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ABSTRACT: The corrosion inhibition of mild steel in
sulphuric acid solution in the presence of polyethylene
glycol (PEG), polyvinyl pyrrolidone (PVP), and their
blends was investigated using weight loss and hydrogen
evolution techniques at temperature range of 30-60°C. It
was found that inhibition efficiency (n%) increases with
increase in concentration of the homopolymers and
decreases with increase in temperature. Inhibition effi-
ciency was found to be synergistically enhanced on blend-
ing the two polymers with highest inhibition efficiency

obtained for (PEG : PVP) blending ratio of 1 : 3. The
experimental data obtained fitted well into Temkin ad-
sorption isotherm model. Physical adsorption mechanism
is proposed from the trend of inhibition efficiency with tem-
perature. The proposed mechanism is also corroborated by
kinetic and thermodynamic parameters obtained. © 2010
Wiley Periodicals, Inc. ] Appl Polym Sci 119: 2072-2084, 2011
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INTRODUCTION

The use of inhibitors is one of the most practical
methods for protecting metals against corrosion and
it is becoming increasing popular. Most of the well
known acid inhibitors are organic compounds
containing nitrogen, sulphur, phosphorous, and
oxygen atoms. The efficiency of these molecules is
mainly dependent on their ability to get adsorbed on
the metal surface with the polar groups acting as the
reactive centers resulting in the replacement of water
molecules at the corroding interface."” To further
improve the performance of organic corrosion inhib-
itors, extensive studies have been undertaken to
identify synergistic effects of other additives. Combi-
nation of organic compounds with certain metal cati-
ons such as Cu®*", As’*, Sb>*, Sn*", Zn*", Mg*",
La’*, etc.>” and halide anions namely Cl~, Br~, and
I"%' have been reported to yield the required
enhancements. However, the use of heavy metal-
based corrosion inhibitors is increasingly being
curtailed by recent environmental restrictions. As a
result, the current trend for inhibitors use is to
employ mixtures of organic inhibitors. The synergis-
tic inhibition effect of combination of two organic
inhibitors can be found in the literature. For
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instance, Villamil et al.'® reported a synergistic
corrosion inhibition effect between sodium dodecyl-
sulphate and benzotriazole for copper in sulphuric
acid solution. Ramiji et al.'* reported that inhibition
efficiency of 79.0 and 62.5% were obtained in the
presence of optimum concentration of 2-mercapto-
benzothiazole (MBT) and polyoxyethylene sorbitan
monooleate (Tween-80), respectively, for brass in
0.2 M NaCl solution. The addition of the mixture of
MBT and Tween-80 synergistically enhanced the
inhibition efficiency to 94.0%. Also reported is the
synergistic inhibition behavior between sodium
dodecylbenzenesulphonate (SDBS) and 2-mercapto-
benzoxazole (2-MBO) for copper in 0.5 M H,SO,
solution." Lalitha et al.' studied the effect of combi-
nation of triazoles and surfactants on the control of
corrosion of copper in acidic solution and the results
indicated that a marked synergism effect was shown
by all the combinations of triazole and surfactant.
The effect of ethylenediamine tetraacetic acid diso-
dium (EDTA) on the corrosion of cold rolled steel in
the presence of benzotriazole (BTA) in 0.1 M HCI
has been reported by Qu et al.'” It was found that
combination of EDTA and BTA showed strong
synergism effects at 30 and 40°C. The synergistic
inhibition effect of sodium octylmercaptopropionate
(SOMP) and 8-quinolinol (QI) on the corrosion of
iron in an aerated 0.5 M Na,SO, solution has been
reported by Suzuki et al.'® A high inhibition
efficiency of 98.2% was obtained by a mixture of 3 x
107* M SOMP and 5 x 10~* M QI Synergistic effect
of benzoate and benzotriazole on passivation of mild
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steel has also been reported.'” The inhibition effects
of sodium dodecylbenzenesulphonate (SDBS) and
hexamethylenetetramine (HA) on the corrosion of
mild steel in sulophuric acid solution was studied by
Hosseini et al.?® Results obtained showed that on
mixing SDBS and HA, a slight antagonistic effect
was observed if one of the additives is present in a
concentration below 75 ppm while at higher concen-
trations, a moderate synergism was found.

The use of polymers as corrosion inhibitors has
attracted attention and has gained wide acceptance
in recent times. This has been attributed to a number
of factors namely: (i) they are low cost and stable to
metallic materials in acid media, (ii) they possess
multiple adsorption sites, (iii) through their func-
tional groups, they form complexes with metal ions
and on the metal surface these complexes occupy a
large area, thereby blanketing the surface and pro-
tecting the metal from corrosive agents present in
the solution.”» A number of polymers including
polyethylene glycol and polyvinyl pyrrolidone have
been reported to inhibit the corrosion mild steel in
acidic media.?*® In some cases, their inhibition effi-
ciency has been upgraded by addition of small
amount of cations or anions which functioned by
exerting synergistic action.”* However, reports on
the effect of polymer—polymer mixtures or blends on
corrosion inhibition of metals is very scarce.”*® We
have reported in our laboratory the corrosion inhibi-
tion of aluminium in 0.1 M HCl using polyacryl-
amide (PA) and polyvinyl pyrrolidone (PVP)
blend.”” Tt was found that the inhibition efficiency
was enhanced on blending the two polymers with
the optimum inhibition efficiency obtained at blend-
ing ratio of 3 : 1 for PVP : PA at 30°C. To extend the
investigation to other service conditions, the present
study reports on the corrosion and corrosion inhibi-
tion effect of polyethylene glycol (PEG) and poly-
vinyl pyrrolidone (PVP) solution blends for mild
steel in H,SO, using weight loss and hydrogen
evolution techniques at 30-60°C.

EXPERIMENTAL
Materials

Mild steel sheets of composition M, 0.6%, C 0.15%,
P 0.03%, and remaining Fe were used in the study.
Each sheet of 0.046 cm thickness was mechanically
pressed cut into coupons of dimensions 5 cm X
4 cm (for weight loss studies) and 3 cm x 3 cm X
0.046 cm (for hydrogen evolution studies). These
coupons were used without further polishing to
ensure reproducible surface. However, they were
degreased in absolute ethanol, dried in acetone, and
stored in a moisture free dessicator prior to use in
corrosion studies. The inhibitors, polyethylene gly-
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Figure 1 Chemical structures of (a) PEG and (b) PVP
repeat unit.

n

col (PEG) [M,, = 10,000 g/mol, BDH] and polyvinyl
pyrrolidone (PVP) [M,, = 44,000 g/mol, product of
Hi-Tek polymers, Japan] with chemical structure of
the repeat units shown in Figure 1 were used
as obtained in the concentration range 1 x 107> to
1 x 107* M. The concentration of 1 x 10~* M of
each of the polymers was used to evaluate the effect
of the blends. PEG and PVP were blended in the
ratios 1:1,1:2,1:3,2:1,and 3 :1 (v/v). The
corrosive medium was 0.5 and 1 M H,SO, for
weight loss and hydrogen evolution measurements,
respectively, prepared from 98% analytical grade
supplied by BDH. Double distilled water was used
for the preparation of all reagents.

Weight loss measurements

Weight loss measurements was conducted in a glass
reaction vessels containing 150 mL of test solution
maintained at 30-60°C. Tests were performed under
total immersion in the absence and presence of the
inhibitors. In each experiment, the cleaned and
weighed mild steel coupon was suspended in the
different test solutions in a beaker with the help of
glass rod and hook. The test coupons were retrieved
at 24 h interval progressively for 7 days (168 h),
washed thoroughly in 20% NaOH solution contain-
ing 200 g/L of zinc dust®® scrubbed with bristle
brush, washed in running water, and dried in
acetone and weighed. The weight loss was taken as
the difference between the weight at a given time
and the initial weight of the coupon. The tests were
performed in triplicate to guarantee the reliability of
the results and the mean value of the weight loss is
reported. The reproducibility of the experiment was
higher than 95%. From the weight loss values, corro-
sion rates were computed using the expression:

CR (mm/yr) = — (1)

where CR is the corrosion rate, W is the weight loss
of the mild steel coupon after 168 h of immersion
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(mg), p is the density of mild steel specimen
(g cm*Z), A is the area of the mild steel coupon
(cm?), and t is the exposure time (h).

The inhibition efficiency of PEG, PVP, and their
blends was evaluated from eq. (2):

[ CRyplank — CRinn
%m = < R ) % 100 2)

where CRyank and CR;,, are the corrosion rates of
the mild steel coupons in the absence and presence
of additives, respectively, in 0.5 M H,SO, at the
same temperature.

Hydrogen evolution measurements

The technique relies on measurement of the volume
of hydrogen gas evolved from the surface of a cor-
roding metal. The measurement was performed
using gasometric assembly. The detailed description
of the gasometric assembly has been given in earlier
report.”” The procedure followed has been described
elsewhere.?*?"™ The test solution was kept at
100 mL. The progress of corrosion in the absence of
test inhibitors was monitored by careful measure-
ments of the volume of hydrogen gas evolved at
fixed time intervals. The experiments were
performed for 1 M H,SO, (blank), different concen-
trations of inhibitors (1 x 107> — 1 x 107% and
different PEG-PVP blending ratios at 30-60°C
maintained using a thermostated water bath. The
inhibition efficiency (n%) was calculated using the
equation:

Vi

Ht

where V}, is the volume of hydrogen evolved at
time “t’ for inhibited solution and VY, is the volume
of hydrogen evolved at time ‘t’ for uninhibited
solution.

RESULTS AND DISCUSSION
Inhibition by PEG and PVP

The anodic dissolution of iron in acidic solutions has
been reported to proceed according to the mecha-
nism*%4L:

Fe + OH «<—=FeOH,4s + H + e (4a)
FeOH, 4. %% FeOH™ + e (4b)
FeOH" + H*«<=Fe>" 4+ H,0 (4¢)

The accompanied cathodic hydrogen evolution
reaction follows the steps:
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Fe + H*<=FeH] (5a)
FeH!,  + e<=FeH,q4s (5b)
FeH,4s + H" +e — Fe + H, (5¢)

As a consequence of these reactions, including the
high solubility of the corrosion product, the metal
losses weight in the solution. The corrosion of mild
steel in H,SO, solution and its inhibition on intro-
duction of PEG and PEG into the corrosive medium
was therefore assessed using weight loss and hydro-
gen evolution measurements. Corrosion inhibition is
thought to be initiated by the displacement of
adsorbed water molecules by the inhibitor species
leading to the specific adsorption of the inhibitor on
the metal surface.**** Figure 2 shows the plot of in-
hibition efficiency against inhibitor concentration for
(a) PEG and (b) PVP at different temperatures from
the weight loss measurements. A similar plot from
hydrogen evolution measurements is depicted in
Figure 3 for (a) PEG and (b) PVP. Examination of
the plots revealed that inhibition efficiency increases
with increase in concentration of the tested com-
pounds. This suggests that more inhibitor molecules
were adsorbed on the metal surface at higher con-
centration, leading to greater surface coverage. Also
inhibition efficiency is observed to decrease with
increase in temperature from the two techniques
employed. This suggests a possible shift of the
adsorption—-desorption equilibrium towards desorp-
tion of adsorbed inhibitor. In addition, the boost in
solution agitation resulting from higher rates of
hydrogen gas evolution as well as roughening of the
metal surface as a result of enhanced corrosion may
also reduce the ability of the inhibitor to be
adsorbed on the metal surface at elevated tempera-
tures.***> According to some authors,***® a decrease
in inhibition efficiency with rise in temperature sug-
gests that inhibitor molecules are physically
adsorbed on the metal surface while the reverse sug-
gests chemical adsorption of the inhibitor molecules.
The trend of inhibition efficiency with temperature
as shown in Figures 2 and 3 suggests that both PEG
and PVP molecules were physically adsorbed on
mild steel surface.

Results from the weight loss measurements show
that at the highest concentration (1 x 10~* M) of the
inhibitors studied and at 30°C, the inhibition effi-
ciency for PEG and PVP obtained were 60 and 67%,
respectively. This indicates that PVP is a better
inhibitor that PEG within the range of experimental
conditions in this present study. Although the corro-
sion inhibition mechanism seems to be the same for
the two inhibitors, the differences in inhibition
efficiency could be attributed to their differences in
molecular structures. The relationship between in-
hibitor molecular structures and their inhibiting
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Figure 2 Plot of inhibition efficiency against inhibitor
concentration for mild steel corrosion in 0.5 M H,SO, in
presence of (a) PEG and (b) PVP at different temperatures
from weight loss measurements. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

efficiencies can be found in the literature.*~>' It has
been reported that the adsorption of organic inhibi-
tors mainly depends on some physiochemical pro-
perties of the molecules related to its functional
groups, to the possible steric effect and electronic
density of donor atoms.”” It is generally believed
that the adsorption of inhibitor depends on the
nature and state of the metal surface, the type of
corrosive medium and the chemical structure of the
inhibitor.>® Also adsorption takes place through
heteroatoms such as nitrogen, oxygen, sulphur, and
phosphorous, triple bonds or aromatic rings. The
inhibition efficiency should increase™ in the order
P > S > N > O. Examination of the chemical struc-
tures of PEG and PVP repeat units (Fig. 1) reveal
some differences, while PEG contains only O hetero-
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atom, PVP contains N in addition to O atoms. The
adsorption of both PEG and PVP through these
heteroatoms onto the mild steel surface will create a
barrier for charge and mass transfers and thus
isolate the metal from further attack from the corro-
sive agents present in solution hence the observed
inhibiting effect. However, the presence of cyclic
ring in PVP leads to increase in electron density on
nitrogen atom (which is absence in PEG). The
increase in electron density causes the molecule of
PVP to be stabilized. The stabilization energy results
in enhancing the surface coverage of the mild steel
surface through the nitrogen atom anchoring around
which the electron density is increased.” Therefore
the surface coverage in this case is expected to
increase and results in increase of inhibition efficiency.
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Figure 3 Plot of inhibition efficiency against inhibitor
concentration for mild steel corrosion in 1 M H,SO, in
presence of (a) PEG and (b) PVP at different temperatures
from hydrogen evolution measurements. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Inhibition by PEG-PVP blends
Weight loss measurements

The corrosion and corrosion inhibition behavior of
metals and alloys in acidic environment can be
determined using different electrochemical and non-
electrochemical techniques. For the non-electrochem-
ical techniques, weight loss method is ideally suited
for long term immersion test. Corroborative results
between weight loss and electrochemical impedance
spectroscopy,”® potentiodynamic polarization® and
thermometric™® techniques have been reported.
Results obtained in the present study show that the
highest inhibition efficiency was obtained at 1 x

Journal of Applied Polymer Science DOI 10.1002/app

10~* M PEG and PVP concentration from the weight
loss measurements. This concentration was therefore
chosen to evaluate the effect of PEG-PVP blends on
the corrosion inhibition of mild steel in 0.5 M
H,SO,4. Figure 4 shows the plot of weight loss
against time for mild steel in 0.5 M H,50, in the ab-
sence and presence of PEG, PVP and the different
blending ratios at 30, 40, 50, and 60°C represented
by panels a, b, ¢, and d, respectively. Inspection
of the figure reveals that the weight loss of mild
steel was reduced in the presence of PEG and PVP
compared to the free acid solution. This indicates
that both PEG and PVP act as inhibitors for the acid
induced corrosion of mild steel. Also the weight loss
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TABLE 1
Calculated Values of Corrosion Rate for Mild Steel in 0.5 M H,SO, in the Absence
and Presence of PEG, PVP, and Their Blends at Different Temperatures

Corrosion rate x 107> (mm/yr)

System/concentration 30°C 40°C 50°C 60°C

Blank 4.88 = 0.021 5.71 = 0.021 6.35 *+ 0.016 10.15 = 0.031
PEG (1 x 1074 M) 1.95 = 0.012 2.83 = 0.011 4.83 = 0.016 9.33 = 0.022
PVP (1 x 107* M) 1.62 + 0.021 2.76 = 0.017 3.96 = 0.021 8.44 + 0.017
PEG:PVP (1:1) 1.52 + 0.010 244 + 0.012 3.98 = 0.016 7.97 + 0.021
PEG : PVP (1:2) 1.51 = 0.013 2.39 = 0.010 3.89 = 0.012 7.84 + 0.016
PEG : PVP (1:3) 1.19 = 0.021 2.18 = 0.010 3.78 = 0.012 7.66 = 0.021
PEG:PVP (2:1) 1.54 + 0.014 2.59 *+ 0.012 4.25 + 0.021 8.39 + 0.012
PEG: PVP (3:1) 1.56 = 0.012 2.67 = 0.016 448 + 0.021 8.78 = 0.010

in the presence of PVP was lower than in the pres-
ence of PEG, which suggests that PVP is a better
inhibitor than PEG. Further reduction in weight loss
was observed on blending the two polymers. Weight
loss reduction increases with increasing amount of
PVP in the blends and vice versa with the most
pronounced effect noticed with PEG : PVP ratio of
1 : 3. Further examination of the plots show that
weight loss increases with increase in temperature
with greater weight loss obtained at 60°C for all the
systems studied. The calculated values of corrosion
rate (mm/yr) for mild steel in 0.5 M H,S0, in the
absence and presence of different additives are listed
in Table I. From the table, it is clearly seen that the
corrosion rate of mild steel in 0.5 M H,S0O, is lower
in the presence of the additives compared to the
blank solution. Again corrosion rate is observed to
be lower in the presence of blended PEG and PVP
compared to individual polymers especially with
increasing amount of PVP in the blend. The data in
Table I also indicate that the rates of mild steel
corrosion in the absence and presence of the PEG,
PVP, and their blends increased with rise in temper-
ature in the acidic medium. This could be attributed
to the fact that increase in temperature usually
accelerates corrosive processes, particularly in media
in which hydrogen gas evolution accompanies corro-
sion, giving rise to higher dissolution rates of the
metal. Similar observation has been reported by
other authors.**** Figure 5 shows the plot of inhibi-
tion efficiency against PEG : PVP blending ratio at
different temperatures. The plot reveals that inhibi-
tion efficiency increases with increase in the amount
of PVP in the blend and vice versa. Also, inhibition
efficiency increases with decrease in temperature
with the highest values obtained at 30°C for all
the blending ratios studied. The decrease in inhibi-
tion efficiency with increase in temperature suggests
that the inhibitors were physically adsorbed onto the
mild steel surface even in their blended form. Com-
paring the inhibition efficiency of PEG-PVP blend
in Figure 5 and the individual homopolymers in
Figure 2, it is observed that the inhibition efficiency

of the blended polymer was higher than that of
the individual homopolymers. For instance at 30°C,
the inhibition efficiency for PEG and PVP were 60
and 67%, respectively, at the highest concentration
(1 x 10°* M) studied. On blending the polymers,
inhibition efficiency increases especially with increas-
ing amount of PVP with the highest inhibition effi-
ciency of 76% obtained at the blending ratio of 1 : 3
(PEG : PVP), This suggests a synergistic inhibition
effect between the two polymers.

Hydrogen evolution measurements

The gasometric technique provides a rapid and reli-
able means for the assessment of inhibitive perform-
ance of corrosion inhibitors on mild steel corrosion
in acidic media at short term immersion period. The
relative speed and effectiveness of the gasometric
technique as well as its suitability for in situ moni-
toring, any perturbation by an inhibitor with respect

Inhibition efficiency (%)

1:1 1:2 1:3 2:1 31
PEG : PVP blending ratio

Figure 5 Plot of inhibition efficiency against PEG: PVP
blending ratio for mild steel corrosion in 0.5 M H,SO, at
different temperatures from weight loss measurements.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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to gas evolution in the metal/solution systems have
been established in the literature.'”*°! The volume
of H, gas evolved in both inhibited and uninhibited
1 M H,SO, solutions were monitored as a function
of immersion time at fixed time interval. Figure 6
shows the plot of volume of H, gas evolved against
time for mild steel corrosion in 1 M H,SO, in the
absence and presence of PEG, PVP, and their differ-
ent blending ratios at (a) 30, (b) 40, (c) 50, and
(d) 60°C, respectively. Inspection of the figure shows
a remarkable increase in the volume of H, gas
evolved in the free acid solution at all the tempera-
tures studied. This has been attributed to increased
surface area of the mild steel as a result of excess
iron dissolution.! On the introduction of both PEG
and PVP into the corrosive medium, it is seen that
there is a considerable reduction in the volume of

Journal of Applied Polymer Science DOI 10.1002/app

H, gas evolved, suggesting that both PEG and PVP
molecules adsorbed onto the metal surface and
blocked the electrochemical reaction efficiently by
decreasing the available surface area. Further reduc-
tion in the volume of H, gas evolved was observed
on blending the two polymers with the most pro-
nounced effect noticed at PEG : PVP blending ratio
of 1 : 3 which is in good agreement with the results
of the weight loss measurements. Also the volume
of H, gas evolved increases with increase in temper-
ature for all the systems studied.

The plot of inhibition efficiency against PEG : PVP
blending ratio at different temperatures from the
hydrogen evolution measurements is shown in
Figure 7. The plot reveals that inhibition efficiency
increases with increase in the amount of PVP in the
blend and vice versa. Also, inhibition efficiency
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. 30°C

Inhibition efficiency (%)

11 1:2 1:3 21 31
PEG:PVP blending ratio

Figure 7 Plot of inhibition efficiency against PEG : PVP
blending ratio for mild steel corrosion in 1 M H,SO, at
different temperatures from hydrogen evolution measure-
ments. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

increases with decrease in temperature with the
highest values obtained at 30°C for all the blending
ratios studied. The decrease in inhibition efficiency
with increase in temperature suggests that the
inhibitors were physically adsorbed onto the mild
steel surface. Comparison of the values of inhibition
efficiency from the two independent methods as
presented in Figure 5 and 6 for weight loss and
hydrogen evolution techniques, respectively, it is
observed that the values obtained from the hydro-
gen evolution technique are higher at all PEG : PVP
blending ratios and temperatures. This can be attrib-
uted to differences in immersion time needed for the
inhibiting species to get adsorbed and form a protec-
tive film on the mild steel surface thereby isolating the
metal from attack of the aggressive anions present in
solution. In addition, it has been argued that corro-
sion rate values from hydrogen evolution method
represent instantaneous values while those one from
weight loss method represent average values.*

Adsorption studies

It is acknowledged that adsorption isotherms pro-
vide useful insights into the characteristics of the
adsorption process and the mechanism of corrosion
inhibition.®> To clarify the nature of adsorption, the
degree of surface coverage (0) values for the differ-
ent concentrations of PEG and PVP at different
temperatures were computed from the weight loss
measurements as follows: N% = 6 x 100 (assuming
a direct relationship between surface coverage and
inhibition efficiency) and then fitted theoretically to
different adsorption isotherms. Langmuir adsorption
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isotherm was first to be tested. This isotherm postu-
lates monolayer adsorption hence no interaction
between the adsorbate species on the metal surface
and in such circumstances, the slope should be
unity. Langmuir isotherm is given by:

- Kads Tc (6)

C 1
0

The plot of C/0 is shown to be linear in Figure 8
for (a) PEG and (b) PVP, and the adsorption para-
meters are given in Table II. Though the linearity
and good correlation coefficient (R*) of the Langmuir
plot may be taken to suggest that the adsorption of
both PEG and PVP follow the Langmuir isotherm,
the considerable deviation of the slope from unity
indicates the isotherm can not be strictly applied.
The deviation of the slope from unity as observed in
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Figure 8 Langmuir adsorption isotherm model for mild
steel in 0.5 M H,SO, containing (a) PEG and (b) PVP at
different temperatures. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.
com.]
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TABLE II
Adsorption Parameters Derived from Langmuir and Temkin Adsorption Isotherms
for PEG and PVP at Different Temperatures

Temperature Langmuir Temkin
Inhibitor (°C) AG?,. (k]/mol) Kads Slope R? AG?,, (KJ/mol) Kads a (M) R?
30 —10.52 1.17 1.58 0.99 —17.43 18.19 —0.082 0.97
PEG 40 -9.56 0.71 1.89 0.99 —17.53 13.14 —0.085 0.98
50 —5.87 0.16 3.19 0.95 —14.78 4.42 —0.049 0.80
60 -3.76 0.07 4.16 0.96 —15.13 425 —0.056 0.95
30 -12.33 2.46 1.45 0.99 —-17.41 18.03 —0.071 0.96
pPVP 40 —8.49 0.47 1.84 0.98 —17.16 13.14 —0.079 091
50 —7.06 0.25 2.25 0.99 —17.65 12.89 —0.092 0.94
60 —4.45 0.09 2.19 0.95 —18.60 14.91 —0.108 0.95

this study could be interpreted to mean that there
are interactions between adsorbate species on the
metal surface.

The Temkin and Frumkin isotherms are commonly
used to quantify the interactions occurring between
adsorbate species on a metal surface. The values of
R? indicate that Temkin isotherm was most appli-
cable in this present study. The characteristics
of Temkin adsorption isotherm is given by the
equation:

eXP(*Zae) = KaasC (7)
where ‘a’ is molecules interaction parameters, 0 is
the degree of surface coverage, ‘C’ is the concen-
tration of the inhibitor, and K,g4s is the equilibrium
constant of adsorption process. The equilibrium con-
stant of adsorption process (K.qs) is related to the
free energy of adsorption, AGY,, by the equation:

|

where 55.5 is the moles of water in mol dm™.
Figure 9 shows the plot of 6 against log C for (a)
PEG and (b) PVP at different temperatures (30—
60°C). Linear plots were obtained which shows that
the adsorption of both PEG and PVP onto mild steel
surface follow Temkin adsorption isotherm. Adsorp-
tion parameters derived from the plots are listed in
Table II. The equilibrium constant whose values
indicate the binding power of the inhibitor to the
metal surface is seen to decrease with increasing
temperature. Such behaviour can be interpreted on
the basis that an increase in temperature results in
the desorption of some adsorbed molecules on the
metal surface and is consistent with the proposed
physisorption mechanism.*®> Also, large values of
Kags imply more efficient adsorption hence better
inhibition efficiency.64 The large values of Kayqgs
obtained for both PEG and PVP at 30°C accord with
the high inhibition efficiency obtained at this tem-

—AGgs

e .

Kads = ﬁ

Journal of Applied Polymer Science DOI 10.1002/app

perature. In all cases, the values of molecular inter-
action parameter ‘s’ are negative, indicating that
repulsion exists in the adsorption layer.®®
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Figure 9 Temkin adsorption isotherm model for mild
steel in 0.5 M H,SO, containing (a) PEG and (b) PVP at
different temperatures. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure 10 Arrhenius plot for mild steel corrosion in
0.5 M H,S0, in the absence and presence of PEG, PVP,
and PEG-PVP blends. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

The free energy of adsorption AGY, was cal-

culated using eq. (8), and the values are listed in
Table II for PEG and PVP at the different tempera-
tures studied. The negative values of AGY,, reveal
that the adsorption process takes place spontane-
ously. It is well known that the absolute values of
AGyy, of the order 20 kJ mol ! or lower indicate
physisorption while those of the order 40 k] mol ™'
or higher indicate chemisorption.®® Accordingly, the
values of AGj,, obtained in the present study are
below 20 k] mol ! and is therefore consistent with
physisorption mechanism.

Effect of temperature

The effect of temperature on the inhibited acid-
metal reaction is highly complex, because many
changes occur on the metal surface such as rapid
etching, desorption of the inhibitor, and the inhibitor
may undergo decomposition and/or rearrangement.

2081

To evaluate the effect of temperature on the adsorp-
tion behavior as well as the activation parameters of
the corrosion processes of mild steel in 0.5 M H,50,
in the blank solution and solutions containing PEG,
PVP, and the different blending ratios, the weight
loss measurements were carried out in the tempera-
ture range of 30-60°C. The influence of temperature
on the corrosion rates and inhibition -efficiency
for the different systems are illustrated in Table I,
Figures 2 and 5. As it is seen, the corrosion rate for
mild steel increases to a large extent with tempe-
rature in uninhibited solution than in inhibited
solution. This result confirms that PEG, PVP, and
their blends decrease the corrosion process acting as
an efficient corrosion inhibitor. Lowering corrosion
action is enhanced more at lower temperatures
compared to the higher ones as seen in Table 1.

The apparent activation energy, E,, of the corro-
sion reaction was determined using Arrhenius plots.
Arrhenius equation is given by the expression:

logCR = log A — ( )

a
2.303RT)

where CR is the corrosion rate, E, is the apparent
activation energy, R is the molar gas constant, T is
the absolute temperature, and A is the frequency
factor. Figure 10 shows Arrhenius plots of logarithm
of corrosion rate (log CR) versus 1/T for mild steel
in the corrosive medium with and without addition
of PEG, PVP, and their blends in different ratios.
Straight lines were obtained with a slope of (—E,/
2.303R) from which E, values were computed
and listed in Table III. From the table, it can be seen
that E, is higher in the presence of the additives
than in the blank acid. This observation further
supports the proposed physiosorption mechanism
because unchanged or lower E, in inhibited systems
compared to blank has been reported® to be indi-
cative of chemical adsorption mechanism whereas
increased E, suggests a physical adsorption mecha-
nism. The enthalpy of activation (AH*) and the

TABLE III

Kinetic and Thermodynamic Parameters for Mild Steel Corrosion in 0.5 M H,SO,

Without and With PEG, PVP, and Their Blends

System/concentration E, (kJ/mol) Qags (kJ/mol) AH (kJ/mol) AS (J/mol/K)
Blank 19.05% (0.94) - 15.78% (0.94) —237.73% (0.94)
PEG (1 x 10 ~* M) 4313 (0.98)  —79.91 (0.97) 40.45 (0.98) —164.22 (0.98)
PVP (1 x 10 ~* M) 44.14 (0.98) —61.53 (0.98) 41.47 (0.98) —162.04 (0.98)
PEG:PVP (1:1) 45.67 (0.99) —58.11 (0.99) 42.02 (0.99) —160.82 (0.99)
PEG: PVP (1:2) 44.52 (0.99) —55.95 (0.99) 42.02 (0.99) —161.01 (0.99)
PEG : PVP (1:3) 50.37 (0.99) —63.19 (0.99) 48.46 (0.99) —141.57 (0.99)
PEG:PVP (2:1) 45.92 (0.99) —65.85 (0.99) 43.79 (0.99) —154.80 (0.99)
PEG:PVP (3:1) 47.10 (0.99) —72.38 (0.99) 42.82 (0.99) —157.53 (0.99)

? Values in parentheses represent R” values.
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Figure 11 Transition state plot for mild steel corrosion in
0.5 M H,S0, in the absence and presence of PEG, PVP,
and PEG-PVP blends. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

entropy of activation (AS*) for the corrosion of mild
steel in 0.5 M H,S0,4 was obtained by applying tran-
sition state equation®”:

e (SBY _ Tf1oa(BYY 4 (LAS° )] _AH
8\ ) = |8\ Nh 2303R)| ~ 2.303RT

(10)

where CR is the corrosion rate, h is the Planck’s
constant, N is the Avogadro’s number, R is the
universal gas constant, and T is the absolute temper-
ature. A plot of log (CR/T) versus 1/T as depicted
in Figure 11 gave straight lines from which the
values of AH* and AS* were computed from the
slope (—AH*/2.303R) and intercept [log (R/Nh) +
(AS*/2.303R)], respectively, and listed in Table IIL
The data in the table show that AH* vary in the
same manner with E, values being higher in the
presence of the additives compared to the free acid
solution. The adsorption of the inhibitors is assumed
to occur on the higher energy sites and the presence
of inhibitor, which results in the blocking of the
active sites, must be associated with an increase in
the activation energy of mild steel corrosion in the
inhibited state.”® The highest values of the thermo-
dynamic functions (E, and AH*) obtained for PEG :
PVP blend ratio of 1 : 3 indicates that more energy
barrier for the reaction is attained which accord with
the highest inhibition efficiency at this blending ratio
of PEG and PVP. The entropy of activation, AS* in
the absence and presence of the additives is large
and negative. This has been widely reported®®”* to
indicate that the activated complex in the rate deter-
mining step represents an association rather than a

Journal of Applied Polymer Science DOI 10.1002/app
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dissociation step, meaning that, a decrease in dis-
ordering takes place on going from reactants to the
activated complex. Further insight into the adsorp-
tion mechanism is offered by considering the
thermodynamic functions for the mild steel dissolu-
tion in 0.5 M H,SO, in the presence of PEG, PVP,
and the PEG-PVP blend in different ratios. In this
regards, heat of adsorption (Q.qs) was evaluated
from the variation of surface coverage with recipro-
cal of temperature from the kinetic thermodynamic
model®"”:

6 _ Qads
log(l—_e> =log A+ logC 2303RT (11)

where A is a constant, C is the inhibitor concentra-
tion, 0 is the occupied, and (1 — ) is the vacant site
not occupied by the inhibitor. The plot of log [0/
(1 — 0)] as a function of 1/T for the different addi-
tives is shown in Figure 12. The values of heat of
adsorption were estimated from the slope of the
linear plots and are listed in Table III. In all cases,
the values of Q,4s are negative indicating that the
inhibitor adsorption and hence inhibition efficiency
decreases with rise in temperature. The negative
values of heat of adsorption obtained also support
the physical adsorption mechanism proposed.

Synergism considerations

The existence of synergism phenomenon between
PEG and PVP was evaluated by estimating the
synergism parameter, S; from the inhibition effi-
ciency values from the two techniques employed
using the expression,®”*
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Figure 12 Plot of log (6/1 — 0) against 1/T at for PEG,
PVP, and PEG-PVP blends. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.
com.]
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TABLE IV
Synergism Parameter (S;) for Different PEG : PVP
Blending Ratios at 30°C from Weight Loss and
Hydrogen Evolution Measurements

Synergism parameter (S;)

Polymer Hydrogen
blending Weight loss evolution
ratio method method
PEG:PVP (1:1) 1.85 1.86
PEG : PVP (1:2) 1.85 1.86
PEG : PVP (1:3) 1.88 1.86
PEG:PVP (2:1) 1.88 1.86
PEG:PVP (3:1) 1.88 1.92
1—my—mp+
Sl _ N1 N2 N1 M2 (12)

1—my

where 1 is inhibition efficiency of the PEG, n; is
the inhibition efficiency of PVP, and n;, is measured
inhibition efficiency for the PEG in combination with
PVP. The calculated values of the synergism param-
eter for the different PEG-PVP blending ratios are
listed in Table IV. The values of the synergism
parameter as observed in the table are greater than
unity which indicates that the enhanced inhibition
efficiency exhibited by PEG-PVP combination is
synergistic in nature. Synergistic effect between mix-
ture formulations (usually between anions or cations
and neutral molecules) is usually attributed to co-
adsorption of the two compounds which may be
either competitive or co-operative.>!? In competitive
adsorption, the anion and cation are adsorbed at dif-
ferent sites on the metal surface. The adsorption of
an anion may enhance the adsorption of a cation
and vice versa. In co-operative adsorption, the anion
is chemisorbed on the surface, and the cation is
adsorbed on a layer of the anion. Both co-operative
and competitive adsorption mechanism may occur
simultaneously.'”  Specifically, ~synergistic effect
between halide ions and organic compounds in
acidic medium have been attributed to the initial
specific adsorption of the halide ions which then
improves adsorption of the organic cations by form-
ing intermediate bridges between the positively
charged metal surface and the positive end of the
organic inhibitor. Corrosion inhibition synergism
thus results from increased surface coverage arising
from ion-pair interactions between the organic cati-
ons and the anions. The mechanism of synergistic
effect between PEG and PVP observed in this pres-
ent study is not entirely clear. Although, the possi-
bility of chemisorption of one the inhibitors is
capable of decreasing the hydrophilicity of metal
surfaces, which is likely to promote adsorption of
organic molecules as suggested by Kuznetsov and
Andreev”’ may not be ruled out. However, a more
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specific experiment will be required to clarify this
phenomenon which is currently being pursued in
our laboratory.

CONCLUSIONS

The corrosion and corrosion inhibition behavior of
PEG, PVP, and PEG-PVP blends for mild steel in
H,S0, solution was investigated. From the experi-
mental results obtained, the following conclusions
can be drawn:

1. PEG and PVP act as inhibitors for acid induced
corrosion of mild steel, and the extent of inhibition
was found to be concentration dependent. Inhibi-
tion efficiency increases with increase in concen-
tration but decreases with rise in temperature
PVP proved to be a better inhibitor than PEG.

2. On blending both polymers, inhibition effi-
ciency was found to be enhanced which can be
ascribed to synergistic effect. The optimum
blending ratio (PEG : PVP) of 1 : 3 gave the
maximum inhibition efficiency for mild steel in
the acid medium.

3. The adsorption characteristics of both PEG and
PVP can be approximated by Temkin adsorp-
tion isotherm.

4. Physical adsorption mechanism is proposed
from the trend of inhibition efficiency with
temperature, which is also corroborated by
kinetic and thermodynamic parameters obtained.

Mr. Aniedi Tkpe and Miss Rebecca Fashe are gratefully
acknowledged for the technical assistance in performing
some measurements.
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