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Abstract

The inhibition of zinc of hybrid Ti/Ce salt with 0, 100, 300, 600, 900, 1200, and 1600 ppm concentrations was investigated by
weight-loss (WL) estimation and potentiodynamic polarization (PDP) in 1M HCI solution. The inhibition efficiency of hybrid
Ti/Ce salt was evaluated as a corrosion inhibitor by immersing the Zn in it over a period extending up to 120 h and the
temperature effect (25-55 °C) on inhibition of Zn. WL and the corrosion rate (Cg) were recorded after a short immersing time
and 120 h of immersion. A passive layer was formed after 24 h at a high concentration of 1600 ppm hybrid Ti/Ce salt and was
stable till 120 h. The surface morphology and composition of the different investigated conditions were studied by SEM and

EDX analysis, respectively.
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1. Introduction

Corrosion damage is a severe problem in the industry
due to its cost and environmental issues that decrease
the efficiency of the metal [1, 2]. Zinc is a commonly
employed essential non-ferrous metal that is widely
used in coating metals especially steel [3, 4]. Rapid
corrosion for Zn and Zn-coated products are formed a
white corrosion product in  most corrosive
environments thus it must also be protected from
corrosion by inhibitors [5, 6]. A high corrosion rate
(Cg) of Zn in the corrosive solution that has a pH lower
than 6.0 or higher than 12.5 [7] could be protected in
acidic media by using inhibitors [8, 9]. Several
researchers were researching the effect of organic
additives on the Cg of Zn in acid solutions [10]. It has
been known that these compounds on the metallic
surface form a protective film that isolates the
corroded metal from the media of corrosion. Schiff
bases are also employed in different media as effective
corrosion inhibitors [11]. Most compounds regulate
corrosion by the metal ion complex formation by
adding to them solutions of complexing agents.
Several studies are related to the alteration of the metal
surface by complicating it with organic compounds
[12]. The key criterion for choosing them as surface
modifiers was the complex forming potential of
organic compounds with Zn by immersion for a

definite duration in this modification process [13]. A
few microns of metal surface thickness can be shielded
into metal chelates or metal complexes during the
contract which serves as a buffer between the metal
surface and media of corrosion [14, 15]. Highly
corrosive media such as HCI solutions are employed
for several such as pickling, and cleaning zinc surfaces
[16, 17, 18]. The Ce3* ions react easily to form a
protective film on the Al surface of complex hydrated
Ce-oxides [19]. This oxide film decreases the oxygen
reduction rate on the metal surface at cathodic
locations, thus reducing the Cg [20, 21]. There are
many parallels between Al and Zn from a corrosion
perspective such as covered by an oxide film that is
soluble in high and low pH solutions. As corrosion
inhibitors, rare earth salts are especially desirable
because they are inexpensive and non-toxic. It
investigated the TiC and Ti0O, doping in coating to
improve the corrosion resistance of the substrate [22].
Also, the TiN/TiO, nanoparticles have a high
corrosion resistance on Mg alloy [23]. Thus, doping of
TiO, and CeO, has excellent corrosion behavior as
corrosion inhibitors.

The target of this research is to study the effectiveness
of hybrid Ti/Ce salt as an inhibition efficiency for Zn
in 1M HCI acidic media using the WL method and
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potentiodynamic polarization (PDP). The inhibitor
was added to Zn from 0 to 1600 ppm concentrations of
hybrid Ti/Ce salt and tested at various time intervals
and temperatures (25-55 °C) in 1M HCI solution and
evaluate its efficiency against corrosion. The surface
morphology and composition by scanning electron
microscopy (SEM) and energy dispersive Xx-ray
analysis (EDX) were investigated in the Zn surface
protective film produced after immersion in 1M HCI
with different concentrations of hybrid Ti/Ce salt.

2. Experimental work

The Zn samples with 2 cm x 2 cm plates were explored
as a sample to investigate the inhibition behavior in
different Ti/Ce salt concentrations. The Zn samples
were ground with SiC emery papers up to 1000 grids
and then polished by alumina paste 0.3 um. The plates
were cleaned with double distilled water, degreased
with acetone, dried, and weighed [24].

The hybrid composition includes cerium sulphate of
33.2 g/L (source of Ce), and 4.8 g/L of pure Ti powder

Fig. 1. The figure gives the Ti morphology and
elemental composition (100%Ti). These additives
were chemically pure grades and obtained from
Aldrich.

The weight loss (WL) technique was adopted to
examine the inhibition behavior of the Zn surface with
a 4 cm? surface area. The previously weighed plates
were immersed in 50 ml of different concentrations of
Ti/Ce salt (0, 100, 300, 600, 900, 1200, and 1600
ppm). The immersion was continued for up to 120 h at
room temperature. Throughout the WL tests, Zn plates
were weighted (W;) and suspended completely in 1M
HCI solution in different concentrations of the
investigated inhibitor. After 0.5, 1, 2, 3, 4, 24, 48, 72,
96, and 120 h, plates were gotten out of the solution,
washed, dried with acetone, and reweighed (W,). The
weight difference of the specimens before and after
exposure is demonstrated in Eq. 1, and the Cg is
calculated from Eq. 2 [25, 26].

Cr (mm/y) =

where K denotes a constant (8.76x10%), T denotes the
time of exposure in h, A denotes area in cm? (2cm x
2cm), AW denotes weight-loss in grams, and D
denotes density in g/cm? (7.140 for Zn). The inhibition
IE (%) = (<) w100 (3)
Ro

Where Cg, and Cp, . are the Cg of Zn in the existence
and without of inhibitor, separately [27].

Surface coverage (68) = IE/100 (4)

The PDP curves of zinc were swept potential between
-1500 mV/REF to + 600 mV/REF at the scan rate of
0.5 mV/s. Before the measurements were occupied,
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Fig. 1 The Ti powder (a) SEM and (b) EDX

AW = W1 - Wz (1)

AWK
AxT*D (2)

efficiency (IE) and surface coverage (0) are given by
Egs. 3and 4:

the working electrode was immersed in the test
solution for 30 min to achieve a quasi-stationary value
of the open circuit potential. Values of lcorr and
corrosion potential (Ecor) Were assessed from the
intersection of the linear anodic and cathodic branches
of Tafel plots and were designed with and without
different concentrations of hybrid Ti/Ce salt. The
polarization resistance (Rp) values are demonstrated
using Stern—-Geary Eq. 5 [28]:
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Re = 2503 Iiirl(g;ﬁ Bc) ®)
Degrees of surface coverage (0) in PDP measurements
are calculated using Eq. 6.

QQ: 1- Icorr/lgorr (6)

where I, and I, are the corrosion current
densities in the absence and presence of hybrid Ti/Ce
salt, respectively. The inhibitive efficiency (IE %) is
calculated employing Eq. 7:

IE % = 6 =100 (7
The surface morphology of the corroded Zn surfaces
and elemental analyses were characterized by SEM
and EDX.

3. Results and Discussion

3.1. Effect of Inhibitor Concentration

The efficiency of inhibitor attributed to its structure,
electrolyte composition, and the charge on the metal
surface [29]. The inhibition efficiency rate percentage
(IE %) and Cg were calculated from the WL at various
concentrations of hybrid Ti/Ce salt at 25 °Cas shown
in Table 1 and Fig.2. At 1600 ppm, it has the lowest
Cr because of the protective film formation and
lowering of the effective electron transfer rate at the
interface. The Zn corrosion in 1 M HCl is inhibited by
the addition of hybrid Ti/Ce salt at different
concentrations used in this study 0 to 1600 ppm.

Table 1. The WL values of Zn in 1M HCI without and presence of different hybrid Ti/Ce salt concentrations at 25

°C after 4 h and 120 h.

Conc. of After 4 h After 120 h
inhibitor | WL, Cr, Coverage IE % WL, Cr, Coverage IE %
(ppm) (9) (mm/Y) surface, (0) 0 (9) (mm/Y) surface, (0) 0
0 0.82 622.4 -- - 0.78 19.9 -- --
100 0.81 615.3 0.011 1.1 0.75 18.9 0.049 5.0
300 0.67 512.1 0.177 17.7 0.65 16.4 0.176 17.6
600 0.54 412.8 0.337 33.7 0.56 14.2 0.287 28.7
900 0.52 396.0 0.364 36.4 0.54 13.7 0.310 31.0
1200 0.16 122.7 0.803 80.3 0.16 41 0.796 79.6
1600 0.12 94.4 0.848 84.8 0.13 3.4 0.829 82.9
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Fig.2. The Cg values of inhibitor and inhibition efficiency (IE %) on Zn in 1M HCI with different concentrations
of hybrid Ti/Ce salt at 25 °C after (a) 4 h, and (b) 120 h.

Fig. 2 provides the WL of the Zn after 4 h was
maximum and inhibition reached after 120 h. In the
beginning, the dissolution of the Zn took place due to
the corrosive behavior of the acids. However, because
of the dissolution the oxide layer that formed also took
place on the metal surface. Thus, this oxide film
remained intact and inert after 120 h leading to the
passivation of Zn. On the contrary hybrid, Ti/Ce salt
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demonstrated inertness and passivation of Zn for a
prolonged time thus happen corrosion prevention.

3.2. Effect of Time

Fig. 3. illustrates the immersion time effect on the
corrosion of Zn in 1M HCl with different
concentrations of hybrid Ti/Ce salt at 25 °C. The
Cgrvalues obtained from Zn WL in 1M HCI with
different concentrations of hybrid Ti/Ce salt at




1072

L.Z. Mohamed et.al.

different immersion times are tabulated in Table 2.
The Cx was decreased with an increase in immersion
time till 120 h and then it becomes constant by adding
an inhibitor concentration of 1600 ppm. In addition,
the protection efficiency increased as immersion time
increase. The protection efficiency values increase
because of the protective film formed on the surface.
The maximum inhibition efficiency reaches 82.9%.

3.3. Effect of Temperature

A temperature effect studied on the Zn immersed in
1M HCI without and existence of different
concentrations of hybrid Ti/Ce salt for 1 h, as shown

in Fig. 4. Table 3 gives the Cp values, coverage
surface (0), and inhibition efficiency (IE) of Zn in 1M
HCI with 0, 100, 300, 600, 900, 1200, and 1600 ppm
concentrations of hybrid Ti/Ce salt. The protection
efficiency decreases with increases in the temperature
of the electrolyte, which is compatible with previous
studies [30]. It was found that there is an inverse
relationship between the solution temperature and the
corrosion resistance [31]. The temperature about 25 °C
was the optimum temperature for the formation of a
protective layer on the Zn surface.

Table 2. The Cp obtained from the WL of the Zn in 1M HCI with different of hybrid Ti/Ce salt concentrations at

different immersion times.

Time. h The concentration of inhibitor, ppm
' 0 100 300 600 900 1200 1600
0.5 1291.6 1462.2 792.0 1218.5 12124 243.7 121.9
1 1252.0 1257.6 1218.5 974.8 913.9 243.7 152.3
2 931.4 977.8 843.0 632.1 511.8 199.7 155.4
3 788.0 764.5 597.8 512.8 370.6 157.5 131.0
4 622.4 615.3 512.0 412.8 396.0 122.7 94.4
24 101.5 98.1 84.3 69.3 64.6 20.7 17.3
48 50.4 48.4 41.7 35.4 345 10.8 8.1
72 33.3 31.9 27.6 23.7 23.1 7.11 5.0
96 24.8 23.9 20.7 17.8 17.1 5.37 4.3
120 19.9 18.9 16.4 14.2 13.7 4.1 3.4
084 \N\AC‘\ ) 08 Blank (1 M HC)
O e ° ° 100 pytn
7 T v v 300 pp
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Fig. 3. WL vs. immersion time for the Zn corrosion in 1M HCI with different concentrations of hybrid Ti/Ce salt
at 25 °C after (a) 4 h, and (b) 120 h
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Table 3. The Cg, Coverage surface (0), and inhibition efficiency (IE%) of Zn in 1M HCI with different
concentrations of hybrid Ti/Ce salt after 1 h immersed at different temperatures.

At 25°C At55°C
Conc.
ppm WL, Cg, Coverage IE % WL, Cg, Coverage IE %
(9) (mm/Y) surface, (0) (9) (mm/Y) surface, (0)

0 0.42 1294 .4 -- -- 0.62 1921.6 -- --
100 0.41 1257.6 0.028 2.8 0.46 1400.2 0.271 27.1
300 0.40 1226.9 0.052 5.2 0.45 1378.7 0.283 28.3
600 0.32 981.5 0.242 24.2 0.37 1133.3 0.410 41.0
900 0.30 920.2 0.289 28.9 0.34 1041.3 0.458 45.8
1200 0.08 2454 0.810 81.0 0.25 762.2 0.603 60.3
1600 0.05 153.4 0.882 88.2 0.18 549.0 0.714 71.4
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E 1200
£
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e 800 -
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Fig. 4. The Cg of immersed Zn in 1M HCI without and existence of different of hybrid Ti/Ce salt concentrations
after 1 h immersed at 25 °C and 55 °C.

3.4. Potentiodynamic polarization

The PDP plots for Zn in 1M HCI with different
concentrations of hybrid Ti/Ce salt are given in Fig. 5.
The corrosion potential (Ecorr), anodic and cathodic
Tafel slopes (Sa, fc), corrosion current density (lcorr),
polarization resistance (Rp), and inhibition efficiency
(IE %), are listed in Table 4. The inhibitor
concentration has a small effect on the anodic Tafel
constant (Ba) results and more effect on the cathodic
Tafel constant (Sc) values representing that the
inhibitor might variation the mechanism of the
cathodic reaction and may not affect the progression
of anodic dissolution [32]. The parallel cathodic Tafel
plots are attained in Fig. 5 which clear the hydrogen
evolution is activation-controlled and the reduction
mechanism is not affected by the inhibitor existence.
The cathodic Tafel slope (5:) values changes proposes
that the reaction mechanism of the hydrogen reduction
is different due to the existence or not of inhibitors.
From Table 4, the data illustrate that the current
density (lcorr) Values decreased where the polarization
resistance (Rp) values increased in the existence of
various hybrid Ti/Ce salt concentrations as expected.

Egypt. J. Chem. 66, No. SI 13 (2023)

The lcorr Values of Zn in the inhibited solution are
smaller than those for the inhibitor-free solution. This
is because of the inverse relation between lcorr and Ry,
with the increasing the inhibitor concentrations, the
inhibitor molecules adsorption on the metal surface
creates a physical barrier for both the mass and charge
transfer, giving an excellent metal surface protection.
The highest inhibition of those experiments value is 73
% at the 1600 ppm. The hybrid Ti/Ce salt addition led
to shift the Ecor value to the negative direction.
Moreover, the negative shift of corrosion potential
provides that the studied compounds are mixed-type
inhibitors but cathodic inhibitors than anodic ones
[33]. The corrosion current density decrease, and the
inhibition efficiency rise may be due to the
compound’s adsorption on the Zn surface. The
experimental results derived from PDP curves show
that in the existence of these compounds lcorr decreases
significantly at all the studied concentrations. The
Tafel polarization method confirmed the main WL
data, providing some additional information. Thus,
they are determined by the extrapolation of Tafel lines
to the respective corrosion potentials.
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Table 4. Corrosion parameters of the PDP curves for Zn in 1M HCI with different hybrid Ti/Ce salt
concentrations

Inhibitor Conc. Ecorr lcorr Pa Pe Rp Cg, Coverage | IE
(ppm) mV mA/cm? mV/dec mV/dec ohm.cm? mm/y surface, %
1M HCI ()

0 -1019.0 7.8644 163.5 -174.4 3.40 91.98 -- --
100 -1026.8 4.7800 183.6 -197.6 6.37 55.90 0.392 39
300 -1017.2 3.7795 187.5 -199.5 8.18 44.20 0.519 52
600 -1028.6 3.4698 160.7 -195.0 8.20 40.58 0.558 56
900 -1023.9 3.2154 177.5 -194.3 9.20 37.60 0.591 59
1200 -1018.3 2.7798 185.9 -196.6 11.01 3251 0.646 65
1600 -1026.8 2.1326 188.6 -199.1 14.41 24.94 0.728 73

1.0
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= = 300 ppm
= 1+ 600 ppm
— 007 — = 900 ppm
i = = 1200 ppm
= = = 1600 ppm
= -0.5 A
o
o
o
-1.0 4 J—
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5 -4 - -2 1
log | (A/lcm?)

Fig. 5 The PDP curves for Zn in 1M HCI with different hybrid Ti/Ce salt concentrations.

The existence of Cl~ from HCI decrease by inhibitors
due to chemisorptions mechanism that might be the
cause by the water molecules evacuated from Zn
surface share electrons between inhibitors heteroatom
and Zn atom and thus the Zn surface might be
adsorbed the inhibitor [34]. The corrosion mechanism
of hybrid Ti/Ce salts in 1M HCI on Zn may be express
by Eqgs. (8-12) [21]:

Zn> Zn** +2e” 8)

0, +4e” +2H,0 > 40H~  (9)

Ce3* +30H- > Ce(0OH); (10)
ACe3++0,+40H™+2H,0>4Ce(OH)2* (11)
Ce(OH)2* + 20H™ - Ce0, + 2H,0 (12)
Ce(OH); > Ce,05 +3H,0  (13)

Ce3* + H,0, > Ce** + OH™  (14)
Ce** + 40H- > Ce(OH), (15)
Ce(OH), > Ce0, +2H,0  (16)

Egypt. J. Chem. 66, No. SI 13 (2023)

The Zn?* cations are existed at the interface due to
anodic reaction Eq. (8) while the hydroxyl anions that
formed by oxygen reaction as in Eq. 9 (cathodic
reaction). The Ce3* cations form with OH~ anions
Ce(OH); and CeO, at the cathodic position as exist
from Egs. (10, 11, 12) that represent active sites
blocking [19]. CeO, is a stable oxide that blocks the
cathodic sites. From Eq. 10, it could be form Ce,04
as in Eq. 13 [22]. It could also contain Ce** from
Ce3* then formation of Ce(0OH), that formed at last
Ce0, as from Egs. (14, 15, 16) [22].

The electrochemical generation of the TiO, as in Eq.

17 where Eq. 18 gives the chemical dissolution of

TiO, film. Finally, Eq. 19 provides the Ti chemical
dissolution [35].

Ti +2H,0 > TiO, +4H* +4e~ (17)

Ti0, +2H*> TiO + H,0 (18)

Ti+H,0 > Ti0O?** +2H* +2e™ (19)
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3.5. Surface morphology

The SEM image and EDX result of Zn before
corrosion are seen in Fig. 6a and Fig. 6b, respectively.
Also, the SEM morphology and EDX result of Zn
immersed in 1 M HCI without additions are given in
Fig. 6¢c and Fig.6d, respectively. The EDX analysis of
Zn before corrosion is 100%2Zn whereas the EDX
result after corrosion in 1M HCI acid at 25 °C for 120
h is 27.79%0, 11.15%Cl, and 61.06%Zn. After time
of immersion, the surface of pure zinc is uneven
because it is mainly covered by flocculent corrosion
products [36]. Also, it may be due to part of zinc is
corroded in the solution with a pH below 6 [37].

The SEM images investigated the protective layer
produced on the Zn surface. Fig 7. illustrates the SEM

morphologies of the Zn immersed in 1 M HCl solution
with the addition of hybrid Ti/Ce salt 100, 900, and
1600 ppm concentrations. Fig. 8 gives the EDX
analyses of the six spots in Fig. 7. The EDX analyses
of Spot 1 analysis are 25.88%0, 6.81%Cl, 0.24%Ti,
39.05%2n, and 28.03%Ce and the EDX analysis for
Spot 2 is 29.85%0, 10.87%Cl, 0.13%Ti and
57.84%2zn for 100 ppm hybrid Ti/Ce salt. Where for
900 ppm hybrid Ti/Ce salt, the EDX analysis for Spot
3 is 29.43%0, 11.58%Cl, 58.87%Zn, and 0.12%Ce
while the EDX result for Spot 4 is 28.87%0,
12.01%Cl, and 59.12%2Zn. Also, the EDX analyses for
1600 ppm of hybrid Ti/Ce salt for Spot 5 is 23.45%0,
12.49%Cl, 0.03%Ti, 59.98%2Zn, and 4.05%Ce while
for Spot 6 is 28.15%0, 12.69%Cl and 59.16%Zn.

cps/eV
18-
] El AN Series
16 [wt.%]
L
: Zn 30 K-series 100.00
12
10 75 & Total: 100.00
8
6
4
2
0 L
2 4 6 8 10 12 14 16 18 20
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12- El AN Series
[wt.%]
10 - i
0 8 K-series 27.79
8 Cl 17 K-series 11.15
0 an Zn 30 K-series 61.06
cl In - ——
6 Total: 100.00

L

10 14 20

keV

2 4 6 8 12 16 18

(d)

Fig. 6. The Zn (a) SEM before corrosion, (b) EDX before corrosion, (c) SEM of Zn immersed in 1 M
HCI solution without additions at 25 °C for 120 h, and (d) EDX of Zn immersed in 1 M HCI solution without
additions at 25 °C for 120 h.

The SEM images investigated the protective layer
produced on the Zn surface. Fig 7. illustrates the SEM
morphologies of the Zn immersed in 1 M HCI solution
with the addition of hybrid Ti/Ce salt 100, 900, and
1600 ppm concentrations. Fig. 8 gives the EDX

Egypt. J. Chem. 66, No. SI 13 (2023)

analyses of the six spots in Fig. 7. The EDX analyses
of Spot 1 analysis are 25.88%0, 6.81%Cl, 0.24%Ti,
39.05%2Zn, and 28.03%Ce, and the EDX analysis for
Spot 2 is 29.85%0, 10.87%Cl, 0.13%Ti and
57.84%2n for 100 ppm hybrid Ti/Ce salt. Where for
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900 ppm hybrid Ti/Ce salt, the EDX analysis for Spot
3 is 29.43%0, 11.58%Cl, 58.87%Zn, and 0.12%Ce
while the EDX results for Spot 4 is 28.87%0,
12.01%Cl, and 59.12%Zn. Also, the EDX analyses for
1600 ppm of hybrid Ti/Ce salt for Spot 5 is 23.45%0,
12.49%Cl, 0.03%Ti, 59.98%2zn, and 4.05%Ce while
for Spot 6 is 28.15%0, 12.69%Cl, and 59.16%Zn. The

existence of oxygen means the Zn is corroded and then
formation of oxide layers which reduce further
corrosion. The oxide film formation or corrosion
products prevent the erosion of CI ~and reduce the
surface activity of zinc that led to decrease the Cg
[36].

Egypt. J. Chem. 66, No. SI 13 (2023)

()
Fig. 7. The SEM morphologies of Zn immersed in 1 M HCI solution with additions of hybrid Ti/Ce salt at 25 °C
for 120h (a) 100 ppm, (b) 900 ppm, and (C) 1600 ppm.
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Fig. 8. The EDX analyses of Zn immersed in 1 M HCI solution with different additions of hybrid Ti/Ce salt at 25
°C for 120 h (a) Spot 1, (b) Spot 2, (C) Spot 3, (d) Spot 4 (e) Spot 5 and (f) Spot 6

Fig. 7(a) provides the SEM morphology of the Zn
surface after immersion of 120 h which indicates small
cavities on the surface. These are spread over the entire
surface needle-like deposits are noticed. Where Fig.
7(b) displays more homogenous deposits on the Zn
surface. In Fig. 7(c), it does not appear a needle-type
of deposit. The protective film on Zn contains of a
continuous amorphous-like layer in which several

4. Conclusion

The corrosion inhibition on the Zn immersed in 1M
HCI with 0, 100, 300, 600, 900, 1200, and 1600 ppm
concentrations of hybrid Ti/Ce salts, different

Egypt. J. Chem. 66, No. SI 13 (2023)

crystalline particles are embedded. From EDX
analysis, the oxide film is a complex mixture of oxides
of Ce and Zn. The yellow color of the oxide film
formed on the Zn surface shows the existence of Ce*
ions [13]. The formation of a protective film of
hydrated Ce-rich oxide reduces the Cpg.

immersion time, different temperatures, and PDP
curves were investigated. The protective layer was
formed on the Zn surface due to the chelation reaction
between Zn and inhibitor molecules decreasing the Cp
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by Ce3*, Ce**, and Ti species. The inhibitors ions
diffuse into the grain boundary of the Zn and contains
a protective film. The lower C was exhibited by the
Zn samples because of the surface coverage
improvement by the addition of 1600 ppm of hybrid
Ti/Ce. The inhibition efficiency raised with immersion
time because of the protective film formation on the
Zn surface. After 4 h, inhibition efficiency reached
82.9% and stabilized. The inhibition -efficiency
decreases slightly with increases the temperature due
to the dissolution of Zn and the evolution of the
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