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Abstract

The inhibition of corrosion of corrosion of the aluminium sheet (commercial) in solutions of sodium hydroxide
was studied by weight loss methods and the variation of pH value of the corrosion solution was detected.

At constant alkali concentration the inhibitor efficiency inereased with inerease in the concentration of the
inhibitor. (When the inhibitor concentration was 0.5% and above.)

But at low concentrations of the inhibitors (0.1% and below) the efficiency decreased to minus values.

At 2.0% concentrations of inhibitors, the inhibitive efficiencies of the inhibitors increased in the order, p-am-
inophenol (85.6%) < p-cresol < hydrogquinone < phenol < p-nitrophenol < p-chlorophenol (98.6%)

At constant inhibitor concentration the efficiency decreased with increase in alkali concentration. An increase
in exposure period or temperature did not appearto have any marked effect on inhibitive efficiency.

The variation of pH values in the solution had also a small effect. As for the effect of substituent groups, when
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an equal number of molecules of each of the compounds was present in the alkaline solntion the efficiency of

different para-compounds increased in the order: p-aminophenol (77.8%) ¢ phenol { hydroquincne { p-chloroph-

erol { p-cresol { p-nitrophenol (96.1%).

Introductiocn

In all parts of the werld the consumption of alum-
inium for industrial and domestic purposes has incre-
ased cnormously in recent years.

The aluminium metal is stable in air because of the
formation of an extremely thin, but remarkably tight
and adherent, cxide film on the metal surface. The filn
is generallv stable in solutions of pH 4.5~8. 5 but,
due to its amphoteric naure, it fails to protect alumirium
in strongly acidic or strongly alkaline media. P

The pickiing of aluminium in caustic alkalies fcr
degreasing prior to ancdizing, or to give an attractive
matt finish, is common practice; for light cleaning,
mixtures of sodium carbonate and phosphate are also
used. 123 As the solution rate of aluminium in aque-
ous scdium hydroxide is very high, it may be desira-
ble to inhibit the solution used for pickling. Satisfa-
ctory inhibitors for this purpose are very rare if not
unknown, though the corrosion of B265 aluminium
with dihydroxy-benzenes and of 3S aluminium with
some aromatic dyes in NaOH solutions containing
various protective colloids has been reported. 134

The present work was undertaken to study the role
of some p-substituted phenols (Hydrcquinone, p-chlo-
rophenol, p-cresol, p-cresol, p-aminophenol, p-nitrop
hencl and phenol) in inhibiting the corrosion of alum-

inium sheet in aqueous sodium hydroxide solutions.

Experimental Method

Rectangular specimens of the aluminium sheet of
size 50 < 40mm and thickness 0. 8mm, with a small
hole of about 10mm diameter near the upper edge of
the specimen, were used for the determination of the
corrosicn rate.

The composition of the aluminium sheet was found
to be as follows: Si 0.09%: Fe 0.17%; Ti=0.03%:
Al remainder.

The specimens were cleaned according to the method
described earlir. ®

Namely, the surface of specimen was first washed

Fig, 1,

in distilled water and dried. Tt was then polished with
ethylacohol gauze and then rinsed with trichloro ethy-
lene, ethylalohol and ether in turn and dried in the
air.

The specimens were expesed to caustic soda solutions
within the concentration range 0. 1~1.0M, containing
centrolled additions (0. 01~2.0%) of the inhibitor.

The compounds studied as inhibitors included: phe-
nol, p-cresol, p-aminophenol, hydroquinone, p-chlor-
ophenol and p-nitrophenol. Cne specimen only was
suspended by a glass heok in each beaker containing
250m! of the solution at 17-0.5°C (unless otherwise
specified) open to the air. (which is shown in Fig31.)

The specimens were cleaned after the tests in rap
water. ©® Duplicate experiments were performed in each
case ard the mean values of the weight losses were
recorded.

In order to assess their effect as corrosion inhibitors,
phenols and various p-substituted phenols were added,
in concentrations ranging from 0.0 to 2.0%. to sod-
ium hydroxide solutions of different molarities.

The pH values of 1.0% solutions of the inhibitors
in distilled water ranged from 4.5 (p-nitrophenol) to
7.3 (p~amincpkenol) and were non-corrosive to alum-
inium.

The pH values of inhibited alkaline solutions (0. 1M
NaOH - 1% inhibitor) were observed to be 10.7 (+1
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% hydroquinone), 11.7 (+1% p-nitrophenol), 11.1
(+1%p-cresol), 10.4 (+1% phenol), 11.3 (+1% p-
chlorophenol) and 11.0 (+1% p-aminophenol).

The specimens exposed to NaOH solutions containing
0.01~0.59% of the inhibitor were covered with a fai-
mtly greyish film which could be easily removed with
tap water.

At higher concentrations (=1.0%) of the inhibitor,
no visible film formation was present but the specimen
had a dull matallic appearance. In the case of p—chlo-
rphenol (2%) there also appeared some white spots on
the metal surface and in the case of p-nitrophenol the
cleaned specimens appeared as bright as before. But
the solutions became more colorful frem bright to yell-

ow, grey and dark.
Experimental results and discussion.

The results are given in Fig 2~5 and table.
Inhibitor efficiency, I, is defined as:

_ W.-W
=y X100%

where W;=weight loss of metal in inhibited

I

solution.
W,=weight loss of metal in uninhibited
solution.
According to Straumanis and Brakss” the initial cor
rosion reactions of aluminium in aqueous soltions of

sodium hydroxide may be represented as
Al+3H,0——Al(OH) s+ 5 H.

This is then followed by the reaction
Al(OH);+0H"—Al0;+2H;0,

the net reaction thus being
AL+ NaOH+Hy0——NaAlO; + 3 Hy.

And according to Putilova” et al,
Al(OH) 3+NaOH+H,0—Na*+ [A1(OH) -
2H,0)~
Aluminium hydroxide begins to precipate in a pH
interval 3~9 with maximum precipitation taking place
between 6.5 and 7.7 Thermodynamically alumium is
an unstable metal and reacts spontaneously with oxy-
gen to give aluminium oxide
4A1+302—2A1:03-+800kcal
However, in spite of this, aluminium shows quite a

high resistance to water, most neutral solutions, and

many weakly acidic solutions. This resistance to corr-
osion may be ascribed to the formation of an extremely
thin, but remarkably tight and adherent, oxide film
on the metal surface.

Although aluminium hydroxide begins to precipitate
in a pH interval of 3~9, the oxide film is generally
stable in solutions of pH 4.5~8.5.

However, due to its amphoteric nature, the film will
dissolve and aluminium is active in strongly acidic,
and particularly alkaline, media. Namely there is no
possibility of deceleration of attack due to an oxide
film formation beyond these pH values. " ®

That is why the corrosion of aluminium proceeds
unabated in alkaline soultions.

According to evans?, the inhibition of corrosion of
aluminium in alkaline solutions is a difficult problem,
possibly because of the specific adsorption of OH™ on
the metal surface.

1. Effect of inhibitor concentration.

Figure 2. Shows the effect of inhibitor concentration
on inhibitive efficiency of various p-substituted phenols
in 0.1M NaOH. From the figure it is that at higher
concentrations of the inhibitor (0.5% and above) the
efficiency increases with increase in inhibitor concentr-
ation in the case of all the compounds studied. At
lower concentrations of the inhibitor (0.1% and below)
the efficiency decreases (with increase in inhibitor con-
centration) to minus values. It means there is an acc-
eleration of attack probably because of the depolarizing
action of the inhibitor.? At 2.0% concentration of
inhibitors, the inhibitive efficiencies of various inhibi-
p-aminophenol
(85.6%) < p~cresol < hydroquinono < phenol < p-
nitrophenol < p-chlorophenol (98.6%)

According to Machu?, the inhibitors are believed to

tors increases in the order (Fig 2),

be generally molecularly absorbed on the active centers
of the metal surface. Thus an absorbed layer charac-
terised by a high electrical resistance is formed on the
metal surface which may also be responsible for the
reduction in the rate of diffusion of ions necessary for
the corrosion process.

2. Effect of alkali concentration on the inhibitor

efficiency.
During pickling for one hour, aluminium surfaces

generally came in contact with aqueous solutions of
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Fig 2. The effect of inhikitor concentration cn inhibitive efficiency of p-substituted pherols for aluminium sheet in

0.1M NaOH.

1. hydroquincne, 2. p-nitrcphenol, 3. p-cresol 4. phenol, 5. p-chlorophenocl, 6. p-cminophenol.

sodium hydroxide of concentraticns 0. 1~1. 0M at three
different inhibitor concentrations (2%, 1% and 0.19%).

The efficiencies of the inhibitors at three different
inhibitor concentrations are shown in Fig 3. It is obs-
erved that the efficiency decreases with increase in the
concentration of the alkali. But hydroquinone (0.1%)
is an exception

Probably it is due to the solubility of hydroquinone.

The decrease in inhibitive efficiency with increase in
concentration of the alkali may be due to the forma-
tion of the complex aluminate ion, which keeps the co-
neentration of the Al*3 jon in solution very low, and
may be attributed to the high rate of evolution of hy-
drogen in concentrated alkalies which may interfere
with the absorpticn of the inhibitor on the metal sur-
face. L7

3. Effect of immersion period

In order to determine the effect of exposure period

on inhibitor efficiency, the extent of corrosion was

measured in 0.1M NaOH containing 1.09% inhibitor
for exposure periods of 15,30,45 and 60 minutes. The
results are given in Fig 4.

It shows that the efficiency of hydroquinone, phenol
and p-chlorophenol decreases tilll 30 minutes. After
that the efficiency increases slightly.

The inhibitors studied showes a slight change of
efficiency with time. It is probable that these effects
aee due to depletion of alkali in the solution by corr-
osion process, or by absorption of CO; from the :ir,
the most dilute solutions being the most affected.

4. Effect of temperature on inhibitor efficiency.

In practice, the pickling of aluminium was carried
out in 0.1M NaOH solution at 1.0% inhibitor cor.ce-
ntration for one hour at temperatures ranging betw:zen
20 and 50°C.

The results indicate in Fig. 5 and table 1 that the
extent of corrosion increases with a rise in temrpeiat-

ure, but the efficiency of each of the inhibitors rerza-
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Fig 3. The effect of concentration of NaOH on inhibitive efficiency of p-substituted phenols for aluminium sheet.
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0. 1M NaOH

1. hydroquinone 2. phenol 3. p-cresol

ines almost constant or change to a slight extent.

5. Effect of substituent groups.

In order to determine the effect of substituent groups
and molecular structure on the inhibitive properties,
different p-substituted phenols were added at 0. 1M co-
ncentration to 0. 1M NaOH and their inhibitive effect

was measured as in table 2. At an inhibitor concentr-

4. p-aminophenol

5. p-chlorophenol 6. p-nitrophenol

ation of 0.1M, i.e. when an equal number of molec-
ules of each of the compounds was present in the alk-
ali, the efficiency of different para-compounds increases
in the order: p—aminophenol (77.8%) < phenol < hyd
roquinone < p~chlorophenol < p-cresol < p-nitrophe-
nol (96.1%)

The order of efficiency is differentfrom that obscrved
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Table 1. The influence of temperature on the weight loss (gr.) of aluminium sheet in 0. TM NaOH containing
1.0% p-substituted phenols.

T — temperature weight loss (gr.)
inhibitor \\\ 20°C 30°C 40°C 50°C
hydroquinone 0.0142 0.0210 0. 0381 0. 0502
p-nitrophenol 0. 0295 0. 0358 0.0415 0. 0459
p-cresol 0. 0202 0. 0320 0. 0874 0. 0914
phenol 0.0174 0. 0291 0.0704 0. 0822
p—chlorophenol 0.0203 0. 0565 0. 0837 0. 0918
p-aminophenol 0. 0205 0.0742 0. 0801 0. 0895
nil 0. 0750 0. 1650 0. 3836 0. 4806

Table 2. Effect of substituent groups on inhibitor efficiency of some p-substituted phenols for aluminium sheet in
0. 1M NaOH. (inhibitor conc. : 0.1M; temperature: 20£0.5°C; immersion period: 1 hour)

inhibitor p-substituent pKal® pI_;I_ ()(_)fu\}[). lmh}ggftgfl weight loss(mg) | inhibition, %

phenol — 9.99 10.3 11. 1 85.6
p—cresol —CHg 10. 22 10.6 4.01 94.8
p-aminophenol —NH, 8.16 10.6 17. 1 77.8
hydroquinone —0OH 10.35 11.0 8.34 89.2
p—chlorophenol —Cl 9.18 12.4 6.72 91.3
p-nitrophenol —NO; 7.15 12.3 3.01 96. 1
nil 12.3 77. 2

earlier when the results with the same quantity (% OH 0-

by weight) of the inhibitor were compared.

The results show that the introduction of substituent
groups like-NH, in the para-position decreases the
inhibitive efficiency of phenol whereas introduction of
groups like —Cl, —OH, —CH; and —NO; increases
the efficiency of the resultant compound.

The ,K, values of phenol and p-substituted phenols
range between 7.15 and 10. 35.

They dissociate in aqueous solution as follows:

X - CgHy (OH) +H,0—-X - CgH, 0™ +H30*
(X=H or any substituent group)
Further, compared to the undissociated molecule, the
phenoxide ion is more stable as there is no charge se-
peration and the negative charge on the phenolate ion
is distributed throughout the aromatic ring. Hence the
equilibrium in above equation is displaced to the right

when phenol is added to caustic alkalies®.

| l

O +NaOH = O N2 150

The phenolote ion, because of the net negative cha-
rge, preferably on the oxygen atom, because of the
lone pair of unshared electrons on the cxygen atom,
may get attached to a point which would suffer anodic
attack, through the (negative) oxygen atom. This will
increase the eletron atmosphere at such a point and
thus render the detachment of (positive) metallic ions
more difficult. #

By introducing different substituent groups at suita-
ble positions in the benzene ring, the negative chara-
cter of the region can be enhanced and inhibition made
more effective. Introduction of a negative group could
do this.

In the para-substituted phenols studied, both the
functional groups are in para-positionto each other and

therefore, the inductive effects are small due to the
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great distance that separates the substituent from the
reaction center.

The functional groups have both resonance and ind-
uctive effects on the electron atmosphere thus the neg-
ative character of the region can be more enhanced or
less enhanced than phenol. 2

Therefore the order of efficiency may be obtained.

6. The Variation of pH in the corrosion

Table 3. The variation of pH

solution.

The variation of pH during the operation was dete-
cted by a pH meter (corning model-5). The results
areshown in table 3.

It is observed that the extent of the variation of the
variation of pH is small. Namely, the value of pH is
almost constant or shows a slight tendency to decre-

ase.

in the corrosion solution.

time (min. )

pH

conditions 0 ! 15 ‘ 30 45 60
sample+0. IM NaOH+-0.01% hydroquinone 12. 3 12. 4 12. 3 12. 0 11. 6
" ” +0. 05% " 12. 3 12. 4 12. 2 12. 0 1L 8
y ” +0.1 % " 12. 2 12. 3 12. 1 12. 0 1L 9
” " +0.2 % " 12. 1 12. 2 12. 0 11. 9 iL 9
// ” +0.5 % " 1. 5 11. 6 11. 5 11.35 1135
” ” +1 % " 10. 7 10. 5 10. 4 10. 3 10. 3
1 ” +2 % " 9.9 9. 8 9. 8 9. 6 9. 7
sample+0. IM NaOH-0.01% p-nitrophenol 12. 4 12. 4 12. 3 12. 1 12. 1
” " +0.95% ” 12. 3 12. 3 12. 2 12. 1 12. 2
" ” +0.1 % " 12. 3 12. 3 12. 3 12. 1 12. 2
" " +0.2 % " 12. 2 12. 2 12. 2 12. 1 12. 2
" " +0.5 % " 12. 0 i1 121 12. 1 i1
p " 1% p 1. 7 1. 7 1. 7| 11. 7 1L 6
” " +2 94 " 7. 4 7.4 7. 4 7. 4 7. 4
sample+0. 1M NaOH+0.01% p-cresol 12.35 ) 12 3 12. 3 12. 1 12, 1
+0.05% 12.35 12. 2 12. 2 12, 1 121
” " +0.1 % »n 12.35 121 12. 2 12. 0 320
” " +0.2 %  n 12. 3 2.0 12. 1! 12. 0 11.95
” " +0.5 % » 12. 2| 12 0 12. 0 12, 1 120
" p 1% on 1. 1 11.25 1. © 1. 2 11.15
" " +2 % ow 10. 0 10. 3 0. 1, 10. 4 | 1. 35
sample--0. 1M NaOH+-0.01% phenol 12.35 12. 4 12. 3| 12. 2 12.25
” p +0.05% # 12.35 12.35 12. 8 12. 2! 12.25
" " +0.1 % o 12. 3 12,3 12. 2 12. 1 12, 2
" " +0.2 %  n 12. 3 12. 3 12. 2 12. 1 12,2
sample+0. 1M NaCH4-0.5 %  # 12.05 12. 0 12. 0| 1. 9 1.9
" ” +1 % 10. 4| 10 4 10. 4 10 5 10. 5
" " +2 % n 9.65 9.65 e 7 9 8 9. 8
sample--0. 1M NaOH+0.01% p-chlorophenol 12,35 | 12 4 12. 0| 1. 8 i 8
y " 10.05% " 12.55 12.35 12. o! 1. 7 .7
" " 10.1 % " 2.3 12 3 12 olf 11.65 11.85
" " +0.2 % " 12. 3 12. 3 1. 9° 1. 6 1.7
p ” +0.5 % ” 12. 1 12. 1 11. 9 11.55 1.7
" P +1 % " 11.35 11. 4 1. 2| 1. 0 it 0
7" ” +2 % ” 9. 3 9. 4 9.3 9. 2 (ST
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sample+0. IM NaOH+0.01% p-aminophenol
+0.05% ”
4+0.1 % ”
+0.2 % ”
+0.5 % ”
+1 % "
+2 % ”
sample+29% p-nitrophenol+0. 1M NaOH
+0.2M
+0.5M  »
+1 M ”
sample+19% p-nitrophenol+0. IM NaOH
+0.2M  »
+0.5M  »
+1 M
+0. 1M
+0.2M  »
-+0.5M ”
+1 M 7
sample+2% hydroquinone+0. IM NaOH
+0.2M
+0.5M  »#
+1 M "
sample-+1% hydroquinone % -+0. IM NaOH
+0.2M
+0.5M »
+1 M o
sample+0. 1% hydroquinone-+0. IM NaOH
+0.2M
+0.5M 7
+1 M »
sample+29% p-chlorophenol+0. 1M NaOH
+0.2M
+0.5M
+1 M
sample+1% p-chlorophenol+0. 1M NaOH
+0.2M 7
+0.5M
+1 M
sample+0.1% p-chlorophenol+0. 1M NaOH
+0.2M  »
+0.5M  »
+1 M NaOH
sample+2% phenol+0. 1M NaOH
+0.2M »
+0.5M »
+1 M »
sample+19% phenol+0. 1M NaOH
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+0.5M
+1 M 7
sample-+0.1% phenol+0.1M NaOH
+0.2M ”
+0.5M  #
+1 M
sample+2% p-cresol-+0. IM NaOH
+0.2M  »
+0.5M  »
+1 M »
sample+1% p-cresol+0.1M NaOH
+0.2M  »
+0.5M 7
+1 M 7
sample-+0. 1% p-cresol4+0. 1M NaOH
+0.2M  »
+0.5M  »#
+1 M 7
sample+2% p-aminophenol+0. 1M NaOH
+0.2M  »
+0.5M  »
+1 M
sample+1% p-aminophenol+0. 1M NaOH
+0.2M »
+0.5M  »
+1 M
sample+0.1% p~-aminophenol+0. 1M NaOH
+0.2M »
+0.5M
+1 M

sample+0. 1M NaOH+19% p-nitrophenol at
20°C/hr

at 30°C/hr
at 40°C/hr
at 50°C/hr

sample+0. 1M NaOH+1% p-chlorophenol
at 20°C/hr

at 30°C/hr
at 40°C/hr
at 50°C/hr

sample-+0. IM NaOH+1% p-aminophenol
at 20°C/hr

at 30°C/hr
at 40°C/br
at 50°C/hr

sample+0. 1M NaOH-+1% hydroguinone
at 20°C/hr

at 30°C/hr
at 40°C/hr
at 50°C/hr
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— 26 — ¢7E LA dmaetf A % delEiR FAGA £ R - BRE - ek - 2RE
sample+0. IM NaOH+-1% phenol at 20°C/hr 10. 4 10. 5
at 30°C/hr 10. 3 10. 1
at 40 C/hr 10. 3. 9. 8
at 50°C/hr 10. 3 9 6
sample+0. 1M NaOH+1% p-cresol at 20°C/hr 11. 1 1. 2
at 30°C/hr 10. 3 10. O
at 40°C/hr 10. 3 9. 7
at 50°C/hr 10. 3 ‘ 10. 6
sample+0. 1M NaOH+¢. IM hydroquinone 10. 7 10. 6 10. 4 10. 7 11. 0
+0. 1M p-nitrophenol 12. 0 12. 0 11. 9 12. 0 12. 3
+0. 1M p-cresol 10. 1 10. 2 10.15 10. 3 10. &
+0. 1M phenol 9. 9 0. 0 9. 9 9. 8 10. 3
+0. 1M p-chlorophenol 12. ¢ 12. 3 12. 2 12. 4 12. 4
+0.1M p-aminophenol 10. 4 10. 3 10. 4 10. 3 10. 6
. nols as Corrosion Inhibitors for Aluminum-Copper
Conclusions. Alloy in Sodium-Hydroxide”, Corrosion Science,
Additions of phenol and p-substituted phenols to Vol 19, No. 1, pp.35-48 (1979)
NaOH solutions decreasd the corrosion of aluminium 3. J.D. Talati and R. M. Modi, “Phenol and Methyl
sheets. phenols (cresols) as Corrosion Inhibitors for Alu-
At 2.09% concentration of inhibitors, the inhibitive minium-Copper Alloy in Sodium Hydroxide”, Co-
efficiencies of various inhibitors increased in the order, rrosion Preventien & Control, pp.6-10, April 19
p-aminophenol (85.6%) < p-cresol < hydroquinone 77
<phenol < p-nitrophenol < p~chlorophenol (98.6%) 4. Von M. N, Desai, J.D. Talati und A. M. Triv-
But the efficiency decreased with increase in the con edi, “Der Einflu Beiniger Schutzkolloide auf die
centration of the alkali. Korrosion Von Messing”, Werkstoffe und Korros-
The effects of immersion pericd and temperature on ion, Vol 10, No. 26, pp.26-29 (1959)
inhibitor efliciency were slight 5. Ki-ju Kim, “Studies on the corrosion of the Alu-
When an equal number of molecules of each of the minium plates in the acidic baths (II)”, Jeonbug
compounds was present in the alkali, the efficiency of N. Univ. Theses Collection, Vol 17, Natural Sc-
different para-compounds increased in the order: p- ience, pp.85-88 (1975)
aminophenol (77.8%) < phenol <7 hydroguinone < p~ 6. W.H. Ailor, Handbook on corrosion Testing and

chlorophenn! <7 p—cresol < p-nitrophenol (96.1%) The
order of efiiciency was different from that observed
earlier when the results with the same quantity (9%
by weight) of the inhibitor.

The pH showed a tendency to decrease slightly dur-

ing the opcration.
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