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Abstract

Hydroxypropyl methylcellulose (HPMC) and polyvinyl alcohol (PVA) were mixed in the varying ratios of 1:1 and 1:3 respec-
tively and used to formulate inhibitor systems for corrosion inhibition studies on carbon steel surface induced in 1.0 M H,SO,
solution. The performance of formulated inhibitor systems was assessed using weight measurement, potentiodynamic polariza-
tion technique at 28 — 65 °C and theoretical computation respectively. Weight loss measurement result revealed that corrosion
resistance of the formulated inhibitor systems was dependent on time, mixing ratio, inhibitor concentration and temperature.
Thus, the optimum inhibition performance obtained was from the combination of HPMC and PVA with ratio of 1:1. Also, the
adsorption characteristics recorded was attributed to formation of protective complex thin film on the carbon steel surface via
Temkin adsorption isotherm. The temperature and inhibition efficiency relations obtained supported physical adsorption mech-
anism proposed. In addition, potentiodynamic polarization result revealed that action of inhibitor systems modified both partial
electrochemical reaction processes and also retained the mixed mode function in its operation. Density function theory revealed
the chemistry reactivities of inhibitor system in aqueous phase whereas molecular dynamic simulation interpreted the real
experimental condition of metal surface in extreme electrolytic solution in the presence of inhibitor.

Keywords Inhibitor - Electrolytic solution - Chemistry - Gas phase - Theoretical computation

Introduction

The continuous research on the response of metals and alloys
in various service environments is due to their relevance in
fabrication of many industrial metallic structures, tools and
appliances. In fact, some of these materials possess either
moderate or near-excellent features which make them top
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choice during material selection applicable to various service
environment. On that note, specified grades of metals and
alloys are designated for fabrication of pipes, barrels, drill bits,
tanks, sheets, tubes, plates, etc. for various applications in
different industrial sectors (Al-Sabagh et al. 2011; Oguzie
et al. 2007; Verma et al. 2016; Sasikumar et al. 2015).
Despite these characteristics, the long-term reliability re-
sponses of these materials are not guaranteed when exposed
to harsh work environment without adequate protection. For
instance, the use of diluted mineral acid solution in many
operational processes (such as acid cleaning and pickling, tex-
tile dyeing, water and sewage treatment, chemical etching,
etc) is a welcome development due to efficiency enhancement
but gradually the metallic tools and equipment parts deterio-
rate via a process called corrosion (Iroha and Nnanna 2019).

Corrosion is an electrochemical process involving metal
dissolution at anodic region and hydrogen evolution at cathod-
ic region. The hydrogen gas released creates cracks or minor
holes on the metal surface which could later develop to larger
pitting effect if not checked or regulated. The resultant effects
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of dissolution of metals and alloys in acidic environment are
many including; pollution and contamination of environment,
undue shutdown of plants and machineries, mechanical fail-
ures of structures, loss of economy on routine maintenance
and replacement of parts, etc. Also, corrosion contributes im-
mensely in the deterioration of structural materials in marine
and offshore environment respectively (Shams et al. 2019).
Hence, the developmental strategy in checkmating the disso-
lution activities of metal and alloys during service in acid
solution environment is of paramount importance. In pursu-
ance of this developmental goal, non-toxic chemical sub-
stances (corrosion inhibitors) either from organic or inorganic
sources are the right option with readily availability, ease of
modification and presence of inhibiting potency within their
structures.

Reports of many researchers in scientific literatures have
revealed the use of many organic substances to regulate the
activities of metal dissolution in acid environment (Bentiss
et al. 1999; Wahdan et al. 2002; El-Shafei et al. 2001;
Ebenso and Oguzie 2005; Chidiebere et al. 2012; Oguzie
et al. 2010). These materials were able to perform by
adsorbing their molecules on the charged metal atoms through
chemical or physical interactions and the stability of the inter-
action determines the effectiveness of the inhibitor. Also,
many of these materials have been used alone or in combina-
tion with other additives or materials to achieve optimum per-
formance. Equally, many water soluble polymers have
responded positively independently (Rajendran et al. 2005;
Bereket et al. 2003; Selvaraji et al. 2004; Jianguo et al.
1995; Dubey and Singh 2007; Umoren et al. 2006; Umoren
and Obot 2008; Eid et al. 2018) or in combined mixtures
(Morooka et al. 2001; Nwanonenyi et al. 2018a;
Nwanonenyi et al. 2018b; Tsoeunyane et al., 2019; Umoren
et al. 2014; Umoren et al. 2007; Umoren et al. 2018; Mansri
et al. 2012) in the fight against metal corrosion in some harsh
service environment. However, more work is needed to be
done in the search for more corrosion inhibitors because of
the complex nature of some service environment and inade-
quate reliability and durability responses of some inhibitors
engaged in corrosion control and metal protection. This ne-
cessitated the formation of corrosion inhibitor using mixture
of HPMC and PVA despite that these polymers have been
engaged individually in the corrosion control course with
near-moderate results or performance elsewhere (Umoren
et al. 2007; Arukalam 2014). Also, the idea of combining
two different inhibitive materials with varying properties in
search for better results is a worthwhile and unprecedented
in the field of corrosion control research (Obot and Umoren
2011; Umoren et al. 2010a). In this emerging research, the
combination of two different polymers as a single inhibitor
was to bring the different functional groups of each polymer
together in one system with a view of having a better and
functional inhibitor. The functional groups of interest in
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PVA molecule are vinyl group and hydroxyl group whereas
in HPMC molecule the centres of attraction include the fol-
lowing hydroxyl group, methyl group, propyl group and phe-
nyl structure.

Therefore, the research was focused on investigating the
corrosion resistance behaviour of inhibitor developed from
polymer mixtures on carbon steel in 1.0 M H,SO, acid solu-
tion environment using potentiodynamic polarization,
gasometric measurement and simulation technique respective-
ly. Also, the impact of temperature on the corrosion studies
and mode of inhibition adsorption were monitored and mode
of adsorption mechanism. In addition, the density functional
theory was used to assess the chemistry reactivities of inhibi-
tor system whereas the molecular dynamic simulation was
used to explain the real experimental condition of metal sur-
face induced in extreme electrolytic solution containing dif-
ferent ions and molecules. Finally, use of combined polymer
inhibitor from mixture of HPMC and PV A in the fight against
corrosion of metal in acidic medium has not been reported
elsewhere to the best of our knowledge.

Experimental section
Preparation of metal and test solutions

Carbon steel sheet with the following percentage composition
(Si=0.03, Cr=0.06, Mn=0.04, C=0.06, Cu=0.06 and re-
mainder was Fe) was used for the corrosion studies. The metal
sheet was cut to 3 x 3 x 0.3 cm dimension using mechanical
cutter. The surface was polished #1000 and #1200 emery pa-
per, washed with distilled water, dried with warm air and
secured with dessicator for subsequent used. The tests solu-
tions were prepared using concentrated HSO, acid, HPMC,
PVA and distilled water. 1.0 M H,SO, solution used for blank
solution was obtained using serial dilution principle whereas
inhibited solution was prepared with 1 L of diluted acid solu-
tion and varying ratios (1:0, 1:1 and 1:3) of HPMC and PVA
respectively in grams.

Experimental method
Weight loss measurement technique

This was utilized to study the behaviour of combined polymer
inhibitor in resisting of carbon steel corrosion in 1.0 M H,SOy4
environment and the experimental standard (ASTM G1-90,
1996) adopted has been reported elsewhere (Eid et al. 2018).
Prepared metal samples were immersed in 250 mL capacity
beakers containing test solutions (150 mL) with the aid plastic
thread and glass rod. The beakers were left at room tempera-
ture (28 =1 °C), metal samples were retrieved after 12 h in-
terval and this process continued for 108 h progressively. In
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addition, the same experiment was repeated but the beakers
were immersed in digital water bath containing water, regu-
lated at 35-65 °C and the metal samples were withdrawn at
8 h interval. Weight loss results obtained were mean values
from the triplicate difference of the weight of metal sample
before and immersion in the test solutions. The corrosion pa-
rameters determined from the weight loss results include the
following;

(a) Corrosion rate, Cg (mm/yr): This measure the rate at
which surface of metal sample exposed to acid solution
deteriorates. It is determined from the expression stated
below as follow;

87600 x (Wy—W,)
AD

Cr(mm/yr) = (1)
where wy, w,, A, t and D represents mass (g) of metal sample
before immersion, mass of metal sample after immersion, total
surface area (cm2) of metal sample, time (h) of exposure,
density (g/cm ) of metal sample respectively.

(b) Inhibition efficiency, IE (%) and extent of surface cov-
erage, 0: These parameters assess the anticorrosion resis-
tance or behaviour of a material on the surface of metal
sample induced in acid solution. These parameters are
determined using the expressions below.

Cri—C
IE (%) = LR x 100 (2)
Cri
Cri—Cra
0)=—c— (3)
R1

where Cg;, Cr, represents corrosion rate of carbon steel in
acid solution and inhibited system respectively.

Potentiodynamic polarization (PDP) measurement

This was carried out on advanced corrosion testing machine
(PARC-263 model). The electrolytic cell, made of cylindrical
glass, houses the conventional electrodes; graphite rod (coun-
ter), saturated calomel (reference) and carbon steel (working)
and test solution. Part of carbon steel sample (1cm?® surface
area) was exposed to test solution while the remaining part
was coated with wax. Desktop computer (visual monitor),
electrochemical workstation and terminals of electrolytic cell
were connected using luggin capillaries. Steady state open
potential circuit (OCP) was allowed for 30 min before mea-
surements were taken at potential range of £250 mV and
0.333 mV/s scan rate of corrosion potential. Unstirred state

of test solution and aerated room condition was maintained at
28 + °C. Experimental measurement was repeated three times
and average results were taken. Power suite (program soft-
ware) was used to extrapolate experimental data
(Nwanonenyi et al. 2018b).

Theoretical computations

The two simulation modules utilized in the course performing
the theoretical computation includes; Dmol® and molecular
dynamic simulation module

(i) Dmol® simulation:

In this case, electronic molecular structures of repeat unit of
polymers (HMPC and PVA) used for the corrosion inhibition
was modeled and used to perform the simulation in gaseous
and aqueous phase respectively. The geometrical optimization
was done with Dmol® module tool as contained in Material
Studio 7.0 software using following parameters; gradient-
exchange correlation functional (GGA/PW91), spin unre-
stricted, DND Basis set, k-point set: (gamma) 1x1x1. The
COSMO control was used to include the solvation effect
(aqueous phase) in the simulation and the following structural
descriptors were determined; geometrical optimized structure,
total electronic density, frontier molecular orbitals and energy
gap. The chemical reactivities of inhibitor systems were de-
pendent on structural descriptors of individual polymeric in-
hibitor used. For instance, optimized structure presents molec-
ular structure of inhibitors that replicate real life situation, total
electron density provides information on how electron hovers
around the inhibitor molecules, frontier molecular orbitals
give information on the highest (Eyomo) and lowest
(ELumo) occupied molecular energy orbitals and energy gap
(AEgsp =Erumo- Enomo) between the occupied molecular
energy. In addition, Fukui functions present the positions of
electrophilic and nucleophilic sites within the inhibitor
structures.

(i) Molecular dynamic simulation:

This was performed using Forcite dynamic and quench
simulation tool of Material studio 7.0 software. The (iron)
Fe crystal was imported into 3D atomistic document, opti-
mized with Forcite module tool and cleaved along (110)
plane. Surface of the Fe crystal was optimized using Forcite
module tool and enlarged to (15 % 15) supercell range which
offered large surface for the interaction of inhibitor molecules,
crystal surface and electrolytic solution. Vaccum slab crystal
thickness of 25.0 A and 1.00 A position was built to accom-
modate the Fe crystal surface, inhibitor systems active species
in an approximated electrolyte solution containing 516H,0O
molecules, 7H;0" and 7SO427 ions respectively. Thus,
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Amorphous cell tool was used to pack the constituents of
electrolyte solution into crystal surface. The geometry optimi-
zation was done with Forcite module with maximum iteration
number of 1000, COMPASS force field and forcefield
charges in a simulation box (15 % 15x29.0927 A). Finally,
Forcite Quench simulation module was used to perform the
molecular dynamics simulation with COMPASS force field,
number steps of 5000, every quench steps of 250, time step of
1 fs, NVT ensemble; 5.0 ps total simulation time and 298 K.
The binding energy (Eginding) provides information on the
strength of interaction between the Fe (110) surface and in-
hibitor molecule in electrolytic solution and it was determined
according Eq. (4) stated below (Njoku et al. 2017);

EBinding = Etotal_(Eelectrolytic solution 1 Einhibitor system) (4)

where Ey, is the total energy of the entire system, Eciecrolytic
solution 18 the total energy of electrolytic solution (water mole-
cules, H;0" and SO, ions respectively) and Eippivicor system 18
the total energy of inhibitor system.

Results and discussion
Weight loss measurement results

The measurement of level of materials loss with distinct prop-
erties of metal on short and long term application during cor-
rosion reaction process is the characteristic features of weight
loss technique. In addition, this technique shows the degree of
visual effect or physical deterioration on the metal surface by
the surrounding environment or corrodent (Nwanonenyi et al.
2018b). Thus, the efficacy and aptness of the technique has
been reported elsewhere (Oguzie 2006; Oguzie 2005).

Effect of time response on the level of material loss

In weight loss measurement, time factor plays significant role
(either in a short run or long run applications) in assessing the
response of inhibitor on the corrosion behaviour of metal sur-
face in aggressive environment. Hence, the performance or
long-term reliability response (or durability) of corrosion in-
hibitor is dependent on time and other factors (Nwanonenyi
et al. 2018a; Nwanonenyi et al. 2018b). The time effect on the
level of material reduction for corrosion of carbon steel in
blank acid solution and inhibited systems at 28 + 1 °C is pre-
sented in Table 1. Data on Table 1 evidently illustrate that
material dissolution varies linearly with time and no evidence
of passivation manifestation for all the cases studied despite
variations in ratio of mixing and concentrations of polymeric
inhibitors. Furthermore, critical assessment on the level of
material deterioration confirmed that metal surface reduced
significantly with increase in time of exposure in aggressive
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solutions. Also, it was observed that ratio of mixing used
together with inhibitor concentrations were able to cushion
the prevailing corrosion effect on metal surface exposed to
1.0 M H,SO4 solution at varying time. This behaviour re-
vealed that corrosion resistance offered by the inhibitor sys-
tems performed better at reduced exposure time, high concen-
tration and mixture HMPC and PVA at ratio of 1: 1.

Effect of inhibitor concentration and mixing ratio
on corrosion rate and inhibition efficiency

The results of corrosion rate obtained from weight loss mea-
surements are presented in Table 1. Corrosion rate shows ev-
idence of visual manifestation or physical damage done by the
corrosive ions on the metal surface due to evolution of hydro-
gen gas at the cathodic region. Also, the corrosion rate value is
a parameter used to assess how potent corrosive ions are in a
system. Thus, the higher the rate of hydrogen gas evolution in
the corrosion system the higher the corrosion rate value. Data
on Table 1 revealed the effect of ratio of inhibitor mixtures and
inhibitor concentration on the corrosion rate of carbon steel in
1.0 M H,SOy, solution. It is clearly seen that rate at which
dissolution of metal in 1.0 M H,SO, solution occurred was
also dependent on the inhibitors mixing ratios and inhibitor
concentration variations. Thus, the varying increase observed
in the concentration of inhibitor recorded gradual reduction in
the corrosion rate. This evidenced that used of HPMC and
PV A on individual and composite basis respectively as corro-
sion inhibitor adsorbed hydrogen gas evolved at cathodic re-
gions of carbon steel surface with drastic reduction in the
destructive impact caused by the gas release. The corrosion
rate response was not completely reduced or eliminated within
the conditions of studies and this suggests that corrosion ions
potency was conditioned by the amount of inhibitor present
within the corrodent system and also there exist negligible
corrosion sites within the metal surface. In addition, this is
attributed to effect of varying inhibitive species within the
inhibitor system.

The reliability and durability response of corrosion inhibi-
tors is accessed based on their ability to sustain the impact of
corrosion menace on the metal surface and their contributions
in the formation of stable corroded product over a certain
period of time (Nwanonenyi et al. 2018b). Hence, it is be-
lieved that the following factors such as nature of inhibitor,
charge on metals surface, nature corrosive ions, temperature,
etc. play active role in determining the effectiveness of corro-
sion inhibitor. The major challenge in controlling corrosion of
metal in solution via inhibitor adsorption is that metal surface
protected by film layer still has some free or unprotected sites
within the surface where negligible corrosion rates occur.
Thus, resulting to difficulty in achieving 100% inhibition ef-
ficiency in a corrosion inhibition system. Clearly, it seen that
ratios of mixture and inhibitor concentrations were
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Table 1 Corrosion rates,

inhibition efficiency, and degree Conc (g/L)  Corrosion rate, Cr(mm/yr) Inhibition Efficiency (%I)

of surface coverage values

obtained from weight loss 12h 36 h 60 h 84 h 108 h 12h 36 h 60 h 84 h 108 h

measurement for carbon steel in

1.0 M H,SO4 solution and Blank 2345 34,67 5234 93.18 12521 — - - -

inhibited system at 28 + 1 °C PVA (1:0)
1.0 1478 2296 3755 70.09 99.04 3697 33.78 2826 2478  20.90
3.0 11.63 1859 31.09 5876 86.11 50.41 4638 40.60 3694 3123
5.0 7.38 13.03 2539 4957  78.61 68.53 6242 5149 46.80 3722
HPMC (1:0)
1.0 13.80 22,11 3567 68.03 9523 40.77 3623  31.85 2699 23.94
3.0 10.59  18.09 3056 57.13 8234 54.84 47.82 41.61 38.68 3424
5.0 6.18 10.76 2023  48.09  69.87 73.65 6896 6135 4839 4420
HMPC: PVA (1:1)
1.0 9.78 16.83  28.67 5551 8247 5829 5146 4522 4043 3413
3.0 5.27 11.87  21.66 4477 67.14 77.53 6576  58.62 5195 4638
5.0 0.93 426 1132 2865 4713 96.03 87.71 7837 69.25 6236
HMPC: PVA (3:1)
1.0 11.88 1898 31.83 61.88  88.46 4933 4526  39.19 3359 2935
3.0 7.67 1473 2556 4996  73.11 6729 5751  51.17 4638 4161
5.0 322 6.91 1491  33.83 5455 86.27 80.07 7151  63.69 5643
HMPC: PVA (3:1)
1.0 1276 2043 3387 6645 93.78 4559  41.07 3529 28.69  25.10
3.0 9.11 1634 2796 5493  79.86 61.15 52.87 4658 41.05 3622
5.0 5.24 9.27 17.39 4127  63.66 77.65 7326  66.77 5571  49.16

responsible for the efficiency of inhibition exhibited by all the
inhibitors on the corrosion of carbon steel surface in 1.0 M
H,S0, solution. Thus, the gradual increment in the concen-
tration of all the inhibitors gave rise to increased inhibition
efficiency and it supports the evidence that inhibitor effective-
ness observed could due to amount of inhibitor presence with-
in the inhibited system. Hence, it seen in all cases that incre-
ment in inhibition efficiency based on concentration of inhib-
itor is as follows; 5.0 g/L.>3.0 g/L > 1.0 g/L. Equally, it seen
that effectiveness of inhibitors obtained from the combination
of HMPC and PVA showed better results compared to indi-
vidual polymers whereas HMPC performed better than PVA.
This could be attributed to presence of varying inhibitive func-
tional groups within the inhibited system and effective inter-
action between the polymers. The order of inhibition efficien-
cy observed according to ratios of mixture is as follows;
HPMC: PVA (1:1), HPMC: PVA (3:1) and HPMC: PVA
(1:3). Hence, the result of 1:1 ratio of HPMC and PVA mix-
ture behaviour obtained exhibited best performance compared
to other inhibited systems although the response was sustained
as time of exposure progresses. It is believed that result man-
ifested by combination of HPMC and PV A in the ratio of 1:1
is evidence of better synergistic effect from the combined ratio
in controlling the corrosion menace on the metal surface. The
result observed is in agreement with the findings of Mansri,
et al., (2012) (Mansri et al. 2012).

Potentiodynamic polarization results

The PDP measurement was done to ascertain the impact of each
inhibitor (at maximum concentration, 5.0 g/L) in regulating the
corrosion process at anodic and cathodic region respectively of
carbon steel surface at 28 +°C. Curves of polarization shown in
Fig. 1 revealed effective modification on both regions of corro-
sion process by the inhibitors of study. Table 2 presents the
results of corrosion parameters (corrosion current densities (icorr),
corrosion potential (E_), anodic Tafel slope (b,) and cathodic
Tafel slope (b.) extrapolated from the polarization curves. Also,
data on Table 1 illustrates significant reduction in both current
densities (ico) and corrosion potential (E,,) together with dis-
placement in anodic and cathodic region respectively. Evidently,
this remarkable response obtained indicates that displacement in
cathodic region by inhibitor portrays retardation of evolution of
hydrogen gas more effectively compared to anodic dissolution.
Also, displacement in anodic region shows dominance control of
anodic dissolution over hydrogen gas evolution by the inhibitor.
In addition, variations observed in displaced corrosion potential
values are attributed to effectiveness of inhibitor caused by the
amount or level of inhibitive species present within the inhibitor
system. Furthermore, the reduction observed in the partials reac-
tions of corrosion process suggests that all the inhibitors of study
exhibited mixed-type function in resistance corrosion behaviour
of carbon steel in 1.0 M H,SO, solution. This is because the
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Fig. 1 Polarization curves of -01
corrosion resistance of carbon
steel in 1.0 M H,SOy, solution at
28 £°C in corrodent and inhibited -0-29
(at maximum inhibitor
concentration, 5.0 g/L) system 0.3 4
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value of corrosion potential displacement obtained in this re-
search did not exceed 85 mV (Ferreira et al. 2004). Hence, in
classifying inhibitor based on performance (cathodic, anodic or
mixed-type inhibitor) 85 mV is a threshold value. The slight
changes in i, values observed could be attributable to compe-
tition between free inhibitor molecules and adsorbed molecules.
The values of i .1 in absence of inhibitor and presence of inhib-
itor (ieom2) Were used to compute the efficiency of inhibition (IE
%) using the equation below;

IE (%) = {1“"“_1”1 x 100 (5)

Leorrl

where i, and iy represent current density in the absence of
inhibitor and presence of inhibitor respectively.

Adsorption studies

Adsorption interaction between the molecules of inhibitor
and charge on metal surface is one of the factors

7 -6 -5 -4 -3 2
Log i(uAcm’z)

responsible for inhibition of corrosion on the metal surface
exposed to aggressive work environment. Also, this force
of attraction occurs by physical attraction, chemical attrac-
tion or resultant combination of both depending on the
nature of chemical structure possessed by the available
inhibitor species. Thus, the inhibitor molecules are able
to engage themselves in the inhibitor-metal interaction (or
adsorption process) through their inherent functional
groups. The control of corrosion on metal surface by ad-
sorption inhibition is a surface phenomenon which could
occur by mono, double or multi layer adsorption. Any of
these modes of adsorption may lead to stable adsorption
though factors such nature of metal temperature, chemical
structure of inhibitor, pH of corrosion medium, etc. (Obot
and Obi-Egbedi 2010) are determining parameters.
Furthermore, regression model (adsorption isotherm) is
usually employed to have better insight on the mode of
inhibition adsorption and also the nature adsorption surface
(homogeneous and heterogeneous). This is done by fitting
the results of degree of surface coverage obtained from

Table 2 Calculated polarization

parameters of carbon steel System LD Econr Leorr IE b, b,

corrosion in 1.0 M H,SO, in E(mV(SCE)) (nAcm ) (%) (mVdec ") (mVdec ")

corrodent and inhibited system

respectively at 28 +°C and 5.0 g/ Blank —427.64 746.04 - 110.23 67.45

L inhibitor concentration PVA —423.14 23147 68.97 96.78. 53.46
HMPC —443 .47 189.41 74.61 87.06 49.75
HPMC: PVA (3: 1) —451.07 98.09 86.85 67.47 38.51
HPMC: PVA (1: 1) —457.56 26.87 96.40 48.15 32.88
HPMC: PVA (1:3) —415.47 165.71 77.79 81.99 45.13
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Fig. 2 Plots of @ against InC for 0.7
carbon steel corrosion in 1.0 M <
H,SO, solution in inhibited 1
systems at different time 0.6
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weight loss measurement (as shown in Eq. (3)) above into
the regression model to have proper and accurate informa-
tion on the interaction existing between the inhibitor mol-
ecules and metal surface.

In this case, the regression model that gave proper insight
on the mode of adsorption for the corrosion inhibitor system
with optimum performance (that is, HPMC: PVA (1:1)) was
the Temkin adsorption isotherm and it is given in Eq. (6) as;

(6)

where 0 =degree of surface coverage, C = inhibitor concen-
tration, K4 = equilibrium constant of adsorption process, & =
inhibitor molecules interaction parameter (negative value sig-
nifies repulsion whereas positive values represent attraction).
The plot of (8) against InC gave linear graphs as shown in
Fig. 2 and the adsorption parameter o« and Ky were obtained
from the slope and intercept respectively. Also, the correlation
co-efficient (R?) and other adsorption parameters determined

—2a0 = InK4 + InC

Table 3  Computed parameters for the Temkin adsorption isotherms of
carbon steel corrosion in 1.0 M H,SO, solution in inhibited systems at
different time

Time (h)  Slope Kads R? o AG,qs (KJ/mol)
12 -0228 1540 0938 0456 —11.134
36 -0215 1667 0806 0430 —11.332
60 —-0.190 1771  0.747 0380 —11.484
84 —-0.169 1851 0817 0338 —11.594
108 -0.161 1971  0.737 0322 -11.752

from the linear plot are presented in Table 3. The results of
correlation co-efficient obtained are closeness to unity, thus
indicating the best fit and that adsorption occurred via multi-
layer adsorption on a heterogeneous surface. The positive val-
ue of inhibitor molecules interaction parameter () represents
the attraction or interaction ability of the inhibitor molecules
on the metal surface. It is observed that « decreases with
increase in time (as shown in Table 3), thus indicating weak-
ening or desorption of the interaction existing between the
adsorbed inhibitor molecules and metal surface (Obot and
Obi-Egbedi 2010). Also, this result reflects the reduction in
the performance of the combined polymer inhibitor caused by
the rise in time. Hence, result of « is used to assess the ad-
sorption potential of the inhibitor, inhibitive performance and
degree of surface coverage.

The relationship between the free energy of adsorption
(AG,qs) and equilibrium adsorption constant (K,q4s) of the in-
hibitor system on the surface of carbon steel is expressed
according to Eq. (7) stated below:

AGygs = ~2.303RTlog[55.5K yi5] (7)

where R =molar gas constant, T = absolute temperature and
55.5 = concentration of water in solution. The computed result
of free energy of adsorption (AG,qs) obtained are shown in
Table 3. Values of AG,4 obtained are negative and this sug-
gests that adsorption of inhibitor system onto carbon steel
surface is spontaneous. In addition, the values of AG,q4s ob-
tained are less than —20 KJ/mol, thus indicating that adsorp-
tion process for the inhibitor system occurred via electrostatic
interaction (physical adsorption mechanism) between the
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molecules of inhibitor and charge onto the carbon steel surface
(Ferreira et al. 2004).

Temperature response considerations

In metal corrosion and inhibition studies temperature effect is
an important factor to be given due consideration since it
provides information on the amount heat present, its effect
within corroding system and controls the performance of in-
hibitor system. Thus, the parameters such as corrosion rate,
efficiency of inhibition and long-term reliability and stability
response of the inhibitor system are dependent on tempera-
ture. In this study, the effect of varying temperatures within
the range of 35 — 65 °C was used to monitor the corrosion
behaviour of carbon steel in 1.0 M H,SO,4 solution and the
potentials of different concentrations of inhibitor systems in
inhibiting or regulating the corrosion process on the carbon
steel surface induced in the same corrodent system. It is clear-
ly seen in Table 4 that increment in temperature gave a resul-
tant increment in the corrosion rates of carbon steel induced in
1.0 M H,S04, solution even in the presence of different con-
centrations of inhibitor systems. The response observed is
attributed to active agitations caused by corrosion ions within
the corrodent system due to acquisition of more kinetic energy
from change in heat effect and gradual desorption of adsorbed
protective film on the metal surface. Hence, this behaviour

supports evidence of physical interactions between inhibitor
species and charge on the metal surface (Nwanonenyi et al.
2018a; Nwanonenyi et al. 2018b). In addition, the inhibitor
system that exhibited best result is the case of mixture of
HPMC and PVA in the ratio of 1:1.

Furthermore, the heat interaction parameters (such as ap-
parent activation energies (E,), enthalpy and entropy of ad-
sorption of the corrosion inhibition process) for the inhibited
system (HPMC: PVA at the ratio of 1:1) that exhibited better
inhibition efficiency response or performance were deter-
mined in this study. Activation energy (E,) represents the
minimum amount of energy that must be exceeded for a
chemical reaction to start or proceed and it is expressed using
Arrhenius Eq. (8) stated below (Oguzie 2005);

CRy = Aexp(—E,/RT) (8)

where A, R, T represents pre-exponential factor, universal gas
constant, absolute temperature respectively. Logarithm of cor-
rosion rate is plotted against reciprocal of absolute tempera-
ture as shown in Fig. 3 and activation energy is obtained from
slope (that is, slope = (—E,/R) of the plot. Table 5 presents the
results obtained and it reveals values of activation energy for
the inhibited system is higher compared to corrodent system.
Thus, the response obtained supports the physical adsorption
proposed for the inhibition mechanism (Obot and Obi-Egbedi

Table 4 Corrosion rates and

inhibition efficiency values Conc (g/L) Corrosion rate, Cg(mm/yr) Inhibition Efficiency (%I)

obtained from weight loss

measurement for carbon steel in 35°C 45 °C 55°C 65 °C 35°C 45 °C 55°C 65 °C

1.0 M H,SOy solution and

inhibited system at different Blank 21.13 37.46 73.22 113.47 - - - -

temperatures PVA (1:0)
1.0 14.35 26.47 55.36 88.67 32.09 29.34 24.39 21.86
3.0 12.04 22.98 49.66 81.48 43.02 38.65 32.19 28.19
5.0 9.67 19.49 40.45 69.53 54.24 4797 44.76 38.37
HMPC (1:0)
1.0 13.13 24.79 52.13 84.78 37.86 33.82 28.80 25.28
3.0 10.87 20.85 44.88 75.09 48.56 44.34 38.71 33.82
5.0 8.89 17.90 37.83 63.96 57.93 52.22 48.33 43.63
HMPC: PVA (1:3)
1.0 12.56 23.28 48.67 79.48 40.56 37.85 33.53 29.96
3.0 10.08 19.73 41.89 71.13 52.30 47.33 42.79 37.31
5.0 8.13 16.29 35.77 60.98 61.52 56.51 51.15 46.26
HMPC: PVA (3:1)
1.0 11.48 21.87 45.43 75.86 45.62 41.62 37.95 33.15
3.0 9.36 18.49 39.38 66.09 55.70 50.64 46.22 41.76
5.0 7.27 14.11 32.49 55.81 65.59 62.33 55.63 50.82
HMPC: PVA (1:1)
1.0 10.96 20.78 43.77 72.56 48.13 4453 40.22 36.05
3.0 8.53 16.34 37.11 62.78 59.63 56.38 49.32 44.67
5.0 6.49 12.86 29.67 51.41 69.29 65.67 59.48 54.69
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Fig.3 Plots of Log CRy versus 1/ 2.1 4
K for carbon steel corrosion in
1.0 M H,SO, solution in
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2010). Also, it is observed that gradual increase in the amount
of inhibitor within the corrodent system gives rise to increase
in the values of activation energy. This is clear evidence that
as much inhibitor was introduced into the corrodent system
corrosion ions needed an additional energy to break the barrier
holding the reaction to proceed.

The enthalpy and entropy of adsorption for corrosion and
inhibition process was evaluated Transition-State Equation
stated below (Nwanonenyi et al. 2017; Nwanonenyi et al.
2020) to determine the independency of the parameters with
temperature for the case of mixture of HPMC and PV A at ratio
of 1: 1;

R ASads AHads
= |Log| — - 9
{ o8 (Nh) * (2.303RT 2.303RT ®)
where AH,qs, AS.4s, Cr, R, N, h, T represents enthalpy of
adsorption, entropy of adsorption, corrosion rate, universal

gas constant, Avogadro’s constant, Planck’s constant and ab-
solute temperature respectively. Plot of logarithm of Rey/T

3.00 3.05 3.10 3.15 3.20 3.25

1/T (1000K™ D)

versus 1/T is presented in Fig. 4 for the corrosion and inhibi-
tion process at different inhibitor concentrations. The values
of enthalpy (AH,4s) and entropy (AS,4s) were determine from
slope (—AHads/2.303R) and intercept [(log(R/Nh)+ ASads/
2.303R)] respectively and results obtained are shown in
Table 4. Enthalpy values obtained are positive suggesting ev-
idence of endothermic process whereas negative values of
entropy suggests free movement of molecules of inhibitor
within the solution. High values of enthalpy observed in the
inhibited system compared to blank solution suggest physical
adsorption mechanism predominance over the inhibition pro-
cess (Anyiam et al. 2020a).

Synergistic effect

The inhibition efficiency manifested by the inhibitor systems
in this study showed better results in their combined forms
compared to their individual basis even at low and elevated
temperatures. Thus, synergistic parameter stated below was
used to evaluate the effect of synergism on the inhibitive per-
formance of the inhibitor system on carbon steel in 1.0 M
H,S0, solution considering the case of polymer mixture that

Table 5 Calculated values of

activation energy (E,) and heat of ~ Inhibitor Conc Activation Energy Enthalpy of adsorption Entropy of adsorption
adsorption (Q,gs) for carbon steel (g/L) (J/mol) (KJ/mol) (KJ/mol)
dissolution in 1.0 M H,SO, in
corrodent and inhibited system Blank -21.451 46.770 —-67.999
(mixture of HPMC and PVA at 1.0 —24.043 52.418 -55.175
the ratio of 1:1)
3.0 —25.662 56.208 —44.992
5.0 —26.454 58.188 —40.799
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Fig. 4 Plots of Log CR/T versus
1/K for carbon steel corrosion in
1.0 M H,SO, solution in 064
corrodent and inhibited system
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ratio of 1:1) respectively
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showed better inhibition performance (that is, HPMC and
PVA mixture at the ratio of 1:1).
=112

S| = 10
1 1_1%+2 10

where I}, L, I'; 4 » represents inhibition efficiency of HPMC,
inhibition efficiency of PVA, inhibition efficiency of mixed
HPMC and PVA respectively. Also, 1;,, =4 I,). There is
synergistic interaction effect between the inhibitor systems
when the value of S; >1 whereas no interaction exists and
antagonistic interaction effect occurs when S; approaches unit
and Sy < 1 respectively (Anyiam et al. 2020b). The computed
values for the synergistic parameters obtained are presented in
Table 5 and it illustrated that the values of synergistic param-
eters are greater unity thus indicating the inhibition character-
istics manifested by the inhibitor system was due to synergis-
tic effect. The synergistic effect result obtained is in agreement
with findings of Umoren, Li, Wang (2010) (Umoren et al.
2010Db).

Theoretical computation consideration
Dmol® simulation results

Figure 5 presents the results of theoretical simulation per-
formed and it is seen that HPMC and PV A repeat unit respec-
tively are saturated with electron and flat-lying molecular ori-
entations characteristics from the total electron density result
(Table 6). Regions of HOMO and LUMO orbital respectively
in PVA repeat unit are seen around the vinyl and hydroxyl
group respectively and this reflects the positions of electro-
philic and nucleophilic site, respectively. In HPMC repeat

@ Springer
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unit, both regions of HOMO and LUMO are seen around
the phenyl and methyl group respectively, and this also re-
flects the position for electrophilic and nucleophilic attack
respectively. The donation of electrons to d-orbital of metal
atom surface occurs at HOMO regions whereas the oxidized
electrons released from Fe to Fe** are accepted at regions of
LUMO. Thus, it is level of response from the donation and
acceptance of electrons at HOMO and LUMO region respec-
tively that determines the nature of stable interaction and hy-
drophobicity formed by the inhibitor system. Computed
values of E ymo, Enomo and AE,,, obtained for HPMC and
PV A respectively in both gas and aqueous phase are presented
in Table 7. The result of theoretical simulation obtained re-
flects the position of experimental findings and is a clear in-
dication that HPMC molecule exhibited enhanced inhibition
efficiency compared to PVA molecule. It observed that energy
gap value (or the effectiveness inhibitor) of HPMC and PVA
repeat unit respectively at gas phase is higher compared to
aqueous phase and this revealed that water or solvation effect
weakens the strength of inhibitor. In addition, it is revealed
that function of PVA molecule in the inhibition performance
of the inhibitor systems was supportive mode.

Molecular dynamic simulation (MDS) results

The molecular quench dynamic simulation technique was
employed to probe the nature of adsorption interaction that
exists between the metal surface and inhibitor molecule in
the approximated electrolyte solution containing important
ions; 516H,0, 7H;0™ and 7SO427 and in gas phase. Also,
our motive here is to interpret the real experimental process
that involves corrosion and adsorption inhibition using theo-
retical basis. The structures of results of adsorption
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Fig. 5 Structural descriptors of
inhibitor systems: Atom legend:
gray = C; red = O; white = H.
Yellow and blue isosurface
represents electron density
difference: The yellow regions
represent electron loss whereas
the blue regions represent electron
accumulation

Table 6 Computed values of synergistic parameters for the inhibitor systems at different time, inhibitor concentration and varying temperatures

PVA repeat unit

Optimized structure

Total electron density

LUMO orbital

Electrophilic site (F~)

HPMC repeat unit

Total electron density

LUMO orbital

Electrophilic site (F)

Nucleophilic site (F*)

C(g/L) 12h 36 h 60 h 84 h 108 h

| PP 'y oS | PP 'y oS | PP 'y S L, The oS L The oS
1.0 77.74 58.28 134  70.01 51.46 1.37 60.11 45.22 1.34 51.77 40.43 1.29 44.84 34.13 1.32
3.0 105.25 77.53 1.36 94.20 65.76 1.43 82.21 58.62 1.41 75.62 51.95 1.46 65.47 46.38 1.42
5.0 142.18 96.03 1.49 131.38 87.71 1.50 112.84 78.37 1..45 95.19 69.25 1.38 81.42 62.36 1.31

35°C 45 °C 55 °C 65 °C

Ly,  Ihe oS L, The oS L, The oS L, Tho S
1.0 69.95 48.13 146  63.16 44.53 142  53.19 40.22 1.33 4714  36.05 1.33
3.0 91.58 59.63 1.54  82.99 56.38 148  70.90 49.32 1.44 62.01 44.67 1.39
5.0 112.17 69.29 1.62 100.19 65.67 1.57 93.09 59.48 1.53 81.97 54.69 1.51
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Table7 Computed values of energy optimization for PVA and HPMC
repeat unit respectively using DMol® module tool

Inhibitor Gas phase Aqueous Phase
PVA ELumo (eV) —0.0746 —0.3055
Enomo (€V) —5.9136 —6.1727
AE,,, (eV) 5.8390 5.8672
HPMC ELumo (€V) —-1.1637 —0.7165
Enomo (€V) =5.5073 —5.6713
AE,,, (eV) 43393 4.9548

interactions between Fe (110) surface and inhibitor system in
extreme electrolytic solution obtained and gas phase are pre-
sented Fig. 6. It is observed from the structures that strong and
reasonable adsorption interaction occurred between the metal
surface and inhibitor systems whereas the presence of multi-
component active ingredients (such as water molecules, ions)
within the electrolytic solution caused drastic reduction in the
interaction energy (as seen the values of binding energy of
interaction in case of gas phase and aqueous phase). Hence,
the observed behaviour could be caused due to followings
reasons (Obot and Umoren 2011); (i) synergistic interaction
between inhibitor molecules and charges on metal surface (ii)

dispersive interaction caused by pi-electron delocalization and
polarization of atoms within inhibitor molecular structure. (iii)
possible protonation of inhibitor molecule by the electrolytic
solution (iv) nature of adsorption interaction orientation ex-
hibited by inhibitor molecule on metal surface. It is believed
that these reasons stated above are the factors responsible for
the outstanding inhibition performance observed in the exper-
imental results. The result of binding energy adsorption inter-
action between metal surface and inhibitor molecules in aque-
ous (electrolytic solution constituents) and gas phase obtained
are —157.65 kJ/mol and —596.68 kJ/mol. Also, the binding
energy of adsorption between the metal surface and electro-
lytic solution constituents is —153.32 kJ/mol.

Mechanism for corrosion resistance

It is believed that some reactive centres (adsorption centres) or
functional groups within the structural arrangment of inhibitor
molecules play significant role in assessing whether the mol-
ecules possess the abitily to resistance corrosion or not.
Probably, the inhibitive molecules that are able to resistance
or regulated the corosion on metals surface in solution act
through adsorption. Hence, the adsorption capacity of

Fig. 6 Most stable adsorption

Aqueous phase

Gas phase

orientation (front, side and top
view respectively) of inhibitor
molecules on metal surface in gas
and aqueous phase respectively

Front view

Front view

Side view

Side view

Top view
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corrosion inhibitors depends on the form of adsorption centres
presence within the molecular structure of the inhibitor. For
instant, reactive centres containing heteroatoms, cyclic rings,
m-bond, aromatic structure, etc. exhibit good inhibitive effec-
tiveness. It is believed that presence of multiple centres of
adsorption will offer better resistance to corrosion than single
centre of adsorption. This is because many inhibiting species
within the inhibited system will interact more (by either phys-
ical or chemical molecular attractive) with the charges on met-
al surface, promote more surface coverage and offer improved
protection from stable adsorbed and corroded product. Hence,
the interaction formed between the inhibiting species within
the molecules of HPMC and PVA, and the charge on carbon
steel surface provided the protective complex film that modi-
fied the dissolution of carbon steel induced in 1.0 M H,SO,4
solution in this research. Also, the inhibitor systems exhibited
a remarkable improvement in the inhibition efficiency of car-
bon steel in 1.0 M H,SO, solution recorded as the against the
results of individual performance of HPMC and PVA.
Possibly, this implies that presence of multiple inhibitive spe-
cies or adsorption centres within the corrodent system contain-
ing metal promotes the degree at which the surface metal will
be sheltered.

Conclusion

The result of this work is another welcome development in the
field of corrosion science and metal protection. It is another
experimental proof that use of composite materials as corro-
sion inhibitor are in position to offer better results compared to
single material. It is clearly seen that combined polymer in-
hibitor from mixture of HPMC and PVA resisted the corro-
sion of carbon steel in 1.0 M H,SO, solution to a certain
degree dependent on concentration at all temperatures. The
inhibition mode was mixed type evidenced by PDP studies.
The possible positions or functional groups through which
transfer electrons occurred in HPMC molecule include hy-
droxyl, methyl and phenyl group respectively whereas in
PVA molecule it is through vinyl group and hydroxyl group.
This is believed to responsible for the varying of inhibition
characteristics observed in the performance of each polymer
as corrosion inhibitor. Evidently, it is clear that time and tem-
perature response respectively plays significant role during
metal corrosion process because it was observed that effective
inhibition was better favoured at lower time and temperature
respectively at different conditions of inhibition. Again, the
combination of the groups and structures synergistically in-
crease the potentials of combined polymer inhibitor to form
protective film over the carbon steel surface. The interpreta-
tion of the real experimental conditions using theoretical basis
through molecular dynamic simulation module revealed the
role multi-components ions and molecules in the corrosion

and inhibition process. The results recorded in this research
revealed that carbon steel corrosion and inhibition in 1.0 M
H,SOy, solution in the presence of HPMC, PVA and HPMC/
PV A was dependent of time, inhibitor concentration, inhibitor
mixing ratio and temperature. Also, the inhibitor developed
provides an alternative means of regulating corrosion on car-
bon steel surface in 1.0 M H,SO, solution using eco-friendly
and non-toxic materials from polymer background. The ex-
perimental methods used were efficient and the developed
inhibitor can be introduced in surface coatings where carbon
steel is used in construction of metallic tube, plates, pipes
sheets, rods and bars respectively. Finally, through the of ad-
vanced surface probe techniques the experimental variables
could be used to expand further research.
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