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A novel application of dendrimer technology is described in the present paper that use dendrimer molecule as a corrosion 
inhibitor for steel in molar hydrochloric acid. Inhibition effectiveness of polyamidoamine dendrimer (PAMAM) was 
assessed through potentiodynamic polarization and electrochemical impedance spectroscopy measurements. Polarization 
curves show that PAMAM acts as cathodic-type inhibitor. Electrochemical impedance spectroscopy, EIS plots shows 
that addition of PAMAM increases the polarization resistance of the corrosion process, and hence the inhibition 
efficiency. The molecular dynamics simulation results show that PAMAM can adsorb on the steel surface through the 
nitrogen atoms as well as -electrons in the dendrimer structure.

: Steel; EIS; Polarization; Modeling studies; Corrosion

Steel finds wide application in a broad field of industry and machinery. However its tendency to corrode 
makes it unsuitable for exposure to acids. For example, the scale formation in steel boilers is a quite common 
problem in industries which has to be removed. Hydrochloric acid is used for removing scales from the boiler 
surface. To minimize the steel loss during this process, corrosion inhibition programs are required. The 
corrosion inhibition is achieved by the addition of inhibitor to the system that prevents corrosion of the metal 
surface. The influence of the inhibitor upon steel corrosion is often associated with physical or chemical 
adsorption [1, 2].
At present, most of the inhibitors are small molecular organic compounds containing hetero-atoms, such as 
nitrogen, oxygen, sulphur and phosphor [3-21]. Relying on the actions of these hetero-atoms, inhibitors are 
adsorbed onto the metal surface, and block the metal surface and thus do not permit the corrosion process to 
take place[3]. 
The long chain carbon linkage and multiple adsorption sites of the polymers can block large area of the 
corroding metal[22]. The adsorbed film on the metal surface acts as a barrier isolating the metal from the 
aggressive anions present in solution. Cost, health issues, and environmental regulation restrictions have made 
researchers focus on the development of non-toxic polymers used as corrosion inhibitors[22].
The most popular class of highly branched molecules, dendrimers, has been intensively studied for two 
decades. A lot of exciting results related to chemical architectures, synthetic routines, encapsulating 
properties, aggregation behaviour, assembly in solution and surfaces in conjunction with prospective 
applications in drug delivery, nano-composite materials, and catalytic systems have been reported [11, 23-27]
Dendrimers are highly symmetrical macromolecules of nanometre scale consisting of branching units attached 
to a central poly-functional core[28]. They have a perfectly branched structure with radial symmetry and a 
unique molecular weight. The number of self-similar synthesis steps is referred to as generation of the 
dendrimer. Dendrimers have attracted immense attention during the last decade due to their interesting 
properties both from a basic and an applied research viewpoint. They show a low viscosity in solution and 
have a high shape stability, despite being a molecule of large molecular weight[28]. Encapsulation of metal 

A structure/function study of polyamidoamine dendrimer as a steel 
corrosion inhibitor

K.F. Khaled1,2*, A. A. Atta3,4 , N. S. Abdel-Shafi2,5

Abstract

1. Introduction

 



J. Mater. Environ. Sci. 5 (3) (2014) 831-840                                                                            K.F.Khaled et al.
ISSN : 2028-2508
CODEN: JMESCN

EIS

WE

IR

vs EIS

ZRA

832

nanoparticles for catalysis, drug delivery and light harvesting are only some applications of dendrimers that 
are breaking new ground. 
A novel application of dendrimer technology is described in the present work that using dendrimer molecule 
as inhibitor for steel corrosion [29]. The aim of the present work is to exploit PAMAM dendrimer as inhibitor 
of steel corrosion in molar hydrochloric acid by investigating computationally the structural features that are 
responsible for the inhibition performance which may lead to the design of new model of corrosion inhibition 
for this class of compounds. Also, the aim of this work is to investigate the corrosion inhibition efficiency of 
PAMAM dendrimer in 1.0 M HCl by using electrochemical techniques includes electrochemical impedance 
spectroscopy and potentiodynamic polarization.

The experiments were carried out using API 5L X60 steel rod mounted in Teflon with an exposed area of 0.311 cm2 used 
for, potentiodynamic polarization, and electrochemical impedance measurements. The inhibitor candidate used in 
this study is poly(amidoamine) (PAMAM) which is a class of commercial dendrimers , its chemical structure is presented 
in Figure 1. The studied dendrimer is hydrophilic, highly branched macromolecules with different functional groups.
PAMAM dendrimers consist of an ethylenediamine core; from which polyamidoamine repeat monomer extends in all 
directions. Poly(amidoamine) (PAMAM) was prepared according to the method described elsewhere[30]. It was added to 
the corrosive medium (1.0 M HCl) (Fisher Scientific) at concentrations of 5, 10, 15, 20, 30, 50, 100 ppm.

Chemical Structure of polyamidoamine dendrimer (PAMAM)

A three electrode conventional electrolytic cell include: saturated Ag/AgCl reference electrode, platinum mesh as a 
counter electrode, and the working electrode ( ) had the form of a rod was used for electrochemical investigation. The 
counter electrode was separated from the working electrode compartment by fritted glass. The saturated Ag/AgCl 
reference electrode was connected to a Luggin capillary to minimize drop. Solutions were prepared from bidistilled 
water of the resistivity 13 M cm, Prior to each experiment, the specimen was polished with a series of emery papers of 
different grit sizes up to 4/0 grit sizes, polished with Al2O3 (0.5 mm particle size), washed several times with bidistilled 
water then with acetone and dried using a stream of air. The electrode potential was allowed to stabilize 60 minutes 
before starting the measurements. All experiments were conducted at 25 1 C. 
Potentiodynamic polarization curves were obtained by changing the electrode potential automatically from (-1.5 to 1.5 V 

Ag/AgCl) at open circuit potential with scan rate of 5.0 mV s-1. measurements were carried out in a frequency 
range of 100 kHz to 40 mHz with amplitude of 5 mV peak-to-peak using ac signals at open circuit potential. 
Measurements were performed with a Gamry Instrument Reference 3000 Potentiostat/Galvanostat/ . This includes a 
Gamry framework system based on the ESA400, Gamry applications that include DC105 for dc corrosion measurements, 
EIS300 for electrochemical impedance spectroscopy measurements to calculate the corrosion current and the Tafel 
constants along with a computer for collecting the data. Echem Analyst 6.11 software was used for plotting, graphing and 
fitting data. 

Geometrical parameters of all stationary points for poly(amidoamine) (PAMAM) dendrimer will optimize both in gas 
and aqueous phases, employing analytic energy gradients. The generalised gradient approximations (GGA) within the 
density functional theory will conduct with the software package DMol3 in Materials Studio product of Accelrys Inc. All 
calculations will be performed using the Becke–Lee–Yang–Parr (BLYP) exchange correlation functional and the double 

2. Experimental details

Figure 1: 

3. Computational details
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numerical with polarization (DNP) basis set , since this was the best set available in DMol3. All computations were 
performed with spin polarization.
The phenomenon of electrochemical corrosion takes place in the water phase, so it is relevant to include the effect of 
solvent in the computations. Self-consistent reaction field (SCRF) theory, with Tomasi’s polarised continuum model 
(PCM) will be used to perform the calculations in solution. These methods model the solvent as a continuum of uniform 
dielectric constant ( =78.5) and define the cavity where the solute is placed as a uniform series of interlocking atomic 
spheres. Frontier orbital distribution will obtain, at the same basis set level, to analyze the reactivity of inhibitor 
molecules.

Anodic and cathodic potentiodynamic polarization curves for steel 5LX60 in 1.0 M HCl solutions in absence 
and presence of various concentrations of polyamidoamine dendrimer at 25 ±1 °C.

In this study, a modeling scheme aimed at determination of the interactions between (PAMAM) and the steel surface. 
The modelling procedure is similar to methods used to predict polymer miscibility and phase behavior. The steps in this 
modeling scheme are outlined below:
• Generate models of the (PAMAM)dendrimer using geometry optimization technique.
• Generate models of the iron (111) subatrate.
• Generate several hundred pair configurations by choosing random values for the six spatial variables that describe the 
relative orientations of two objects.
• Optimize the atomic coordinates of the model by minimizing the molecular potential energy of the system. The 
coordinates of the inorganic surface were fixed at their ideal crystalline positions.
• Compute the pair interaction energy for each configuration.
• Identify the lowest energy configuration.
• Generate a 1 picosecond trajectory at 300 degrees C using a molecular dynamics method starting from the lowest 
energy configuration.
• Report the average polymer-surface interaction energy obtained during the molecular dynamics simulation.

Figure 2 represents the potentiodynamic polarization curves obtained on steel in 1.0 M HCl solution without 
and with addition of (PAMAM) dendrimer. In all cases, addition of different concentrations of PAMAM 
induces significant decrease in both anodic and cathodic currents. The observed decrease in cathodic currents 
was the greatest at concentration of 100 ppm.

Figure 2: 

4. Results and discussions
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: Electrochemical parameters calculated from polarization measurements on steel 5LX60 electrode in 
1M HCl solutions without and with various concentrations of polyamidoamine dendrimer at 25 ±1 °C by 
potentiodynamic polarization measurements.

%

0.00 238 426 207.7 233.1 108.8 -----
5 121 448 208.1 317 55.32 49.16

15 81.1 470 246 284 37.06 65.93
20 63.4 493 268 334 28.98 73.36
30 56.5 498 279 328 25.1 76.26
50 43.5 501 260 332 19.85 81.72
100 26.7 517 307 341 12.21 88.78

The increase in PAMAM concentration shifts Ecorr cathodically, lowers the cathodic current densities with 
simultaneous increase in Tafel constant bc and ba.
Electrochemical parameters Ecorr and Tafel slopes determined from the polarization curves in Figure 2 are 
listed in Table 1. The values of corrosion currents determined by the extrapolation of Tafel curves to Ecorr are 
also presented in Table 1 together with the inhibitor efficiency % , which was calculated from 
potentiodynamic polarization measurements using the following equation [42]:

corr
o
corr

% (1 ) 100 (1)

where o
corr and corr correspond to uninhibited and inhibited current densities, respectively.

The polarization measurements show, in all cases, that addition of the inhibitor induces a decrease in both 
cathodic and anodic currents with a negative shift of corrosion potential and accordingly, PAMAM acts as a 
cathodic type inhibitor.
The results of the EIS measurements were presented in Figures 3-5 as Nyquist and Bode plots. Impedance 
measurements were conducted in 1.0 M HCl solutions without and with different concentrations of the 
PAMAM.

Nyquist plots for Steel 5LX60 in 1.0 M HCl solutions in absence and presence of various 
concentrations of polyamidoamine dendrimer at 25 ±1 °C

Table 1

Figure 3: 
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Nyquist plots presented in Figure 3 shows depressed semicircles with the centre under the real axis, such 
behaviour is characteristic for solid electrodes and often referred to as frequency dispersion and attributed to 
the roughness and other inhomogenities of the steel electrode [31-33].

Bode plots for Steel 5LX60 in 1.0 M HCl solutions in absence and presence of various 
concentrations of Polyamidoamine dendrimer at 25 ±1 °C

The capacitive loop was related to charge-transfer in corrosion process [34]. The depressed form of the higher 
frequency loop reflects the surface inhomogeneity of structural or interfacial origin, such as those found in 
adsorption processes [35].
EIS plots presented in Figure 3-5 are modeled using an equivalent circuit presented in Figure 6, similar to the 
one proposed by several authors [10, 36, 37].
Parameters derived from equivalent circuit in Figure 6 and inhibition efficiency is given in Tables 2. By 
increasing the concentration of PAMAM, the values of polarization resistance increase and the CPE values is 
decreased. The constant phase element (CPE) with their values 1 0 represents double layer capacitors 
with some pores [38].
This decrease in (CPE) results from a decrease in local dielectric constant and/or an increase in the thickness 
of the double layer, suggested that PAMAM molecules inhibit the steel corrosion by adsorption at the 
steel/HCl interface.
The semicircles in Figure 3 are generally associated with the relaxation of electrical double layer capacitors 
and the diameters of these semicircles can be considered as the charge-transfer resistance ( ct = p) [39]. 
Therefore, the inhibition efficiency, IMP % presented in Tables 2 of PAMAM for the steel electrode can be 
calculated from the charge-transfer resistance as follows [40]:

p
IM P

p

% (1 ) 100 (3)

where p and p are the polarization resistances calculated from EIS measurements for uninhibited and 
inhibited solutions, respectively.
The area under | |–frequency curves of Bode plots is employed to compare protective performances of 
PAMAM. Figure 4 shows | |–frequency curves obtained for steel electrode in 1.0 M HCl solution in absence 
and presence of different concentrations of PAMAM. It can be clearly seen from this figure that, the area 
under the curves is increased with increasing PAMAM concentration[41]. This indicates increasing the 
protective performance of PAMAM. Phase angle at high frequency is utilized for evaluation of inhibition 
properties and it is a good criterion in order to determine the protection efficiency. Figure 5 shows phase 
angle–frequency diagrams of steel/HCl electrode for various PAMAM concentrations. As can be seen from 

Figure 4: 

> >

=    



J. Mater. Environ. Sci. 5 (3) (2014) 831-840                                                                            K.F.Khaled et al.
ISSN : 2028-2508
CODEN: JMESCN

Z

nScm
CPE

IMPE

836

this figure, phase angles of steel samples at 100 kHz increases with increasing PAMAM concentration. This 
indicates increasing the corrosion resistance of steel. Consequently, results taken from both change of area 
under | |–frequency curves and change of phase angles at high frequency show similar trend obtained from 
potentiodynamic polarization curves [41].

Bode-phase plots for Steel 5LX60 in 1.0 M HCl solutions in absence and presence of various 
concentrations of polyamidoamine dendrimer at 25 ±1 °C

Equivalent circuit model for steel 5LX60 in 1.0 M HCl solutions

Electrochemical parameters calculated from EIS measurements on steel 5LX60 electrode in 1M HCl 
solutions without and with various concentrations of polyamidoamine dendrimer at 25 ±1 °C by 
electrochemical impedance spectroscopy.

Conc.
M

Rs

.cm2
Rp

.cm2 21

n %

0.00 2.3 256 43.1 0.756 0.00
5 3.3 546.6 33.2 0.820 53.2

15 2.7 805.0 29.5 0.843 68.2
20 2.4 1189.0 25.1 0.786 78.4
30 3.1 1432.0 19.3 0.801 82.1
50 3.4 2337.0 15.4 0.821 89.1

100 4.7 3667.0 11.2 0.810 93.0
Figure 4 exhibit three different regions. In the high frequency region, the value of /Z/ tends to become very 
small and the corresponding phase angle also falls off very rapidly with increasing frequency. This region is 
typical of a resistive behaviour and corresponds to solution resistance. In the medium frequency region, a 
linear relationship exists between /Z/ and f and there is a broad maximum in phase angle vs. frequency plot. 
This region corresponds to the charge transfer at the steel/electrical double layer. In the low frequency 
segment, the resistive behaviour of the electrode increases and the value of /Z/ should remain constant with a 
further decrease in frequency [42]. 

Figure 5: 

Figure 6: 

Table 2:
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In Figure 5, there is only one phase maximum in all these plots and the angle corresponding to the phase 
maximum is found to be in the range of 52–56°. The total impedance Bode plots indicate that impedance 
increases with increasing PAMAM concentration. This result infers that with an increase in PAMAM 
concentration, the suggested film becomes more and more protective.

In the current study, the studied dendrimer PAMAM has been simulated as adsorbate on steel surface (111) 
substrate to find the low energy adsorption sites on the steel surface and to investigate the preferential 
adsorption of the studied dendrimer. To calculate the adsorption density as well as binding energy of the 
studied inhibitor, Monte Carlo method has been used. In this computational work, possible adsorption 
configurations have been identified by carrying out Monte Carlo searches of the configurational space of the 
steel/ PAMAM inhibitor system as the temperature is slowly decreased. The adsorbate was the studied 
PAMAM constructed and its energy was optimized using Forcite classical simulation engine [43, 44].
Figure 7 shows the optimized structure of PAMAM obtained using DMol3 module.
Molecular dynamics techniques are applied on a system comprising a PAMAM dendrimer, solvent molecules 
and steel surface. Each PAMAM molecule is placed on the steel surface, optimized and then run quench 
molecular dynamics. Each PAMAM is energy optimized before putting it on the steel surface. The Monte 
Carlo simulation process tries to find the lowest energy for the whole system. The structure of the adsorbate 
(PAMAM) is minimized until it satisfies certain specified criteria.

Optimized geometries of PAMAM

The Metropolis Monte Carlo method in Adsorption Locator module provides four step types for a canonical 
ensemble: conformer, rotation, translation, and re-growth[45].
Figure 8 shows the most suitable PAMAM conformation adsorbed on Fe(111) substrate obtained by 
adsorption locator module[46-48]. The adsorption density of PAMAM on the Fe(111) substrate has been 
presented in Figure 9.

Equilibrium adsorption con?gurations of PAMAM on Fe (111) surfaces obtained by molecular 
dynamics simulations

Figure 7: 

Figure 8: 



J. Mater. Environ. Sci. 5 (3) (2014) 831-840                                                                            K.F.Khaled et al.
ISSN : 2028-2508
CODEN: JMESCN

838

Different adsorption structures and the corresponding adsorption energy and binding energies in KJ 
mol-1

Structures Total 
energy

Adsorption 
energy

Rigid adsorption 
energy

Deformation 
energy I4 : dEad/dNi Binding 

energies
Fe (1 1 1) - 1 4.18E+03 3.95E+03 2.28E+03 1.67E+03 3.95E+03 1534
Fe (1 1 1) - 2 4.20E+03 3.97E+03 2.33E+03 1.65E+03 3.97E+03 1512
Fe (1 1 1) - 3 4.20E+03 3.97E+03 2.32E+03 1.65E+03 3.97E+03 1423
Fe (1 1 1) - 4 4.25E+03 4.02E+03 2.27E+03 1.75E+03 4.02E+03 1412
Fe (1 1 1) - 5 4.25E+03 4.02E+03 2.17E+03 1.85E+03 4.02E+03 1356
Fe (1 1 1) - 6 4.27E+03 4.03E+03 2.21E+03 1.83E+03 4.03E+03 1321
Fe (1 1 1) - 7 4.27E+03 4.04E+03 2.29E+03 1.75E+03 4.04E+03 1311
Fe (1 1 1) - 8 4.27E+03 4.04E+03 2.30E+03 1.74E+03 4.04E+03 1306
Fe (1 1 1) - 9 4.28E+03 4.05E+03 2.19E+03 1.85E+03 4.05E+03 1300

Fe (1 1 1) - 10 4.28E+03 4.05E+03 2.26E+03 1.79E+03 4.05E+03 1301

Adsorption density field of PAMAM on Fe (111) substrate. 

As can be seen from Figures 8-9 that the dendrimer molecule PAMAM shows good ability to adsorb on Fe 
(111) surface. Also, it has high binding energy to steel surface as seen in Table 3.
Figure 10 shows the adsorption energy distribution of PAMAM on steel surface. The descriptors calculated by 
Monte Carlo simulation are presented in Table 3. These descriptors existing in Table 3 include total energy, in 
kJ per mole, of the substrate–adsorbate configuration. Total energy in Table 3 is defined as the sum of the 
energies of the adsorbate components, the rigid adsorption energy and the deformation energy. In this study, 
the substrate energy (iron surface) is taken as zero. In addition, adsorption energy in kJ per mole, reports 
energy released (or required) when the relaxed adsorbate components (PAMAM in H2O) are adsorbed on the 
substrate. The adsorption energy is defined as the sum of the rigid adsorption energy and the deformation 
energy for the adsorbate components.

Table 3:

Figure 9: 
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Energy distribution of PAMAM on Fe (111) surfaces obtained by molecular dynamics simulations

The rigid adsorption energy reports the energy, in kJ mol- 1, released (or required) when the unrelaxed 
adsorbate components (i.e., before the geometry optimization step) are adsorbed on the substrate. The 
deformation energy reports the energy, in kJ per mole, released when the adsorbed adsorbate components are 
relaxed on the substrate surface. Table 3 shows also that (dEads/dNi), which reports the energy, in kJ per mole, 
of substrate–adsorbate configurations where one of the adsorbate components has been removed.

The following conclusions can be drawn from the study:
The results showed that PAMAM dendrimer has excellent inhibition efficiency for the corrosion of steel in 1.0 M HCl. 
The inhibition efficiency increases in as the concentration of PAMAM increases.
The potentiodynamic polarization curves indicated that PAMAM acts as cathodic-type inhibitor.
The impedance results indicate that the value of polarization resistance increased and CPE decreased by increasing 
PAMAM concentration. This result can be attributed to the increase of thickness of electrical double layer.

Authors gratefully acknowledge Taif Univers ity (Project # 1-345-2540) for the financ ial assistance and 
facilitation of our study.
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