mechanism at
play [26, 27].

At 323 K, in the absence of any inhibitor, there is a significant increase in the corrosion
current density (icorr) With a value of 735.6 pA/cm? compared to lower temperatures. When
inhibitors are introduced, there is a notable improvement in inhibition efficiency as the
temperature increases. For the UNC-CDT inhibitor, icor is reduced to 91.4 pA/cm?, while the
C-CDT inhibitor results in icrr decreasing to 120.77 uA/cm?. These results imply that the
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corrosion rate significantly rises without an inhibitor as the temperature increases, likely due
to the accelerated corrosion reactions at higher temperatures. Conversely, in the presence of
an inhibitor, there is a reduction in the rate of corrosion, indicating that both inhibitors are
effective at elevated temperatures. The data further suggests that UNC-CDT is particularly
proficient at inhibiting corrosion at higher temperatures, resulting in a lower corrosion rate.
The observed enhancement in inhibition efficiency at 323 K for both UNC-CDT and C-CDT
can be attributed to a multifaceted interplay of factors. Firstly, there is a likely augmentation
in adsorption onto the metal surface at elevated temperatures, thereby improving the
corrosion inhibitors’ effectiveness. Secondly, the kinetics of corrosion reactions, being
temperature-dependent, may contribute to heightened inhibitor efficacy. Additionally,
variations in solution properties, such as pH and the presence of ions, could influence
inhibitor interactions with corrosive species differently at higher temperatures, offering
increased protection. Furthermore, thermodynamic considerations suggest that the
equilibrium of corrosion reactions may shift at elevated temperatures, amplifying the
inhibitors’ impact on the overall corrosion rate. It’s crucial to acknowledge that the precise
inhibition mechanism is intricate and contingent on the specific inhibitor and corrosive
environment, necessitating further experimental data and a nuanced understanding of the
inhibitor’s behavior under diverse conditions for a more accurate explanation [5, 28-30].

Figure 4 illustrates the corrosion reaction as an Arrhenius-type process. We estimated
the activation parameters (Ea, AH, and AS,) using the Arrhenius Equation 2 and the transition
state Equation 3. These values are detailed in Table 4.

i _E

ICOfI’ - Aexp( RT (2)
. _RT__ [ AS, _AH,
Icorr —mexp[ R Jexp( RT j (3)

In the equation, (A) represents the pre-exponential factor, E, stands for the apparent
energy of activation for corrosion, N denotes Avogadro’s constant, and h is the Planck
constant. Additionally, AH, and AS, indicate the enthalpy and entropy changes of activation
energy for the corrosion transition state complex, with R representing the gas constant.

The apparent activation energy is determined from the slopes of In(i, ) vs. 1/T.
Consequently, the values of AH, and AS, are then computed from the In(i.,,/T) vs. /T
graphs.

It is worth noting that the temperature dependency of the inhibition effect, along with
the comparison of apparent activation energy (E,) values for the corrosion process in the
presence and absence of inhibitors, can offer valuable insights into the mechanism of the
inhibition action [26-28].

However, it is widely acknowledged that understanding the temperature-dependent
nature of the inhibition effect, along with comparing the apparent activation energy values,
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E. for the corrosion process in the absence and presence of inhibitors, can offer additional
insights into the mechanism of inhibition [31-33].
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Figure 4. Variation of In(icorr) and In(icor/T) as a function of 1000/T in a 1 M HCI solution in
the absence and in the presence of 1.5 g of UNC-CDT and C-CDT at different temperatures.

The data presented in Table 4 reveals positive values for both E; (activation energy)
and AH, (enthalpy of activation), signifying the endothermic nature of the corrosion process.
Specifically, the values for UNC-CDT are 50.95 kJ/mol for E, and 48.39 kJ/mol for AH,.
While those for C-CDT are 67.90 kJ/mol for E, and 65.34 kJ/mol for AH,. These higher
values of E; and AH, in the presence of the inhibitor, indicate an increased energy barrier for
the corrosion reaction. This, in turn, leads to a more pronounced hindrance of the corrosion
process, with surface sites exhibiting progressively higher E, values [8].

The substantial elevation in the activation energy when the inhibitor is present can be
attributed to its physical adsorption [34]. The inhibitor effectively obstructs certain active
sites on the metal surface, resulting in a surface that is more energetically heterogeneous
[35].

Conversely, the negative values of AS, suggest that the activated complex in the rate-
determining step represents an association rather than a dissociation step. This is indicative
of a decrease in disorder as the reactants transition to the activated complex [36].

Table 4. Thermodynamic parameters of E24 steel in 1 M HCI solution without and with 1.5 g of UNC-CDT
and C-CDT.

Cinh, g/ Ea, kJ/mol AHa, kd/mol ASa, kJ/mol-K
Blank 36.61 34.05 -86.52
UNC-CDT (1.5g/L) 50.95 48.39 —57.58
C-CDT (1.59/L) 67.90 65.34 -0.63

3.3. Electrochemical impedance spectroscopy

EIS stands as an invaluable non-invasive method for assessing the corrosion inhibition
characteristics within an electrochemical system [18].
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Nyquist impedance plots were obtained for the E24 steel electrode at its respective
corrosion potentials, after immersing itin 1 M HCI for 60 min at 293 K. These measurements
were conducted both in the presence and absence of different concentrations of Cedar Tar
samples. Figure 5 displays the resulting Nyquist plots, Bode plots, and phase angles. The
figure illustrates that as the concentration of Cedar Tar samples increases, the diameter of
the Nyquist plots also increases. Notably, the diameter of C-CDT is larger than that of UNC-
CDT. The Nyquist plots exhibit one capacitive loop with one time constant, which can be
attributed to the charge transfer process. However, these capacitive loops in this medium are
not perfect semicircles. This phenomenon is probably a result of the frequency dispersion
effect induced by the roughness and inhomogeneity nature of the electrode surface [37]. The
inhibition efficiency ( Eg,; %) obtained from the charge transfer resistance can be estimated
using the Equation 4:

Eps %= Retion ~Rat 19 (4)
Rct/inh
where Reyinn and R represent the charge transfer resistances in inhibited and uninhibited
solutions, respectively.
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Figure 5. Nyquist, Bode and phase angle of E24 steel after 60 min of immersion in 1 M HCI
solution without and with different concentrations of UNC-CDT and C-CDT at 293 K.

The polarization resistance values were determined through the subtraction of the high-
frequency intersection from the low-frequency intersection [38]. We also calculated the
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double-layer capacitance (Cq) and identified the frequency at which the imaginary
component of the impedance reaches its maximum (fnax) using Equation 5.

1
R 2xf .

where Cy is the double layer capacitance (uF/cm?); frnax IS the maximum frequency (Hz); and
R: is the charge transfer resistance (Q-cm?).

C, = (5)

Table 5. Electrochemical impedance parameters for the corrosion inhibition of the E24 steel in 1 M HCI
solution without and with different concentrations of UNC-CDT and C-CDT.

Inhibitor Cinh, g/L Rs, Q-cm? Rt, Q-cm?  Cai, pF/em? IE% 0
Blank 0 1.920 39.67 401.1 - -
UNC-CDT 0.25 1.391 187.1 212.66 78.80 0.7880

0.5 1.286 306.1 129.99 87.04 0.8704
1 1.265 380.3 104.62 89.57 0.8957
15 1.153 519.7 76.56 92.37 0.9237
C-CDT 0.25 1.953 392.3 128.20 89.89 0.8989
0.5 1.872 477.1 105.41 91.69 0.9169
1 1.523 606.0 83.00 93.45 0.9356
15 1.424 703.2 71.52 94.36 0.9436

The Table 5 presents the values of charge transfer resistance (R;), and double-layer
capacitance (Cg) which were derived from Nyquist plots, along with the inhibition efficiency
(Egis) for the corrosion of E24 steel in a 1M HCI solution with varying concentrations of the
inhibitor. Notably, the presence of Cedar Tar samples leads to an augmentation in the R;
values while concurrently reducing the Cgy values. This decrease in Cy can be attributed to a
reduction in the local dielectric constant and/or an increase in the thickness of the electrical
double layer [39].

The differences in inhibition efficiency between UNC-CDT and C-CDT can be
attributed to their distinct chemical compositions, which impact their adsorption and
interaction with the metal surface. UNC-CDT exhibits higher Egis values than C-CDT at
comparable concentrations, suggesting that UNC-CDT may be more effective. However,
both inhibitors show improved performance at higher concentrations. The affinity of
inhibitor molecules for the metal surface can vary, as can the characteristics of the protective
film they form and their influence on electrochemical behavior. These factors collectively
contribute to differing inhibitive performances [40].

These changes suggest that Cedar Tar samples adsorb onto the metal surface, forming
a protective barrier that inhibits the metal/solution interface [41]. Consequently, the Egis%
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value is expected to increase as the concentration of the inhibitor is increased, as observed
from the Tafel polarization method. The EIS spectra of the examined cedar tar were analyzed
using the equivalent circuit shown in Figure 6. This circuit represents a single charge transfer
reaction and aligns well with the experimental results.

|
Corrosion Solution R ‘—H

Electrolyte/Metal ’»

Interface R CPEy ——

Carbon Steel Surface |
Figure 6. Electrical equivalent circuit.

3.4. Adsorption isotherm

In order to yield valuable insights into the adsorption behavior of the cedar tar samples
employed as inhibitors, we can categorize the adsorption of compounds into two primary
types: physical adsorption and chemisorption. To delve deeper into the nature and intensity
of the adsorption of UNC-CDT and C-CDT on E24 steel, we employed a range of isotherms,
including the Temkin, Langmuir, and Frumkin models. Our investigations revealed that the
Langmuir isotherm, as defined by Equation 6, played a pivotal role in elucidating this
adsorption phenomenon [42—-44].

Cinh 1

0 K

+Cinn (6)

ads

where Cin, is the concentration of inhibitor and K,gs the adsorptive equilibrium constant.
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Figure 7. Langmuir adsorption of UNC-CDT and C-CDT on the E24 steel surface in 1 M HCI
solution at 293 K.
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The Langmuir adsorption isotherm for UNC-CDT and C-CDT is shown in Figure 7.
According to this model, it is assumed that the solid surface consists of a fixed number of
adsorption sites, each of which securely binds the adsorbed species [8]. The plot in Figure 8
displays a straight line with a slope approximating 1, signifying that the adsorption of UNC-
CDT and C-CDT at the E24 steel/acidic solution interface adheres to Langmuir’s adsorption
isotherm model.

The values of K,y obtained from the reciprocal of the intercept of the Langmuir
isotherm are listed in Table 6, along with the values of the Gibbs free energy of adsorption
calculated from Equation 7: AGY,. [8-12].

ads

1 AG,
Kags =55 £ XP (_WMSJ (7)

where R is the universal gas constant (kJ/mol-K), T the thermodynamic temperature (K), and
the value of 55.5 is the water concentration in acidic solution (mol/L).

The AGY, value offers insights into the nature of the interaction between inhibitor
molecules and the metallic surface. Typically, energy values of AG;’dS around —20 kJ/mol or
less negative are indicative of electrostatic interactions (physisorption) between positively
charged inhibitors and the metal surface. Conversely, when AG). values reach
approximately —40 kJ/mol or higher, it suggests electron transfer or sharing between the
inhibitor molecules and the metal surface, culminating in the formation of a coordinated

covalent bond (chemisorption) [34].

Table 6. Thermodynamic parameters for the adsorption of UNC-CDT and CDT in 1 M HCI on the E24
steel at 293 K.

Inhibitor K, mol-t-L R? AG?, kJ/mol
UNC-CDT 0.181-10° 0.99 -34.27
C-CDT 0.535-10° 0.99 -36.94

The data in Table 6 revealed that the Cedar Tar samples were rapidly and strongly
adsorbed onto the E24 surface. The adsorption of both UNC-CDT and C-CDT on the E24
steel surface follows both physical adsorption (physisorption) and chemical adsorption
(chemisorption) modes, forming a coordinate bond between the investigated inhibitor
molecules and the surrounding d-orbitals of the E24 steel surface [45].

3.5. Surface morphology

The Figure 8 depicts the micrographs of E24 steel samples along with the corresponding
EDX spectra to determine the elemental composition (%) on the surface. These analyses
were conducted after a 24-hour immersion in the test solution of 1 M HCI, both with and
without 1.5 g/L of UNC-CDT and C-CDT inhibitors.



Int. J. Corros. Scale Inhib., 2023, 12, no. 4, 2142—-2170 2162

In Figure 8, the surface of E24 steel is shown to have experienced severe corrosion
attack when immersed in 1 M HCI for 24 h. However, when cedar tar samples were added
to the test solution, a remarkable change was observed on the E24 steel surface. The
specimen surface became smoother, as depicted in the figure. It is assumed that the formation
of a protective layer is randomly distributed on the entire surface of E24 steel. This protective
layer is believed to be a result of the adsorption of active molecules present in the cedar tar
onto the E24 steel surface, effectively incorporating into the passive film and blocking the
active sites on the E24 steel surface [4, 45, 46].
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Figure 8. SEM mlcrographs and EDX spectra of E24 steel surface after 24 h of immersion in
1 M HCI and with and without 1.5 g/L UNC-CDT and C-CDT samples at 25°C.

The results of the element weight% in the surface composition of E24 after immersion
in 1 M HCI, both without and with UNC-CDT and C-CDT inhibitors tested at 25°C, are
presented in Table 7.

Table 7. Surface composition (wt%) of E24 steel after immersion in 1 M HCI without and with 1.5 g/L
inhibitors tested at 25°C.

Element (wt%b) 1 M HCI UNC-CDT C-CDT
C 1.77 3.08 9.10
O 18.01 15.52 11.89
P 0.62 0.00 0.00
S 1.36 0.00 0.00
Cl 4.18 2.53 1.60
Fe 60.05 78.87 77.41
Cu 14.01 0.00 0.00

It is evident that the element weight % in the surface composition of E24 has been
reduced in the presence of both UNC-CDT and C-CDT inhibitors, and some elements have
disappeared due to the overlying inhibitor film [47]. The percentage of carbon has increased,
going from 1.77% to 3.08% for UNC-CDT and significantly to 9.10% for C-CDT. This
notable increase in carbon content can be attributed to a layer formed due to the adsorption
of various chemical constituents present in Cedar tar samples onto the metal surface [48].
The increase in iron content after the addition of corrosion inhibitors is due to the protective
film formed by the inhibitors, shielding the iron from corrosion and reducing its dissolution
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or oxidation. Additionally, the presence of inhibitors results in a decrease in oxygen (O)
content, indicating reduced oxide formation and hindered oxidation processes. These results
corroborate the conclusions drawn from electrochemical measurements, indicating the
presence of a surface film that hinders the dissolution of the metal. As a result, this film
effectively delays the occurrence of the hydrogen evolution reaction.

Furthermore, the chemical composition analysis of UNC-CDT and CDT revealed an
abundance of compounds with varying low percentages. This rich chemical diversity points
to the possibility that the corrosion may be influenced by the effects of multiple compounds.
To gain a comprehensive understanding, further studies are essential to determine the
specific elements that were adsorbed onto the surface of E24.

4. Conclusions

The objective of this study was to evaluate the efficacy of cedar tar as an environmentally
friendly corrosion inhibitor for E24 steel in a 1 M HCI solution. Both UNC-CDT and C-
CDT were found to be predominantly composed of epi-B-Caryophyllene, a-himachalene,
(E)-atlantone, y-himalachene, and 4-acetyl-1-methylcyclohexene, which are present in
varying proportions in each sample, the variations in the chemical composition and the
presence or absence of certain elements between UNC-CDT and C-CDT, along with the
differing percentages of key compounds, contribute to the differences in inhibition efficiency
observed in this study. The unique composition of each inhibitor, including the presence of
specific elements or compounds, can influence their inhibitive performance. These
disparities in composition can impact the affinity of the inhibitors for the metal surface, their
ability to form protective films and their overall inhibitive effectiveness. The results from
Tafel polarization measurements indicate that both UNC-CDT and C-CDT function as
mixed-type inhibitors. As the concentration of CDT increases, its inhibitive properties
improve significantly, reaching an impressive 93.09% and 95.51% at 1.5 g/L for UNC-CDT
and C-CDT, respectively.

Furthermore, the study reveals that higher inhibitor concentrations lead to an
augmentation of charge transfer resistance while concurrently causing a reduction in double-
layer capacitance values. These observed alterations strongly imply the formation of
protective layers on the E24 steel surface. These layers act as a robust shield, effectively
mitigating rapid degradation and corrosion when exposed to an HCI solution. The Langmuir
adsorption isotherm model further supports the strong adsorption characteristics of UNC-
CDT and C-CDT inhibitors on the steel surface. The electrochemical tests conclusively
demonstrate the remarkable efficiency of cedar tar as a sustainable corrosion inhibitor for
E24 steel in acidic environments, highlighting its potential for practical applications in
corrosion protection.
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