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Abstract 

N-Acylated natural amino acids under neutral conditions were in the focus of corrosion 
experiments. The influence of the α-side chain in the amino acids as well as the alkyl/aryl 
part of the acyl moiety on the anticorrosion activity was determined by gravimetric test and 
visualized by atomic force microscopy. The pH-dependence of the inhibitive character 
allowed the evaluation of the acidic and alkaline conditions on the corrosion inhibition. 
The analysis of the efficiencies gave information about the importance of the hydrophobic 
chains either in the amino acid or in the acyl part and of the other functional groups 
(carboxyl, chloro substituent). On the basis of these numerous efficacy data one can predict 
in advance the anticorrosion activity of other acylated amino acids. 
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1. Introduction 

The control of corrosion in aquatic environment is important in order to avoid the 
deterioration of metals. The iron, which is the main component of structural materials 
(cooling towers, bridges, reinforced concrete, etc.) suffers undesired chemical, physical 
(especially mechanical) alterations caused by corrosive environment. There are several 
possibilities which help in mitigation of these processes. On atmospheric environment 
coatings can diminish the corrosion. Under fluids either coatings or additives – i.e. 
inhibitors – help to decrease and control the reactions which lead to metal dissolution (on 
the anodic side) and – depending on the pH of the environments – to OH– or H2 
production on the cathodic side. To illustrate these processes on the iron surface in aqueous 
solution the following equations symbolize the reactions; the first step is the adsorption of 
water molecules on the metal surface, then these adsorbed molecules transform: 
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Fe + H2O  Fe(OH)ads + H+ + e– 

Fe(OH)ads  [Fe(OH)]+ + e– 

The other possibility is the so-called catalyzed mechanisms: 

Fe + (FeOH)ads  Fe(FeOH) 

Fe(FeOH) + OH–  [Fe(OH)]+ + Fe(OH)ads + 2e– 

In this case the last reaction determines the metal dissolution rate. The final step in 
both mechanisms is the conversion of [FeOH]+ : 

 [Fe(OH)]+ + H+  Fe2+ + H2O 

The reaction on the cathode under neutral, aquatic condition is the follow: 

O2 + 2H2O + 4e–  4OH– 

But in acidic condition hydrogen evaluates on the cathode. For identification of the 
separate steps and the products several techniques are used (photoelectron spectroscopy, 
Auger-spectroscopy, Mössbauer and Raman spectroscopy, scanning electronmicroscopy, 
electron diffraction etc.).  

The variety of molecules appropriate for corrosion inhibition is very wide. Their 
application depends on the metal, on the aqueous or solvent environment (ions, pH). Under 
acidic conditions amino acids are often used as effective inhibitors [1–6]. These molecules 
contain not only carboxylic groups but, additionally, free amino groups, too, that under 
acidic conditions are protonated. But not only the nitrogen containing amino groups are 
responsible for the inhibitive characteristics but in some cases the other functional groups 
(e.g. –SH) play important role in the inhibition. The advantage to apply amino acids for 
corrosion inhibition is that they are environmentally friendly, they do not cause undesired 
load on the nature. Under neutral conditions the free amino acids are not effective, but their 
substituted derivatives could be used as inhibitors.  

In our previous papers three types of N-substituted amino acids (N-hydroxymethyl, 
N-carboxy methyl and N-phosphonomethyl derivatives) were described as multifunctional 
inhibitors. It was demonstrated that they can inhibit not only the corrosion but the scaling, 
and, for some extent the microbially influenced corrosion, too [7, 8]. In this paper the 
anticorrosion effect of acylated natural amino acids is discussed. The influence of the pH, 
the effect of the side chain of the α-amino acids (alkyl, aralkyl, aryl, alkyl chain without 
and with functional group), as well as of the alkyl/aryl substituent in the acyl part will be 
discussed. 

2. Experimental 

2.1. Materials 

Inhibitors: Acyl aminoacids were used as anticorrosion additives. The acylation of the 
amino acids were carried out by Schotten–Bauman reaction [9]. The preparation is not part 
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of this paper. The amino acids are the follows: glycine, alanine (α and β), leucine, valine, 
norvaline, phenylalanine, aspartic acid, glutamic acid, lysine. The acyl moieties are as 
follows: acetyl, caproyl, capryl, phenyl, cinnamoyl.  
Metal under investigation was carbon steel (composition: Fe 99.57%, C 0.05%, Si 0.05%, 
Mn 0.3%, S 0.01%, P 0.02%). 

2.2. Corrosion test  

The corrosion rates were determined by gravimetric method. The efficiency (η %) was 
calculated according to the equation:  

0

0

η 100[%]im m
m


   

where m0 represents the weight loss of the metal coupon when inhibitor is absent, mi is the 
weight loss of the coupon measured in the presence of inhibitor. 

The corrosion tests were carried out in model solution ([0.47 g CaSO4 × 2H2O + 0.23 g 
MgSO4 × H2O + 0.11 g NaHCO3 + 0.13 g CaCl2 × H2O] / 1 L distilled water; the pH values 
were: 5.5; 7.0 and 8.5).  

2.3. Surface visualization by atomic force microscopy 

The metal surface before visualization was ground with emery paper up to 1200 grit and 
polished with diamond past. The mirror-like surface was cleaned first with water then with 
acetone and dried by nitrogen. The metal samples were imaged in contact mode, on air, 
before and after the corrosive attack, by atomic force microscope (Digital Instruments, 
NanoScope III). The corrosive solution was the same as used in gravimetric measurements. 

3. Results and discussion 

The influence of the electrophile and nucleophile substituents in the hydrophobic side 
chain of the natural amino acids were in the focus of our research. 

3.1. Acylated glycine derivatives 

The results of the corrosion tests measured in the presence of glycine derivatives are 
summarized in Table 1. 

Table 1. The pH-dependent corrosion inhibition efficacy of N-acyl glycines; [I]: 100ppm. 

Molecules under investigation 
Corrosion efficiency η (%) 

pH = 5.5 pH = 7.0 pH = 8.5 

       H–NH–CH2COOH 55.1 49.8 –5.7 

    CH3–CO–NH–CH2COOH 7.8 13.1 8.5 

 CH3–(CH2)4–CO–NH–CH2COOH 1.8 29.0 –2.5 



 Int. J. Corros. Scale Inhib., 2016, 5, no. 3, 263–272 266
  
 

Molecules under investigation 
Corrosion efficiency η (%) 

pH = 5.5 pH = 7.0 pH = 8.5 

 CH3–(CH2)8–CO–NH–CH2COOH 4.5 29.2 6.3 

C6H5–CH=CH–CO–NH–CH2COOH – 19.1 – 

    C6H5–CO–NH–CH2COOH – 8.23 – 

  H2N–CH2–CO–NH–CH2COOH – 7.1 – 

The acylation of glycine does not improve the anticorrosion efficacy of the basic 
amino acid molecule. There is a significant decrease in efficiency both in acidic and 
alkaline environment. The acylated glycine molecules do not act as corrosion inhibitors. 

3.2. The influence of hydrophobic side chains in the amino acids 

3.2.1. Acyl derivatives of α-alanine, β-alanine, leucine and α-amino butyric acid 

Table 2. pH-dependent anticorrosion efficacy of acyl derivatives of α- alanine, β–alanine and leucine ([I]: 
100 ppm). 

Molecules under investigation 
Corrosion efficiency η (%) 

pH = 5.5 pH = 7.0 pH = 8.5 

H2N–CH2–COOH – 49.8 – 

H2N–CH2–CH2–COOH – 45.2 – 

H2N–CH(CH3)–COOH – 47.0 – 

H2N–CH(CH2–CH3)–COOH – 42.8 – 

CH3–CO–NH–CH2–CH2–COOH 18.0 16.3 2.1 

CH3–CO–NH–CH2–CH2–CH2–COOH 15.2 16.1 2.1 

CH3–CO–NH–CH(CH3)–COOH 17.2 17.8 4.6 

CH3–CO–NH–CH(CH2–CH3)–COOH 18.0 19.5 5.7 

CH3–CO–NH–CH(CH2–(CH3)2)–COOH – 30.9 – 

CH3–(CH2)4–CO–NH–CH2–CH2–COOH – 27.2 – 

CH3–(CH2)4–CO–NH–CH(CH3)–COOH – 27.0 – 

CH3–(CH2)8–CO–NH–CH2–CH2–COOH – 27.5 – 

CH3–(CH2)8–CO–NH–CH(CH3)–COOH – 27.3 – 

The first observation is that the acylation decreases the inhibition activity at all pH 
values. The efficacy data show that a more hydrophobic carbon chain either in the amino 
acid of in the acyl moiety could not improve the anticorrosion effectiveness. The activities 
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in the acidic as well as in alkaline environments are worth than in neutral one. These 
molecules are also not proper inhibitors in neutral environment but under extra acidic 
conditions the decylamide derivative of glycine is mentioned as good inhibitor [10]. 

3.2.2. Derivatives of valine and norvaline 

Table 3. Anticorrosion activity of acyl derivatives of valine and norvaline ([I]: 100 ppm). 

Molecules under investigation 
Corrosion efficiency η (%) 

pH = 5.5 pH = 7.0 pH = 8.5 

H2N–CH(CH2–CH2–CH3)–COOH 7.5 6.4 6.4 

CH3–CO–HN–CH(CH2–CH2–CH3)–COOH – 26.8 2.1 

Cl–CH2–CO–HN–CH(CH2–CH2–CH3)–COOH 9.3 10.2 9.7 

CH3–(CH2)4–CO–HN–CH(CH2–CH2–CH3)–COOH 3.4 35.0 16.5 

CH3–(CH2)8–CO–HN–CH(CH2–CH2–CH3)–COOH 35.7 75.3 66.5 

(CH3)3C–CO–HN–CH(CH2–CH2–CH3)–COOH 8.1 14.6 7.1 

C6H5–CO–HN–CH(CH2–CH2–CH3)–COOH – 15.0 – 

p-CH3–C6H4–CO–HN–CH(CH2–CH2–CH3)–COOH 4.7 2.5 5.8 

p-NO2–C6H4–CO–HN–CH(CH2–CH2–CH3)–COOH –12.7 19.5 1.6 

C6H5–CH2–CO–HN–CH(CH2–CH2–CH3)–COOH – 20.1 – 

C6H5–CH2–CH2–CO–HN–CH(CH2–CH2–CH3)–COOH – 16.1 – 

C6H5–CH=CH–CO–HN–CH(CH2–CH2–CH3)–COOH – 29.7 – 

C6H5–O–CO–HN–CH(CH2–CH2–CH3)–COOH – –9.7 – 

H2N–CH(CH(CH3)2)–COOH 13.4 11.5 13.5 

  CH3–(CH2)8–CO–HN–CH(CH(CH3)2)–COOH 3.4 33.2 11.3 

Interestingly the efficacy of the free amino acids is very low at all investigated pH 
values. Increase in the anticorrosion efficacy could be achieved only in case when both in 
the side chain of basic amino acid molecule and in the acyl moiety the hydrophobicity 
increases. Some researchers observed similar phenomenon [11, 12] in experiments in the 
presence of other metals. The reason could be explained by the inductive effect all along 
the carbon chains. In our case the increase in the anticorrosion efficacy (at pH 7: 75.3%) is 
due to the common positive effect of the carbon chain of medium length. Under the given 
experimental conditions the activity of acylated valine and norvaline decreases when the 
solution is either acidic or alkaline. When an aromatic ring in the alkyl moiety is nearer to 
the acid amid bond, it has a positive effect on the activity. The substituents in the phenyl 
ring either with electron sending or withdrawing activity do not influence the anticorrosion 
effect. 
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3.2.3. The pH-dependent anticorrosion activity of phenylalanine derivatives 

Table 4. Activity of acyl derivatives of phenylalanine ([I]: 100 ppm). 

Molecules under investigation 
Corrosion efficiency η (%) 

pH = 5.5 pH = 7.0 pH = 8.5 

H2N–CH(CH2–C6H5)–COOH – 15.3 – 

CH3–CO–NH–CH((CH2–C6H5))–COOH 18.9 18.3 11.1 

CH3–(CH2)4–CO–HN–CH(CH2–C6H5)–COOH 46.9 70.0 46.9 

CH3–(CH2)8–CO–HN–CH(CH2–C6H5)–COOH 49.4 59.6 58.7 

C6H5–CO–HN–CH(CH2–C6H5)–COOH – 23.4 – 

The observations discussed in case of amino acids with hydrophobic side chains are 
valid for the phenylalanine derivatives, too: increase in the hydrophobic character both of 
the amino acid and the acyl part increases the anticorrosion activity. Important difference is 
that the change in the pH of the environment has less influence on the anticorrosion 
effectiveness. 

3.3. The influence of ionizable group in the amino acid side chains 

3.3.1. The pH-dependent anticorrosion behavior of acyl aspartic acids 

The sensitivity of corrosion rate to the pH values decreases when the hydrophobicity of the 
acyl part increases. The chlorine substituent in the aryl group negatively influences the 
anticorrosion activity which shows that the electron-withdrawing activity influences the 
electron distribution on the CO–NH group. This indicates that in the case of these 
molecules the inhibition is not only influenced by the carboxylic groups but through the 
acid amid groups, too. When the polarity of the CO–NH group changes e.g. through a 
chlorine atom, the anticorrosion effect decreases significantly. 

Table 5. The pH-dependent anticorrosion activity of aspartic acid derivatives. 

Molecules under investigation 
Corrosion efficiency η (%) 

pH = 5.5 pH = 7.0 pH = 8.5 

H2N–CH(CH2–COOH)–COOH 46.1 66.2 –16.8 

CH3–CO–HN–CH(CH2–COOH)–COOH – 12.3 – 

CH3–(CH2)4–CO–HN–CH(CH2–COOH)–COOH 30.5 89.9 31.2 

CH3–(CH2)8–CO–HN–CH(CH2–COOH)–COOH 68.7 75.1 77.7 

C15H31–CO–HN–CH(CH2–COOH)–COOH – 75.1 – 

C6H5–CO–HN–CH(CH2–COOH)–COOH – 36.1 – 
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Molecules under investigation 
Corrosion efficiency η (%) 

pH = 5.5 pH = 7.0 pH = 8.5 

o-Cl–C6H4–CO–HN–CH(CH2–COOH)–COOH – – 2.6 – 

C6H5–CH=CH–CO–HN–CH(CH2–COOH)–COOH – 58.2 – 

3.3.2. The pH-dependent anticorrosion behavior of acyl glutamic acids 

Table 6. The pH-dependent anticorrosion activity of glutamic acid derivatives ([I]: 100 ppm). 

Molecules under investigation 
Corrosion efficiency η (%) 

pH = 5.5 pH = 7.0 pH = 8.5 

H2N–CH(CH2–CH2–COOH)–COOH 34.5 21.1 –43.0 

CH3–CO–HN–CH(CH2–CH2–COOH)–COOH – 16.3 – 

ClCH2–CO–HN–CH(CH2–CH2–COOH)–COOH – 10.2 – 

CH3–(CH2)4–CO–HN–CH(CH2–CH2–COOH)–COOH 30.5 65 17.1 

CH3–(CH2)8–CO–HN–CH(CH2–CH2–COOH)–COOH 92.1 85.1 64.5 

C15H31–CO–HN–CH(CH2–CH2–COOH)–COOH – 72.2 – 

C6H5–CO–HN–CH(CH2–CH2–COOH)–COOH – 34.0 – 

C6H5–CH=CH–CO–HN–CH(CH2–CH2–COOH)–COOH – 82.6 – 

p-CH3–C6H4–CO–HN–CH(CH2–CH2–COOH)–COOH – 2.5 – 

p-NO2–C6H4–CO–HN–CH(CH2–CH2–COOH)–COOH – 19.5 – 

The capryl derivative of lysine    

CH3–(CH2)8–CO–HN–CH(CH2CH2CH2–CH2–NH2)–COOH – 32.1 – 

The glutamic acid – similarly to the aspartic acid – when an additional carboxylic 
group is in the side chain, acylated with a carboxylic acid of longer alkyl chain, show good 
inhibitory activity. It should keep in mind that a longer alkyl group decreases the water 
solubility. When the inhibitor is already adsorbed onto the metal surface through the 
functional group, an insulating layer is formed at the metal–surface interface in an aqueous 
environment.  

3.3.3 How does the pH of the environment influence the anticorrosion activity of acyl 
amino acids? 

Data on anticorrosion efficacy summarized in Tables 1-6 show that in this group of 
molecules the change in the pH both in acidic and alkaline range decreases the 
anticorrosion effectiveness, irrespectively of the substituent both in the acyl part and in the 
side chain of the amino acids. This is interesting because the basic amino acids can control 



 
 
 

th
o
th
n
n
(
r

c
a
n
W
d

c
c
th

3

T
in

he corrosi
of the func
he anticor

not any sid
norvaline, 
(aspartic a
range decr

Figure
acetyl 
Nva:n
([I] = 

Main
causes alt
additional 
neutral one
When the 
decreases t

Some
corrosion i
chain both
he other h

3.4 Surfac

The chang
nhibitors 

ion under 
ctional gro
rrosion act
de chain (
phenylala

acid, gluta
reases the 

e 1. Anticor
(Ac); capro
orvaline, A
100 ppm). 

ly in case 
ered effec
carboxyl

e shows th
pH value

the possib
e of resul
inhibiting

h in the acy
hand, the im

e visualiza

ge in the 
is demon

0

10

20

30

40

50

60

70

80

90
(%) 

Int. J. 

acidic con
oups of am
tivity. Thi
(glycine) o
anine), as

amic acid) 
anticorros

rrosion activ
oyl, capryl, 
sp: aspartic

of weak i
ctiveness. 
ic group. 
he negativ
e is highe
bility of ad
lts listed 
 activities
yl moiety 
mportance

ation by a

surface r
nstrated b

Corros. Sca
 

nditions. I
mino acid
is is valid 
or there w
 well as i
the shift 

sion activi

vity of som
benzoyl, cin

c acid, Glu: 

inhibitors 
At the a
The decr

ve effect o
er than the
dsorption. 
in the pr

s are demo
and in the
e of an ad

atomic forc

roughness
y 3D and

ale Inhib., 2

It shows th
s (i.e. on t
for all am

were hydro
in case of
of pH fro
ity less or 

e acyl amin
nnamoyl; am
glutamic ac

the chang
aspartic a
rease in t
of the prot
e neutral 

revious tab
onstrated. 
e side chai

dditional ca

ce microsc

s caused b
d section 

2016, 5, no.

hat the cha
the nitrog

mino acids
ophobic al
f presence

om the neu
better. 

no acids; acy
mino acids 
cid, Phe: ph

ge from the
and glutam
the activit
tonated ca
one, the n

bles are d
This adds

in of the a
arboxylic 

copy 

by the m
images g

 3, 263–272

anged elec
gen in the 
 under inv
lkyl subst
e of addit
utral value

yl moieties 
are the follo
enylalanine

e neutral t
mic acid 
ty at pH 
arboxylic 
negatively

depicted i
s up to th

amino acid
group in t

model solu
got by ato

2 

ctron distr
CO–NH 

vestigation
ituents (al
tional carb
e into acid

are the follo
ows: Gly:gl

e, Lys: lysin

to the alka
derivative
values lo
group in t

y charged 

in Figure
e influenc

ds, on one 
the amino

ution with
omic forc

ribution in
group) aff
n. If there 
lanine, va
boxylic gr
dic or alka

 

ows: 
lycine, 

ne. 

aline pH ra
es there i
ower than
the inhibit
COO– gr

 1 where
ce of the a
hand, and
 acid.  

h and wit
ce microsc

270

n one 
fects 
was 

aline, 
roup 
aline 

ange 
s an 

n the 
tion. 
roup 

e the 
alkyl 
d, on 

hout 
cope 



 
 
 

(
(
 

g
m
s
s
h
r

4

T
h
a
i
a
s
m

(Figure 2).
(to show th

Figure
solutio

One 
glutamic a
metal sam
significant
surface tur
hand, the 
roughening

4. Conclus

The acyl a
hydrophob
additional 
s when b

activity w
supported 
metal surfa

. The poli
he basic st

e 2. 3D and
on, with and

of the inh
acid) show

mple is ve
tly. When
rned to be
molecule 
g; the very

sion 

amino acid
bic) alkyl 
carboxyli

both group
will sum u

by the su
ace morph

Int. J. 

ished carb
tate of the

m

N-acethyl 

d section AF
d without in

hibitors w
wed very 
ery smoot
n the less 
e very roug

with lon
y smooth 

ds show go
or aralkyl
ic group in
ps with p
up. The a
urface visu
hology cau

Corros. Sca
 

bon steel s
e metal sur

metal on air 

glutamic acid

FM images o
nhibitors. 

was a less 
good anti
th, but th

effective
gh which 

nger alkyl 
surface de

ood inhibi
l groups w
n the amin
ositive ef

anticorrosi
ualization
used by po

ale Inhib., 2

surface wa
rface), and

 

 

 

d, 24 h N

of carbon st

effective
corrosion 
e model 

e inhibitor
was confi
moiety in

emonstrate

itory activ
were either
no acid inc
ffect are p
ion activit
n via atom
ositive or n

2016, 5, no.

as visualiz
d after imm

in model so

N-capryl gluta

teel surface

e (acetyl g
activity i

solution i
r was pre
irmed by t
n the acy
es the inhi

vity only i
r in the am
creases th
present in
ty measur

mic force m
negative e

 3, 263–272

zed on air
mersion in

olution, 24h 

amic acid, 24 

s taken afte

glutamic a
in gravim
increased 
esent in th
the section

yl part did
ibited met

n that cas
mino acid

he anticorr
n the inhib
red by gr
microscop
effect of a

2 

, without 
nto the mo

 

 

 

h  

er 24 hours i

acid), the 
etric test. 
the surfa

he model 
n analysis
d not allow
tal dissolu

es when a
d or in the 
rosion acti
bitor mole
ravimetric
py. The ch
cyl amino

any treatm
odel soluti

in model 

other (ca
The polis

ace rough
solution,

. On the o
w the sur

ution. 

a longer (m
acyl part

ivity. The 
ecule as t

c method 
hanges of

o acids app

271

ment 
on.  

apryl 
shed 

hness 
, the 
other 
rface 

more 
. An 
best 
their 
was 

f the 
plied 



 Int. J. Corros. Scale Inhib., 2016, 5, no. 3, 263–272 272
  
 

as inhibitors were demonstrated in 3D and section figures. The roughening caused by the 
aggressive solution was decreased dramatically with the presence of the good anticorrosion 
additive and, in the other sat of experiments, was rough when a less effective molecule was 
present. 
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