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ABSTRACT

The effects of inhibitors on corrosion of low carbon steel in hydrochloric acid pickling solution
was investigated by weight loss and hydrogen evolution measurements using a beaker-funnel-

burette arrangement.

Corrosion and hydrogen evolution rates were computed for steel samples immersed in
hydrochloric acid pickling solutions with the addition of varying concentrations of organic
(formaldehyde, acetaldehyde. and benzaldehyde) and inorganic (sodium dichromate and sodium

nitrite) inhibitors.

The organic compounds inhibit both the corrosion and hydrogen evolution rates while the

inorganic salts stimulate the corrosion but inhibit hydrogen evolution rate.

Acetaldehyde showed the highest inhibition efficiency. Inhibition by the organic compounds
could be attributed to adsorption phenomena while corrosion stimulation by the inorganic sats

was due to their inability to form stable passivating film on the steel surface.
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CHAPTER ONE

INTRODUCTION:

Metals exhibit a natural tendency of spomancously reacting with their environments
(Corrosion) and this produces a destrucuve effect on thewr mechanical and physical
properties.  Corrosion of metals contributes to economic losses. impairs the safety of
operating equipment and invarably depletes our metal reserves - the natural supply of

which 1s limited.

As a result of the problems arising from corrosion. several methods of corrosion control
and prevention have been deviced. These melude: use of profective coatings. selection
of materials. proper design. alloying. cathodic protection and the use of inhibitors. The
choice and application of any of the methods are based on their efficiency. economic

considerations and the nature of the corrosive environment,

Corrosion inhibitors are most effectively utilized m mitigating corrosion of metals in
closed cooling systems (motor vehicle radiator), and in corrosion protection of machines,
apparatus and other articles in air medium during transportation and storage. Corrosion
inhibitors are also extensively used in petroleum. petrochemical, agro-chemical and
chemical processing plants for protecting metal components - operating under corrosive

environments.

Inhibitors are also appreciably used during pickling (chemical removal of surface oxides
from metal by immersion in an acid solution, Taylor. L. 1964) operations. Steel
structures undergoing pickling in acid solutions are spontaneously attacked and rendered

N
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highly susceptible to hydrogen embrittlement and blistering (Moore, 1981). This resuits
in irreparable loss of the basc metal and deterioration of the properties of the steél
material.  Inhibitors are. therefore. added to acid pickling baths to overcome these
shortcomings of chemically removing scales from steel surfaces in bare acid solutions.
Moreover. the most recent development in pickling techniques - ultrasonic pickling does
not climinate the use of inhibitors but rather proffers solutions to the problems of
environmental pollution and improvement of pickling vield (Goode et al, 1996),

In this work, the corrosion inhibition of low carbon steels in hydrochloric acid pickling
solution was investigated using some organic (formaldehyde. acetaldehyde and
benzaldehyde) belonging to the aldehydes homologous series and inorganic (sodium
dichromat and sodium nitrite) inhibitors. The aldehydes were chosen due 1o the fact that
there has been little or no research work on the aldehydes series even thouuh they are
less expensive than the amines. alcohols and thioureas and compare favourably with them

as inhibitors. Also the inorganic inhibitors (sodium dichromate and sodium nitrite) were

chosen for the purposes of comparison and verification of existing results.

The choice of low carbon steels was due to their unique qualities which include: excellent
formability, comparative cheapness and availability. These properties make low carbon
steels to be widely used in many engineering applications and their subjection to acidic
environments is also a common feature during processing and in some areas of
application. Thus it has become imperative to investigate the corrosion behaviour of low

carbon steels in acid solution as well as their response to inhibition in such media.

. . - . . . . .
The choice of nydrochloric acid was not unconnected with its predominant use in

chemical treatment of steels like pickling and etching. Moreover, hydrochloric acid



specifically offers the following advantages over others in pickling operations: uniform
light-grey surface is consistently produced on carbon steels hence uniform and adherent
electroplated coatings are subsequently formed: cost of heating the pickling bath is less
and rinsing of pickled steel materials 1s casy due to high solubiiity of chlorides in water

(Taylor Lyman. 1964)

During the experiment. both weight loss and volume of hydrogen evolved by low carbon
steel samples were simultaneously measured from an experimental set-up which consisted
of a beaker-funnel-burette arrangement. Corrosion and hyvdrogen evolution rates were
respectively computed from these measurements. The results obtained showed that up
to 87% corrosion inhibition was possible with the aldehydes and that acetaldehyde
produced the highest inhibition efficiency. Also. from the analysis of the experimental
results, an optimum inhibitor concentration of 0.20% and pickling tme of 30 minutes

wagerecommended.



CHAPTER TWO

LITERATURE REVIEW:

The use of inhibitors in pickling operations is as old as the art of pickling itself.
Originally, anmmmal wastes and flour materials derived trom gramns were used (Taylor. L,
1964). This was followed by the use of petroleum bve-products and later. by the use of
svnthetic organic materials. Recently. synergistic combinztions of two or more inhibiting
substances have been proprietarily formulated to improve inhibitors performances (Burger

and Chestnur, 1992).

Edward et al (1959) investigated the effects of acetylenic inhibitors in acid pickling
solutions and noted that in addition to inhibiting corroston. the inhibitors were also found

to prevent hydrogen embrittlement of steel during pickling.

Cavallaro, Felloni and Trabanelli (1960) studying the corrosion of steel in hydrochloric
acid with various thioureas as inhibitors, attributed mhibition to an increase in hydrogen
overvoltage. They concluded that the main effect of inhibitors in the corrosion of the
samples was on the cathodic reaction. although. an influence on anodic reaction could

not be excluded.

Ross and Jones (1962) using radioactive technique to study the effect of thiourea upon
action of sulphuric acid on mild steel, reported that inhibition was achieved by adsorption
of thiourea over the metal surfaces at all concentrations. They further stated that the

adsorption was more on the anodic than cathodic sites.



Hoar and Khera (1960) discussing corrosion of steel in 5% Sulphuric acid, considered
inhibition by formaldehyde, pyridine and various amines as mainly anodic.

Liliana and Alberto (1967) mvestigated Hoar and Khera's work but differed in
observations. They observed that the corrosion potential in the presence of formaldehyde
becomes more negative and as the concentration of tormaldehyde is increased, a low

anodic inhibition and an increase in the cathodic inhibition occurs.

Selim ¢t af (1977) studied the corrosion Kinetics of mild steel in the presence of
cvanoguanidine formaldehyde resins and discovered that the presence of the resins
decreased both the rate of hydrogen evolution and corrosion rate to the same degree.
The activation energy of hyvdrogen evolution and of the overall corrosion reaction were
found to be equal and characteristic of diffusion controlled processes. They suggested
that cyanoguanidine formaldehvde resins act as cathodic inhibitors of the acid corrosion

of mild steel.

For organic compounds which have inhibitive properties, it is widely believed that their
adsorption onto the metal substrate is an initial step to the inhibition process (Szkarska

er al, 1971 and Selim er al, 1977).

Issa et al (1973) studying the effect of some carbonyl compounds on the corrosion of
aluminium in hydrochloric acid solution, concluded that absorption of carbonyl
compounds on the aluminium metal surface takes place through the C=0 group and that
it depends on their charge density. They concluded that, the adsorption of these
compounds occurred in two ‘Stages yielding a monolayver of adsorbate on the metal

surface, followed by the formation of a second layer on the primary adsorbed monolayer.



Meakins (1963) pointed out that, for simple n-alky! amines, the inhibition increases with
the chain-length up to five carbon atoms. above which solubility in aqueous liquid
becomes 100 low to produce inhibition directly; however, inhibitors with longer chains

can be applied by immersion in benzene solution before addition to acid.

Szkarska er ¢f (1971) investigated the adsorption isotherm on mild steel in sulphuric acid
solutions for primary aliphatic amines. alcohols and acids containing & to 12 carbon
atoms and observed that these compounds were adsorbed an the steel surface according
to the Frumklin's adsorption isotherm:

XD (F0) = K (2.1)

f
1-8

where K is equilibrium constant of the adsorption reaction and f is a parameter connected
with the variation of absorption with coverage,

The degree of coverage of the steet surface by the adsorbed molecules was found to be
influenced by the following factors:

0} Solubility of the given compound,

(it) Presence of functional groups, and

(11} Interaction between adsorbed molecules.

They further reported that, within a given homologous series, the contribution of the
functional group to adsorption decreases with length of chain of aliphatic compounds, and

conversely, the contribution of the interaction between adsorbed melecules increases with

their length.

According to Bockris and Swinkels (1964), for an organic compound to be adsorbed on

the metal surface from an aqueous solution, each organic molecule has to displace n

molecules of water. They derived an equation for the standard free energy of the

6



thermodynamic cycle for adsorption and desorption of water and organic compounds as
follows:

AG, = AG(org) - nAG %y, - RT In P{org) + RTInC, .cc.ooiiviniiinnnn... (2.2)
P’ 555

where n is the number of water molecules. The first two terms depend on the interaction
energy of the organic compound and water with the metal surface; the third and fourth

terms characterize the properties of the substance under consideration.

Todd and Butze (1964) discussing the mechanism of corrosion inhibition of steel by
acetylenic alcohols in acid solutions, disclosed that adsorbates of acetylenic alcohols on
steel surfaces successively undergo two stages of reactions: reduction and dehydration
in the acid solutions. The reduction of these compounds produces a "diene” which are
ineffective corrosion inhibitors by comparison to the acetylenic compounds. However,
subsequent formation of a hydrocarben to produce a hydrophobic surface contributes to
the effectiveness of these compounds as corrosion inhibitors. They concluded that the
effectiveness of these compounds as corrosion inhibitors depends on the chemical and

physical properties of the reacticn preducts as well as their rate of formation.

Antropov (1967) in a research work based on the correlation between Kinetics of
corrosion and mechanism of inhibition by organic compounds emphasized that adsorption
is an inevitable part of the process of inhibition. He stated that the inhibition etficiency
of a chemically stable surface-active compound is related primarily on its ability to
adsorb on the metal-solution interface and that for a given solution, the absorbability of
an inhibitor depends firstly on the charge of the metal under the specific corrosion
condition. Consequently, cationic inhibitors will readily adsorb on corroding metal

surfaces which have negative charges but not on surfaces with positive charges. He



concluded that any deviation from the simple dependence of inhibition on absorbability
of inhibitors on metal surface indicates that in addition to adsorption. some other
process(es) such as reduction. protonation and polymerization are occurring at the metal-
solution interface and the ultimate inhibitor etficiency depends on the properties of the

products of these secondary processes.

Gouda er gl (1972) studied the role of anions i the corrosion and corrosion mhibition
of zinc in aqueous solutions and made a distinction between corrosive and inhibitive
anions. They observed that SO, . CI'. I, CIO,; and NO, sumulated the corrosion of zink
in aqueous solutions and the extent ol corrosion sumulation mcreases with salt
concentration while NO,. CrO*,, H.PO, and H,PO", acted bifunctionally. promoting
corrosion at high dilutions and stifling it at higher concentrations. They classified CI',

Br I, ClO, and NO as corrosive anions and NO,, CrO*, H,PO, and H.PO", as

4 4

mhibitive anions.

Kruger (1963) investigating the inhibitive properties of sodium nitrite, adopted an
ellipsometric technique. He exposed an iron to a sodium nitrite solution and observed
the alteration of a certain optical property. He concluded that a solid film is formed by

the nitrite.

Okamoto (1956) after studying the inhibitive mechanism by chromates. indicated that
inhibition by chromates is attributed to a solid film rather than adsorption.

Mclareen et al (1951) researching on a radiotracer study of the passivation of zinc in
chromate solution noted that chromates act as corrosion inhibitors for metals in aqueous

solutions. In discussing their results, they stated that chromate ions have pronounced



surface-active properties and believed that this propensity is responsible for their

inhibiting capability. the subsequent formation of oxide laver being merely incidental.

Rosenteld (1981) presented a theoretical discussion and the use of quantum chemistry
calculations.  X-ray photoelectron  spectroscopy.  radioactive tracer and chemical
polarization as a ool for studying inhibition mechanism by CrO,” and NO, . He showed
that protection is largely dependent on the adsorption displacement of activators (of
corrosion) from the surface by the passivating 1ons and lesser on the oxidizing power of
the anion. He concluded that inhibitor mechanism irrespective of the amount adsorbed
by the surface. consists in changing the electrophysical properties of surface atoms by
the donor-acceptor inhubitor/metal reaction, rather than in screening the metal surface

from the corrosive environment.

Burger and Chestnut (1992) in their research work on screening corrosion inhibitors used
in acids for downhole scale removal concluded that the effectiveness of acid corrosion
inhibitors is a function of acid type and metallurgy of the metal and that low alloy steels
are easier to protect than higher alloys. The inhibitors were proprietary mixtures of
heterocyclic quaternary amine salts plus alcohols while the acid was composed of a blend
of hydrochloric and hydrotluoric acids.

In summary, adsorption has been identified as a fundamental phenomenon in the
inhibition mechanism of metals in agueous solutions by organic compounds which have
inhibitive properties but whether it occurs spontancously on the entire metal surface or
at specific sites is discordant. However, little research work has so far been carried out

L L

on the corrosion inhibitive properties of the aldehydes homologous series and Chromates
and nitrites have been shown to have excellent inhibition efficiencies in neutral solutions,

thus their effectiveness in acid pickling solution was investigated.

9



This research effort attempts to specifically study the corrosion inhibition propensities
of the aldehydes. chromate and nitrite in acid pickling operation with the view of making

mvaluable inputs to the field of corrosion and corrosion inhibition of metals.

General Principle of Corrosion Inhibition

Marcel Pourbaix (1973). defined a corrosion inhibitor as a substance which when added

in small quanuties 1o a corroding medium brings about an appreciable reduction in its

corrosive action.

Corrosion inhibition is generally described as the interference of a substance foreign to

a medium with the corrosion reaction or reactions. and 1t is visualized that such

interference takes place through the following processes (Hausler, 1979 and Cohen,

1979):

(1) Adsorption of the inhibitor on the metal surface.

(11) Poisoning of metal surface for hydrogen evolution and/or oxygen reduction.

() Increasing electronic resistance, and

(iv)  Interfering with the anodic dissolution process by assisting in the formation and
preservation of oxide film.

The oxidative conversion of a metal 10 its metal ion in aqueous solutions is

electrochemical in nature. This implies the existence of simultaneous anodic and

cathodic currents of equal magnitude across the interface of the metal. The verification

of the electrochemical nature of the corrosion process leads to the realization of four

distinct and separate basic processes involved in corrosion. These are:

(1) The anodic or oxidation process,

(i1) The cathodic or reduction process,

(i1i)  The electronic charge transfer process in both directions across the interface,

10



(iv)  The ionic charge transfer process which is required to maintain charge neutrality
on the electrolyte side due to the tormation of ionic charges in the anodic process
and the disappearance of ionic charge in the cathodic process.

One of these four processes is usually the slowest and hence the rate determining for the

overall process. Corrosion inhibition takes advantage of the complexity of these

reactions by attempting to intertere with any of them individually or collectvely.

According to Hausler (1979), while it is generally known that corrosion inhibitors may

atfect the anodic or the cathodic reaction. it is less well known that inhibitive action may

atfect either the electrolytic or the electronic conduction process.

The parual reactions of the corrosion process are represented as follows:

M - M™ + ze..........2.3 (anodic or oxidation reaction)

M + ze = M. .................2.4 (cathodic or reduction reaction)
These partial reactions proceed with equal reaction rates when the metal is freely
corroding. The behaviour of each of the partial reactions is shown in figure 2.1
(Potential vs log Current Density Curves). The point of intersection of the two curves
defines the potential at which the anodic and cathodie reaction rates are equal.
Inhibitors generally cause a shift of the point of intersection of the anodic and cathodic
polarization curves to the left. thereby. causing a reduction in the overall rate of
corrosion. Inhibitors do not affect both the anodic and cathodic reactions to the same
degree. Cathodic reaction rate may be reduced while the anodic reaction rate remains
the same or vice versa. Cathodic inhibition results in a shift of corrosion potential in the
anodic or negative direction while anodic inhibition results in a potential shift in the
cathodic or more positive direction with a corresponding reduction in the overall

corrosion rate (figures 2.2) Ec and Ea are the equilibrium electrode potentials for the

11



(3]
[

cathodic and anodic reactions respectively. Some systems exhibit a combination of
anodic and cathodic inhibition in varying degrees. Consequently, it both anodic and
cathodic reaction rates are reduced to the same extent as shown in tigure 2.3, no shift

in the corrosion potential is observed and the inhibitive effect is the largest possible.

Classification of Corrosion Inhibitors

Several substances which have been observed to have corrosion inhibitive properties have
often been classified in various ways.

Evans (1960), Brockris and Drazk (1972) simply classified corrosion inhibitors into two:
Anuodic and Cathodic Inhibitors depending on whether their action cause a decrease of
the anodic reaction {(oxidation-generally termed the corrosion reaction) or of the cathodic
reaction (reduction-hydrogen evolution or oxygen reduction reaction).

A more complex classification was advanced by Fisher (1971) based on the specific
mechanism by which they achieve inhibition: Interface-Inhibition and Electrolyte-layer-
and Electrolyte-layer-inhibition. According to him, interface inhibition results from
substances which are adsorbed at the metal surface and decrease the rates of physical,
chemical or electrochemical processes in the corrosion mechanism while electrolyte-
layer-inhibition arises if an inhibitor interferes with processes which are not on the metal

surface but in its vicinity such as the electrolyte layer closest to the metal surface.

Antropov {1972) and Uhlig {1963) classified corrosion inhibitors as liquid-and vapour-
phase (Volatile}, depending on their states of use. According to Antropov, the inhibitors
most often used for neutral solutions are inerganic compounds of the anionic type and
that corrosion inhibitor;; for acid solutions are almost exclusively organic substances in

the form of amino, imino, carboxyl, carbonyl and thio groups.

12



Pourbaix (1973), West (1980), and Fontana (1987). identified the following general
classification ot inhibitors: adsorption-type. oxidizers. hydrogen evolution poison and

scavengers.

13
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2.3.  Factors Affecting Corrosion Inhibition of Low Carhon Steels in Acid Solutions

2.3.1. Composition of Steel

Abdul and Sanad (1972) investiga[ed‘ the Corrosion and corrosion inhtbition of carbon
steel and cast iron in acid solutions and reported that iphibitor efficiency increases as the
carbon content ot steel was increased. They observed that the inhibitor (quinoline
ethiodide) efficiency was highest at carbon content > 0.97%. Discussing the observed
phenomenon. they suggested that the attachment of the discharged inhubttor molecule on
ferrite or pearlite phase was less tenacious than on a separate phase of cementite or

graphite.

2.3.2. Coucemration and Inhibitor Type

Vosta and Eliasek (1971) in their study of corrosion inhibition from aspect of quantum
chemistry, noted that the physio-chemical properties of corrosion inhibitors such as
molecular weight, basicity, solubility, electron density, dipole moment, electronic
structure, ion size and charge play important roles in the derermination and selection of
inhibitors. Discussing their results, they stated that inhibitor efficiency depends mostly
upen the energy of highest occupied molecular orbital (HOMQO), K,, which is a
theoretical analogue to the ionization potential of the substance, and the energy of the
lowest free molecular orbital (LFMO); K(-1), which illustrates the electron affinity of
the molecule. They showed that inhibition efficiency increases with the energy of
HOMO orbital and that inhibitor molecules act as electron donors when blocking
corrosion reactions. This view of corrosion inhibitors acting as electron donors was

upheld by Desai ¢t al (1971), and Issa et al (1973).
>
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2.3.4.

Ammar and Riad (1969), and Gouda er al (1972). showed that oxidizers play a
bifunctional role in the corrosion of metals in aqueous solutions - intensifving the attack

on metals at very low concentrations and inducing passivation at higher ones.

Maitra and Barua (1974). Sampat and Vora (1974) and Talau and Modi (1979) reported
that at constant acid concentration. inhibition etficiency (ot organic inhibitors) increases
with increased concentration of inhibitor but reaches a maximum at a certain inhibitor

concentration bevond which it remains practically constant.

. Concentration and Tvpe ol Acid

Gouda. Khedr and Shams (1967) arranged some inorganic acids according to increasing
order of aggressiveness: HCIO, < H,S0, < HCI < HNO,. Gouda and Shatter (1970),
and Selim and Ateya (1977). reported that percentage inhibition and degree of coverage
were found to be higher in HCI than H.SO, for comparable inhibitor concentration. This
was attributed to the adsorption of chloride ions on the metal surface. thus forming
oriented dipoles which enhance the adsorption of inhibitors.

Talati and Pandya (1976) showed that at constant inhibitor concentration. its efficiency

decreases with increase in acid concentration.

Temperature

The effect of temperature on the corrosion of metal in pure HCI solution and for solution
containing Cr.0O,” was studied by Ammar and Riad (1969). They observed that the
corrosion rate of the metal increases with temperature both in the presence and absence
of the dichromate. The results followed a linear relationship:

P=a+bt(Clrriiiiiiiiiiiiiiiiiiciiieenins (2.5)
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2.4.

where P is the corrosion rate of metal, a and b are constants which depends on the
concentrations of acid and dichromate and € is temperature. For a wider range of
‘temperature, corrosion rate increases with temperature in a non-linear pattern as was
suggested by Radovici (1965):
logP =a + b t("C)oi (2.6).

However, for organic compounds which show inhibitive properties. the effect of
temperature varies according to inhibitors, Hoar and Holliday (1953) noticed that while
some organic compounds are better inhibitors at elevated temperatures presumably due
to increase in adsorption at higher temperatures. others are more efficient at room

temperature.

. Interaction Between Inhibitor and Metal in Acid Selution

Several organic compounds that show inhibitive properties undergo one or a combination
of these processes at the metal-solution interface: hydrogenation or reduction, protonation
and polymerization (Antropov, 1967). The overall inhibition efficiency of these
compounds depends on the electro-physical properties of the products of these reactions

and the rate at which they are formed (Todd and Butze, 1964).

Corrosion of Steel in Acid Solutions

Metals undergoing acid pickling operations are irreparably lost due to the aggressive and
corrosive actions of the solution on the base metal. Uhlig (1963) reported that the
corrosion rate of steel at 20°C in uninhibited 2.0ON HCI is 240 mdd. HC] is one of the
most active acids and reacts with many metals to form chlorides which are soluble except
“Yor the chlorides of silver, mercury, copper and lead. According to Larrabee and

Mathay (1960), acid solutions are mildly - to - strongly corrosive to ferrous metals because:

17



(1) The high hydrogen - ion - concentration of acid solutions promote hydrogen
evolution,

(1)  The invisible oxide layer normally present on iron is rapidly destroved by acids.

The corrosion of iron in pickling solution occurs by an electrochemical process in which

the overall reaction may be divided into two partial and separate electrode reactions:

(i) The anodic or oxidation reaction:

Fe'™ + 2e and

Il

Fe
(11} The cathodic or reduction reactions:

2H® + 2¢ = H,
Certain metallic phases are more favourably oriented for the occurrence of either of these
reactions. Azim and Anad (1972) and Staicopolus (1963) reported that the discharge of
hvdrogen ions (H ") takes place more readily on cementite than on ferrite phases because
cementite enhances corrosion by acting as cathodic sites.
During the corrosion of iron in acid solutions, iron dissolution reaction proceeds to the
right with the discharge of two electrons (iron corrodes) correspondingly, the hydrogen
evolution reaction proceeds to the left with the acceptance of the electrons. The
corrosion rate for iron in acid solution is defined (in the absence of external currents) by
the condition that the total oxidation current (Fe = Fe'" + 2e) and the total reduction
current (2H® = H, + 2e) are equal and corresponds to the overall reaction.

Fe + 2H = Fe** + H..
The electrode potential corresponding to this condition of zero net current is called the

corrosion potential.
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CHAPTER THREE

EXPERIMENTAL PROCEDURE

Apparatus

The experimental apparatus consist ol beaker. containing the pickling solution and into
which, the steel samples were immersed. a funnel which forms an enclosure over the
samples and channels the evolved hydrogen bubbles unto the burette. The burette
protects the corroding steel samples from atmospheric interferences and volume of
hydrogen evolved are noted from its calibrations, and a retort stand tor firmly holding
the burette in upright position.

Other ancillary equipment include an analytical mass balance for weight measurements,
a grinding desk for preliminary preparation of the samples and a desiccator for protecting
the prepared samples from interacting with the environment prior to analysis. The

experimental set-up is shown in figure 3.1

Materials

Steel Sample
For the purpose of this investigation, as-received steel rod rolled at Ajaokuta Steel

Company of composition shown in Table 3.1 was used.
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3.2.2

3.2.3

Table 3.1 CHEMICAL COMPOSITION OF THE STEEL SAMPLE USED IN THE
CORROSION TEST

ELEMENT C Si Mn P S
% COMPOSITION | 0.19 | 0.35 | 0.70 | 0.03 | 0.04

Inhibitors
The inhibitors wsed include three organic compounds belonging to the aldehydes

homologous series (Uhlig, 1963 and Antropov, 1972),

H
1. Formaldehyde (HCHO) H-C=0
H
I
2. Acetaldehyde (CH,CHO) CH,-C =0
H
I
3 Benzaldehyde (C,H;CHO) - C =0

and two inorganic compounds:
4. Sodium dichromate (Na.Cr,0O-)

3. Sodium nitrite (NaNO»)

Acid Solution

The acid solution was composed of 20% HCl, varying concentrations of the inhibitors -

(0.05 t0 0.5%) for the aldehydes, 0.05 to 2.0% of 0.80M solution tor the sodium nitrite
and sodium dichromate and the balance was distilled water. 20% HCI was used because
the tests were carried out at room temperature, and because of the small surface areas
of the test coupons, the amount of reacted materials was very little and accurate
measurements of weight losses and volume of hydrogen evolved were difficult at lower
concentrations. However, 20% HCI concentration still falls within the range of normal
acid concentrations for pickling operations.
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3.3

3.4

SAMPLE PREPARATION

The steel sample was in the form of rod. [t was cut into specimen sizes of (&11.0 x
19.0mm + 1.0mm) and abraded in sequence on silicon carbide paper of the following
arit size: 240. 320, 400 and 600. The specimens were washed with running water and
dried with a clean cotton towe!. They were then degreased by immersion in benzene

bath. dried. weighed on an analytical balance and stored in a desiccator.

Experimentad Procedure

A pickling solution was prepared by diluting concentrated HC! with distilled water to
20% congentration (by volume) in a beaker and 400cm acid solution was used. An
initially weighed sample was immersed in the solution together with & funnel to form an
enclosure over the specimen. A burette Jubricated with petroleum jelly was pushed over
the funnel and Ffirmly held in an upright position by means of a retort stand.
Consequently, the solution was sucked up to the 50cm’ mark on the burette (50cm’ was
used as a datum mark for all the experiments) and the burette was locked to prevent the
interference of the atmospheric pressure on volume of hydrogen evolved as indicated on
the burette. The experiment was run for 5 hours to allow a measurable amount of the
specimens to react in the HCl pickling solution. Finally, the volume of hydrogen
evolved was recorded and the steel sample removed from the solution, washed with

water, dried and re-weighed.

The experiment was repeated with the addition of formaldehyde, acetaldehyde,
benzaldehyde, sodium dichromate and sodium nitrite in concentrations ranging from 0.05
to 0.5% (by volume of acid solution) and 0.05 to 2.0% for the aldehydes and inorganic

compounds respectively, A
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Finally the experiment was conducted by varying the concentration of acetaldehyde from
0.05 10 0.5% and for each of the concentrations, the experiment was run for 30 minutes.
| hour. 2 hours. 3 hours. 4 hours and 5 hours. In all cases the tests were duplicated to

ensure the consistency of the darta.
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4.0

4.1.

CHAPTER FOUR

RESULTS AND DISCUSSION

Results

In this chapter. the experimental results of weight ‘oss and hvdrogen evolution
measurements are presented in tabular form. Moreover. the etfects of the inhibitors on
the corrosion and hydrogen evolution rates of the low carbon steel samples in
hydrochloric acid solution are shown graphically. Also. curves of inhibition efficiency
versus inhibitor concentration are presented.

Thus. tables 4.1 to 4.10 present in an alternating sysiem the corrosion behaviour and
hydrogen evolution characteristics of the low carbon steel coupons immersed in HCI
solution with the addition of some corrosion inhibitors. while in tables 4.11 and 4.12,

the efficiencies of the aldehydes in stifling the anodic and cathodic reactions are

presented.
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TABLE 4.1: Corrosion Behaviour of Low Carbon Steel Samples in HCI Pickling
Solution with_the addition of Varving Concentrations of Formaldehyde

SN SAMPLE SAMPLE INHIBITOR INITIAL FINAL WEIGHT WEIGHT CORROSION
SIZE SURFACK CONL. %) WEIGHT WEIGHT LSS 10y LOSS/AUNIT RATE (gm’/min)
[ AREA X 10 i ] AHEA (g m
mh
] L s 198 035 Iy 2685 I 2810 WA27s MRS 1 AMRD
- SIA N R L A ) T .05 1 135K2 IiMdIT las 17 NOsua R
3 Ol e 19d U T URTE 15 %5ns 15 8485 HRCEET] ER R D27
H DT v 194 928 nis I 2043 Lt 196K 1075 LD LY 026
5 ST ENL N 0w 02 I 21K8 I6.2120 i} NS fy MR 112313
. Miboin UN B 0nls 15 7820 15770 LR B SKAD 00220
? o7 194 9248 .36 16, 2040 It E9NT 00053 $7112 00190
" DK 19.2 v M 1,40 162375 16 2330 045 i HANT Y
9 D16 x 192 o .50 15 7460 15.7420 UNEIE] 4 3008 QRS
TABLE 4.2: Hydrogen Evolution Characteristics of Low Carbon Steel Samples in HCI
Solution with the Addition of Varving Concentrations of Formaldehyvde
SN s H.Nolim' Yim H.Vol/m' Vie H.Volim® Vin H, Volim® Vi H.Vol/m* RATE OF H,
{em " tem’y fem" fem’) fem’y tem™ fem’) (em’) tcm’) tem’) EVOLUTION
{em’/min)
1 1.6 1741.23 380 a0 1T 610 6524 06 LR W401.76 1.0 12834.23 42.78
2 1.20 1301.52 2,40 2603 04 160 3004 56 190 531453 f30 H4] 43 2314
3 06 63359 1.30 141612 | R’ 060, TH .30 11233 1.20 J4n5 84 11.62
3 1,50 538.79 .00 1077 59 140 IETTETS 160 172414 1.0 24791 682
3 n. 30 1293 0,70 751.580 140 107h.43 1.3 1308 315 1.60 1722.28 5.74
n 0.3 3129.31 0.70 THE 19 (IR URT 93 1.20 131723 1.50 1hi6 54 5.49
7 1030 32328 0643 Bbdn 35 3, Ky Ke2.07 1.0 077,59 1.20 1400 86 4.67
8 020 215.05 .40 430.11 .60 645,16 UGN} ) 22 100 1075.23 .58
U] .20 219.54 0.4 439,08 6l hSK H2 1. KO A78.16 0,90 UR7 93 3.29
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TABLE 4.3:

the Additon of Varving Concentrations of Acetaldehvde

Corrosion Behaviour of Low Carbon Steel Samples in HC1 Solution with

SIN SAMPLE SAMPLE INHIBITOR INITIAL FINAL WEIGHT WEIGHT CORROSION
SIZE SURFACE CONC. 5 WEIGHT (2 WEIGHT (@) LOSS (@) LOSS/TUNIT RATE
lenim) AREA X 10 AREA (pm) /m*/min

i

B} IR ERLN W33 s 1. 2515 Inlis NRUILY 1), TN 1).11340

1 M1L.T s 19h w34 AR 16 3012 16 2932 (RERLT X.5653 (L.028H

F. DIl Sy lun LT 18 L6 OR2N) I Iy 1T T oMb iznl

i WL JUS LA 0n 2 LR B I 82| 1 ANNSD h SOTh 0nm7T

14 Ml 10?7 Ul )25 T &5 1621258 QANIST LR RIS 00208

15 I.7 % 195 9 12 0 3n Ih 2d0) Ih 2447 TRTAR £ HEAT 1%

It 15 x 20 .34 1.4 16 2525 s 2485 0 Ans0 $. 1827 10,0143

17 O1L6s 202 04N 1350 TN I HRTS hANIES ¥ 6820 0123

TABLE 4.4;: Hvdrogen Evolution Characteristics of Low Carbon Steel Samples in HCI

Acetaldehvde
SN, Ve H.Nolim’ Vim H.Volim? L™ H.Vol/m Vi H.Vol/m* Vo H Val/m' RATE OF H,
fem’y tem’y fem’ tem’) tem’ fem') temy e’y fem’y tem’) EVOLUTION
) ) tem’/min)
1 0. T0 750.27 1.4l 1500 54 210 2250 80 L JK93 89 in 3322.62 08
B 1) ) Ha) 30 100} 170 e I 3 1391 86 170 1820 13 210 2248 .39 7.49
2 ) S0 135 X5 1,00 191 .70 120 13108 1.50 1637 55 )] T4 24 691
13 (L1} 433 84 L il Th 11N 1084 6d) (1] 180M X 1.mdd 1738 In 578
14 1,30 1220 .40 his H6 ()] 1076 41 1. 30 135915 1.30 161464 538
1% 0,50 121 .89 1,50 536 48 i1 Ri) H5K i 110 PR 26 1.20 1287 5% 429
16 020 21413 0.30 321.20 (.50 53533 070 749 46 090 963 60 3.21
7 a0 2097 030 6. 46 13,50 427,43 0.70 738 40 .60 939 30 316
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TABLE 4.5:

Corrosion Behaviour of Low Carbon Steel Samples in HCI Solution with

t ddition of Vi

ing Concentrations of Benzaldehvd

SINL SAMPLE SIZE SAMPLE INMIRIroR INTTIAL FINAL WELLIT WEIGHT CORROSION
i SURFACE LN, T WERGHT WEILHT ) LOSS ) LOSS/UNIT RATE
AREA K w AREA (2 m') wim’ i
im’i
In OIS 0 1v7 w9 s NI Inmailn ORI 17 4002 1S 80
L] Dins v 9.3 i It LISRI T Ak TH ORTIRTE ITRRY ORI
20 DSy h U in 15 6. L0070 0 i 109170 00360
3l MMinvsIv? W n2in 16 20m2 Th 20002 RELLLY WHNTN 00323
AR D11 5« 2000 R i 2s It 2373 I 2054 1) INMN) W hTTe a3
b Bi17 197 ) .50 T, W% I, 4 D AR K G4sT DAA29%
4 IR | w33 040 Ih 2515 16 2440 0475 X (KA 010268
L O 7200 w53 0,50 I TTRH 16,7710 0 eTn T 3378 00245
TABLE 4.6: Hyvdrogen Evolution Characteristics of Low Carbon Steel Samples in HCI
Solution with the Addition of Varving Concentrations of Benzaldehvde
SN v, H.Volim’ Yim H.Nolim’ Via H. A oiim’ Via HNolim’ Via H,Nolm’ RATE OF H,
lem’) (em”) fem™ wm'l tem’s [ fwem') wem’) fwm'y tem’)y EVOLUTION
tem ' /min)
8 1AM3 108814 1.80 1958 65 280 W6 TY 370 26,12 1.9 3331.88 17.77
19 .80 ROT 68 1.70 1843 .82 2.60 JR19.86 3.50 356 470 5097 41 16.99
0 70 76419 .40 I528.38 2.00 118341 290 36594 3,70 403930 13.46
Ay 0 hi) a5 N5 1.0 1Y 7 | #0 1937 57 Y 40 J583.42 3.0 1444 Sh 11 .48
— 050 537.63 1,00 7827 [l 1827960 L L] 247312 LR ] 3225.8) 10.75
3 140 125 99 L | 14 1 hid 17093 W4 :.0 234202 o0 KK, 19 029
4 140 42872 1. %0 RS7.45 1.30 1393.35 .70 1R22.08 210 2250.80 7.50
as R 114 47 70 73375 110 11531 1 60 167718 200 296,44 699
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TABLE 4.7: Corrosion Behaviour of Low Carbon Steel Samples in HC1 Solution with

the Addition of Varying Concentration of Sodium Dichromate

SN, SAMPLE SIZE SAMPLE INHIBITOR INITIAL FINAL WEIGHT WEM.HT CORROSION
© tmm) SURFAUE CONC, (%) WENGHT (g WERGHT g} LOISS (1) LOSS/UNIT RATE ig/m’/min)
AREA '( o AREA (wm*)
e
n MMl x93 2T nus 15 2089 15 1668 0 1w 147126 101490
bk ) DL v 192 % bl (U H 15 0080 14 96H 1144 21407 N1738
b} OH.n 192 LY (T 149145 |3 Xhis s n ST L) 1 199
0 IR LR "ol 0 1) 15070 14 9570 1 e ) 3443 02315
W IR EN LS A4 8. 1] 15 3087 15 2387 O ATIN LR 0 1670
1§ i 3«20 LB I iM Ty 1492 R i) 1IN0 K7 K136 . 2927
i BIITEERLYS N7 (1] 155178 13 23 1NN HiXr 3421 1 31345
13 011.2 3 3.1 WM 1.40 15 BNSH 15 THIR 1. 11340 1150443 0 1435
34 01 3193 ER (] 15120 15.005%) 01150 129 3588 04312
5 Y2 ai8n X.n7 Tam 15.247% 15 1200 Wi 143477 04T
TABLE 4.8: Hydroven Evolution Characteristics of Low Carbon Steel Samples in HCI
Solution with the Additon of Varving Concentrations _of  Sodium
Dichromate.
SN Vi H.Nolm' Vi H.Volim® Vi H Vol Cia H.Volim? Vi H Vol m? RATE OF H,
fem’y tem’y tem’ tem’i tem’) e’} lem’) e’y tem') tem’) EVOLLUTION
) fem’/min)
16 2 2585.19 5.00 SK75 44 B30 9753.23 12.00 14100 06 I6.10 18518.92 63.06
7 250 2744 24 5.40 592755 R 9659.71 12.50 1372119 T bl 18221.73 60.74
R 240 IR0 30 530 620609 R2D Sl 87 110 12097 66 1480 1733021 5176
') b v 1546 30 440 92 59 f Kl TR 37 10 443 11574.07 13.60 15730 73 52,47
H) L)) 2572 35 180 S144 69 7.20 717 14 160 1136120 14,10 1511254 S0 38
3 240 263447 170 513917 7.20 TN S0 1y 50 11525.80 (ERTT] 15387 .73 51,23
32 240 31736 60 160 §245.15 7.4 T9%1.7H (] 11402 .51 13160 15307 41 51.69
i 240 1654 .87 3.0 5420.15 7.30 HTS. 22 103,80 1104n 50 14.20 15707.97 52.36
4 330 1689 B 1 80 300 13 1.30 N2 47 10,70 1 2536 00 14 10 ISR $2 52.87
15 250 JKIK 49 S 5411.50 750 X455 47 10,5 12175 87 1440 16234 50 54,12
s




the Addition of Va

TABLE 4.9: Corrosion Behaviour of Low Carbon Steel Samples in HCI Solution with
ing Concentrations of Sodium Nitrite

NN SAMPLE SIZE SAMPLE INHIBITOR INDTTAL FINAL WEIGHT WEIGHT CORROSION
(MM SURFACE CONC. %) WEIGHT i) WEIGHT i LOSS (0 LOSS/UNIT RATE (g/m’/min)
AREA X 10° AREA (gm’)
Y
ih M1 by WK 033 108 I 2512 I 2aj2 0 135M) 3 SO0 [T
W7 NI Sy 196 U 020 I 10 I 20 s S5 6T 131456
in 3l hyjun 333 0 4 I 2514 it 915 I nd MAKT 244
Wy O s 197 S URCH 1 2INS CRELL 17N 15 339K 10,2512
i OIL.TyIn§ Wil R ] I 2502 16,1722 AR ®3 oM 1. 2790
41 (920 B L nm™ (LT Iy, 202 I 3172 N0 XN 2o6T 0.2042
32 M8« 200 WO 1.20 16,2374 1h. 1344 TR TCARLL T 3331
13 (LR g.19 1.4 1h.ZIRY 16,1143 011040 111494K3 0.37132
i3 Ol b x JON Ui | 16,2518 In. 1355 UNELH 124.330) 04144
15 O 72000 CE ¥ 2im I, TTRE Ity AR 1 1280 131710 04472

TABLE 4.10: Hvdroeen Evolution Characteristics of Low Carbon Steel Samples
in HC! Solution with the Addition of Varvineg Concentrations of

Sodium Nitrite

SN, Ve H.Vol/m- e H.Vol'm' Vim NN ulim’ ¥om Nl Vom H.Vol/m’ RATE OF H,
tem’ fem’) fem’y fem'y tem'y EVOLUTION
fem'/min)
i, 3.30 J6dd 1o f. 90 734550 114K 11789 03 15.30 16505 &0 2024 21650 59 72.17
17 150 IR0 96 7.4} 7541 .92 180 117%%).39 1510 16175.55 1920 20060, 70 69 87
{1 310 1322 62 & 50 H966 77 10.10 1828 30 | 1420 1521072 18.70 20042 87 06 81
19 200 32164 620 Hb71 84 9.40 10118 41 13,40 14K54 h8 14 30 19806, 24 66.02
i 1m 2RO6, 90 5.70 nl1S 8K 920 URT1 24 12,70 13626.6) |6, 18133.05 6l).44
41 2,40 258142 5.00 538213 7.50 #0713 20 160,940 11733.08 14.30 15500, 54 $1.67
12 240 25HD.65 5.20 $591 A0 A.30 w0234 7 1.0 120430 14,80 15973 UK 53.05
43 250 2691.07 5.30 705 6 7 60 LI R ] 1130 12163.62 15.00 16146.39 53.42
44 il 67953 530 ShE0 6l ERH MMy 22 11.60 12433 .01 15.20 16291.53 54.31
45 260 2725.37 540 Sh60. 38 A 60 w68 11490 1247380 15.80 16561 .85 55.21
"
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TABLE 4.11: i d “ffict of Corrosion Inhibition Exhibited b

the Aldehvdes as a Function of Inhibitor Concentration

INHIBITOR | EFFICIENCY OF INHIBITION 5, = P, - P, x 100%
CONC. (%) P,
FORMALDEHYDE ACETALDEHYDE BENZALDEHYDE
0.05 38.78 65.31 10.82
0.10 66.63 70.82 59.39
0.15 72.55 73.26 62,86
0.20 76.22 7.86 67.04
0.25 77.55 79.08 67.04
(.30 80.61 BO.6} 6HY.59
0.40 83.57 85.41 72.65
(.50 85.10 87.49 75.00
TABLE 4.12; Comparison of the Efficiency of Hvdrogen Evolution Retardation

Exhibited by the Aldehvde as a Function of Inhibitor Concentration

INHIBITOR | EFFICIENCY OF H, EVOLUTION RETARDATION 5 = V-V, x 100%
CONC, (%) v,
FORMALDEHYDE ACETALDEHYDE BENZALDEHYDE
0.05 45.91 74.10 58.46
0. 10 72.83 82.49 60.29
0.15 84.06 84.34 68.54
0.20 86.58 86.49 73.17
0.25 87.17 87.42 74.87
0.30 89.08 89.97 75.95
0.40 91.63 92.50 82.47
0.50 92.31 92.61 83.66
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4.1 CALCULATION OF CORROSION PARAMETERS

The following sequences were adopted in the computation of corrosion and hydrogen
evolution rates of the steel samples as well as inhibition efficiency of the aldehydes as
shown in tables 4.1 10 4.12.

Corrosion rate = weitgeht loss (2/m-/min)
surface area x time

Example: Experiment |
Diameter of sample = O11.7mm
Leneth of sample = 19.6mm
Surface area of sample = 2#r (L + r) = =d(L + /)
= 2/, x 11.7 (19.6 + 5.85)
= 2/, x 11.7 x 25.45
= 035.456mm’
= 0.35 x 10*m°
Initial weight of sample (Wo) = 16.2685¢g
Final weight of sample (Wi) = 16.2410¢g
Weight loss (Wo - Wi) = 0.0275¢
Exposure time = 35 hours = 300 minutes

.. Corrosion rate = 0.0275
9.35 x 107 x 300

= 0.0980g/m*/min
Hydrogen evolution rate = Vi (cm’/min)
surface area x time

Where V., = Volume of hydrogen evolved after 300 minutes.

Ve = 12cm’ for experiment |

i
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~. Hvdrogen evolution rate = 2.0
9.35 x 10™ x 300

= 42.78cm’/min

[nhibition efficiency () = P _-P X 100%

S WSS | —

5
Where P, = Corrosion rate of steel sample without inhibitor.
P, = Corrosion rate of steel sample with inhibitor.
Example: Experiment 2:
P, = 0.0980 g¢/m*/min
P, = 0.0618 g¢/m /min

7, = 0.0980 - 0.0618 x 100%
0.0980

= 38.78%

[nhibition efficiency (5) = V, -V, x 100%

——

v

Where V, and V,, are volume of hydrogen evolved by the steel samples with and without
inhibitors in the HCI Solution.

Example: V, and V,_, are respectively equal 1o 42.78 and 23.22 cm’/min from
experiments 1 and 2.

Hence 5. = 42.78 - 23.14 x 100
42.78

= 45.91%
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4.2

4.2.1

4.2.2.

DISCUSSION OF RESULTS

Choice of Experimental Means

From mixed potential theory, corrosion of iron in ayueous sofutions is accomptished by

{wo partial reactions:

Fe = Fe’~ + 2e (Anodic Reaction) S — {3.1)
and 2H" + 2e = H, (Cathodic Reaction)-- - - (3.2)
given, Fe + 2H = Fe’" + H. (Net Reaction) (5.3)

The experimental means is capable of simultaneously measuring the extent of both the
anodic and cathodic reaction. The degree of anodic reaction is determined trom weight
loss measurements while the cathodic. from the volume of hydrogen evolved as shown
i (Figure 3.1). [t suftices to mention that inhibitors do not atfect anodic and cathodic
reactions to the same degree (Hausler, 1979). A knowledge of the rate of anodic and
cathodic reactions is thus necessary for clearer understanding of inhibitive effect of the
inhibitors on each of the partial reactions.

The accuracy of the results ot the experiment is based on the following assumptions:
] The effects of atmospheric pressure on the volume of hydrogen evolved as

indicated on the hurette is neglected and,
(11) Other possible instrumental (alignment) and human (misreading and inconsistent

acid solution) errors are ignored.

Effects of Aldehvdes on the Corrosion of Low Carbon Steels in HCI Solution

It is evident from tables 4.1 to 4.6 and figures 4.1 and 4.2 that the aldehydes
considerably and progressively reduce the corrosion and hydrogen evolution rates of the

steel samples as the concentration of aldehyde is increased. It is also evident that the
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etficiency of the aldehydes (tables 4.11 to 4.12 and figures 4.5 to 4.6) in decreasing the
rate of hydrogen evolution is higher than in reducing the corrosion rate. thus suggesting
that the inhibitors (aldehvdes) produce a kind of mixed inhibition in which cathodic
inhibitton is more predominant than the anodic.  This is in agreement with the

investigation carried out by Felloni and Cozzi (1967).

Inhibition mechanism of the steel samples i the acid solution by the aldehydes could be
attributed to the adsorption of their molecules on the corroding metal surfaces. thus
screening them from the actions of the aggressive ions in the solution (Meakins, 1963,
Antropov. 1967 and Issa er al. 1973).

As suggested by Donnelly and Hamburg (1974), the adsorption of an inhibitor on the
metallic surface induces a partial negative charge at the point of attraction.

At first the forces may be weak and electrostatc in nature but these develop into stronger
forces at the chemisorption stage with the residual negative charge on the iron atom at
the centre of attraction becoming larger. In the critical range of inhibitor concentration,
the adsorption of the inhibitor is substantial and rapid and the total adsorbed compound
consists of easily desorbed molecules (physical adsorption) and comparatively strongly
adsorbed molecules (chemisorption).  According to electropeutrality principle, the
tendency for the atom in the metal to be as near as possible to oxidation state-zero will
be disturbed as soon as adsorption occurs (Pauling, 1948). Moreover. adsorption in
another related mechanism prevents the diffusion of the reacting species to the reaction

interface.

Regressional analysis of the expérimental data using the least square method have shown

that the corrosion rate P, of the steel samples in 20% HCI Solution is inversely



proportional to the concentration C. of the aldehydes according to the equation:

P = KC™ (5.4)
where K is the specific reaction rate and depends on acid concentration. inhibitor type.
composition and surface properties of the corroding metal, and n is a kinetic pﬁrameler
which expresses the change of corrosion rale with inhibitor concentration. The
parameters K and n have been derived for the aldehydes investigared and the equation
may be written as foellows for each of them:

P = 0.00964 C"%%  (Formaldehyde) (5.5)

P = 0.0102 C"+%  (Acetaldehyde) (5.6)

and P = 0.01901 C"*  (Benzaldehyde) (5.7)

The aldehydes progressively reduce both corrosion and hydrogen evolution rates up to
the concentration of 0.2%. beyond which further increase does not produce any
appreciable etfect. This is attributable to the tact that every inhibitor has a limit to which
it can exert influence on the corrgsion ot metals and this is dependent on its physio-
chemical and electrophysical properties (Vosta and Eliasek, 1971), as well as the

properties of its reaction products {(Antropov, 1967).

Examination of figures 4.5 and 4.6 reveals that the efficiencies of corrosion inhibition
and hydrogen evolution retardation increase with inhibitor concentration, and in the
following order: Benzaldehyde < Formaldehyde < Acetaldehyde. Acetaldehyde
showed the highest inhibition efficiency in comparison with the other aldehydes because
of its compiete solubility in the pickling solution and moderate chain length which are
1

more favourable conditions for adsorption phenomenon. The inhibition efficiency of

formaldehyde is slightly lower than that of acetaldehyde. Its relatively high inhibition
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4.2.3

T

is probably due to its complets solubility in the pickling medium and the fact that in
aqueous sclutions. formaldehyde is present as a hydrate while higher aldehydes are much
less hydrated. The type of bond in adsorption is thus different (Putilova, er ai, 1960).
Benzaldehyde produced the least inhibition despite its longest chain length and this could
be attributed to its poor sclubility in the pickling sclution and the rapid volatilization of
reaction products {Duwell, ef ul, [964).

Separate curves of the effects of inhibtior concentration on corrosion and hydrogen
evolution rates are shown in figures 4,13 10 4.15 and figures 4.18 tp 4.20 respectively
{ Appendix).

Effect of Na,Cr,0, and NaNO, on the Corrosion of the Steels in HCI Solution

The addition of sodium dichromate and sodium nitrite o the acid solution tremendously
stimulates the attack on the steel samples and also produces a fluctuating effect on the
rate of hydrogen evolution.

The effect of Na.Cr,0, on the corrosion rate of the steel samples i1s shown in figure 4.3
and table 4.7 while its effect on the rate of hydrogen evoliution is represented in figure
4.4 and table 4.8. It could be deduced that corrosion is stimulated and the corrosion rate
of the samples increases monotonously with Na,Cr,O, concentration. An empirical
equation expressing corrosion rate P. of the samples and concentration C, of the
inorganic compounds of the anionic type was derived from a regressional analysis of the

experimental data to be:

P = K + nC--- -ne- e (5.8)
where K is specific rate constant and n is kinetic parameter expressing the change in
corrosion rate with concentration. The parameters K and n have been evaluated for the

dichromate and nitrite. For the dichromate,

P = 0.1300 + 0.1694 C (5.9)
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The rate of hydrogen evolution is highest at the salt concentration of 0.05% . reduces
eradually untl 0.8% (by volume) of Na.Cr.O, and starts increasing again when the
dichromate concentration was increased. The rate of hydrogen evolution at 0.8%

concentration is however, higher than its rate in the bare acid solution.

The nitrite produces a similar effect to the corrosion and hydrogen evolution rates of the
steel samples as shown in figures 4.3 and 4.4 respectively. The corrosion rate of the
steel samples P. has been found to vary linearly with NaNO, concentration C. according
to the equation:

P = 01600 4 0.1417Commmmuniniisnncin (5.10).

The rate of hydrogen evolution followed a similar pattern as that of the dichromate and
was least at the concentration of [.00%.

The observed phenomenon of lack of corrosion inhibition of the steel samples by these
morganic compounds could be explained on the basis that it is highly improbable that
Na,Cr,0, and NaNO, (which are anionic compounds) can appreciably adsorb on the
corroding metal surface since the active ions (No , and Cr.0”;) have negative charges and
iron equally has a negative potential on the © - Potential scale (Antropov, 1967).
However, the most probable mechanism through which Na,Cr,O, and NaNO, can achieve
inhibition in aqueous solution is through the formation of a passivating oxide film but
since the acid pickling solution contains highly mobile ions, this film re-dissolves as soon
as it 1s formed (Mclareen, Green and Kingsbury, 1961). Hence, corrosion is stimulated
by these compounds and the extent of stimulation increases with salt concentration.

These salts have been found to facilitate the caiﬂodic reaction (Gouda er al, 1972).
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This also gives credence to Uhlig's (1963), postulation that nitrites and chromates are
inhibitors in solutions whose pH’s are above 6.0 and that in more acid environments,
they decompose and tend to induce pitting at concentrations near their critical
concentrations tor inhibition in presence of Cl or SO, .

Separate curves of the effects of sodium dichromate and sodium nitrite on the corrosion
and hydrogen evolution rates are shown in figures 4.16 to 417 and 4.21 10 4.22

respectively (Appendix).

Effect of Na,Cr,0, and NaNO, on the Rate of Hyvdrogen Evolution of the Steels in

HC1 Solution

The addition of Na.Cr,0, and NaNO, to the acid solution produces a fluctuating effect
on the rate of hyvdrogen evolution as shown in figure 4.4. Chromates and nitrites are
anodic inhibitors (Cohen, 1979) and they achieve inhibition by anodic polarization. That
is causing a potential shift of the metal electrode to the positive or nobler direction
(Reference Antropov, 1967). Inhibition of a metal under this condition occurs when a

passivating film is formed.

When the potential of a metal is shifted to more electropositive values {with respect t©
stationary corrosion potential), the rate of anodic reaction (which is equivalent to the
corrosion rate) increases as indicated by 1, = i _,, while the rate of cathodic reaction
falls. As the potential of the metal is increased further due to an increase in salt
concentration, the rate of cathodic process reduces and that of the anodic process
increases up to a salt concentration of 0.80% and 1.00% for Na,Cr.O, and NaNO,
respectively, where as the inability of these salts to aid the steel samples in forming a
passivating film, there is a breakdown in the entire inhibition process. Thus, rate of

cathodic reaction begins 10 increase.
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4.2.5.

4.2.6

Effect of Time on_the Volume of Hydrogen Evolved by Low Carbon Steels In HCI
Solution

Figures 4.7 to 4.11 indicate that the reaction of hydrogen evolution is not accomplished
at a steady rate. The curve of volume of hydrogen evolved Vs time for the steel sample
corroding in uninhibited acid solution shows that the rate of hydrogen evolution is
relatively small (as shown by the slope of the curve). at the first hour of the experiment
and. thereafier. increases with time as indicated by the steepening of the curve. This
suggests that the material inidally resists attack by the acid. The addition of aldehydes
considerably reduces the rate of hydrogen evolution as represented by the shallower
slopes of the curves, This indicates that the aldehydes stifle hydrogen evolution reaction.
However, sodium dichromate and sodium nitrite cause an increase in the volume of
hydrogen evolved - suggesting that they (Na,Cr,O, and NaNQ,) stimulate the reaction of

hydrogen evolution.

Effects of Time on the Corrosion of Low Carbon Steels in Inhibited Hvdrochiloric
Acid Pickling Solution

Having established that acetaldehyde showed the highest inhibition efficiency when
compared with formaldehyde and benzaldehyde (Figures 4.5 and 4.6), experiments were
further carried out to investigate the effect of variation of time on the corrosion rate of
low carbon steels in hydrochloric acid solution with the addition of varying

concentrations of acetaldehyde,

As shown in Figure 4.12, the corrosion rate of the low carbon steel samples in
hydrochioric acid solution with the addition of varying concentrations of acetaldehyde
increase$ initially with time, reaches a peak and then decreases as the time of immersion

was increased. It could also be deduced from Figure 4.12 that corrosion inhibition was
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initially low (prior to the peak of the curve) and later increases as the time of exposure
was increased. This could be attributed to adsorption mechanism which may be
accomplished in two stages: physical and chemisorption stages. Inhibition of the low
carbon steel coupons, betore the corrosion peak could be attributed to physical adsorption
while chemisorption was probably responsible for inhibition after the peak.

Results obtained from Figures 4.1 and 4.5 show that increasing the concentration of the
aldehydes bevond 0.2% did not appreciably atfect the corrosion rate and inhibition
efficiency of the aldehydes. Furthermore. it is recommended that pickling tume should

be limited to 30 minutes in order to avoid considerable attack on the base metal.



CHAPTER FIVE

CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS

The following inferences are made from the resuits of weight loss and hydrogen

evolution measurements carried out to investigate the effects of inhibitors on corrosion

of Low Carbon Steel in HC] Pickiing Solution.

1.

{2

Formaldehyde, acetaldehyde and benzaldehyde inhibit both the corrosion and
hydrogen evolution reactions of low carbon steels in HCI solution to a varying
degree implying that they are both anodic and cathodic inhibitors.

The corrosion rate P, of the steel samples is inversely proportional to the

concentration C, of the aldehydes according to the following empirical equations:

P = Q.00964 C"-3%5 (Formaldehyde)
P = 0.0102 C*4=% (Acetaldehyde)
P = 0.01901 C"33% (Benzaldehyde).

The inhibition efficiency of the aldehydes increases with the aldehyde
concentration at constant acid concentration according to the following sequence:
Benzaldehyde < Formaldehyde < Acetaldehyde.

Corrosion inhibition of low carbon steels in hydrochloric acid solution by
acetaldehyde is initially low, and later increases with time.,

Sodium dichromate and sodium nitrite stimulate the corrosion of low carbon steels
in HC! Solution and the degree of stimulation increases with salt concentration,
The corrosion rate P, of the steel samples increases linearly with Na,Cr,0, and

NaNOQ, concentration according to the regressional equations:
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p 0.1300 + 0.1694 C (Na,Cr,0,)

p = 0.1600 + 0.1417 C (NaNO,).

Inhibitor concentration of 0.20% and time of 30 minutes 1s recommended for

hydrochloric acid pickling of low carbon steels.
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RECOMMENDATIONS

By considering the shortcomings of this investigation, the following recommendations are

prescribed:

ks Potentiokinetic studies of the corrosion of the steel samples in HCI1 solution is
recommended so that the exact mechanism of corrosion inhibition may be bertter
understood.

2. The effect of inhibitors on the Kinetics of pickling should be nvestgated.

e

The effect of acid concentration on corrosion inhibition should be studied.
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FIGURE 4.13: THE EFFECT OF FORMALDEHYDE CONCENTRATION

ON THE CORROSION RATE OF THE STEEL SAMPLES
IMMERSED IN HCI PICKLING SOLUTION

61




o loa- :
;
i
|
!
.08~
N OO —
é
o
_g: :
B ponen-
4
2
2 |
s '
& i
o0 020 oo 040 05
_ INtHEVTOR,  CONCENTRATIoN (°/s)

FIGURE 4.14: THE EFFECT OF ACETALDEHYDE CONCENTRATION ON
THE CORROSION OF THE STEEL SAMPLES IMMERSED
IN HC! PICKLING SOLUTION '
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FIGURE 4.19: THEEFFECTOFACETALDEHYDE CONCENTRATIONON
THE RATE OF HYDROGEN EVOLUTION OF THE STEEL
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