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The objective of this work was to evalulate the effect of changing functional and structural groups on the protec-

tion efficiency imparted by the various inhibitor molecules.

It was found that the molecules which include a thio-

carbonyl group e.g. thiourea (TU), thioacetamide (TA), and thiosemicarbazide (TSC) exhibited much higher
protection efficiencies than the corresponding compounds which do not e.g. semicarbazide, guanidine, and amino-

guanidine.

Furthermore, it made only little difference whether the thiocarbonyl group was attached to two amino

groups as in thiourea, an amino and a methyl group as in thioacetamide or an amino and a methyl group as in thio-
acetamide above certain concentrations both TU and TA lose their efficiency and eventually become corrosion
promotors. The adsorption behavior of TU and TA was quist complicated whereas that of TSC points towards

complete coverage at high concentrations.

The differences in behaviour between TSC, TU, and TA have been

explained on the basis of delocalization or resonance stabilization energy.

The use of organic compounds as inhibitors for the
aqueous corrosion of metals dates back several hundred
years. A large number of such compounds has been
developed to suit various applications. The diversity
of these compounds and their applications, as well as
the sheer volume of the pertinent literature, are quite
evident in a classical review in the corrosion handbook?
which was published in 1947.

This area is still attracting considerable attention
in efforts to obtain more efficient inhibitors and to
further the understanding of the mechanisms involved
in the corrosion and inhibition processes. The work
published in the last thirty years is quite extensive and
is directed more towards understanding the effect of
inhibitors on the kinetics of the half-cell reactions. Some
of this work has already been reviewed.2-%

The relationship between the structure of the inhibitor
molecule and its efficiency has been the subject of
several investigations.5-® On the other hand, much
less attention has been paid to the dependence of the
protection efficiency on the size and the electronic
distribution in the inhibitor molecule. This is an
important question especially for sulfur-containing
compounds ¢. g. thioamides (-CS-NH,), many of which
have been found to be good inhibitors. In this connec-
tion, several questions may be asked, for example;
what is the effect on the protection efficiency of replacing
the amino group of thiourea by a methyl group ? or

upon replacing the thiocarbamoyl group :C=S by

N
C=NH ?
Ve

What is the effect of the above changes on the degree
of surface converage and the mechanism of adsorption?
The objective of this work is to answer some of the above
questions by experimental measurements.

either a carbonyl or carbonimidoyl group

Experimental

The system chosen for this study is the acid corrosion of
mild steel. Several organic compounds have been chosen for
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TABLE l. MOLECULAR STRUCTURES AND ABBREVIATIONS
OF THE INRIBITORS USED
Compound Abbreviation Molecular formula
S
e I e
Thiourea TU H,N-C-NH,
s
| oo
Thioacetamide TA CH,-C-NH,
S
Thiosemicarbazide ~ TSC  NH,-NH-C-NH,
o
Semicarbazide sC NH,-NH-C-NH,
o
Urea U H,N-C-NH,
NH
Guanidine G H,N-C-NH,
NH
Aminoguanidine AG H,N-NH-C-NH,

the purpose of this work. Table 1 lists these compounds. The
main criterion for their sclection was to providc a number of

variables e. g. effect of a C =S as against C—NH or C =0

substitution of an -NH, by a —CH; group or by the hydra
zino group ~-NH-NH,.

The experimental approach taken here was to evaluate
the effect of the inhibitors on the overall corrosion rate, and
on the rate of the hydrogen evolution reaction (h.e.r.) at
different inhibitor concentrations. This was done using
the steady state galvanostatic technique. From these results,
the protection efficiency of the inhibitor and the degree of
coverage of the metal surface was calculated. Details of the
experimental procedure, cell design, electrode preparation,
pre-electrolysis. . . .etc. were given elsewhere.l” The com-
position of the mild steel electrode was 0.08%, C, 0.44%, Mn,
and trace amounts of both S and P. The temperature was
adjusted to 30+0.1 °C using an air thermostat. The electro-
lyte was 1.0 moldm=3 H,SO,. The compounds used as
inhibitors were of the highest purity available.

Results and Discussion

Effect of Inhibitor Concentration. Figures la, 1b,
and lc show the effect of the concentrations of TSC,
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Fig. la. Effect of the concentration of thiosemicarbazide

on the cathodic polarization curves of mild steel in
10 mol dm—2 H,SO, at 30 °C.
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Fig. 1b. Effect of the concentration of thiourea on the
cathodic polarization curves of mild steel in 1.0 mol

dm-? H,SO, at 30 °C.

TU, and TA on the current-potential relations of
hydrogen evolution on mild steel in 1.0 mol dm-3
H,S0, at 30 °C. Clearly the concentrations of TSC,
TU, and TA have a strong effect on the current-
potential relations. Thus as their concentrations
increase, it is seen that:

1) In case of TSC, the electrode potential at low
current densities and the corrosion potential were
shifted in the cathodic direction by about 10 to 40 mV,
while in the cases of both TU and TA, the shifts were
smaller in magnitude and in the anodic direction.

2) They caused large bodily shifts of the Tafel lines
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Fig. lc. Effect of the concentration of thioacetamide

on the cathodic polarization curves of mild steel in
1.0 mol dm—2 H,SO, at 30 °C.

in the cathodic direction. In the case of TSC, the Tafel
lines were shifted by 70 to 140 mV depending on the
TSC concentration over the entire range. In the case
of TU and TA, the magnitude of this shift also depended
on their concentrations, only up to a critical value above
which TU and TA became much less efficient (see
below).

3) The Tafel slopes were approximately constant
independent of inhibitor concentration.

The above two effects (2 and 3) indicate that TSC,
TU, and TA have significant inhibiting effects on the
hydrogen evolution reaction. From the Tafel slope, the
transfer coefficient of the hydrogen evolution reaction is
calculated to be #=0.51 which agrees with the generally
accepted values.’®:19 The constancy of the cathodic
transfer coefficient § in the presence and in the absence
of the inhibitors indicates that their adsorption in the
double layer does not change the mechanism of the
hydrogen evolution reaction even though they signifi-
cantly reduce its rate. This suggests that these inhibitors
operate via a blocking adsorption mechanism.

It is recognized that the inhibitors which shift the
entire current-potential curves in the cathodic direction
are cathodic inhibitors, while those which shift them
in the anodic direction are anodic inhibitors.2® On the
other hand, the inhibitors of the type of the mixed
control shift the cathodic Tafel lines towards more
cathodic potentials and the current-potential curves
near the free corrosion potential towards less cathodic
potentials. On the basis, TSC is characterized as a
purely cathodic inhibitor while TU and TA exhibit
dual inhibiting action, 7. e. they inhibit both the cathodic
and the anodic reactions, although to varying degrees.

Adsorption  Behavior. The degree of surface
coverage can be calculated from the currents obtained
at constant potential in presence (i,) and in absence
(¢, of inhibitor.21:?? Thus
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0=1—ifi,. (1)

Alternatively, the degree of coverage can be obtained
at constant current.?29 Thus

6 = 1 exp(BAe/b), @)

where B is the transfer coefficient, AE=E; ; —FE; .«
is the difference between the electrode potential in the
inhibited solution and that in the blank solution, and
b=RTJF. Under the present conditions, Eqgs. 1 and 2
gave virtually identical results.
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Fig. 2. Effect of inhibitor concentration on the surface
coverage at 30 °C for mild steel in 1.0 mol dm—3 H,SO,.

Figure 2 shows the effect of inhibitor concentrations
on coverage of the electrode surface. TSC is the only
compound which displays a simple behavior over the
tested concentration range. Its behavior points to the
tendency to form a monolayer of adsorbed TSC. Both
TU and TA undergo an apparent loss in the degree
of surface coverage above certain concentrations. It
is evident that at a certain inhibitor concentration, the
tendency for adsorption is in the order TSC>TU>TA
(see below).
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Fig. 3. Effect of the structure of molecules on the

cathodic polarization curves of mild steel in 1.0 mol
dm-2 H,S0,.
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Effect of the Structure of the Inhibitor Molecule.
Figure 3 shows a comparison of the cathodic polarization
relations in the presence of TSC, TU, and TA at a
concentration of 10~3 mol dm~=3. Clearly the differences
among these compounds are not too large. The
inhibiting effect of these compounds on the h.e.r. is in
the order TSC>TU>TA as evident by the extent of
the shift in Tafel lines in the cathodic direction.
Alternatively, Fig. 4 shows the effect of the functional
group on the current-potential relations for TSC, SC,
and AG at a concentration of 10~2 mol dm—3. Clearly
aminoguanindine (AG) is a slightly better inhibitor
than SC but TSC is far more efficient than both.
The above evidence indicates that the inhibiting action
of the compounds is mainly imparted by the thiocarbon-
yl group.
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Fig. 4. Effect of TSC and AG molecules on the cathodic
polarization curves of mild steel in 1.0 mol dm—3
H,SO,.

Table 2 shows the effect of TSC, TU, and TA concen-
trations on the exchange current density of hydrogen
evolution ¢, corrosion current density ¢, the protec-
tion efficiency, P, the degree of surface coverage 6
and the polarization resistance R, (see below). The
protection efficiency is the parcent of relative decrease
in the corrosion rate, given by

Pli.) = 100 ( { __ deogs (inbibited) ) .

Teorr(blank) @

The percent of relative decrease in the exchange current
density is defined similarly.

The efficiency of a corrosion inhibitor may also be
evaluated by measuring its effect on the polarization
resistance which is defined by

Rp = d(E"‘Ecorr)/di Qcm?,
where E and E,,,, are in V and 7 in Acm~l. Thus a
plot of (E—E_,,,) in the low polarization region, when
|E—E o |<20 mV, vs. current density ; should give a

straight line passing by the origin with a slope equal
to the polarization resistance. Figure 5 shows such a

4
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TABLE 2. [EFFECT OF THE INHIBITOR CONCENTRATION ON: CORROSION POTENTIAL, TAFEL SLOPE, EXCHANGE
AND CORROSION CURRENT DENSITIES, AND PERCENTAGE DECREASE IN EACH, DEGREE OF SURFACE COVER-
AGE, AND POLARIZATION RESISTANCE FOR MILD STEEL IN 1.0 mol dm-2 H,SO, at 30 °C

Cihibitor E::VSCE me i P Ry plicon) O R,/Q cm?
Thiosemicarbazide TSC
0 —471 —116 5.2 — 220 — — 83.0
104 —480 —119 1.1 78.8 68 73.6 0.82 300.0
10— —495 —118 0.93 82.1 48 78.2 0.89 366.7
10-2 —510 —119 0.59 88.7 38 82.7 0.94 500.0
5x10-2 —515 —118 0.4 92.3 32 85.4 0.96 666.7
Thiourea TU
0 —472 —116 5.2 — 220 — — 83
104 —470 —117 2.0 61.5 71 67.8 0.72 530
10-3 —467 —117 1.3 75.0 40 81.8 0.82 870
5%x10-2 —465 —117 0.98 81.2 32 85.5 0.87 1430
10-2 —463 —117 0.8 84.6 24 89.1 0.90 2150
3x10-2 —461 —117 0.89 82.9 22 90.0 0.79 909
5x10-2 —451 —115 1.4 73.1 39 81.9 0.79 830
Thioacetamide TA
0 —472 —116 5.2 — 22 — — 83
10-¢ —469 —116 2.0 61.5 53 75.9 0.74 370
10-2 —467 —116 1.0 80.8 28 87.3 0.85 630
10-2 —465 —114 0.6 87.9 16 92.7 0.91 870
3x10-2 —463 —114 0.1 96.3 60 97.3 0.97 2220
5x10-2 —462 —116 1.9 63.5 56 79.1 0.72 350
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Fig. 5. The relationship between |E—E,,.|and current & /° e\
density at low cathodoc polarization for mild steel in § 80 k- o /0 \Y
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plot for TSC, TU, and TA at a concentration of 10-3
mol dm~3 of each. Similar straight lines were obtained at
various concentrations of each inhibitor (see Table 2).

Figure 6 shows a comparison between P (i) and
P(i,) for TSC, TU, and TA. It is seen that for TSC
P(i0) > p(icorr) Whereas for TU and TA P(i o) >P(3)
over the entire concentration range. This indicates
that for TU and TA the percentage decrease in corrosion
rate is greater than the percentage decrease in the rate
of the h.e.r. This can be true if the anodic reaction
is also partially inhibited which supports the conclusions
reached above, viz. that TU and TA are inhibitors of
dual action.

From R, calculations, as shown in Table 2, it is

4 -3 -2
log (C/mol dm~3)

Fig. 6. Effect of inhibitor concentrations on the percent
of relative decrease in i, and i,,,,.

seen that for TSC the polarization resistance increases
with inhibitor concentration over the indicated range.
In the cases of TU and TA the polarization resistance
increases with inhibitor or concentration up to a critical
value above which TU and TA lose their inhibiting
efficiency and eventually stimulate, rather than inhibit,
corrosion. The value of this critical concentration at
30 °C is about 10-2moldm™ in the case of TU and
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about 3x10-2 mol dm™%in the case of TA. Such a
behaviour has not been observed with TSC up to a
concentration of 5 X 10~2 mol dm™2. Preliminary results
suggest that this critical concentration is temperature
dependent.

The reason for this behaviour of TU and TA is still
in question. Thus whereas some workers?5:26) attribute
it to the hydrolysis of TU to produce corrosion promoting
species ¢. g. HS- and S2-, others?’s?) reported the
disappearance of TU from the solution. The loss of TU
in HNO, has been recently explained® by a scheme
which involves its oxidation in solution followed by
reduction at the metal surface. This scheme obviously
cannot be applied in non-oxidizing acids e. g. HCl and
H,SO,. On the other hand, the hydrolysis scheme
cannot, as yet, be totally accepted since it is not clear
why hydrolysis occurs to such an extent only in concen-
trated solutions and not in dilute ones. Determination
of the equilibrium constant for such a reaction is
required before a final judgement can be made with
respect to this scheme.

Consideration of the Molecular Structure. The above
results indicate that the order of the stability of the above
thiocompounds in solution and the extent of their
tendency to adsorb on, and hence protect, the iron
surface are as follows: TSC>TU>TA>nonsulfur
compounds. A qualitative explanation of this sequence
may be found from a consideration of the electronic
structure of these compounds (see Table 1). These are
all similar on one side of the thiocarbonyl group and
different on the other. The lone pairs of electrons on
the nitrogen and sulfur atoms are delocalized and hence
produce delocalization or resonance stabilization energy
which stabilizes the compound.?® There is reason to
believe that the larger the number of delocalized
electrons, the more stable is the structure and the more
is the charge density on the “anchoring” atom (in this
case S) and hence the larger is the extent of adsorption
i. e. the larger is 0.

Therefore, where as the methyl group of TA has no
delocalized electrons, the amino group of TU has one
lone pair of such electrons and the hydrazine group of
TSC has two such pairs. This explains the above
sequence. In fact in 1.0 mol dm—2 H,SO, medium,
TA readily undergoes hydrolysis in presence of acid:

S o

cH,-&-NH, + H,0 = CH,~-C-NH, + H,S. (5)
The decomposition of TU does not go to the same
extent. On the other hand, the results we obtained on
TSC do not point towards measurable degree of decom-
position or hydrolysis of the compound over the tested
concentration range. The resulting H,S or HS- are
known to be promotors of hydrogen discharge, hydrogen
embrittlement and general acid corrosion.3¢:3) There-
fore, as the concentration of TA increases, the equilib-
rium of Eq. 5 shifts towards the right producing more
H,S which promotes the h.e.r. and hence the overall
corrosion reaction. Similar considerations apply to the
case of TU although obviously to a lesser extent.
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