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This study presents the development and evaluation of a novel ternary BNP corro-
sion inhibitor composed of boric acid (B-component), 1,4-phenylenediamine (N-compo-
nent), and disodium hydrogen orthophosphate (P-component) for the protection of D16T
aluminum alloy in model formation water. The inhibition performance was evaluated
using gravimetric, electrochemical, and surface wettability techniques. The optimized
BNP composition achieved a protection efficiency of 93.13 % at 31.2 mg dm™ and sig-
nificantly reduced the corrosion current density from 6.41-10° to 2.16-10° A cm™. The
inhibitor decreased the apparent activation energy and increased surface hydrophobicity,
indicating the formation of a protective surface layer. Inhibitor adsorption obeyed the
Langmuir and Freundlich isotherms, indicating additional heterogeneous surface interac-
tions, and was characterized as spontaneous and endothermic. Electrochemical results
suggested mixed-type inhibition mechanism. The results indicate that cooperative inter-
actions between the B-, N-, and P-components promoted the formation of a stable pro-
tective layer, highlighting the potential of multicomponent inhibitor systems for corro-

sion protection of aluminum alloys in aggressive oilfield environments.
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Introduction

Corrosion control represents a major challenge
in the oil and gas industry, as the simultaneous pres-
ence of water, acidic species, dissolved oxygen, and
brines in pipelines creates a highly aggressive envi-
ronment. The rate and severity of corrosion depend
on the nature and concentration of corrosive agents,
as well as operating parameters such as tempera-
ture, pressure, and flow regime!.

In recent years, various approaches have been
adopted to mitigate corrosion, including the devel-
opment of advanced metallic alloys, use of protec-
tive coatings, replacement of metallic components
with composite materials, and the application of
highly efficient corrosion inhibitors’. Among these
methods, corrosion inhibitors are one of the most
widely implemented strategies, because they can be
injected into operating systems without process
shutdown, are comparatively cost-effective, and do
not require highly specialized technical procedures?®.

Aluminum is the second most widely used en-
gineering metal, and its consumption continues to
increase steadily due to the rapid expansion of in-
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dustrial applications®. Aluminum and its alloys are
employed in industrial applications owing to their
favorable strength-to-weight ratio, recyclability, and
natural ability to form a passive oxide film that pro-
vides a degree of corrosion resistance’. Neverthe-
less, in weakly acidic, chloride-containing environ-
ments such as formation waters, this protective
oxide layer is susceptible to localized breakdown,
resulting in pitting and crevice corrosion®. These
environments are of practical importance in oilfield
operations, heat exchangers, pipelines, and storage
systems, where aluminum alloys frequently come
into contact with brines and process solutions con-
taining chloride ions and organic acids. The result-
ing degradation not only compromises structural
integrity but also shortens service life, leading to
increased maintenance and replacement costs. This
has created a pressing need for the development of
effective corrosion inhibitors capable of stabilizing
the aluminum surface in such aggressive media.
The selection of an appropriate corrosion inhibi-
tor for aluminum in aggressive oil and gas production
environments requires a comprehensive assessment
that integrates inhibition efficiency, environmental
compliance, operational compatibility, and economic
viability. Although aluminum is widely used owing
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to its low density and favorable mechanical proper-
ties, its long-term performance critically depends on
the application of carefully tailored corrosion pro-
tection strategies to ensure the integrity and reliabil-
ity of industrial equipment under service condi-
tions’.

In the oil and gas industry, formation water
(FW) is the naturally occurring water found within
hydrocarbon-bearing reservoirs® or any water that
has been injected into the reservoir to enhance oil
recovery’. The chemical composition of FW is com-
plex and can vary significantly depending on the
geographic location, the geological formation, the
depth of the reservoir, and the age of the well'®. FW
is typically a brine with sodium and chloride as the
dominant ions''. This salinity makes it highly corro-
sive and unsuitable for release into the environment
without treatment'?. Therefore, the development of
effective corrosion inhibitors for metals in forma-
tion water represents an urgent and practically im-
portant research challenge.

Corrosion inhibitors employed in the oil and
gas industry are often present as multicomponent
systems. An important requirement for such formu-
lations is that the individual components act in a
cooperative manner. When synergistic interactions
are established among the components, the total in-
hibition efficiency is enhanced, allowing effective
corrosion protection to be achieved at lower inhibi-
tor concentrations'>. Therefore, modern research
trends are heavily focused on finding synergistic
combinations where the combined effect is greater
than the sum of the parts. This includes combining
different types of organic inhibitors or organic in-
hibitors with inorganic compounds'. Such mixed
systems are often classified as mixed-type inhibi-
tors because they inhibit both the anodic (oxidation)
and cathodic (reduction) corrosion processes!® and
offer several advantages in corrosion protection.
They enhance total efficiency by simultaneously re-
ducing metal dissolution and hydrogen evolution,
often benefiting from synergistic effects when com-
bining different functional groups or compounds!®.
Additionally, mixed inhibitors are versatile across
varying environmental conditions, they form pro-
tective films to shield metals from aggressive me-
dia, and, in many cases, are environmentally friend-
ly'"!®. For instance, a wide range of combined
corrosion and scale inhibitors has been developed
with specific properties for various field require-
ments, validated by laboratory experiments and in-
dustrial field application feedback!®. Moreover, the
BNP system containing boric acid, 1,4-phenylene-
diamine and trisodium orthophosphate at 3:2:1
molar ratio has demonstrated a high inhibition effi-
ciency for carbon steel in 0.5 mol dm™ hydrochloric
acid solution, as previously reported?.

The primary objective of this work was to ex-
pand the application scope of such multicomponent
inhibitors and to develop an effective mixed-type
inhibitory system for aluminum.

Materials and methods

Corrosion media and inhibitor preparation

All analytical-grade reagents were purchased
from Sigma Aldrich, Merck, and Alfa Aesar, and
used without any further purification. The corrosion
medium (model FW?!) consisting of 0.25 g dm?
CH,COOH + 5.0 g dm™ NaCl (pH = 2.92 + 0.08)
was prepared by dissolution of the required amount
of glacial acetic acid and sodium chloride in dou-
ble-distilled water (DDW).

This mixture is a low-complexity FW that re-
produces two key corrosivity factors found in many
oilfields and produced waters, in particular, chloride
ions (ionic strength, pitting risk) and a small con-
centration of organic acid (acetic acid) that lowers
pH and simulates weak organic acids present in res-
ervoir fluids. The investigated BNP compositions
were prepared by dissolving the reagents directly in
the corrosion medium. All mass measurements were
performed using an Ohaus Adventurer Pro AV264
analytical balance with an accuracy of £0.1 mg.

Specimen preparation

DI16T aluminum alloy specimens with the fol-
lowing composition (wt.%): 92.7 % — Al; Cu — 4.6
%; Mg — 1.6 %; Mn — 0.6 %; Fe —0.19 %; Si—0.17
%; Zn —0.07 %; and dimensions of 25.0 x 30.0 x 3.0
mm were obtained from an industrial supplier and
used for corrosion testing. Prior to testing, the spec-
imens were sequentially polished using emery pa-
pers with grit sizes ranging from 250 to 1200. They
were then immersed in an alkaline solution (40 g dm™
of NaOH in water) for 10 s, thoroughly rinsed with
DDW, rapidly dried with an air stream, and stored
in a desiccator to prevent exposure to the external
environment until use.

Weight loss (gravimetric) assay

Weight loss experiments were conducted to de-
termine the corrosion rate (CR), inhibition efficien-
cy (IE), and surface coverage (6). After pretreating,
the metal specimens were immersed for 10 s in an
alkaline solution (40 g dm™ of NaOH in water) to
remove the surface oxide layer. The samples were
then rapidly rinsed with DDW and immediately
transferred into 150 mL beakers containing 100 mL
of the corrosion medium, with or without the inhib-
1tor.
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After the immersion period, the specimens
were removed from the beaker and cleaned from
corrosion products by immersing in a 1:1 nitric acid
solution for 5 min at ambient temperature??. The
coupons were thoroughly rinsed with DDW, washed
sequentially with ethanol and acetone, dried, and re-
weighed.

The corrosion rate (CR/mg m2 h'), inhibition
efficiency (IE /%), and surface coverage (0) were
calculated according to Eqs. 1-3 respectively®:

Am

CR(mgm>h')y=— )
S-T

R,—- CR,

IE,, (%)= M.loo )
CR,
IE

0= wl 3
100 ©)

where Am is the weight loss of D16T aluminum
alloy coupon (mg) after the period of immersion
(z, h), S is the specimen surface area (m*), CR is
the corrosion rate of D16T aluminum alloy without
inhibitor, CR. is the corrosion rate of D16T alumi-
num alloy in the presence of inhibitor.

Electrochemical measurements

Electrochemical measurements were performed
using a PGSTAT 101 potentiostat/galvanostat
(Metrohm), controlled by NOVA 2.1.8 software
with a three-electrode cell configuration: Ag/AgCl
(3 M KCl) as the reference electrode (RE), platinum
as the counter electrode (CE), and a D16T alumi-
num alloy coupon as the working electrode (WE).
Measurements were conducted in model FW in the
absence and presence of the BNP inhibitor at vari-
ous concentrations.

The electrochemical cell for potentiodynamic
measurements consisted of 100 mL of model FW in
the absence and presence of varying concentrations
of BNP inhibitor in a 150 mL glass beaker at room
temperature. The WE, with an exposed area of 1.00
cm? was stabilized at open-circuit potential (OCP)
testing at 1800 s.

The linear polarization measurements were
performed immediately after OCP by running a lin-
ear sweep voltammetry (LSV) scan and corrosion
rate analysis. The potentiodynamic scan was per-
formed from —0.50 to +0.50 V at a scan rate of
0.001 V s! with a step voltage of 0.001 V. Corro-
sion potential (£ ) and corrosion current density
() were determined from the Tafel polarization
curves.

Inhibition efficiency (IE/%) based on corrosion
current density** was calculated using Equation 4:

IEJ(%): ]corr._]inh -100 (4)

corr

where j, and j__are the corrosion current densities
determined by extrapolating the Tafel slopes with
and without inhibitor, respectively, in A cm™2,

From the values of the polarization resistance
with and without inhibitor, the inhibition efficiency
(IE,/%) was calculated using Equation (5)*:

inh 0
-R

IE, (%)=%- 100 (5)

inh

p
where R ™ and R ° represent the polarization resis-
tance in the presence and absence of the BNP-in-

hibitor, respectively, Q.

Chronopotentiometric (CP) (E vs. f) measure-
ments for the D16T aluminum alloy samples were
performed immediately after immersion in model
FW containing the maximum concentration of BNP
inhibitor (31.2 mg dm) for 2 h. Polarization mea-
surements were performed after 0, 0.5, 1, 1.5, and 2
h of immersion.

Chronoamperometry (CA) was used to evalu-
ate protective film stability. For this purpose, 50.0
mV anodic or cathodic overpotentials (£, + 50.0
mV) were applied to the system for 1800 s, and cur-
rent density was plotted against operation time. The
same measurements were performed in blank solu-
tion for comparison.

Contact angle measurements

Contact angle measurements are used in corro-
sion inhibitor studies to evaluate the wettability of a
metal surface and the effectiveness of an inhibitor
in altering the surface’s properties. Contact angle
measurements help determine whether the surface
becomes hydrophobic after immersion in a solution
containing a corrosion inhibitor. A higher contact
angle indicates increased hydrophobicity®, which
reduces the interaction between the corrosive medi-
um and the metal surface, thereby enhancing corro-
sion resistance. The wettability properties of the al-
loy surfaces were evaluated by measuring the
contact angle formed between a DDW water droplet
and the alloy surface using an Ossila contact angle
goniometer with Ossila Contact Angle Software
version 4.2.0. Water droplets (0.052 = 0.005 mL)
were carefully dispensed onto the sample surface
using a microsyringe equipped with a 0.4 mm diam-
eter needle. Contact angle values represent the aver-
age of at least three independent measurements tak-
en at different locations on each sample.
High-resolution images of the droplets were cap-
tured using a video camera system coupled with the
analysis software. The contact angle was measured
immediately after the metal specimens were re-
weighed following exposure to a corrosive medium
in the presence and absence of the BNP inhibitor.
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Table 1 — Corrosion rate (CR, mg m™ h™), inhibition effi-
ciency (IE,, %), and surface coverage () of BNP compositions
based on Hﬁ03, 1,4-PDA, and Na}PO , against corrosion of
DI16T aluminum alloy in model FW as a function of compo-

nents ratio after 18 h immersion

Component concentration,
x - 10* mol dm™ CR,
Entry 21 leI’ % 0
1,4- mgm-*h
H,BO, PDA Na,PO,
1 - — — 45.1 - —
2 1 1 1 11.0 75.61 0.7561
3 1 3 1 13.0 71.18 0.7118
4 1 1 3 14.3 68.29 0.6829
5 1 3 3 19.6 56.54 0.5654
6 3 3 3 19.0 57.87 0.5787
7 1 2 2 40.0 11.31 0.1131
8 1 2 3 16.1 64.30 0.6430
9 3 1 3 25.8 42.79 0.4279
10 3 2 1 20.2 55.21 0.5521

Table 2 — Corrosion rate (CR, mg m~ h™), inhibition efficiency (IE

Results and discussion

Development of optimal inhibitor composition
by weight loss measurement

The investigation began with screening the cor-
rosion inhibition performance of three-component
mixtures based on boric acid, 1,4-phenylenediamine
(1,4-PDA), and Na,PO, at different molar ratios in
the model FW. The experiments were conducted at
concentrations ranging from 1 to 3-10™* mol dm™
for each component, and the results are summarized
in Table 1.

As shown in Table 1, the highest inhibition ef-
ficiency was obtained for the BNP composition
based on H,BO,, 1,4-PDA, and Na PO, at a concen-
tration of 1-10* mol dm™ with an equimolar ratio
of 1:1:1, reaching 75.61 % (Entry 2). All other in-
vestigated molar ratios resulted in noticeably lower
protection efficiencies, which did not exceed 72 %
(Entries 3—10). These results demonstrate that an
optimal proportion of the individual components
was required to achieve high corrosion inhibition
performance.

%), and surface coverage (0) of BNP compositions against

wl’

corrosion of DI16T aluminum alloy in model FW as a function of component type at 1-10-* mol dm? for each component

after 18 h immersion

Entry B — component N — component P — component me Snli’ ot IE , % 0
1 - - - 45.1 - -
2% H,BO, 1,4-PDA Na,PO, 11.0 75.61 0.7561
3 H.BO, 1,3-PDA Na PO, 16.0 64.52 0.6452
4 H,BO, 1,2-PDA Na,PO, 36.7 18.63 0.1863
5 H,BO, (;iﬁr;;iljrlig}(lggglz-ifi’ii’e_) Na,PO, 51.5 N/R N/R
6 H,BO, 1,4-PDA Na HPO, 3.1 93.13 0.9313
7 H.BO, 1,4-PDA NaH, PO, 22.5 50.11 0.5011
8 H,BO, 1,4-PDA K,PO, 273 39.47 0.3947
9 H,BO, 1,4-PDA K HPO, 13.2 70.73 0.7073
10 H,BO, 1,4-PDA KH,PO, 31.6 29.93 0.2993
11 Na,B,0, 1,4-PDA Na,PO, 20.4 54.77 0.5477
12 H,BO, 1,4-PDA Na,P,0, 47.7 N/R N/R
13 H.BO, 1,4-PDA K,P,0, 25.3 43.90 0.4390
14 H,BO, 1,4-PDA - 2HCI Na,PO, 19.2 57.43 0.5743
15 H,BO, PhNH, - HCI Na,PO, 423 6.21 0.0621
16 C,H,B(OH), 1,4-PDA Na,PO, 22.5 50.11 0.5011

*data from Table 1 Entry 2
N/R — negative result
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Fig. 1 — Open-circuit potential (OCP) (a) and Tafel polarization curves (b) of mono-, di- and ternary-component systems containing
HBO, 1,4-PDA, and Na,HPO, (1-10~ mol dm™) for DI16T aluminum alloy in model FW at room temperature

Based on these findings, and to enhance the
protective efficiency of the inhibitor, the system
was modified by successively replacing individual
components with structurally related compounds
from the same chemical classes while maintaining
the same component ratio. The results are presented
in Table 2.

The data presented in Table 2 demonstrate that
replacing trisodium orthophosphate with the corre-
sponding disodium salt led to a substantial enhance-
ment in inhibitory efficiency, achieving 93.13 % (En-
try 6). Conversely, substituting for other components,
while maintaining the 1:1:1 molar ratio, did not lead
to an improvement in protection performance.

To confirm the performance of the developed
inhibitor more reliably, the system was further char-

acterized using gravimetric measurements and
electrochemical methods. For comparison, the
individual components and their binary combina-
tions were also examined. The open-circuit po-
tential, Tafel polarization curves of the mono-,
binary-, and ternary-component systems containing
H,BO,-1,4-PDA-Na,HPO, (1-10™* mol dm™) for
the protection of D16T aluminum alloy in model
FW are presented in Fig. 1.

Table 3 presents the corresponding gravimetric
and electrochemical parameters of the BNP compo-
sitions containing H:BOs, 1,4-PDA, and Na:HPO4
(1-107* mol dm™) for the protection of D16T alumi-
num alloy in model FW.

The obtained OCP profiles (Fig. la) reveal
that the addition of inhibitor components led to a

Table 3 — Gravimetric and electrochemical parameters of BNP compositions against corrosion of D16T aluminum alloy in model FW

Component concentrations,
x - 10 mol dm™

Weight loss assay

Polarization measurements

Entry

H,BO, | 1,4-PDA | NaHPO, mg(r:nli’ - IE , % 0 OCP,mV | E_, mV R, Q IE,, %
1 - - - 45.1 - - —643.87 —658.68 1975.3 -
2% 1 1 1 3.1 93.13  0.9313 —702.97 —733.90 6721.2 70.61
3 1 1 - 30.9 31.55  0.3155 —671.44  —696.36 3243.1 39.09
4 - 1 1 26.8 40.65  0.4065 —668.74  —681.09 2567.2 23.06
5 1 - 1 289 3590 03590  —687.36  —706.03 6347.4 68.88
6 1 - - 51.7 N/R - —655.16  —663.12 2408.1 17.97
7 - 1 - 353 21.84 02184  —673.36  —693.55 3479.4 43.23
8 - - 1 322 28.53  0.2853 —660.43 —673.82 2681.3 26.33

*data from Table 2
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noticeable shift of the steady-state potential toward
more negative values compared to the blank solu-
tion. Such shifts are frequently observed for alumi-
num systems and are often attributed to modifica-
tions in the stability and composition of the surface
oxide/hydroxide layer and/or changes in the kinet-
ics of cathodic reactions occurring on the alloy sur-
face”’. The ternary composition containing H,BO,,
1,4-PDA, and Na,HPO, produced the largest poten-
tial shift, reaching approximately —703 mV, which
indicates a substantial alteration of the metal/elec-
trolyte interfacial processes. It is worth noting that
the binary H,BO,~Na HPO, system also induced a
comparable OCP shift, suggesting that these com-
ponents play a dominant role in the inhibition mech-
anism.

The polarization curves (Fig. 1b) demonstrate a
pronounced decrease in corrosion current density in
the presence of inhibitor compositions. The ternary
BNP composition provided the lowest corrosion
rate (3.1 mg m? h'') and the highest inhibition effi-
ciency according to gravimetric measurements
(93.13 %). Consistently, electrochemical data show
a substantial reduction in corrosion current and a
significant increase 1in polarization resistance
(6721.2 Q), confirming its high protective perfor-
mance.

From a mechanistic perspective, the enhanced
performance of the ternary and H,BO, — Na HPO,
systems may tentatively be associated with cooper-
ative interfacial effects. Boric acid is often reported
to contribute to stabilization of hydrated oxide lay-
ers on aluminum surfaces”, while orthophosphate
species are known to participate in the formation of
protective phosphate-containing surface films or to
promote repassivation processes?. The combination
of these species may therefore facilitate the devel-
opment of a more compact and chemically stable
surface barrier. The presence of 1,4-PDA may fur-
ther modify adsorption characteristics and interfa-
cial structure, potentially improving film integrity
or surface coverage. Anodizing processes that in-
clude boric acid often result in films with improved
corrosion resistance for this reason®.

The reduction in corrosion current density ob-
served for all inhibitor-containing solutions is a pri-
mary indicator of effective inhibition®' and suggests
that BNP compositions primarily suppress anodic
metal dissolution while also influencing cathodic
reactions®’. The absence of substantial shifts in cor-
rosion potential between different inhibited systems
indicates that these inhibitors likely act through a
mixed-type mechanism with a predominant sur-
face-blocking effect suppressing both the anodic
and cathodic reactions®.

The high inhibition efficiency of the ternary
mixture suggests the presence of synergistic interac-
tions between components. The comparable perfor-

mance of the H,BO, — Na,HPO, binary system indi-
cates that these two constituents played a key role
in establishing the protective interfacial layer, while
1,4-PDA appeared to enhance but not solely deter-
mine the total inhibition efficiency.

In summary, the obtained results demonstrate
that BNP inhibitor provided substantial corrosion
protection for D16T aluminum alloy in model FW.
The experimental data suggest that the inhibition
performance was governed by the cooperative action
of all three components, with H,BO, and Na,HPO,
species contributing significantly to protective layer
formation.

In a further study, the composition of the devel-
oped BNP inhibitor was expressed in mg dm™ in
accordance with the weights of the components, as
listed in Table 4.

At the next step of our study, the weight loss
assay was applied to evaluate the inhibition effi-
ciency of the developed three-component BNP in-
hibitor at various concentrations in model FW. The
results are given in Fig. 2.

Fig. 2a demonstrates that, the presence of the
BNP inhibitor significantly reduced the corrosion
rate, and the extent of reduction increased with in-
hibitor concentration. At the highest concentration
(31.2 mg dm™), the CR decreased during the first
few hours and stabilized at a low value after ap-
proximately 10 h, suggesting the formation of a
protective film on the metal surface®.

Fig. 2b shows the corresponding inhibition ef-
ficiencies. The IE increased markedly with both
concentration and immersion time, reaching more
than 93.13 % at 31.2 mg dm after 24 h. The initial
increase in IE % reflects gradual adsorption of the
inhibitor components onto the D16T alloy surface,
while the subsequent stabilization indicates equilib-
rium between adsorption and desorption processes.
These results confirm that the BNP inhibitor acted
through adsorption-controlled surface protection,
with efficiency strongly dependent on concentration
and exposure time, leading to the formation of a
stable, adherent film that effectively suppressed
metal dissolution®.

Effect of temperature and concentration

Fig. 3 illustrates the effect of inhibitor concen-
tration and temperature on the corrosion rate (CR)
and inhibition efficiency (IE) of the BNP composi-
tions for D16T aluminum alloy in model FW after 2
h of immersion. The total concentration of the in-
hibitor is expressed in mg dm™ in accordance with
Table 4.

As shown in Fig. 3a, the corrosion rate de-
creased with increasing inhibitor concentration at
all investigated temperatures (298-313 K), indicat-
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Fig. 3 — Relationship between corrosion rate (CR) (a) and inhibition efficiency (IE) (b) for BNP inhibitor
on DI16T aluminum alloy in model FW in the absence and presence of different inhibitor concen-
trations after 2 h of immersion at different temperature

ing progressive surface coverage by the inhibitor
species. At a given concentration, the CR increased
with temperature, reflecting the thermally activated
nature of the corrosion process and the enhanced
kinetics of metal dissolution in the blank and inhib-
ited solutions. Nevertheless, even at 313 K, the
presence of BNP significantly suppressed the corro-
sion rate compared to the uninhibited system,
demonstrating the persistence of the protective ef-
fect over the studied temperature range.

The corresponding inhibition efficiencies (Fig.
3b) increased with inhibitor concentration and tem-
perature, reaching maximum values at 31.2 mg dm

Table 4 — Total BNP inhibitor composition at varying con-
centrations and 1:1:1 component ratio

H,BO, 1,4-PDA | Na,HPO, Total BNP inhibitor
concentration,
x - 10* mol dm™ mg dm
0.1 0.1 0.1 3.12
0.25 0.25 0.25 7.80
0.5 0.5 0.5 15.6
0.75 0.75 0.75 23.4
1.0 1.0 1.0 31.2
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and 313 K. The positive temperature dependence of
IE suggests that the inhibitive action was not weak-
ened by thermal activation; on the contrary, higher
temperatures appeared to promote the effectiveness
of the inhibitor. Such behavior is commonly associ-
ated with an adsorption process that is endothermic
in nature and becomes more favorable at elevated
temperatures, leading to a higher surface coverage
and/or stronger interaction between inhibitor spe-
cies and the aluminum surface.

Thus, the gradual decrease in CR and concom-
itant increase in IE with concentration indicate the
formation of an increasingly compact interfacial
layer that hindered the access of aggressive ions
and retarded charge transfer across the metal/solu-
tion interface’.

Activation energy (E) values were evaluated
with the logarithmic form of the Arrhenius equation
as follows®”:

logCR =log 4 ———F— 6

o T AT 503RT (©)
where A4 is the Arrhenius pre-exponential factor, 7'
is absolute temperature (K), and R is universal gas
constant (8.314 J mol™' K'). The plots of log CR
against 1/2.303RT are linear with slope correspond-
ing to —F_ and intercept corresponding to log4.

Enthalpy (AH*, kJ mol') and entropy (AS*,
J mol! K™ of activation were obtained from the
slope —AH*/2.303R and intercept [logR/NA +
(AS*/2.303R)], respectively, from the plot of log-
CR/T versus 1/T in accordance with the following
alternative form of Arrhenius equation (7):
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where s is Planck’s constant, N, is Avogadro’s
number, CR is the corrosion rate, 7 is thermody-
namic temperature, R is the universal gas constant,
AS* is the entropy change, and AH* is the enthalpy
change?.

Graphical representation of activation parame-
ters determined from the Arrhenius plots and transi-
tion state plots in accordance with Eqs. 6 and 7 are
presented in Fig. 4.

Table 5 presents the activation parameters for
the corrosion of D16T aluminum alloy in model
FW in the absence and presence of varying concen-
trations of the BNP inhibitor.

The Arrhenius plots (Fig. 4a) exhibited good
linearity over the investigated temperature range (R?
~ 0.99), indicating that the dissolution process fol-
lowed an activated behavior and that a single domi-
nant kinetic regime operated. The apparent activa-
tion energy (F.) decreased systematically from
76.45 kJ mol ™! for the uninhibited solution to 42.29
kJ mol™" at the highest BNP concentration (31.2
mg dm™). Such a reduction in E, in the presence of
the inhibitor suggests that the corrosion process
proceeded through an alternative, energetically
more favorable pathway when the metal surface
was covered by the inhibitor film. In line with com-
mon interpretations, this trend is consistent with the
formation of an adsorbed protective layer whose
stability increased with concentration®.

Regarding the pre-exponential factor (log 4),
Table 5 shows a pronounced and systematic de-
crease from 14.83 for the blank solution to 8.56 at
31.2 mg dm™ of BNP inhibitor. Since the Arrhenius
constant A reflects the number of effective colli-
sions leading to metal dissolution, its reduction in-

22
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e 18 ® 780 mgdm’
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Fig. 4 — Arrhenius plots (a) and transition state plots (b) for D16T aluminum alloy in model FW in the absence and presence of
BNP inhibitor at different concentrations after 2 hours of immersion
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Table 5 — Activation parameters for the dissolution of D16T
aluminum alloy in model FW in the absence and presence of
varying concentrations of the BNP inhibitor

Concentration, log A E, AH', AS,
mg dm kI mol! | kJ mol" [J mol! K"
Blank 14.83 76.45 4.96 —-138.49
3.12 13.55 69.31 5.48 -139.18
7.80 12.46 63.33 6.01 —-140.02
15.6 10.90 54.85 6.96 —-141.57
234 9.84 49.22 7.79 -143.14
31.2 8.56 42.29 9.10 —145.43

dicates a substantial decrease in the probability that
activated species reached the appropriate configura-
tion for electron transfer at the metal/solution inter-
face®.

In kinetic terms, the simultaneous decrease of
both E, and log 4 suggests that the inhibitor does
not merely modify the energetic barrier but also
strongly affects the entropic and steric factors gov-
erning the corrosion process. The lower A values in
the inhibited systems are consistent with a reduced
number of available active sites and a restriction of
the degrees of freedom of reacting species due to
surface coverage by the inhibitor layer*.

From a mechanistic standpoint, the decrease in
log A4 can therefore be attributed to the blocking and
reorganization of interfacial sites by adsorbed BNP
inhibitor molecules, leading to a lower frequency of
successful metal-solution encounters®’. However,
as with the activation parameters, this conclusion is
only based on kinetic—thermodynamic correlations.

The transition state plots (Fig. 4b) also show
excellent linear correlations, allowing reliable de-
termination of the enthalpy (AH*) and entropy
(AS*) of activation. The positive values of AH*
(4.96-9.10 kJ mol ™) confirm the endothermic char-
acter of the metal dissolution step, while the gradual
increase in AH* with inhibitor concentration im-
plies a higher energy requirement for the formation
of the activated complex in the inhibited system,
reflecting the additional energy needed to disrupt
the adsorbed layer prior to charge transfer®.

Moreover, the entropy of activation was nega-
tive for all systems and became more negative as
the BNP inhibitor concentration increased (from
—138.49 to —145.43 J mol™ K™). This indicates that
the activated state was more ordered than the initial
state, which is commonly associated with an asso-
ciative or constrained transition state**. The decreas-
ing magnitude of AS* in the presence of the inhibi-
tor may be attributed to a more organized interfacial
environment, plausibly arising from the structured

arrangement of inhibitor molecules and solvent at
the metal/solution interface.

The outcome of the combined Arrhenius and
transition-state analyses led to the conclusion that
the BNP inhibitor significantly altered the kinetic
and thermodynamic parameters of D16T aluminum
alloy dissolution in model FW. The concentration-
dependent decrease in E , together with the system-
atic variations in AH* and AS*, is consistent with a
corrosion process controlled by surface coverage
and interfacial reorganization. These findings
strongly support an adsorption-mediated inhibition
mechanism.

Adsorption isotherms and thermodynamic
parameters

Most organic inhibitors are adsorbed onto a
metal surface by displacing water molecules and
forming a barrier. The efficiency of the inhibitor de-
pends on the stability of the chelate formed, which
in turn depends on the type and nature of the inhib-
itor molecule®.

Adsorption of an inhibitor onto a metal surface
may have a chemical, physical, or mixed nature. To
gain insight into the adsorption mechanism, the val-
ues of AG® , should be determined. The AG® , val-
ues up to —20 kJ mol™! indicate electrostatic interac-
tion between the metal surface and the charged
inhibitor molecules (physiosorption). Values around
—40 kJ mol™! are usually considered as a threshold
between chemisorption and physiosorption, or less
indicate the chemical nature of sorption*. This in-
volves electron transfer from the organic molecule
to the metal surface with the formation of a coordi-
nation-type bond. To elucidate the adsorption mech-
anism of BNP inhibitor on the D16T aluminum al-
loy surface, the Langmuir, Freundlich, Temkin,
Frumkin, El-Awady, and Flory-Huggins adsorption
models were applied in accordance with their re-
spective mathematical expressions*’. The values of
K . obtained from the isotherms were used to cal-
culate the Gibbs free energy according to the known
relationship*:

AG?, = —RTIn(1000K ) (8)

where AG° | is the Gibbs free energy of adsorption,
R is the universal gas constant, 7 is the thermody-
namic temperature, and 1000 is the concentration of
water in g dm™.

The adsorption isotherms describing the behav-
ior of the BNP inhibitor on the D16T aluminum al-
loy surface in model FW at 298-313 K are shown
in Fig. 5.

The obtained plots are almost linear with cor-
relation coefficients (R*) ranging from 0.95331 to
0.99751. Adsorption parameters obtained from iso-
therms are listed in Table 6.
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Fig. 5 — Adsorption isotherms for BNP inhibitor on D16T aluminum alloy surface in model FW: Langmuir (a), Temkin (b), Freun-
dlich (c), Flory-Huggins (d), Frumkin (e), EI-Awady (f)
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Table 6 — Parameters for adsorption of BNP inhibitor containing H BO, (1-10* mol dm?>), 1,4-PDA (1-10 mol dm?), and
Na,HPO, (1-10-* mol dm?) on DI6T aluminum alloy surface in model FW

Isotherm T, K Slope Intercept R? K . ,dm’g! AG, Isotherm
: P P i A8 kJ mol” property
298 0.62014 0.04353 0.99074 22.97 -24.88 -
303 0.61895 0.03482 0.99221 28.72 -25.86 -
Langmuir
308 0.87105 0.01998 0.99751 50.05 -27.71 -
313 0.86448 0.01536 0.99592 65.10 -28.85 -
298 0.42121 1.08977 0.95560 1.09 -17.33 -
303 0.48607 1.26607 0.95331 1.27 —-18.00 -
Temkin
308 0.52668 1.43309 0.97214 1.43 -18.61 -
313 0.55421 1.54669 0.97705 1.55 -19.11 -
n
298 0.86626 1.01826 0.99689 10.43 -22.93 1.15
303 0.84023 1.04703 0.99555 11.14 -23.48 1.19
Freundlich
308 0.67849 0.86790 0.99439 7.38 -22.81 1.47
313 0.60785 0.80171 0.99443 6.33 -22.78 1.65
b
298 1.87161 -2.54022 0.98848 0.00288 -2.62 1.87
303 1.96690 -2.85486 0.99084 0.00140 -0.84 1.97
Flory-Huggins
308 1.26195 -2.13707 0.98860 0.00729 -5.09 1.26
313 1.23144 -2.23544 0.97731 0.00582 —4.58 1.23
o
298 0.19899 0.76083 0.96112 2.14 —-19.00 0.099
303 0.22569 0.85058 0.96994 2.34 -19.55 0.113
Frumkin
308 0.25413 0.95347 0.97826 2.59 -20.13 0.127
313 0.26684 1.00675 0.97401 2.74 -20.60 0.133
y
298 0.88998 —1.48286 0.97908 0.0739 -10.66 0.445
303 0.86030 —1.59809 0.98849 0.0587 -10.26 0.430
El-Awady
308 0.92501 —1.76094 0.97734 0.0375 -9.28 0.463
313 0.91825 -1.87927 0.98404 0.0288 -8.74 0.459

As can be seen, the Langmuir and Freundlich
isotherms show the highest and most consistent R*
values (>0.99) among other models, suggesting that
they provide the most appropriate description of the
adsorption process.

Obeying the Langmuir model indicates that ad-
sorption proceeded predominantly through the for-
mation of a surface layer in which each inhibitor
entity occupied a defined number of active sites,
and that, within the investigated concentration
range, the coverage approached monolayer-type be-
havior®. This suggests that the adsorption process
was governed mainly by site saturation and that, on

average, each adsorption site accommodated one
adsorbed species without the need to invoke multi-
layer formation®. The absence of significant devia-
tion from linearity also implies that lateral interac-
tions between adsorbed molecules did not dominate
the adsorption equilibrium under the given condi-
tions’'.

Simultaneously, the good fit with the Freundlich
isotherm reflects the energy heterogeneity of the
D16T aluminum alloy surface and the non-uniform
distribution of adsorption energies. This model ac-
counts for the existence of sites with different affin-
ities, which is consistent with a real alloy surface.
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When considered as a whole, the combined va-
lidity of the Langmuir and Freundlich adsorption
models suggests that the BNP inhibitor components
adsorbed mainly as a monolayer on the D16T alu-
minum alloy surface, while the adsorption energy
was not strictly uniform but distributed over surface
sites®*. Thus, the adsorption of BNP inhibitor on
metal surface may be described as monolayer-type
on energetically heterogeneous sites.

The negative values of AG® _indicate that the
adsorption of the BNP inhibitor on the D16T alumi-
num surface was a spontaneous process over the
investigated temperature range’*. The range of
AG° . (from —25 to —29 kJ mol ™) reflects a suffi-
01ent1y strong affinity between the inhibitor mole-
cules and the surface to ensure stable surface cover-
age, which is consistent with the good conformity
to monolayer-type Langmuir behavior®.

Within the framework of the Langmuir model,
the increasingly negative AG®  with temperature
was associated with an increase in the adsorption
equilibrium constant, implying that the formation of
the adsorbed layer became thermodynamically more
favorable as thermal activation facilitated surface
accommodation of the inhibitor species. In the con-
text of the Freundlich model, the negative AG®
values likewise confirm that adsorption on a hetero-
geneous set of sites was energetically favorable,
while the spread of adsorption energies implied by
this model was compatible with a distribution of lo-
cal free energies of interaction rather than a single
uniform value.

However, the absolute values of AG® | are in a
range often attributed as the boundary between phy-
sisorption and chemisorption, and the final determi-
nation of the adsorption nature cannot be made for
purely thermodynamic reasons. Therefore, the ob-
tained Gibbs free energy data should be interpreted
as evidence of spontaneous and relatively strong
adsorption, supporting the formation of a stable,
predominantly monolayer-type protective film on
an energetically heterogeneous D16T aluminum al-
loy surface.

The values of AH® | and AS® | were determined
from the obtained Values of AG8 ., using the rear-
ranged Gibbs-Helmholtz equation as follows:

ds TAS{)ads (9)

The slope and intercept of the AG®  versus T
plot allow determination of the values of AS® , and
AH’ , respectively (Fig. 6).

The positive enthalpy of adsorption AH°
(57.13 kJ mol™) indicates that the adsorption of the
inhibitor was an endothermic process, implying that
effective surface coverage was thermodynamically
favored at higher temperatures. This suggests that
thermal activation facilitated the adsorption step,
likely by promoting the intensive displacement of
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Fig. 6 — Relationship between Gibbs free energy (AG’ ) and

absolute temperature (T) for D16T aluminum alloy
in model FW

pre-adsorbed solvent and enabling the inhibitor
molecules to access and occupy surface sites®.

The positive entropy of adsorption AS°
(274.82 J mol ! K™') reflects an increase in disorder
upon adsorption. This can be rationalized by con-
sidering the interfacial exchange process, in which
several water molecules, initially coordinated to the
metal surface, were released into the bulk solution
when an inhibitor molecule became adsorbed®. The
gain in translational and configurational freedom of
the displaced solvent molecules outweighs the or-
dering associated with the fixation of the inhibitor
at the surface, resulting in a net positive entropy
change. The positive values of both AF° | and AS°
are therefore consistent with an entropy-driven ad-
sorption process that becomes increasingly favor-
able with increasing temperature®’.

Electrochemical measurements

To confirm the effectiveness of the developed
inhibitor, electrochemical studies were conducted.

To determine the stability of the assembled film
over the metal surface, CA measurements were per-
formed. For this purpose, 50.0 mV anodic or ca-
thodic overpotentials (£ _+ 50.0 mV) were applied
to the system for 1800 s and the current densities
observed were plotted against operation time. As a
reference, similar measurements were also per-
formed with a blank solution.

The electrochemical performance of the BNP
inhibitor on D16T aluminum alloy in model FW
was evaluated using open-circuit potential (OCP),
potentiodynamic polarization, chronoamperometric,
and chronopotentiometric measurements as given in
Fig. 7.
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Fig. 7 — Open-circuit potential (a), Tafel polarization (b), chronopotentiometric (c), and (d) chronoamperometric curves for D16T
aluminum alloy in model FW containing various concentrations of the BNP inhibitor

The corresponding electrochemical parameters
are summarized in Table 7.

Fig. 7a illustrates the evolution of the open-cir-
cuit potential (OCP) of the D16T aluminum alloy in
model FW in the absence and presence of different
concentrations of the BNP inhibitor over a 30 min
immersion period. In all cases, the OCP exhibited a
rapid initial shift during the first few minutes of im-
mersion, followed by a gradual stabilization, indi-
cating the establishment of a quasi-steady interfa-
cial state. In the uninhibited solution, the OCP
stabilized at approximately —644 mV after an initial
transient period, indicating the establishment of a
steady interfacial state between the D16T aluminum
alloy surface and the corrosion medium. Upon the
addition of the inhibitor, the OCP progressively
shifted toward more negative values, reaching ap-
proximately =703 mV at the highest inhibitor con-

centration investigated. Such negative displacement
of the OCP in the presence of the inhibitor for alu-
minum, particularly in chloride-containing acidic
media, are frequently associated with changes in the
relative kinetics of anodic and cathodic reactions®®.
The observed progressive stabilization of OCP over
time further indicates that the aluminum surface
reached a quasi-equilibrium condition, associated
with the formation of a relatively stable adsorbed
inhibitor layer, which altered charge transfer at the
metal/solution interface®. Moreover, for aluminum
alloys, inhibition is frequently associated with a
suppression of localized cathodic activity rather
than a simple blocking of anodic sites®. In this con-
text, a negative OCP shift may arise from a relative
reduction in cathodic reaction kinetics, particularly
hydrogen evolution or oxygen reduction, which can
dominate the mixed potential in acidic chloride me-
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Table 7 — Potentiodynamic polarization parameters for the corrosion of DI16T aluminum alloy in model FW in the absence and

presence of different concentrations of BNP inhibitor

Concentration, mg dm OCP, mV E_,mV S A cm? IEJ., % Rp, Q IE,, %
Blank —643.87 —658.68 6.41-10° - 1975.3 -
3.12 —658.12 —667.83 5.74-10° 10.50 2489.4 20.65
7.80 —669.55 —676.57 5.45-10° 15.08 32583 39.38
15.6 -675.36 -691.13 4.06:10°¢ 36.66 4516.4 56.26
23.4 —689.40 -719.18 3.58-10° 44.26 5853.6 66.25
31.2 —702.97 —733.90 2.16:10°¢ 66.39 6721.2 70.61

dia®. This interpretation is supported by the simul-
taneous decrease in corrosion current density and
the increase in the polarization resistance (Table 7),
which indicate a general decrease in corrosion ac-
tivity.

Representative potentiodynamic polarization
curves recorded in the absence and presence of dif-
ferent inhibitor concentrations are shown in Fig. 7b,
while the corresponding electrochemical parameters
are summarized in Table 7. The addition of the in-
hibitor resulted in a marked decrease in the corro-
sion current density (7 ), from 6.41-10°A cm™ for
the blank solution to 2.16-10°A cm™ at the highest
inhibitor concentration. This pronounced reduction
in j_clearly indicates an effective suppression of
the corrosion rate signifying that the inhibitor mol-
ecules have adsorbed onto the metal surface and are
hindering the electrochemical reactions responsible
for corrosion®. As can be seen, both the anodic and
cathodic branches of the polarization curves were
affected by the presence of the inhibitor. Moreover,
the shift in corrosion potential (£ ) relative to the
uninhibited system remained below 85 mV, sug-
gesting that the inhibitor can be classified as a
mixed-type inhibitor®. This behavior implies that
the inhibitor influenced both metal dissolution and
cathodic reactions, although the exact extent of its
effect on each partial process cannot be unequivo-
cally quantified from polarization data alone, partic-
ularly for aluminum systems where passive film
formation may affect the linearity of Tafel curves®.
The inhibition efficiency calculated from polariza-
tion measurements increased with inhibitor concen-
tration, reaching approximately 66 %, which is con-
sistent with effective surface coverage and
progressive blocking of active corrosion sites.

The chronopotentiometric curves recorded at a
constant applied current density (Fig. 7¢) provide
additional insight into the time-dependent electro-
chemical behavior of the D16T aluminum alloy sur-
face. In the presence of the inhibitor, the potential
rapidly reached a stable value and remained nearly
constant throughout the measurement period. This
enhanced potential stability suggests that the inhib-

itor contributed to the formation of a more uniform
and persistent surface condition®. The inset polar-
ization responses further indicate that the inhibited
system exhibited reduced electrochemical activity,
consistent with the development of a protective in-
terfacial layer. While these observations support an
adsorption-controlled inhibition process, they do
not, by themselves, distinguish between physical
and chemical adsorption mechanisms®.

Chronoamperometric measurements conducted
at a fixed overpotential of +50 mV (Fig. 7d) re-
vealed a significant decrease in current density in
the presence of the inhibitor compared to the blank
solution. Notably, the current remained relatively
stable over time, with no evidence of a progressive
increase that would indicate surface degradation or
breakdown of the protective layer. The reduced and
stabilized current response suggests that the inhibi-
tor effectively limited charge transfer processes at
the metal—solution interface. The stable low current
also indicates that the inhibitor had formed a robust
and persistent film that maintained its integrity and
protective properties under the constant electro-
chemical stress of the applied potential®’. This be-
havior is consistent with the formation of an ad-
sorbed inhibitor film that acts as a barrier to both
anodic metal dissolution and cathodic reactions®.

The obtained electrochemical results clearly
demonstrate that the inhibitor markedly enhanced
the corrosion resistance of aluminum in the investi-
gated medium. The observed trends are mutually
consistent and collectively indicate that the inhibi-
tion process was predominantly controlled by surface
adsorption and interfacial modification. This inter-
nal consistency among the electrochemical parame-
ters provides strong evidence for the effective cor-
rosion inhibition performance of the studied system.

Contact angle measurements

Fig. 8 displays the values of the contact angles
for the D16T aluminum alloy surface both with and
without the inhibitor, taken before and after immer-
sion in model FW.
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Fig. 8 — Contact angle values before and after immersing the D16T aluminum alloy in model FW in the
presence of varying BNP-inhibitor concentrations

The contact angle results reveal the effect of
the BNP inhibitor on the surface wettability of the
D16T aluminum alloy in model FW. The untreated
alloy exhibited a contact angle of 52.02° + 0.75,
which slightly increased to 54.24° + 0.82 after im-
mersion in model FW without inhibitor, reflecting
minor surface changes due to corrosion products. In
contrast, the addition of BNP inhibitor significantly
increased the contact angle, reaching 64.31° + 0.73
at 3.12 mg dm> and 94.71° £+ 1.14 at 31.20 mg dm.
This gradual increase indicates efficient adsorption
of the inhibitor molecules, resulting in a compact
hydrophobic layer which limited the interaction be-
tween the metal and the corrosion medium. En-
hanced hydrophobicity confirms the barrier-type
protection mechanism of the BNP inhibitor, where
the adsorbed film prevented the entry of aggressive
ions and water molecules onto the metal surface®.

Conclusion

This study demonstrates that the novel ternary
BNP inhibitor provides highly efficient corrosion
protection for D16T aluminum alloy in synthetic
formation water, confirming the effectiveness of
multicomponent inhibition systems. The combined
presence of boric acid, 1,4-phenylenediamine, and
disodium hydrogen orthophosphate significantly
enhanced protective performance compared with
mono- and binary-component systems, indicating
cooperative interactions between the inhibitor con-
stituents. The boric acid—orthophosphate binary
system exhibited inhibition efficiencies close to
those of the ternary formulation, suggesting that
these components play a dominant role in protective
film formation, whereas 1,4-phenylenediamine like-
ly contributes to improved surface coverage and
stabilization of the protective layer. Electrochemical
and gravimetric measurements consistently revealed
a pronounced reduction in corrosion rate, accompa-
nied by increased polarization resistance and de-

creased corrosion current density. Thermodynamic
and kinetic analyses indicated that adsorption oc-
curred spontaneously and was thermodynamically
favorable. The positive enthalpy and entropy values
suggest adsorption accompanied by interfacial reor-
ganization and partial displacement of water mole-
cules, while the increasing stability of the adsorbed
layer with temperature may indicate a gradual con-
tribution of stronger surface interactions. Contact
angle measurements confirmed increased surface
hydrophobicity, supporting the formation of a barri-
er-type protective layer. Polarization data suggest
mixed-type inhibition affecting both anodic and ca-
thodic reactions. These findings provide a mecha-
nistic framework for the rational development of
multicomponent inhibitors for aluminum alloys op-
erating in aggressive oil and gas production envi-
ronments.
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