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An Investigation of the Synergistic Effect between
(1,3-Dioxolan-2-ylmethyl)-Triphenylphosphonium Bromide and
Iodide Ion for the Corrosion Inhibition of Zinc in Citric Acid

M. Saadawy”
(Chemistry Department, Faculty of Science, Alexandria University, Egypt Ibrahimia,
El-Horeya Street P.O. BOX 426 Alexandria 21321)

Abstract : The effect of (1,3-Dioxolan-2-ylmethyl)-triphenylphosphonium bromide (DTPB) on the zinc corrosion in 0.5 mol - L"
citric acid solution was investigated at 30 °C using weight loss, potentiodynamic polarization and electrochemical impedance spec-
troscopy (EIS) techniques. An ecofriendly bath was used for acid cleaning of zinc, which has not been widely used in literatures.
The results showed that DTPB could serve as an effective inhibitor for the zinc corrosion in a citric acid solution with the inhibition
efficiency of 98.9% at the DTPB concentration of 3 x 10° mol-L". A synergistic effect between DTPB and potassium iodide (KI)
enhanced the inhibition capability of DTPB, and better inhibition efficiency was achieved as compared with that by using DTPB

alone. The synergism parameter had a value of 1.2 and was found to decrease with temperature. An inhibition mechanism is pro-

posed by which KI acts as an adsorption mediator for bonding metal surface and DTPB.
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Zinc has gained a great attention due to its great
deal of practical application and use; it is utilized as a
reactive anode in electrochemical energy generators,
in galvanization and in the case of atmospheric corro-
sion. Moreover zinc and its alloys are extensively uti-
lized in the forms of castings, forgings, rolled sheets,
extrusions and coatings in various industrial and tech-
nological applications!. Zinc oxide is used in rubber
tires, white paint pigment, ceramic glaze, opaque
bases in cosmetics and in catalysis. Therefore, the
zinc corrosion and inhibition are a subject of practical
significance*”. The corrosion resistance of zinc de-
pends on its ability to form a protective layer by re-
acting with its surrounding environment, neverthe-
less, zinc metal is highly susceptible to corrosion by
acids. It is, therefore, necessary to utilize inhibitors
for scale removal and cleaning of zinc surfaces with
acidic solutions!"™. Most of these inhibitors would de-

crease the corrosion rate by increasing the hydrogen

Document Code: A

over potential on the corroding metal™ and would be
adsorbed on the metal surface to block the active
sites. Numerous organic compounds have been previ-
ously investigated as inhibitors for the corrosion of
zinc in different leaching mineral acids such as hy-
drochloric acid (HCI)!"", sulfuric acid (H,SO,)!"™,
nitric acid (HNO;)™", phosphoric acid"™™ and per-
chloric acid™. Among these mineral acids, H,SO, has
been reported as the most preferred lixiviant, The
known hazardous effects of most synthetic corrosion
inhibitors motivated the alternative use of some natu-
ral products as safe corrosion inhibitors as they are
rich in compounds containing electron-donating
groups like oxygen, sulphur and nitrogen, therefore,
can be widely utilized as corrosion inhibitors of zinc
metal in acidic media®-?. This revolution concerning
the uses of natural products or plant extracts as corro-
sion inhibitors for metals in acid baths of mineral

acids had three disadvantages. First, the inhibition
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mechanism cannot be completely understood by these
green compounds containing numerous extracted
species due to the difficulty in recognizing the exact
adsorbed effective compounds among hundreds of
compounds present in the plant extract. Second, min-
eral acids usually cause environmental pollution and
may release undesired impurities by dissolving.
Third, mineral acids used in acid cleaning bath are
usually present in a large amount. Therefore, it is
more worthy using an environmentally friendly acid
bath than using a green inhibitor which is usually pre-
sent in a trace amount.

Organic acids have low dissolution efficiency at
mildly acidic conditions (pH 3 ~ 5) and can be easily
extracted by simple procedures with low cost from
vegetables or fruits. A synergistic inhibition effect,
which is a combined action of compounds greater in
total effect than the sum of individual effects, can be
well-achieved by introducing smallest amounts of
synthetic inhibitor which is usually organic com-
pound containing different functional groups with an-
other ionic species that enhances the inhibition capa-
bility of the inhibitor causing its small concentration
to have a great percentage of inhibition>". Citric acid
is best chosen among organic acids since it is avail-
able in most cheap fruits; moreover, it was used in
electroplating baths of metals®. There has only been
a small amount of research™* that has dealt with the
corrosion of different metals in citric acid. Literature
lacks the best trial of synergistic inhibition in the safe
and naturally occurring citric acid cleaning bath
which can be best used for acid cleaning of zinc since
it was used as an alternative lixiviant for zinc oxide
dissolution™ and it was found that a low concentrat-
ion (0.05 mol- L") of citric acid was able to dissolve
90.4% of ZnO after 1 h at 50 °C. Therefore, the aim
of the present research is to test the inhibitive action
of (1, 3-dioxolan-2-ylmethyl)-riphenylphosphonium
bromide (DTPB) that boasts the advantage of possess-
ing more than one central hetero atom and multi ring
system on the acidic corrosion of zinc in a safe and
cheap bath of citric acid. Possible synergistic effect of

iodide ion on inhibition mechanism at different tem-

peratures is discussed in order to obtain an environ-
mentally-friendly acid cleaning bath with best metal
protection using minimum concentration of the in-
hibitor.

1 Experimental
1.1 Electrochemical Tests

Electrochemical impedance spectroscopic (EIS)
and polarization measurements were carried out us-
ing a frequency response analyzer Gill AC instru-
ment. The frequency range for EIS measurements
was 0.1 ~ 1000 Hz with an applied potential signal
amplitude of 10 mV around the rest potential. Polar-
ization measurements were carried out at a scan rate
of 0.2 mV s utilizing a three-electrode cell. A plat-
inum sheet and saturated calomel electrode (SCE)
were used as the counter and reference electrodes, re-
spectively. The reference electrode was maintained in
contact with electrolyte by insertion through the Lug-
gin capillary. The luggin capillary tip was placed at 1
~ 5 mm from the electrode surface to minimize lig-
uid-junction or thermal junction potential. The work-
ing electrode was constructed with the zinc specimen
having the following compositions (mass percentage):
0.00001 As, 0.001 P, 0.01 Pb, 0.005 Fe and balance
Zn.

These zinc samples were fixed in poly tetrafluo-
ro ethylene (PTFE) rods by an epoxy resin in such a
manner that only one surface was left uncovered. The
exposed area (1 cm?) was mechanically polished with
a series of emery papers of variable grades, starting
with a coarse one and proceeding in steps to the
finest grade 1200. The samples were then washed
thoroughly with double distilled water followed with
A.R. ethanol, and finally with distilled water just be-
fore insertion into the cell.
1.2 Weight-Loss Measurement

The experiments were executed utilizing rectan-
gular zinc coupons, each with an area of 6 cm* and
with the same chemical composition of the zinc sam-
ples utilized in the electrochemical measurements.
The weighed coupons, after polishing and cleaning,
were suspended in beakers containing the test solu-

tion. After different days of exposure, the coupons
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were removed from the solution, washed with distilled
water, dried with ethanol followed by acetone and
then reweighed. The weight loss was then determined
and the rate of corrosion was expressed in g-cm?-h'.
To test the reliability and reproducibility of the mea-
surements, the experiments were repeated three times
in each case at the same conditions and their mean

value was recorded.

1.3 Optical Microscopic Examination
Optical micrographs (40x) were taken with a

Euromex optical microscope with color video camera

that is connected to a personal computer.

1.4 Solution Preparation
(1,3-dioxolan-2-ylmethyl)-triphenylphosphonium

bromide (DTPB), Fig. 1, was purchased from Aldrich

Chemicals Company with 98% purity.

QXF;@ .

Fig. 1 (1, 3-dioxolan-2-ylmethyl)-triphenylphosphonium
bromide (DTPB)

The synthesis steps of DTPB were present™®! in
details and many of its physical and related properties
are listed™7. It is stable compound that undergoes
decomposition into different decomposition products
only by exposure to fire. The solutions were prepared
utilizing double distilled water. Stock solutions of 2
mol-L" citric acid, 0.01 mol-L'DTPB and 0.1 mol-L"
KI solutions were utilized to prepare solutions con-
taining 0.5 mol - L™ citric acid and the desired DTPB
or KI concentrations utilizing appropriate dilutions.
The concentration of the stock solution was ex-
pressed in term of moles per litre. The solution of 0.5
mol L' citric acid + 10~ mol - L' KI was prepared by
mixing 25 mL of 2 mol - L™ citric acid and 1 mL of
0.1 mol-L" KI then completing it to 100 mL distilled
water in the cell. The solution of 0.5 mol - L™ citric

acid + 10° mol -L"' DTPB + 10° mol -L" KI was pre-
pared by mixing 25 mL of 2 mol - L™ citric acid, 0.1
mL of 0.01 mol-L"' DTPB and 1 mL of 0.1 mol -L"
KI then completing it to 100 mL distilled water in the
cell.
1.5 Spectrophotometric UV Analysis

For UV-visible measurements, solutions of 0.5
mol - L™ citric acid containing 10® mol -L" Zn** ions,
0.5 mol L™ citric acid containing 10® mol -L"' Zn*
ions with 10* mol-L* DTPB, 0.5 mol -L" citric acid
containing 10° mol-L" Zn* ions with 10~ mol - L KI
and 0.5 mol -L"! citric acid containing 10° mol -L"
Zn* ions with both 10* mol -L* DTPB and 107
mol - L' KI were used. The UV-visible spectrum was
achieved by using a Jasco V-530 spectrophotometer.

2 Results and Discussion
2.1 Inhibition Efficiency Analysis

Fig. 2 illustrates the variation of the inhibition
efficiency, IE(%), with the logarithmic concentration
of DTPB in 0.5 mol - L" citric acid after different ex-
posure time at 30 °C.

The values of IE (%) are calculated utilizing the
relation:

wy-w

TE(%) =

x 100 (1

Wy
where w, and w are the rates of corrosion (g-cm?-h™) in
the absence and presence of DTPB, respectively. The
data in Fig. 2 indicates that the inhibition efficiency

increased with increasing the DTPB concentration. A

2100F = 12h .
= o 24h z
5 901 4 48n :
RO) Ll 2 72h x
; 80 | o6n g .
s 70F o
tj:: L}
yE |
B 60 [
g .
g A
S .
X
S

|

-5.0 -45

40 35 3.0 -25
1gC/(mol-L™")

Fig. 2 Variation of the inhibition efficiency with the loga-
rithmic concentration of DTPB in 0.5 mol - L™ citric

acid after different exposure time at 30 °C
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considerable value of 98.9% of inhibition was ob-
tained at a concentration of 3 x 10° mol -L"' DTPB
after 12 h, which decreased only to 97.5% after 96 h
exposure, indicating that the DTPB could serve as an
efficient corrosion inhibitor for zinc in the citric acid
solution and confirming its function persistency with
time. The smallest concentrations of DTPB, 10°
mol - L and also 10* mol-L", were chosen to test the
effect on the corrosion of the metal when combined
with KI. The corrosion behaviors of zinc in 0.5 mol-L"
citric acid free from and containing 10* or 10 mol-L"
DTPB were examined in the absence and presence of
10? mol-L" KT at 30 °C. The values of IE(%) are pre-
sented in Tab. 1. It is evident that the inhibition effi-
ciency increased markedly by the addition of both
DTPB and KI more than the addition of any of DTPB
or KI alone, indicating that KI greatly promotes the
anti-corrosion capability of DTPB and that a combi-
nation of DTPB and KI can be utilized as good corro-
sion inhibitor for zinc in the citric acid solution.
2.2 Visual Inspection

Fig. 3 demonstrates photographs of zinc panels
submerged for 3 h in 0.5 mol-L" citric acid free from
and containing 10* mol-L" DTPB in the absence and
presence of 107 mol L' KI. It is clear that the zinc
surface in the inhibitor-free solution showed severe
uniform corrosion, while for the acid solution con-
taining any of DTPB or KI, the corrosion was less se-
vere than for the pure acid, but DTPB provided better
protection than KI. On the other hand, in the presence
of both DTPB and KI, there was a very mild corro-
sion and the scratch mark of the emery paper was still

viewed after the experimental exposure time; this
confirms the supporting effect of KI for DTPB as a
corrosion inhibitor for zinc in citric acid solution.

2.3 Optical Micrograph

The optical microscopic photos (40 x) for zinc
submerged for 24 h in 0.5 mol -L"' citric acid free
from and containing 10° mol -L"' DTPB in the ab-
sence and presence of 10° mol - L KI are viewed in
Fig. 4. The zinc surface in the inhibitor-free solution
showed severe uniform corrosion with blocks of cor-
rosion products, while for the acid solution contain-
ing any of DTPB or KI, the corrosion was less severe
than for the pure acid. On the other hand, in the pres-
ence of both DTPB and KI, the scratch mark of the e-
mery paper was still observed after the experimental
exposure time, confirming the supporting effect of KI
for DTPB as a corrosion inhibitor for zinc in citric
acid solution.

2.4 Potentiodynamic Polarization Results

Typical potentiodynamic polarization curves for
zinc in 0.5 mol -L"' citric acid in the absence and
presence of different DTPB concentrations at 30 °C
are illustrated in Fig. 5. It is clear that the addition of
DTPB affected both anodic and cathodic parts of the
polarization curves, this indicates that it could be
classified as a mixed-type inhibitor.

The corrosion current density was calculated from
the intersection of cathodic and anodic Tafel lines, and
the values of the electrochemical parameters including
corrosion potential (E,), corrosion current density,
(icor), anodic and cathodic Tafel slopes (8., B.), for
zinc in 0.5 mol - L™ citric acid with different DTPB

Tab. 1 The inhibition efficiency (/E) for the corrosion of zinc in 0.5 mol- L citric acid free from and containing 10° and

10* mol-L"' DTPB in the absence and presence of 10° mol-L" KI obtained from weight loss measurements at 30 °C

1E/%
Solution

12h 24 h 48 h 72 h 96 h
0.5 mol-L" citric acid + 10 mol-L"' KI 229 22.0 19.2 16.1 14.7
0.5 mol-L" citric acid + 10° mol-L"' DTPB 40.6 39.8 38.8 37.5 36.1
0.5 mol-L"! citric acid + 10°mol-L" DTPB + 10~ mol-L" KI 76.6 75.0 72.2 70.9 69.1
0.5 mol-L" citric acid + 10* mol- L' DTPB 67.1 65.5 62.8 60.0 58.2
0.5 mol-L"! citric acid + 10* mol- L' DTPB + 10~ mol- L' KI 99.4 99.3 98.6 98.3 97.6
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Fig. 3 Photographs of zinc panels after three hours of imm-
ersion in different citric acid solutions
A. 0.5 mol-L" citric acid; B. 0.5 mol -L"! citric acid +
10 mol -L!' KI; C. 0.5 mol -L"' citric acid + 10*
mol L' DTPB; D. 0.5 mol -L"' citric acid + 10*
mol-L"' DTPB+ 10~ mol-L"' KI

Fig. 4 Optical microscopic photos (40 x) for zinc submerged
for 24 h in 0.5 mol - L™ citric acid free from and con-
taining 10° mol -L" DTPB in the absence and pres-
ence of 10° mol-L"' KI
A. 0.5 mol-L" citric acid; B. 0.5 mol-L"! citric acid +
102 mol-L'KI; C. 0.5 mol-L" citric acid + 10* mol - L"!
DTPB; D. 0.5 mol - L' citric acid + 10* mol - L"
DTPB+ 107 mol-L"' KI

concentrations are presented in Tab. 2.

The data in Tab. 2 demonstrate that increasing
the DTPB concentration decreased the values of iqy,
and slightly shifted the values of E,,, to a more posi-
tive direction, which probably means that the addi-
tion of DTPB causes the zinc surface to behave as a
noble metal. This might be caused by the formation
of the strong adsorption layer which protects the Zn
surface from corrosion®. The slight variations in val-

ues of B, indicate that the inhibiting action in an an-

odic dissolution of a metal took place by the simple
blocking of the available anodic sites of the surface,
while the appreciable changes in the values of B, indi-
cate that DTPB affected the mechanism of the ca-
thodic reaction, which is a proton discharge step .
Fig. 6 illustrates the potentiodynamic polarization cu-
rves for zinc in 0.5 mol - L™ citric acid solution in the
absence and presence of different KI concentrations
at 30 °C.

It is clear from Fig. 6 that the addition of KI af-
fected only the anodic part of the polarization curve,
indicating that it could be classified as anodic-type
inhibitor. The electrochemical polarization parame-
ters for zinc in 0.5 mol - L™ citric acid solution in the
absence and presence of different KI concentrations
are presented in Tab. 3.

As evident in Tab. 3, increasing KI concentra-
tion decreased the values of i., and slightly shifted
the values of K, to a more positive direction. The
values of 8, and 3, were slightly changed, indicating
that KI caused simple blocking of anodic and cathod-
ic sites on the metal surface. Fig. 7 shows the poten-
tiodynamic polarization curves of zinc in 0.5 mol-L"
citric acid solution, free from and containing 107
mol-L'KI, 10° mol: L' DTPB, and both 10 mol-L"!
KI+10° mol-L"' DTPB at 30 °C.

It is clear from Fig. 7 that the presence of DTPB
or KI shifted the corrosion potentials to more positive
values and in the presence of both of them, the corro-

sion potential also shifted to more positive values.
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Fig. 5 Potentiodynamic polarization curves for zinc in 0.5
mol - L' citric acid in the absence and presence of
different DTPB concentrations at 30 °C
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Tab. 2 Electrochemical polarization parameters of zinc in 0.5 mol- L citric acid with different DTPB concentrations at 30 °C

C/(mol-L™) -E/mV(vs. SCE) B/(mV -decade™) -B/(mV -decade™) leon/(Mm - year™) IE/%
0 1035 94 140 2.62 -
1.0-10° 997 95 235 1.64 37.1
2.5-10° 993 100 238 1.39 46.8
5.0-10° 989 88 243 1.23 53.1
7.5-10° 984 85 247 1.019 61.1
1.0-10* 980 94 248 0.880 66.2
2.5-10* 973 85 251 0.644 75.4
5.0-10* 967 81 255 0.464 82.3
7.5-10* 962 93 262 0.329 87.4
1.0-10° 955 82 272 0.225 91.4
2.5-10° 944 80 292 0.105 96.0
3.0-10° 937 88 272 0.030 98.9
o mixed type inhibitor. The values of the electrochemi-
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S
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[D] 0.5M Citric acid +1.0x102M KI
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1150
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Fig. 6 Potentiodynamic polarization curves of zinc in 0.5
mol - L citric acid solution in the absence and pres-

ence of different KI concentrations at 30 °C

The anodic branches shifted to a more positive poten-
tial direction, while the cathodic branches shifted to a
more negative potential direction, which indicates
that the combination of DTPB and KI acted as a

cal parameters for zinc in 0.5 mol- L citric acid solu-
tion, free from and containing 10° mol -L" KI, 10°
mol-L'DTPB, and both 10° mol-L*KI+ 10° mol-L"
DTPB are presented in Tab. 4.

The data in Tab. 4 indicate that the values of i .,
were markedly depressed in the presence of the
DTPB and KI combination, which may be explained
on the basis of synergism between the KI and DTPB
molecule.

2.5 Electrochemical Impedance Spectro-
scopic Analysis

The Nyquist plots of zinc in 0.5 mol-L" citric
acid containing different DTPB concentrations at 30
°C are compared in Fig. 8. Depressed semicircles of a
capacitive type were observed, indicating that the dis-

solution process occured under activation control.

Tab. 3 The electrochemical polarization parameters for zinc in 0.5 mol-L" citric acid solution in

the absence and presence of different KI concentrations at 30 °C

Solution -E.../(mV-SCE") B/(mV-decade’) -B/(mV-decade’) i/(mm-year')  TE/%
0.5 mol- L citric acid 1035 94 140 2.62 -
0.5 mol- L™ citric acid + 10* mol-L" KI 1030 95 208 2.26 13.7
0.5 mol - L™ citric acid + 10* mol- L' KI 1025 90 229 2.097 20.0
0.5 mol - L™ citric acid + 102 mol - L' KI 1010 100 235 1.68 36.0
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Fig. 7 Potentiodynamic polarization curves of zinc in 0.5
mol - L citric acid solution, free from and containing
10° mol -L" KI, 10° mol -L"' DTPB, and both 107
mol- L' KI+ 10° mol-L"' DTPB at 30 °C

The size of the semicircles increased with increasing
concentration of the inhibitor. Fig. 9 shows that the
impedance responses of zinc in citric acid in the ab-
sence and presence of different concentrations of
DTPB had one time constant.

The impedance spectra for different Nyquist
plots were analyzed by fitting the experimental data
into the equivalent circuit model (Fig. 10), that in-
cludes the solution resistance (R;) and constant phase
element of the double layer (CPEy) which is placed in
parallel to charge transfer resistance element, R . The
fitting results are also included in Fig. 8 and Fig. 9 as
solid lines.

The R, value is a measure of electron transfer
across the surface and is inversely proportional to
corrosion rate. The capacitances were implemented
as a constant phase element (CPE) during the analysis
of the impedance plots. The CPE is defined by two

values, () and n. The impedance, Z, of CPE is pre-
sented by:

Zew = Q' (jw)" (2)
where j= (-1)", w is angular frequency, w = 27f and f
is the frequency. If n equals one, then Eq. (2) is iden-
tical to that of a capacitor, Ze: = (jwC)"' where C is the
ideal capacitance. For a non-homogeneous system, n
values range from 0.9 to 1. The values of R, and Q4
for zinc in 0.5 mol - L citric acid containing different
DTPB concentrations are presented in Fig. 11.

The data in Fig. 11 indicate that the increase in
the concentration of DTPB led to increasing the
charge transfer resistance that is associated with a de-
crease in (). Hence, the double layer capacitance can

be expressed in the Helmholtz model by:

Ca=se0 | 3

where “d” is the thickness of electrical double layer,
A is the surface of the electrode, g, is the permittivity
of vacuum and & is the medium dielectric constant,
Therefore, the decrease in Cy or ()y4 could be relat-
ed to the decrease of the local dielectric constant
(&) or increase of thickness of the electrical double
layer due to the formation of a protective layer by the
adsorption of inhibitor molecules on the metal sur-
face!™®1. Fig. s 12, 13 demonstrate the Nyquist and
bode plots of zinc in 0.5 mol - L citric acid solution,
free from and containing 10~ mol-L"' KI, 10 mol-L"
DTPB, and both 10° mol:L' KI + 10° mol: L' DTPB
at 30 °C, respectively. The bode plots had only one
time constant. The impedance spectra for the Nyquist
plots were analyzed by fitting the experimental data

to the same equivalent circuit model (Fig. 10.)

Tab. 4 The values of the electrochemical parameters for zinc in 0.5 mol-L" citric acid solution, free from and
containing 10° mol-L"' KI, 10° mol-L"' DTPB, and both 10 mol-L"' KI+ 10®° mol-L"' DTPB at 30 °C

. 'E con/ Ba/ 'Bc/ icon/
lut 1E/%

Solution mV(vs. SCE) (mV-decade') (mV-decade')  (mm-year”) %
0.5 mol-L" citric acid 1035 94 140 2.62 -
0.5 mol-L" citric acid + 10~ mol- L' KI 1025 91 229 2.097 20.0
0.5 mol- L citric acid + 10° mol- L' DTPB 997 95 235 1.65 37.1

) LT mige id+10° R +

0.5 mol-L" citric acid + 10°mol-L"' DTPB 985 %7 135 0.839 68.0

10 mol- L' KI
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Fig. 9 Bode plots of zinc in 0.5 mol - L™ citric acid contain-

ing different DTPB concentrations at 30 °C
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Fig. 10 The suggested equivalent circuit

The values of R, and Qg for zinc in 0.5 mol - L
citric acid solution, free from and containing 107
mol-L' KI, 10° mol- L' DTPB, and both 10~ mol-L"
KI and 10®° mol -L"' DTPB are presented in Tab. 5.
Apparently, the addition of KI to 0.5 mol -L" citric
acid solutions containing DTPB further enhanced R
values and reduced (4 values. In accordance, the in-
hibition efficiencies increased markedly in the pres-
ence of DTPB and KI combination, indicating that a

C/(mol-L")

Fig. 11 Variations of R, and Qg4 values for zinc in 0.5 mol-L"

citric acid containing different DTPB concentrations

[A] 0.5M Citric acid

[B] 0.5M Citric acid +1.0x10* M KI

[C] 0.5M Citric acid +1.0x10°M DTPB

[D] 0.5M Citric acid +1.0x10°M DTPB+10* M KI
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Fig. 12 Nyquist plots of zinc in 0.5 mol-L" citric acid solu-
tion, free from and containing 10 mol - L' KI, 10°
mol-L'DTPB, and both 10° mol-L"'KI+ 10° mol-L"
DTPB at 30 °C

substantial synergistic improvement in the inhibition
efficiency of DTPB was observed in the presence of
KI

2.6 Application of Adsorption Isotherms
The degree of surface coverage (6) of the metal
surface by an adsorbed inhibitor is calculated from

impedance measurements using the equation™":

4
T “
where €, and Cy are the double layer capacitance for

zinc in 0.5 mol - L™ citric acid in the absence and pre-
sence of an inhibitor solution, respectively. The vari

ation of surface coverage with the concentration of
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[A] 0.5M Citric acid

[B] 0.5M Citric acid +1.0x10° M KI
] [C] 0.5M Citric acid +1.0x10°M DTPB
D] 0.5M Citric acid +1.0x10°M DTPB+10° MKI
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Fig. 13 Bode plots of zinc in 0.5 mol- L™ citric acid solu-
tion, free from and containing 10° mol -L* KI, 10°
mol-L"'DTPB, and both 10 mol-L"'KI+ 10" mol-L"
DTPB at 30 °C

DTPB is illustrated in Fig. 14.

The adsorption curve, Fig. 14, represents an ad-
sorption isotherm that is characterized by the first
sharp rising part followed by another gradual rising
part, indicating the formation of a mono-layer adsor-
bate film on the zinc surface.

The Langmuir isotherm is given by reference!”.

| - ke )

where K is the binding constant representing the in-

teraction of the additives with the metal surface and C
is the concentration of the additives.
Flory-Huggins isotherm is given by reference:
0=k (©)
x(1-6)
where x is the size parameter, a measure of the num-
ber of adsorbed water molecules substituted by a giv-
en inhibitor molecule.
The kinetic-thermodynamic model is given by

reference™®;

Ig| 1?7 | = 1gk' + ylgC 7)

where vy is the number of inhibitor molecules occupy-
ing one active site. The binding constant K is given
by: K = K'™ )

The previously mentioned isotherms were used
to fit the corrosion data of the inhibitor solutions. The
parameters obtained from these Figures are presented
in Tab. 6.

Langmuir isotherm was found to be not applica-
ble to fit the corrosion data of DTPB, indicating that
there might be a non-ideal behavior in the adsorption
process of DTPB on the zinc surface™, but fitted the
corrosion data of KI or the combination of DTPB and
KI. Since the values of the size parameter x are larger
than 1 (Tab. 6) in the presence of DTPB, which indi-
cates that the adsorbed species of DTPB could dis-
place more than one water molecule from the zinc
surface. On the other hand, only one active site was
displaced in the presence of KI or the combination of
DTPB and KI. The numbers of active sites occupied
by a single inhibitor molecule, 1/y, are nearly equal to
the size parameter x. The binding constant values (K)
for the combination of DTPB and KI are greater than
those for DTPB or KI confirming the suggested syn-
ergistic effect between KI and DTPB molecule. The
approximately identical binding constant values (K)
obtained in the presences of KI and combination of
KI and DTPB indicate a fairly good agreement be-
tween the Langmuir, Flory-Huggins isotherm and the
kinetic thermodynamic model.

2.7 Calculation of Synergism Parameter

The synergism parameter, S, was evaluated us-
ing the relationship below, as was reported in a previ-

ous workP!:.

Tab. 5 The values of R, and Q4 for zinc in 0.5 mol- L" citric acid solution, free from and containing
10 mol- L' KI, 10° mol- L' DTPB, and both 10° mol-L" KI + 10 mol-L"' DTPB at 30 °C

Solution Co/nF R./(Q-cm?) IE/%
0.5 mol- L citric acid 127 53 -
0.5 mol- L citric acid +10° mol-1" KI 104 69 23.2
0.5 mol- L™ citric acid + 10° mol- 1" DTPB 93 85 37.6

0.5 mol-L" citric acid +10° mol- L' DTPB + 10 mol- L' KI 65 195 72.8
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Fig. 14 Variation of surface coverage with the concentration
of DTPB at 30 °C

1-1

S= ﬁ ©)]
where /, is the inhibition efficiency of iodide ion, /, is
the inhibition efficiency of DTPB, and /}, is the mea-
sured inhibition efficiency for DTPB in combination
with iodide ion. The values of S=1.21, 1.19 and 1.20
are calculated from the data of the weight loss (Tab. 1),
potentiodynamic polarization (Tab. 4), and impedance
(Tab. 5), respectively. The value of S, greater than the
unit, is an indication that the enhanced inhibition effi-
ciency, resulting from the addition of iodide ion to
DTPB, is synergistic in nature.
2.8 Inhibition Mechanism

It has been reported® that the specific adsorption
of iodide assisted the inhibitory effect of an organic
molecule on the surface of zinc and halide ions are
typically well adsorbed on the metal surfaces”". Che-
misorbed ions enter the charged metal surfaces which
are positively charged in the presence of an acidic
medium®, while halide ions are negatively charged,
the specific adsorption of halide ions onto the zinc
surface results in a negatively charged zinc surface by
means of electrostatic or coulombic attraction. This

process is similar to the phenomenon so called an-

ion induced adsorption and may be represented by the
following highly simplified mechanism®>*,

X, = X (10)

M; + X — MXog (11)
where X, and M, designate the halide ion and organic
species, respectively, in the bulk state, X4 and MX 4
refer to a halide and ion pair, respectively, in the ad-
sorbed state.

According to this mechanism, the ionized DTPB
easily reaches the zinc surface, and the dipoles of the
surface compound are oriented with their negative
ends towards the solution. This ion pair interaction
consequently increases the surface coverage prevent-
ing the acid solution from attaching directly to zinc
surface, thereby, reducing metal dissolution. There-
fore, it can be deduced that iodide ion acts as an ad-
sorption mediator for bonding the metal surface and
DTPB or iodide ions are sandwiched between the
metal and a positively charged part of the inhibitor,
and this may be responsible for the synergistic effect
of the iodide ion on DTPB. This is strongly con-
firmed by the y values obtained from the kinetic-ther-
modynamic model which represents the number of
inhibitor molecules occupying one active site, since
its value in the presence of KI alone is similar to that
in the presence of a combination of KI and DTPB. It
was suggested that in both cases, iodide ion is ad-
sorbed at the surface assisting a stronger adsorption
of the DTPB molecule also at the surface, while in
the presence of DTPB alone, the y value is greater
than 1 due to the adsorption of the bulky DTPB
molecules at the surface which cover more than one
active center, but it is not strongly bound to the sur-
face since it has a small binding constant. The combi-

nation of DTPB and KI has a larger binding constant

Tab. 6 Linear fitting parameters of DTPB according to the applied models

Langmuir Flory- Huggins Kinetic-Thermodynamic
Solution K x K 1y K
0.5 mol- L' citric acid + 10° mol- L' KI 2800 0.99 3100 1.04 2900
0.5 mol- L" citric acid + 10° mol- L' DTPB - 2.80 610 0.38 550
0.5 mol- L" citric acid +10° mol- L' DTPB + 10° mol-L" KI 33000 1.03 27000 0.95 31000
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and, therefore, the DTPB molecule and iodide ion are
strongly adsorbed at the surface. Furthermore, this
confirms that KI acts as an adsorption mediator for
bonding metal surface and DTPB.
2.9 Spectrophotometric UV Results

Fig. 15 illustrates the UV-Visible spectra in the
solutions of 0.5 mol L™ citric acid containing 107
mol -L" Zn* ions, 0.5 mol - L™ citric acid containing
10° mol-L" Zn* ions with 10* mol-L"' DTPB and 0.5
mol - L™ citric acid containing 10° mol -L' Zn*" ions
with 10° mol -L!' KI. Fig. 16 shows the UV-Visible
spectrum in the solution of 0.5 mol -L" citric acid
containing 10° mol-L" Zn* ions with both 10 mol-L"!
DTPB and 10° mol-L" KL

The .. values of bands characteristic for each
solution are listed in Tab. 7. Both Fig. 15 and Tab. 7
show that the three solutions exhibited the same ab-
sorption band at 218 nm corresponding to citric acid.
The solution containing DTPB with citric acid exhib-
ited an additional band at 265 nm that corresponds to
the presence of DTPB, while the solution containing
citric acid and KI exhibited two bands at 284 and 349
nm corresponding to the liberated I, formed. Fig. 16
and Tab. 7 show that when both KI and DTPB are
present in citric acid, the two bands corresponding to
I, disappear completely, indicating that iodide ion ex-
isted in a bonded form with a slight shift of the DTPB
band from 265 to 275 nm, confirming the above men-
tioned inhibition mechanism.
2.10 Synergistic Effect between KI and

DTPB at Different Temperatures

The inhibition efficiency and synergism parame-
ter calculated at different temperatures by utilizing
EIS technique for different solutions are presented in
Tab. 8. The displayed data in Tab. 8 indicate that

4 . 1. Zu + 0.5 M Citic acid
2. Zu +0.5 M Citic acid + 10+ M DTPB
3. Zir + 0.5 M Citic acid + 10° MKI

Absorbance
[\8)

200 300 400
Wavelength(nm)

Fig. 15 UV-Visible spectra in different citric acid solutions

Absorbance
N %) S

—_

200 300 400
Wavelength(nm)

Fig. 16 UV-Visible spectrum in the solution of 0.5 mol-L"
citric acid containing 10 mol -L' Zn*" ions with
both 10* mol-L"' DTPB and 10° mol-L"'KI

both the inhibition efficiency of the inhibitor solu-
tions for zinc in 0.5 mol - L™ citric acid and the syner-
gism parameter between KI and DTPB slightly de-
creased as the temperature was raised up to 55 °C. An
appreciable decrease in the inhibition efficiency was
observed at 56 °C, moreover, the synergism parame-
ter approached 1, thus, the synergistic effect between
KI and DTPB was considered only up to 55 °C. The
decrease in the inhibition efficiency of inhibitors with
temperature may be attributed to the weakness of
physical bonds formed due to the adsorption of inter-
mediate iodide ion at the zinc surface at high temper-

ature.

Tab. 7 List of A, for different bands characteristic in different solutions

Solution A /M
0.5 mol- L citric acid + 10° mol-L" Zn™ 218 - -
0.5 mol- L citric acid + 10° mol-L"' Zn” + 10* mol- L' DTPB 218 265 -
0.5 mol- L™ citric acid + 10° mol- L' Zn* + 10~ mol- L KI 218 284 349
0.5 mol-L" citric acid + 10° mol-L" Zn" + 10* mol- L' DTPB+10~ mol- L KI 218 270 -
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Tab. 8 The inhibition efficiency and synergism parameter calculated at different temperatures using EIS

technique for different solutions

IE at different temperatures/%

Solution
30°C 40°C 50°C 55°C 56 °C 57°C
0.5 mol - L™ citric acid +10° mol-L" KI 22.8 22.2 21.8 20.3 19.5 19.0
0.5 mol-L"' citric acid + 10° mol-L' DTPB 38.0 37.0 36.4 35.0 34.4 33.8
0.5 mol-L™" citric acid +10-5 mol-L"' DTPB + 10° mol-L* KI =~ 72.8 69.8 67.6 63.7 56.0 54.4
S (Synergism parameter) 1.20 1.18 1.16 1.15 1.04 1.03
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Fig. 17 Nyquist plots of zinc in 0.5 mol-L" citric acid con-
taining 10 mol -L"' DTPB at 30 °C after different

exposure time
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Fig. 18 Nyquist plots of zinc in 0.5 mol-L" citric acid con-
taining both 10? mol-L* KI and 10° mol-L"' DTPB

at 30 °C after different exposure time

2.11 Synergistic Effect between KI and
DTPB at Different Exposure Time
Figs. 17, 18 demonstrate the Nyquist plots of

zinc in 0.5 mol - L' citric acid in the presences of
10° mol -L"' DTPB and 10” mol -L" DTPB with the
addition of 10° mol - L KI, respectively, at 30 °C af-
ter different exposure time. The inhibition efficiency
of DTPB and synergism between KI and DTPB
slightly decreased after three days of exposure, con-
firming the great inhibition efficiency of DTPB and
the efficient synergistic effect of KI for zinc corrosion
in citric acid.
3 Conclusions

It was found that (1,3-dioxolan-2-ylmethyl)-trip-
henylphosphonium bromide (DTPB) could act as an
effective corrosion inhibitor for zinc corrosion in cit-
ric acid. The inhibiting action of DTPB was attribut-
ed to its adsorption over the metal surface that blocks
the available cathodic and anodic sites. Synergism
between the KI and DTPB molecule was valid only
up to 55 °C. Adsorption isotherms indicated that the
adsorbed DTPB molecule covered more than one ac-
tive center over the metal surface, but it was not
strongly held to the surface as indicated by the small
binding constant, while the combination between
DTPB and KI covered one active center with strong
adsorption at the surface (larger binding constant), in-
dicating that KI acted as an adsorption mediator for
bonding metal surface and DTPB.
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