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ABSTRACT

A green and cost-effective inhibitor based on Date palm leaves extract was formulated for use during acid
cleaning of thermal desalination plants. The inhibitor formulation designated as F1 was tested against the
corrosion of ferrous-based alloys namely: carbon steel, Ni-resist, and 316L stainless steel in 2% HCI solution at
40 °C under static and hydrodynamic conditions. Weight loss and electrochemical methods complemented with
scanning electron microscopy were used in the study. Experiments were performed for 6, 24, and 72 h and the
performance of F1 was compared with that of a commercial acid corrosion inhibitor. F1 exhibited excellent
corrosion inhibition performance. Under static and dynamic conditions, 0.4% of F1 provided excellent corrosion
inhibition up to 72 h and comparable to the commercial inhibitor performance. The inhibitors (F1 and the
commercial one) exhibited a behavior typical of a mixed type corrosion inhibitor in the studied environment
according to the potentiodynamic polarization. Results from cyclic potentiodynamic polarization experiments
excluded pitting corrosion risk on the 316L stainless steel in the studied medium. Results from all applied
techniques are in good agreement.

1. Introduction

One of the options to increase the global fresh water supply is the
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desalination of seawater and brackish water [1]. There are about
15,906 functional desalination plants in the world and produce about
95 million m>/day of fresh water for human consumption [2]. Twenty
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six percent of worldwide desalination plants operate based on the
multistage flash (MSF) thermal desalination technique [3]. A MSF
seawater desalination plant has different sections fabricated with var-
ious metallic alloys. The main components include the evaporator
(carbon steels), the brine heater and evaporator condensers (Cu—Ni
alloys), the ejector (stainless steels), and pump casings (Ni-resist, ASTM
A439 D2 and BS 3468 S2W types) [4]. Scaling phenomenon is one of
the major operational challenges affecting the long-term production
performance [4]. The commonly found scales in thermal desalination
plant components are the calcium carbonate, silica, calcium sulfate,
metals silicates, oxides/hydroxides of Mg, and Mn [5,6]. Scaling, if not
controlled would not only decrease plant production efficiency but
would also promote under deposit corrosion [7,8].

Periodically, thermal desalination plants are shut down for des-
caling by acid cleaning process. Acid solutions, mainly hydrochloric
acid, sulfuric acid, or sulfamic acid are used in the concentration range
of 2-5% [4]. Sulfuric acid relative to hydrochloric acid and sulfamic
acid is easy to use and is relatively inexpensive. However, the tendency
of sulfate scales (especially calcium sulfate) formation is highly ex-
pected when considering sulfuric acidified seawater than in hydro-
chloric acidified seawater.

Acid cleaning process can induce severe corrosion of desalination
plant components. It was reported [4] that, carbon steel, Cu—Ni alloys,
and Ni-resist samples exposed to 2% HCI solution under atmospheric
conditions for 6 h corroded at a rate of 2.56, 1.67, and 1.16 mm/yr,
respectively. Meanwhile, due to the high water demand and the ne-
cessity of high level of plant availability as well as important scale if
formed, acid cleaning operation may last up to 72 h. It is therefore a
necessity to add an effective corrosion inhibitor to acid cleaning solu-
tions. Organic compounds containing oxygen, nitrogen, and sulfur
heteroatoms in their moiety had been studied as acid cleaning in-
hibitors [9-11]. Recently, Alamri and Obot [12] studied the influence
of thiabendazole (TBZ) on the corrosion resistance of C1020 grade steel
during acid cleaning of MSF desalination plant. It was found that,
10 mM TBZ inhibited the corrosion of C1020 steel in 1.0 M HCI by
83.30 * 0.95% and 51.88 + 0.79% at 25 °C and 60 °C, respectively.
To enhance the corrosion inhibition performance, potassium iodide was
combined with TBZ and the mixture was found to provide a synergistic
effect, upgrading the inhibition efficiency to 91.67 * 0.47% and
69.92 + 0.45% at 25 °C and 60 °C, respectively. Propargyl ethers and
propargyl thioethers had also been reported to exhibit outstanding in-
hibition effect toward ferrous-based alloys in acid media [13,14].

There are also information on the use of commercial corrosion in-
hibitors, including the quaternary ammonium salts based-IBIT 570S,
aliphatic nitrogen based-ARMOHIB 28, and amine based-Nevamin CP-
20 inhibitors [4,15,16] during acid cleaning of desalination plants.
Although these inhibitors have been effective, some of them are ex-
pensive and harmful to human and the natural environment.

The current research direction is to develop highly efficient corro-
sion inhibitors with minimal toxic impacts. In view of this, Frenier [17]
developed a low toxicity corrosion inhibitor based on cinnamaldehyde,
quaternary nitrogen salts, and a nonionic surfactant for use in hydro-
chloric acid cleaning process. Static and dynamic corrosion tests re-
vealed that the formulation provided adequate protection for a number
of steels in hydrochloric acid solution at temperatures up to 150 °F
without interfering in the cleaning operation. Lindert and Johnson [18]
also developed a low toxicity corrosion inhibitor for use in industrial
cleaning operations. As part of our contribution to this growing area of
research, we formulated an inhibitor (F1) from Date palm leaves ex-
tract. The inhibiting effect of F1 was tested against carbon steel, Ni-
resist, and 316 L stainless steel in 2% HCI solution under static and
hydrodynamic conditions using weight loss and electrochemical tech-
niques complemented with surface characterization by scanning elec-
tron microscope (SEM). The corrosion performance of F1 was compared
with that of a commercial inhibitor recommended for use by a desali-
nation company since 1997 [4].
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Table 1
The dimensions of the coupons used for immersion test experiments.

Coupon dimension

Coupon Thickness (cm) ~ Width (cm)  Length (cm)  Area (cm?)
Ni-resist 0.312 3.054 3.175 23.280
316 L stainless steel ~ 0.232 3.078 3.218 22.731
Carbon steel 0.442 2.786 3.414 24.504

2. Experimental
2.1. Metals samples and preparation

In this study, ferrous corrosion coupons were chosen to represent a
typical MSF alloys and include carbon steel, austenitic cast iron (Ni-
resist type D2), and austenitic stainless steel 316L. The chemical com-
position (in wt%) of the metal samples is as follows: Carbon steel —
C =0.17,Mn = 0.83, Si = 0.10, S = 0.013, P = .011, Fe = balance;
316 L stainless steel — Cr = 17.03, Ni = 10.9, Mo = 2.4, C = 0.03,
Si = 0.53, Fe = balance; Ni-resist — Ni = 20.76, C = 2.83, Si = 4.4,
Cr = 1.96, Mn = 0.83, S = 0.004, Fe = Balance. The dimensions of the
metal samples used in weight loss experiments are detailed in Table 1.
The surface area of the samples was calculated using Eq. (1) [19].
Electrochemical experiment's samples were mounted in epoxy resin
adopting a rectangular shape with an exposed surface area of 1 cm* All
specimens were grinded using SiC abrasive paper from grit #320 up to
800+#. Grinding was followed by acetone degreasing, water rinsing then
air drying before storage in desiccator prior to the exposure.

A =2l +dl + dw) (@]

where A = area (cm?); w = width (cm); d = thickness (cm); and
[ = length (cm).

2.2. Corrodent and inhibitors

To mimic a typical MSF acid cleaning environment, 2% HCI solution
prepared by diluting analytical grade HCl with natural gulf seawater
was used as the corrodent. The chemical composition of the Jubail gulf
seawater is given in Table 2 and is in accordance with the composition
of the Arabian gulf seawaters given by Gouda et al. [20]. A desalination
company provided the commercial acid cleaning corrosion inhibitor.
The developed inhibitor (F1) contains ethanolic extract of Date palm
leaves as the main component. Because of proprietary reason, the full
composition of the corrosion inhibitor formulation, F1 will not be dis-
closed here. Soxhlet extractor was used for the extraction of Date palm
leaves. Ten grams of sun dried and powdered Date palm leaves was
extracted using 800 mL of absolute ethanol. The extract was con-
centrated using a rotary evaporator to a semi-solid form, which was
used for the formulation. The schematic representation of the extraction
procedure is depicted in Fig. 1.

Table 2
Chemical composition of Jubail gulf seawater.

Parameters Gulf seawater (Jubail)
Na* (ppm) 13,400
Mg** (ppm) 1603
Ca** (ppm) 481

K* (ppm) 483
Cl™ (ppm) 23,750
SO,~ (ppm) 3490
B (ppm) 6.2
Total suspended solids (TDS) 43,800
Total alkalinity (mg/Las CaCOs) 133
pH 8.1-8.2
Conductivity (ps/cm) 61,500
Temperature (°C) 18-37
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Fig. 1. Schematic representation of the extraction procedure of Date palm leaves.

2.3. Weight loss experiments

The experiments were performed under static and hydrodynamic
conditions at 40 °C following the ASTM standard procedure [21]. Ex-
periments under static condition were performed in a thermostatic
water bath for 6, 24, and 72 h immersion in the test solutions. Hy-
drodynamic experiments were conducted for 24 and 72 h immersion
under rotation speed of 415 rpm (achieved by placing the weight loss
bottles on a programmable stirring hot plate model HS 65). Sample
treatment after each immersion time followed the ASTM-G procedure
[21] and weight loss was calculated according to Eq. (2).

WL (g) =W — W 2
The corrosion rate (v) was calculated following Eq. (3) [21]:

87600 X WL

v(mm/yr) = AT @

where WL = average weight loss (g), p= density of the steel sample
(g cm™ %), T = immersion time (h), and A = surface area of the spe-
cimen (cm?).

The inhibition efficiency (%) of the inhibitor was calculated using
Eq. (4) considering three concentrations: 0.3% vol./vol, 0.4% vol./vol.,
and 0.5% vol./vol. For simplicity, vol./vol. is omitted henceforth from
the inhibitor concentration.

V(blank) — V(inh.) % 100

%) =
g V(blank) G

where Vjanky= corrosion rate in uninhibited solution and Vgnn,) =
corrosion rate in inhibited solution.

2.4. Electrochemical experiments

Electrochemical tests were conducted under hydrodynamic condi-
tion at 40 °C in standard 1 L corrosion cells containing the 2% HCl
solution without and with corrosion inhibitor. A Gamry 600°® po-
tentiostat was used for all electrochemical experiments including linear
polarization resistance (LPR) and potentiodynamic polarization (PDP).

Instantaneous corrosion rate using LPR was measured after 24 and 72 h
immersion, while the PDP was conducted after 72 h immersion.
Specifically, the cyclic potentiodynamic polarization (CPDP) technique
(rather than the PDP) was employed for testing the 316L stainless steel
in order to study pitting resistance in the presence of corrosion in-
hibitors as conducted by other scientists [22]. LPR tests were carried
out from —10 mV to +10 mV versus open circuit potential (Eocp) at
the scan rate of 0.166 mV/s. PDP tests were carried out at the potential
of + 250 mV from OCP at a scan rate of 0.2 mV/s for carbon steel and
Ni-resist. The CPDP tests on the stainless steel were conducted using
initial potential of —250 mV/Egcp, apex/reverse potential of
+1000 mV/Eocp, and final potential of 0 V/Eqcp with a scan rate of
0.2 mV/s. Prior to each experiments, the variation of Eqcp was mon-
itored for 1 h to ascertain that a steady state condition is satisfied. The
inhibition efficiency from LPR and PDP techniques was computed using
Egs. (5) and (6), respectively.

R
Gpp = 1 — 2229 5 100%
Rp(inh) 5)
icorr(inh)
Iy = 1 — —20) o 100%
FOP Leorr(blank) (6)

where icorr (blank) @nd Rp (blank) are, respectively, the corrosion current
density and polarization resistance recorded in the uninhibited solu-
tion; icorr (inhy @nd Ry inny are the corrosion current density and polar-
ization resistance recorded in the presence of an inhibitor.

2.5. Surface characterization

After 72 h immersion in the 2% HCI solution without and with 0.4%
commercial inhibitor or F1, the surface morphologies of the metal
coupons were observed with the aid of a scanning electron microscope
(SEM) JEOL JSM-6610 LV, which was hyphenated with an energy
dispersive x-ray spectrophotometer (EDAX) for determination of ele-
mental composition.
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Fig. 2. ATR-IR spectrum of date palm extract.

3. Results and discussion
3.1. Characterization of Date palm extract

The ATR-IR spectrum of Date palm leaves extract acquired with the
aid of an infrared reflectance spectrophotometer (PerkinElmer®, The
Netherlands) is shown in Fig. 2. The wavenumber of the observed peaks
and the possible assignment are summarized in Table 3. The assigned
functional groups (Table 3) indicate that, the Date palm extract is rich
in phytochemical compounds such as tannins, flavonoids, saponnins,
alkaloids, steroids, phenols, terpenoids, carbohydrates, and amino
acids, which is in agreement with previous reports [23-25].

3.2. Weight loss results

3.2.1. Corrosion inhibition performance by F1 and commercial inhibitor
under static condition

Fig. 3 shows the performance of 0.4% F1 and 0.4% commercial acid
inhibitor against the corrosion of three ferrous alloys exposed to 2%
HCI solution for 72 h at 40 °C under static and atmospheric conditions.
It is obvious from the results in the figure that both F1 and the com-
mercial inhibitor effectively suppressed the dissolution of the alloys in
the acid solution. Under atmospheric or deaerated condition, the
maximum allowable corrosion rate for carbon steel and Ni-resist in
inhibited HCI solution is 0.51-1.27 mm/yr (20-50 mpy) while that of
stainless steel is 0.03-0.10 mm/yr (1-4 mpy) [4,26,27]. Inspection of
Fig. 3(a) reveals that the studied inhibitors met the requirement.

To compare the corrosion inhibition performance of F1 with the
performance of the commercial acid inhibitor, the bar chart presented
in Fig. 3(b) was drawn. It is clear from the figure that F1 perform
slightly better in the protection of carbon steel and Ni-resist than the
commercial inhibitor. For the protection of 316 L stainless steel, F1
competes favourably with the performance of the commercial acid in-
hibitor. For instance, the inhibition efficiency afforded by the 0.4% F1

Table 3
FTIR result of Date palm leaves extract.

Wavenumber (cm™1) Possible assignment

3253.71 O-H stretching

2918.92 C-H stretching

1743.22 C=0 stretching of ester group

1605.21 C=C conjugated stretching

1516.51 C=C stretching of aromatic skeletal mode
1358.94 CH; bending

1244.93 C-O stretching of phenolics

1039.12 C-O stretching of polysaccharide components

569.70, 562.09 Out-of-phase CH bending and rocking
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Fig. 3. Comparative bar charts showing the corrosion inhibition performance of
0.4% F1 relative to that of the commercial acid inhibitor for ferrous alloys
immersed in 2% HCI solution for 72 h at 40 °C under static and atmospheric
conditions.

for carbon steel and Ni-resist is 97.43% and 59.39%, respectively
whereas that of the commercial inhibitor is 91.86% and 52.79%. For
316L stainless steel, inhibition efficiency of the commercial inhibitor is
95.72% while that of F1 is 93.58%. Based on these results, it could be
concluded that F1 is an effective acid corrosion inhibitor for the studied
ferrous alloys.

Having established that, F1 can effectively retard the corrosion of
the studied ferrous alloys in HCI solution, the influence of concentration
and immersion time on the performance of this green inhibitor was
studied. Fig. 4 shows the variation of (a) corrosion rate and (b) pro-
tection efficiency with dosage of F1 for 316L, Ni-resist, and carbon steel
immersed in 2% HCI solution for 72 h at 40 °C under static and at-
mospheric conditions. It is observed from Fig. 4(a) that the corrosion
rate declines with increasing concentration with the lowest value ob-
served at 0.4% concentration for carbon steel and Ni-resist and 0.5%
concentration for 316L stainless steel. This observation suggests that
0.4% is the best concentration of F1 for carbon steel and Ni-resist while
0.5% is the best for 316L stainless steel. However, a careful inspection
of Fig. 4(b) discloses that, the difference in inhibitive performance of
the three concentrations is minimal (not exceeding 2%). For instance,
the inhibition efficiency of 0.3%, 0.4%, and 0.5% F1 for 316L stainless
steel is 94.42%, 93.58%, and 93.97%, respectively. Similar near con-
stancy in inhibition efficiency with increasing F1 concentration is ob-
served for carbon steel and Ni-resist. This implies that, the low
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Fig. 4. Variation of (a) corrosion rate and (b) inhibition efficiency with con-
centration of F1 for 316L, Ni-resist, and carbon steel immersed in 2% HCI so-
lution for 72 h at 40 °C under static condition.

concentrations of F1 (0.3-0.5%) can be utilized during acid cleaning of
MSF plant to achieve desire protection of the metallic components. It
should also be mentioned that the corrosion rate obtained with the
three concentrations (0.3%, 0.4%, & 0.5%) of F1 for the three ferrous
alloys studied falls within the acceptable limit.

Fig. 5 shows the variation of (a-c) corrosion rate and (d) inhibition
efficiency of 0.4% F1 with immersion time for the studied metallurgies
under the investigated experimental conditions. Beside 316 L stainless
steel in which the corrosion rate in the uninhibited acid solution varies
directly with immersion time (Fig. 5(a)), the corrosion rate of all other
studied metals samples varies inversely with immersion time. The ob-
served decrease in the corrosion rate with immersion time could be due
to the buildup of corrosion products on the samples surfaces, which
provided some degree of protection to the specimen surfaces [28]. In
the other hand, the observed increase in corrosion rate of 316L stainless
steel in the unprotected acid solution with immersion time suggests the
breakdown of the native oxide layer at prolonged immersion duration
[28].

The considerably decline in corrosion rate of the studied alloys in
the inhibited systems relative to the uninhibited (Fig. 5(a—c)) further
proves the effectiveness of F1 as inhibitor for the studied alloys. It does
appear from the figure that the corrosion processes were inhibited at
longer immersion time (i.e 72 h) than at shorter immersion time (i.e
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6 h). The effectiveness of an adsorbed inhibitor layer in obstructing
corrosive ions penetration depends largely on its thickness, stability,
and rigidity [28,29]. It can be argued that, at longer immersion, suffi-
cient amount of F1 molecules were adsorbed on the coupons surfaces.
The adsorbed inhibitor films appreciably obstructed the ingression of
the corrosive ions present in the medium and this resulted in the ob-
served decrease in the corrosion rate. Similar argument can be found in
the corrosion literature [28,29].

Three trends are observed in Fig. 5(b): first, the inhibition efficiency
of F1 for 316L stainless steel increases with increase in immersion time
up to 72 h. Second, for carbon steel, the performance efficiency in-
creases up to 24 h but thereafter slightly decreases. The decline is about
1.5%, which can be considered within the measurement error range.
Third, the inhibition efficiency of F1 against Ni-resist corrosion steadily
decreases with increasing immersion time. Similar decline in inhibition
efficiency with exposure time on cast iron and steel alloys in acidic
solution had been observed by other authors [30,31]. The increase in
the inhibition efficiency with increasing immersion time, as observed
for stainless steel and carbon steel is attributed to an increase in the
number of inhibitor molecules adsorbed on the metals surfaces [32]. In
the case of Ni-resist, several factors can give rise to the observed de-
crease in inhibition efficiency with exposure time. First, partial deso-
rption of adsorbed inhibitor molecules at prolonged immersion dura-
tion can cause the observed phenomenon [31]. The second possibility is
that, 0.4% of F1 may not have been sufficient to overcome the fast
galvanic corrosion between the cathodic carbon nodules and the anodic
iron matrix in contact with the highly conductive acidic seawater.

3.2.2. Corrosion inhibition performance by F1 and the commercial inhibitor
under hydrodynamic condition

Depending on its rate, flow can affect the performance of an in-
hibitor in three ways [33-35]: (i) increase the mass transport of in-
hibitor molecules from bulk solution to substrate surface. Such move-
ment can improve the inhibition performance of an inhibitor, as more
inhibitor molecules will be available for adsorption; (ii) increase the
mass transport of metal ions produced during metal dissolution in
corrosive medium from electrode surface to the bulk solution. In such a
case, formation of metal-inhibitor complex on substrate surface will be
minimal. This will have a detrimental effect on inhibition performance;
(iii) cause the detachment of the adsorbed inhibitor molecules from a
substrate surface in case of high shear stress caused by higher velocity.

The effect of the flow on F1 performance was investigated for an
optimum concentration of 0.4% keeping the same environment condi-
tions for a rotational speed of 415 rpm (equivalent to a velocity of 1 m/
s). The experiments were performed for 24 and 72 h. The results ob-
tained are given in Table 4. For comparison purposes, similar experi-
ments were conducted using the commercial corrosion inhibitor. The
results in Table 4 show clearly that, F1 inhibitor performed competi-
tively with the commercial one under hydrodynamic condition. The
obtained corrosion rates remain within the accepted limits. In fact, F1
performed better than the commercial inhibitor in the case of Ni-resist.
This clearly shows that F1 is an effective inhibitor that can be deployed
for acid cleaning process.

A comparison of the protection performance of F1 under hydro-
dynamic condition (Table 4) to its performance under static condition
(Fig. 3) reveals better performance under static than hydrodynamic
condition for carbon steel and stainless steel. The reverse is however the
case with Ni-resist. For instance, the inhibition efficiency of 0.4% F1
after 72 h for carbon steel, Ni-resist, and 316L stainless steel under
static condition is 97.43%, 59.39%, and 93.58%, respectively but
94.96%, 88.56%, and 88.03% under hydrodynamic condition. One or
all of the factors listed above may have played a role in the observed
disparity in the performance of F1 under the static and hydrodynamic
conditions.



LB. Obot, et al.

[—=—Blank (316 L) (a) 1.379
149 —e— 0.4% F1 inhibited
1.2
2 407
g 10
£
@ 0.8
]
.8 0.6
3
& 9930008
e 0 0.322
0.187 T 0082
0.095
0.0 75375, O P, 5, P, Y. 5, .75 O, O, N [P, PP, . P
0 10 20 30 40 50 60 70 80
Inhibition time (h)
20.532 (c) —a— Blank(carbon steel)
—e— 0.4% F1 inhibited
s
IS
£
[0]
®
{
S
[2]
<
o} E
o E T '
10.446 0.149 0.124
£ 5 ., ., L L, 5, 3, B R P
0 10 20 30 40 50 60 70 80

Immersion time (h)

Fig. 5. Variation of (a-c) corrosion rate and (d) inhibition efficiency with immersi

Corrosion rate (mm/yr)

on

without and containing 0.4% F1 at 40 °C under static and atmospheric conditions.

3.3. Electrochemical test results

To corroborate the weight loss results and to gain insight into the
mechanism of inhibition by F1 and the commercial inhibitor, electro-
chemical measurements were performed under hydrodynamic condi-
tion for carbon steel, Ni-resist, and 316L stainless steel immersed in 2%
HCI solution for 24 and 72 h at 40 °C. Before the impedance mea-
surements at either 24 or 72 h, the variation of open circuit potential
(OCP) was monitored for 3600 s. The OCP variation collected before
impedance measurements at 72 h is shown in Fig. 6.

From electrochemical perspective, an inhibitor can retard a metal
corrosion by suppressing the anodic oxidation reactions or cathodic
reduction reactions or both [36-38]. Most often, the extent of OCP

Table 4
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displacement in the presence of an inhibitor relative to absent is used as
a benchmark for categorizing an inhibitor as anodic, cathodic, or mixed
type [36-38]. According to many authors [36-38], a precise categor-
ization requires an OCP displacement of + 85 mV. Inspection of
Fig. 6(a) reveals that, the dominant influence of F1 and the commercial
inhibitor is on the cathodic reactions. For the inhibition of Ni-resist
corrosion, the inhibitors have greater effect on the anodic corrosion
reactions than the cathodic (Fig. 6(b)). Fig. 6(c) suggests that, the
commercial inhibitor has principal effect on the anodic dissolution of
the stainless steel while F1 mainly affected the cathodic reactions.
However, the displacement of the OCP by the inhibitors relative to the
OCP of the blank is not sufficient to categorize F1 and the commercial
inhibitor as cathodic or anodic type inhibitors. The inhibitors thus

Performance of 0.4% commercial inhibitor and 0.4% F1 against 316L, Ni-resist, and carbon steel corrosion in 2% HCI solution at 40 °C under hydrodynamic and

normal atmospheric conditions.

Conc. Metallurgy Average weight loss (g) Corrosion rate (mm/yr) Inhibition efficiency (%)
24 h 72h 24 h 72h 24 h 72h
Blank 316 L 0.068 =+ 0.007 0.719 = 0.001 1.376 + 0.007 4.837 = 0.001 - -
Ni-Resist 0.521 * 0.000 1.765 =+ 0.009 9.800 = 0.000 6.112 = 0.009 - -
Carbon steel 1.151 * 0.012 2.048 = 0.042 17.620 + 0.012 10.349 = 0.042 - -
F1 316 L 0.038 =+ 0.000 0.086 = 0.003 0.761 =+ 0.000 0.579 = 0.003 44.72 88.03
Ni-Resist 0.024 = 0.000 0.112 = 0.002 0.460 = 0.000 0.699 = 0.002 95.39 88.56
Carbon steel 0.050 = 0.002 0.103 = 0.001 0.761 = 0.002 0.522 = 0.001 95.68 94.96
Commercial inhibitor 316 L 0.028 = 0.000 0.040 = 0.000 0.567 = 0.000 0.271 %= 0.000 58.80 94.39
Ni-Resist 0.049 = 0.002 0.137 = 0.008 0.919 = 0.002 0.858 * 0.008 90.62 85.96
Carbon steel 0.045 = 0.003 0.103 = 0.002 1.043 + 0.003 1.035 + 0.002 96.09 94.96
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Fig. 6. OCP versus time plots for (a) carbon steel, (b) Ni-resist, and (c) 316L
stainless steel exposed to 2% HCI solution without and with 0.4 vol% CP-20 and
F1 under hydrodynamic condition.

behaved as mixed type inhibitors. Worthy of pointing out is the initial
sharp decrease in the open circuit potential of the blank in Fig. 6(c).
This may be due to the collapse of the native oxide layer on the stainless
steel surface [36].

Fig. 7(a) presents the potentiodynamic polarization curves for
carbon steel after 72 h of immersion in 2% HCI solution without and
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with 0.4% commercial inhibitor or F1 under hydrodynamic condition.
The presence of the inhibitors in the acid solution caused remarkable
decrease in the anodic and cathodic current densities, an indication of
mixed corrosion inhibition [34]. The dominant effect is, however ob-
served on the cathodic branch. In addition, the corrosion potential
(Ecorr) is displaced in the cathodic direction. These observations are in
agreement with the OCP results (Fig. 6(a)) and support the earlier claim
that the commercial inhibitor and F1 acted as a mixed type corrosion
inhibitor for carbon steel but with principal effect on the cathodic half
reactions.

The values of corrosion parameters derived from the polarization
experiments (linear polarization (LPR) and PDP)) are presented in
Table 5. In all cases, the carbon steel sample exhibited a higher po-
larization resistance (R,), a lower corrosion rate (v), and a lower cor-
rosion current density (icor;) in the acid solution containing the com-
mercial inhibitor or F1 than in their absence. Inhibition efficiency () of
89.6% and 96.2% was obtained for F1 from LPR and PDP, respectively.
The 5 obtained for the commercial inhibitor from the LPR and PDP
techniques is 90.5% and 96.8%, respectively. The electrochemical re-
sults (Table 5) and the weight loss results (Table 4) are comparable.

The anodic oxidation reactions of carbon steel in HCl medium
proceed as follow [39,40]:

Fe + Cl= < (FeCl)yqs (5)
(FeCl),qs < (FeCl)ygs + €~ (6)
(FeCl),qs — FeCl* + e~ ()
FeClt < Fe2t + CI- ®

The corresponding cathodic hydrogen reduction reactions follow
the steps:

Fe + HY & (FeH" )45 9
(FeH")aqs + € — (FeH)aqs (10)
(FeH),qs + Ht + e~ — Fe + H, an

The oxidation reactions in Egs. (5)-(8) can be interrupted in the
presence of an organic-based inhibitor. Inhibitor molecules can adsorb
through columbic electrostatic interactions between positively charged
molecules and the negatively charged metal surface ((FeCl™).qs)
[39,40]. The adsorbed molecules can form complexes on the metal
surface through their electron pair. These layers can protect the surface
from further attack by corrosive ions. On the other hand, it had been
demonstrated that protonated inhibitor molecule (Inh™) can competi-
tively adsorb on the cathodic sites according to Egs. (12) and (13)
[39,40]. Such adsorption would abort the reactions in Egs. (10) and
(11). Since F1 and the commercial inhibitor are organic-based in-
hibitors (the commercial inhibitor was reported to be based on f-
ethylphenylketocyclohexyl amino hydrochloride [41]), their function-
alities may have been involved in the adsorption process.

Fe + Inh* « Fe(Inh™),qs (12)
Fe(Inh"),qs + €~ < Fe(Inh),gs 13)

Fig. 7(b) shows the potentiodynamic polarization graphs for Ni-re-
sist after 72 h of immersion in 2% HCI solution without and with 0.4%
commercial inhibitor or F1 under hydrodynamic condition. Beside the
fact that, both the anodic and cathodic current densities are sig-
nificantly reduced, the corrosion potential is minimally displaced in the
anodic direction, which are in perfect agreement with the OCP results
and portray F1 and the commercial inhibitor as mixed type inhibitor
with slight dominant effect on the anodic half reactions. An inspection
of Fig. 7(b) discloses that, F1 inhibited the cathodic half corrosion
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Fig. 7. Potentiodynamic polarization curves for (a) carbon steel and (b) Ni-resist; (c) cyclic potentiodynamic polarization plots for 316L stainless steel after 72 h
exposure to 2% HCI solution without and with 0.4% commercial acid inhibitor and F1 under hydrodynamic condition.

reactions better than the commercial inhibitor. This seems to explain
the slight better corrosion inhibition performance by F1 relative to the
commercial inhibitor for Ni-resist noticed in Table 4 & 5.

Stainless steels, generally exhibit excellent corrosion resistance due
to their ability to exist in a metastable of passivity [42,43]. Never-
theless, the passive layer is disrupted when stainless steels are exposed
to aggressive environment containing chloride ions giving rise to pitting
or crevice corrosion [42,43]. It is believed that the breakdown of the
passive layer is due to potential-controlled adsorption of chloride ions
on specific sites [44,45]. As such, techniques like the cyclic potentio-
dynamic polarization (CPDP) have been used to ascertain the resistance

of a metal to localized corrosion and the extent of passivation in
chloride containing environments [44].

Fig. 7(c) shows the CPDP graphs obtained for 316L stainless steel
immersed in 2% HCI solution without and with 0.4% commercial in-
hibitor or F1 under hydrodynamic condition for 72 h. The CPDP anodic
branch is characterized by an active corrosion region, where both the
corrosion potential and the current density increase steadily. Beyond
the active region, the current density decreases to a critical potential
often referred to as the primary passivation potential or the critical
potential. This decrease is due to the formation of a passive layer on the
stainless-steel surface. This layer has, however been reported to be
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Table 5
Electrochemical parameters derived from linear polarization and potentiodynamic polarization measurements for carbon steel and Ni-resist.
Alloy Inhibitor Time LPR PDP
)
R, v (mm/yr) 1LPR Ecorr Teorr lpDP
(Q em?) (%) (mV vs Ag/AgCl) (HA cm™?) (%)
Carbon Steel Blank 24 43 + 0.51 8.89 =+ 0.001 - - - -
72 104 = 1.33 3.63 = 0.001 - —506 177.60 -
Commercial inhibitor 24 936 + 2.71 0.40 = 0.002 95.5 - - -
72 1094 + 1.93 0.35 = 0.001 90.5 —561 5.69 96.8
F1 24 818 + 0.71 0.46 = 0.003 94.0 - - -
72 1080 + 1.42 0.38 + 0.002 89.6 -601 6.71 96.2
Ni-resist Blank 24 154 = 4.95 1.79 = 0.030 - - - -
72 164 = 4.24 1.64 = 0.030 - —247 30.47 -
Commercial inhibitor 24 1245 * 1.42 0.17 + 0.002 90.5 - - -
72 1772 + 3.54 0.15 + 0.001 90.7 —205 3.10 89.8
F1 24 1156 *+ 6.36 0.19 = 0.002 89.4 - - -
72 2424 + 1.42 0.11 + 0.001 93.2 —246 1.83 94.0
Table 6
Electrochemical parameters derived from cyclic potentiodynamic polarization measurements for stainless steel after 72 h.
System Ecorr icorr Eeri feri Epass Tpass Hlceop
(mV vs Ag/AgCl) (UA cm™?) (mV vs Ag/AgCl) (UA cm™2) (mV vs Ag/AgCl) (UA cm™2) (%)
Blank —219 16.99 —-152 1048.17 -115 501.20 -
F1 —-187 7.13 +73 483.32 +85 187.45 58.0
Commercial inhibitor —156 8.50 —-124 309.12 —-67 103.89 50.0

raptured in a chloride-rich environment [45]. After the passivation
region, the potential further increases with increasing current density
due to either the evolution of oxygen by the decomposition of water or
the breaking down of the passive layer and localized corrosion [44].
Four regions are thus identified in the anodic branch: (i) active region,
(ii) active-passive transition, (iii) passive region, and (iv) passive
breakdown region. By comparing the CPDP graph for the commercial
inhibitor and F1 to that of the blank, it is observe that, the presence of
the inhibitors in the acid solution reduced the anodic current sig-
nificantly at the flade potential (primary passivation potential) and
enlarged the passivation zone, suggesting the formation of a stable
passive layer, hence less localized corrosion [44,45].

The values of the electrochemical parameters namely, corrosion
potential (E.or), critical potential (E.), passivation potential (Epass),
corrosion current density (i.o), critical current density (i.;;), and pas-
sivation current density (iass) derived from the analysis of the CPDP
graphs are given in Table 6. The inhibition efficiency also given in
Table 6 was calculated using Eq. (6). At E; and i., the transition of
the corrosion process from active to passive state takes place and at i,ags
and Ep,, the anodic dissolution of the alloy undergoes a significant
reduction, bringing it to a condition of near absence of corrosion [41].
These processes, as evident in Table 6 were highly favoured in the in-
hibited systems than in the uninhibited system. As could be seen in the
table, the Ecyit, icri, ipasss and Epags values of the inhibited systems are
significantly lower than those of the uninhibited.

The E. and E, can be used to thermodynamically ascertain
whether pitting corrosion occur or not. If the value of E; is far nobler
than E,,, value, there is less tendency for pit initiation [43,45]. The
results in Table 6 suggest that there is very low tendency of pitting
initiation in the studied systems. It is pertinent to point out the very low
tendency for the stainless steel to undergo pitting corrosion in the
system containing F1. The E.;, value (+73 mV vs Ag/AgCl) is by far
nobler than the E,,, value (-187 mV vs Ag/AgCl).

3.4. Surface analysis

Fig. 8 displays the SEM images of the studied ferrous alloys speci-
mens obtained after exposure to 2% HCI solution without inhibitor and
with inhibitors for 72 h at 40 ° C under static and atmospheric condi-
tions. The EDAX spectra of the corrosion products and/or inhibitor
films on the surfaces of carbon steel specimens exposed to test solutions
are also given in Fig. 8. Similarly, the EDAX spectra of the corrosion
products and/or inhibitor films on the surfaces of Ni-resist and 316L
stainless steel specimens are given in Fig. 9.

As expected, the carbon steel (Fig. 8(a)), Ni-resist (Fig. 8(d)), and
316L stainless steel (Fig. 8(g)) samples exposed to the uninhibited acid
solution corroded severely. Both surface damage and corrosion pro-
ducts are visible. For instance, the EDAX image in Fig. 8(j) and Fig. 9(a
& b) suggests that, the corrosion products on the ferrous metals’ sur-
faces were mainly oxides and chlorides based. Previous investigations
[46,47] identified FeCls, FeO, and Fe,Os3 as corrosion products of
carbon steel in HCI environment.

Compared to Fig. 8(a), (d), and (g), the metal surfaces in the pre-
sence of commercial and the developed F1 inhibitors shown in Fig. 8(b,
), (e, f), and (h, i), respectively, are smoother. It is generally accepted
that corrosion retardation by organic inhibitor is a quasi-substitution
process in which H0,45 (adsorbed water molecules) on a metal surface
is replaced by Inh,q4s (adsorbed inhibitor molecules) [48-50]. As evi-
dent in the EDAX spectra in Fig. 8(k & 1) and Fig. 9(c -f), the commercial
inhibitor and F1 inhibited the metals corrosion by virtue of adsorption
onto the surface. The films on the surfaces in Fig. 8(b, c, e, f, h, & i) are
enriched with organic matter as indicated by the presence of C in the
EDAX spectra in Fig. 8(k & 1) and Fig. 9(c-f).

4. Summary and conclusion

Seawater and brackish water desalination using thermal distillation
technology like the MSF technique is always accompanied by scale
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Fig. 8. SEM images of (a) carbon steel, (d) Ni-resist, and (g) 316L stainless steel specimens immersed in 2% HCI solutions without inhibitor; (b) carbon steel, (e) Ni-
resist, and (h) 316L stainless steel samples images immersed in 2% HCI solutions containing 0.4% commercial acid inhibitor; (c) carbon steel, (f) Ni-resist, and (i)
316L stainless steel samples images immersed in 2% HCI solutions containing 0.4% F1 after 72 h at 40 ° C under static condition. Also shown are the EDAX spectra of
products on carbon steel surface immersed (j) blank solution, (k) commercial acid inhibitor inhibited solution, and (1) F1 inhibited solution.

deposition, which is capable of decreasing the working efficiency of the
plant. Acid cleaning is an important exercise periodically carried out in
thermal desalination plants to remove scales. Effective corrosion in-
hibitors are always added to the acid solutions before used for cleaning
exercise. Some of the available acid corrosion inhibitors are expensive
and toxic. Effort was made to develop a cost-effective and green cor-
rosion inhibitor from Date palm leaves extract for acid cleaning of
thermal desalination plants. The formulated inhibitor (F1) was tested

10

against the corrosion of carbon steel, Ni-resist, and 316L stainless steel
in 2% HCI solution at 40 °C under static and hydrodynamic conditions.
The performance of F1 was compared with that of a commercial acid
corrosion inhibitor. Weight loss, electrochemical, and surface char-
acterization techniques were used in the studies. F1 corrosion inhibition
performance is found to be comparable to that of the commercial in-
hibitor. Both F1 and the commercial inhibitor act as a mixed type
corrosion inhibitor for the studied substrates, inhibiting the anodic and
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Fig. 9. EDAX spectra of products on Ni-resist and 316L stainless steel surfaces immersed (a, b) blank solution, (c, d) commercial acid inhibitor inhibited solution, and

(e, f) F1 inhibited solution, respectively for 72 h at 40 ° C under static condition.

cathodic reactions. Results from cyclic potentiodynamic polarization
experiments suggest no pitting corrosion of 316L stainless in the studied
medium. SEM pictures reveal smoother surfaces due to corrosion in-
hibition by F1 and the commercial inhibitor. Results obtained from all
the applied techniques are in good agreement.
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