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a b s t r a c t
Copolymerization of sodium alginate (SAG) with polyacrylamide (PAC) was successfully achieved 
using microwave assisted polymerization technique. At 240 mg/100 mL sodium alginate on its 
own gave an inhibition efficiency of 64%, while its grafting with polyacrylamide the efficiency 
reached 86%. Statistical analysis revealed a highly significant difference in inhibition efficiency 
between SAG and SAG-g-PAC. SAG-g-PAC data obeyed four adsorption isotherm models, namely 
Langmuir, Temkin, Flory–Huggins, and kinetic model of El-Awady isotherm, while SAG data 
obeyed only Langmuir model. Scanning electron microscopy images revealed the smoothness 
and homogeneity of SAG-g-PAC adsorption on the mild steel surface.
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1. Introduction

Among all corrosion control approaches, the use of cor-
rosion inhibitors is considered the most effective one for its 
low cost, easy to apply, and diversity. Recently, searching 
for low toxicity inhibitors with high inhibition efficiency 
gained a great interest [1–4]. Many authors reported the use 
of environmentally friendly inhibitory extracts of plant [5], 
animal [6], and microbial origin [7,8], such as essential oil of 
Eryngium maritimum, chitosan and sodium alginate. These 
inhibitors usually contain heteroatoms (O, N, S, P) in their 
chemical structure which provides various bonding sites on 
the metal surface forming an adsorbed layer isolating and 

protecting metal surface from interacting with corrosive 
media [9–12].

Alginate is an anionic polysaccharide extracted from 
brown algae. In addition to its various applications in 
food and pharmaceutical industries, sodium alginate has 
been reported as a corrosion inhibitor of different met-
als and alloys in different media [7,13–19]. Heteroatoms 
anchored in the polyacrylamide makes it a good corrosion 
inhibitor [20–22]. Grafting a synthetic polymer onto nat-
ural polysaccharides have been reported in several stud-
ies as to improve natural products inhibition efficiency. 
Polyacrylamide grafting polymerization has been widely 
reported in corrosion inhibition studies [23–29]. Microwave 
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grafted polymerization is widely used for its higher graft-
ing efficiency and saving reaction time [30].

The objective of this work is to synthesize and char-
acterize sodium alginate grafted with polyacrylamide 
(SAG-g-PAC) as to be used as a highly efficient corrosion 
inhibitor. The experimental design for this study includes 
comparing the inhibition efficiency of sodium alginate with 
sodium alginate grafted with polyacrylamide in 0.1 M sul-
furic acid medium using electrochemical measurements. In 
addition, morphological changes in the metal surface are 
investigated using scanning electron microscopy. Different 
adsorption isotherm models are to be tested in the case of 
the sodium alginate grafted with polyacrylamide.

2. Experimental

2.1. Chemicals

Sodium alginate (SAG) was obtained through a local 
agent from Oxford Lab Chemicals, India. Acrylamide, 
ammonium persulphate, sulfuric acid 98% were obtained 
from Elgomhouria Company, Egypt.

2.2. Synthesis of sodium alginate grafted with polyacrylamide

Sodium alginate grafted with polyacrylamide (SAG-g-
PAC) was prepared according to the microwave-assisted 
free radical polymerization method using a 900 W domes-
tic microwave [31]. Preparation details were as follows: in a 
100 mL beaker 1 g sodium alginate was dissolved in 40 mL 
of distilled water, 7 g acrylamide were added and dissolved 
in the solution. This was followed by addition of 0.3 g of 
ammonium persulfate (APS) as an initiator, this solution 
was irradiated in a microwave for a total of 3 min; during 
this period the solution was cooled at time intervals in an ice 
box to avoid overheating. A gel like mass was formed and 
extracted with acetone; filtered off and dried in an oven at 
60°C for 24 h. Afterwards, it was pulverized to be used as a 
corrosion inhibitor.

2.3. Characterization of the grafted bio-copolymer

Grafted bio-copolymer SAG-g-PAC was character-
ized using Fourier-transform infrared (FTIR, PerkinElmer 
spectrophotometer) in the range 4,000–500 cm–1.

2.4. Preparation of electrochemical testing medium

Concentrated sulphuric acid was diluted with dis-
tilled water to prepare 0.1 M solution as a corrosion testing 
medium.

2.5. Preparation of the working electrode

A cylindrical rod steel of 1 cm covered all around with 
Teflon with a thickness of 0.5 cm was cut with a dimension 
of 2.5 cm length and 1.5 cm total diameter and 1.0 cm2 cross 
surface area of the steel. The chemical composition of the 
steel, which was used as a working electrode, was analyzed 
at the Egyptian Copper Works, CO., Alexandria, Egypt 
using optical emission quantometer (Table 1). The electrode 

surface was polished using different grades of emery papers 
starting with coarse to fine one, then washed with dis-
tilled water and sonicated with acetone, just before being 
immersed in the corrosion medium. Then, corrosion rate 
was to measure corrosion rate electrochemically measured.

2.6. Treatment

In testing corrosion inhibition efficiency of the two com-
pounds SAG and SAG-g-PAC dosing was at 40, 160, 200, and 
240 mg/100 mL acidic corrosion medium.

2.7. Electrochemical measurements

A multi necked electrochemical cell, 250 mL rounded 
bottom flask, the multiple necks were used for a steel elec-
trode as the working electrode (WE), a platinum foil as 
the counter electrode (PE)/auxiliary electrode and a sat-
urated calomel electrode (SCE) as the reference electrode. 
The corrosion inhibition efficiency of mild steel samples 
was determined on three samples as replicas using (DC) 
potentiodynamic polarization and electrochemical imped-
ance spectroscopy (EIS). The DC potentiodynamic polar-
ization and the impedance measurements were performed 
in the standard electrochemical cell. The electrochemi-
cal cell was connected to Gamry PC14G750 potentiostat/
Galvanostat/ZRA analyzer, with a Gamry framework sys-
tem based on ESA400 Gamry applications including DC 
105 corrosion software, and EIS300 software and Echem 
Analyst 5.5 software for data plotting, graphing, data fit-
ting, and calculation. Using DC potentiodynamic experi-
ments were performed by scanning the electrode potential 
from −250 to +250 mV around Ecorr at scan rate of 0.5 mV s−1. 
The two tangent lines of Tafel plots about 50 mV around 
Ecorr were extrapolated to calculate the polarization param-
eters anodic and cathodic current density slopes (βA, βC), 
corrosion potential (Ecorr), corrosion current density (icorr). 
The inhibition efficiency (%IE) was calculated using Eq. (1):

IE corr corr

corr

% =
° −

°
×

i i
i

100  (1)

where the parameters: i°corr and icorr are the corrosion cur-
rent density in the absence and the presence of the corrosion 
inhibitor, respectively.

Using electrochemical impedance, spectra were recorded 
at frequency range between 30 kHz to 0.1 Hz using AC 
signals of amplitude 0.5 mV peak to peak. The charge 

Table 1
Chemical composition of the steel specimen

Element % weight

C 0.255
S 0.030
P 0.030
Mn 0.725
Si 0.120
Fe 98.840
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transfer resistance (Rct), electrolyte resistance (Rs), and 
double- layer capacitance (Cdl) were calculated via the non-
linear fitting of Nyquist plots to Randle’s theoretical equiv-
alent circuit. The inhibition efficiency was calculated from 
charge transfer resistance values using Eq. (2):

IE ct ct

ct

% =
− °

×
R R

R
100  (2)

where the terms R°ct and Rct are the charge transfer resistances 
in the absence and presence of inhibitor, respectively [32,33].

2.8. Statistical analysis

In comparing the corrosion inhibition efficiency of 
sodium alginate with that of sodium alginate grafted with 
polyacrylamide, paired t-test was carried out. Pairing of 
data was due to dose dependance.

2.9. Qualitative analysis of inhibition of mild steel corrosion

Changes in the surface morphology of the mild steel 
samples were examined using scanning electron microscope 
(JEOL, JSM – IT200 Series, JAPAN). Samples exposed to the 
corrosion acidic medium with 240 mg SAG-g-PAC addition 
for 24 h and samples without the addition of the inhibitor 
as control were examined to reveal presence or absence 
of inhibitor adsorption. Images at 1,000x magnification 
were photographed of control and treated samples.

3. Results and discussion

3.1. FTIR Characterization of SAG-g-PAC

The FTIR of the two spectra of acrylamide (AC) and 
sodium alginate (SAG) are separately shown in Fig 1. 
A combined sodium alginate polyacrylamide spectrum 
Fig. 1 emphasizes the success of sodium alginate being 
grafted with polyacrylamide (SAG-g-PAC). The shift of 
SAG-g-PAC spectrum at 3,426 cm–1 indicates that some 
interactions among the functional groups of sodium algi-
nate and polyacrylamide have occurred. These are due to 

the overlapping of the OH stretching vibration peak of 
SAG at 3,426 cm–1 and the double N–H stretching vibra-
tion peak of AC at 3,356 cm–1. Some additional peaks in 
the bio- copolymer spectrum are the peaks at 1.658 and 
1.615 cm–1 respectively corresponding to the carbonyl 
amide and N–H stretching vibrations; and the peak at 
1,402 cm–1 is due to C–N stretching vibrations. So, the 
presence of these additional peaks confirms the success of 
PAC chains being grafted onto SAG backbone [34,35].

3.2. Electrochemical measurements

3.2.1. Polarization measurements

Potentiodynamic polarization curves of mild steel in 
0.1 M H2SO4, in the presence and absence of SAG, and 
SAG-g-PAC are shown in Figs. 2 and 3. The shifting of 
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Fig. 1. FTIR spectra of acrylamide (AC), sodium alginate (SAG), 
and polyacrylamide grafted (SAG-g-PAC).
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Fig. 2. Potentiodynamic polarization curves of steel in 0.1 M 
H2SO4 solution with and without addition of SAG at different 
concentrations (T = 298 K).

1E-5 1E-4 1E-3 0.01 0.1
-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2  Control
  40 mg/100 mL medium
 160 mg/100 mL medium
 200 mg/100 mL medium
 240 mg/100 mL medium)E

CS .sv 
V( laitnetoP

Current density mA.cm-2

Fig. 3. Potentiodynamic polarization curves of steel in 0.1 M 
H2SO4 solution with and without addition of SAG-g-PAC at dif-
ferent concentrations (T = 298 K).
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the corrosion potential (Ecorr) to more negative values 
compared with control was found to be dependent on 
SAG, and SAG-g-PAC dosing. Moreover, SAG and SAG-
g-PAC most probably act as mixed type inhibitors as Ecorr 
negative shifting was less than 85 mV [36]. Dose increase 
caused the decrease of anodic and cathodic Tafel slopes 
(βC, βA) (Tables 1 and 2). This explained the adsorption 
of SAG and SAG-g-PAC on the metal surface which 
blocked the cathodic and anodic sites and retarding the 
cathodic hydrogen evolution reaction and reduction of 
the anodic dissolution of the metal [37]. Tafel parameters 
and the calculated inhibition efficiency (%IE) are given 
in Table 2. Fig. 4 shows a comparison between inhibi-
tion efficiencies of SAG and SAG-g-PAC. There was an 
increase in the corrosion inhibition efficiency with dose 
increase. Grafting SAG with PAC caused more than 50% 
increase of its inhibition efficiency (Table 2). This demon-
strates the effectiveness of grafting a synthetic polymer 
with a natural one as to increase the number of active 
functional groups in the process of corrosion inhibition. 
Such functional groups probably caused adsorption 
enhancement of the inhibitor on the metal surface.

3.2.2. Electrochemical impedance spectroscopy measurements

Polarization measurements were confirmed through 
applying the impedance technique. Nyquist plots obtained 
from EIS for mild steel in 0.1 M H2SO4, in presence and 
absence of SAG, SAG-g-PAC inhibitors are shown in 
Figs. 5 and 6. The increase of inhibitors dose caused 
an increase in the semicircle diameter (Figs. 5 and 6). 
Moreover, the increase in Rct values and decrease of Cdl 
values (Table 3) indicated the formation of the protective 
layer on the electrode/electrolyte interface and the dis-
placing of the water molecules by SAG and SAG-g-PAC 
inhibitors [38–40]. Comparison between SAG and SAG-
g-PAC inhibition efficiencies is illustrated in Fig. 7 and 
Table 3, where grafting enhanced the inhibition efficiency 
of SAG confirming the results of polarization technique, 
and the difference was statistically highly significant.

3.3. Adsorption of inhibitor on the mild steel surface

Images of the scanning electron microscopy of the mild 
steel surface are shown in Fig. 8A–C. Compared with blank 
Fig. 8A surface morphology of the mild steel immersed 
in 0.1 M H2SO4 for 24 h Fig. 8B shows severe damage, this 
damage was not observed in the sample immersed in 
acidic medium and 240 mg SAG-g-PAC/100 mL (Fig. 8C).  
This revealed adsorption of the inhibitor on the metal 
surface as a mechanism of protection against corrosion.

3.4. Adsorption isotherm

Surface coverage θ data obtained from the EIS of SAG 
and SAG-g-PAC were used to test the degree of fitness to dif-
ferent isotherm models. Fig. 9A–D give the regression and 
correlation results of four tested isotherm models namely 
Langmuir, Temkin, Flory–Huggins, and kinetic model of 
El-Awady isotherm. These models are expressed by the fol-
lowing equations [41–45]: Ta
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Langmuir:
ads

C
K

C
θ

= +
1  (3)

Temkin: adsθ = − −
1
2

1
2a

C
a

Kln ln  (4)
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Fig. 4. Inhibition efficiency (IE) of SAG and SAG-g-PAC, using 
polarization testing technique.
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Florry Huggins:− = + −( )log log logθ
θ

C
xK x 1  (5)

Kinetic model of  isotherm:El-Awady

ads

log

log log ,

θ
θ1 −

= +y C K K == Ky
1

 (6)

where θ is the surface coverage, Kads is the adsorption–
desorption equilibrium constant, C is the inhibitor ratio, a 
is the molecular interaction parameter, x is the size param-
eter, which is a measure of the number of adsorbed water 
molecules substituted by a given inhibitor molecule, 
and y represents the number of inhibitor molecules occu-
pying one active site of the metal surface. When 1/y > 1 
this means that each inhibitor molecule occupies more 
than one active site on the metal surface.

SAG data fitted well with Langmuir isotherm giving a 
good fit linear regression line with a correlation coefficient 
0.9795 (Fig. 9A). This was not the case with other isotherm 
models. On the other hand, SAG-g-PAC data fitted well 
with the four tested models (Fig. 9A–D). Linear regres-
sion relationship and correlation coefficients higher than 
0.99 were obtained. This indicated that grafting SAG with 
PAC polymer changed its properties as a corrosion inhib-
itor. This change was also manifested in the significant 

difference in the inhibition efficiency, as SAG-g-PAC gave 
higher inhibition efficiency than SAG. More functional 
groups, such as NH2 and the oxygenated hetero atoms 
could be the reason for higher adsorption of the inhib-
itor on the metal surface. The high correlation coefficient 
R2 obtained for SAG-g-PAC data when tested against the 
different isotherms mentioned above indicated a good fit 
of the data with such isotherm models. In such case, one 
can assume that grafting SAG with PAC promoted adsorp-
tion of the corrosion inhibitor on the metal surface. Values 
of the calculated different adsorption models’ parameters 
are shown in Table 4. The molecular interaction param-
eter (a) of Temkin model was found negative which indi-
cated that there was a repulsion between the adsorbed 
inhibitor molecules. While the size parameter (x) of Flory–
Huggins model which is known as a substitution model 
was found equal to 2.20 indicating that 2.20 water mol-
ecules were substituted by one inhibitor molecule in sul-
furic acid medium. This was also confirmed by the kinetic 
model of El-Awady isotherm as 1/y was found greater than 
one which implied that SAG-g-PAC molecule occupies 
more than one active site on the mild steel surface [44].

3.5. Free energy of adsorption (ΔGads)

The equilibrium constant of adsorption (Kads) of SAG-
g-PAC on the surface of mild steel is related to the free 
energy of adsorption (ΔGads) according to Eq. (7).

∆G RT K Cads ads solventln= − ×( )  (7)

where R (8.314 JK mol–1) is the gas constant and T (298 K) 
is the absolute temperature, and Csolvent is the concentration 
of solvent (water fraction is 999 g/L). Table 4 summarizes 
Kads and ΔGads values of each isotherm model. The results 
showed that free energy of adsorption ΔGads was negative 
and less than –20 kJ mol–1. This indicated that adsorption 
either SAG or SAG-g-PAC on mild steel surface is spon-
taneous and occurred according to the mechanism of 
physical adsorption [43]. This revealed that the adsorp-
tion took place by electrostatic interaction between the 
charged metal surface and the charged inhibitor molecules.
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Fig. 7. Inhibition efficiency (IE) of SAG and SAG-g-PAC, using 
impedance testing technique.
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Fig. 8. Scanning electron microscopy images (A) mild steel (blank), (B) mild steel in 0.1 M H2SO4 (control) and (C) mild steel with 
240 mg/100 mL of SAG-g-PAC for 24 h.
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3.6. Mechanism of inhibition

SAG-g-PAC backbone have a number of functional 
groups –OH, –NH2, and oxygen hetero atoms (Fig. 10) 
that can interact chemically, physically or both to form a 
protective film insulating the metal surface from the cor-
roding medium. Physical interaction arises from the elec-
trostatic interaction between the metal surface and the 
charged inhibitor. While chemical interaction arises from 

the interaction between the unshared electron pairs of het-
eroatoms and the d-orbitals of the metal surface to form a 
new bond [43]. Since the data obtained from the studied 
adsorption models and free energy ΔGads which was found 
to be <–20 kJ mol–1 indicating that adsorption took place by 
a physical adsorption process. In Table 5, some data from 
the literature are reported. The cited papers addressed 
the increase of corrosion inhibition efficiency of different 
corrosion inhibitors due to grafting with polyacrylamide 

Table 4
Isotherm model parameters values

Isotherm model Inhibitor Model parameters values

Kads
a a X 1/y ΔGads

b (kJ/mol)

Langmuir
SAG 0.037 – – – –1.78
SAG-g-PAC 0.093 – – – –4.07

Temkin
SAG ? ? ? ? ?
SAG-g-PAC 1.17 –6.83 – – –10.34

Flory–Huggins
SAG ? ? ? ? ?
SAG-g-PAC 0.22 – 2.49 –

Kinetic model of El-Awady isotherm
SAG ? ? ? ? ?
SAG-g-PAC 0.86 – – 2.20 –9.57

aKads = Adsorption equilibrium constant;
bΔGads = Free energy of adsorption kJ/mol;
? = Poor correlation, does not fit model;
– Not applicable.
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Fig. 9. Different adsorption isotherm models (A) Langmuir for SAG and SAG-g-PAC, (B) Temkin, (C) Flory–Huggins and 
(D) kinetic model of El-Awady isotherm for SAG-g-PAC on the surface of mild the steel in acidic medium at 298 K.
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(PAC) [24–28]. It is noticeable that the present work 
achieved a 34% increase of corrosion inhibition efficiency 
via grafting sodium alginate with polyacrylamide which is 
the highest among all cited similar data.

4. Conclusion

The enhancement of corrosion inhibition efficiency 
of SAG after grafting with PAC was highly significant. 
Polarization measurements revealed that SAG-g-PAC bio- 
copolymer acted as mixed type inhibitor. Inhibition efficiency 
values obtained from impedance are in good agreement 
with polarization results. The FTIR spectra of SAG-g-PAC 
showed the presence of functional groups containing het-
eroatoms which probably why grafting increased inhibition 
efficiency, particularly via adsorption. The qualitative anal-
ysis showed that the inhibitor adsorption forms a protective 
film on the mild steel surface. The adsorption of SAG-g-PAC 
on the mild steel in 0.1 M H2SO4 obeyed more than one model 
namely Langmuir, Temkin, Flory–Huggins, and kinetic 
model of El-Awady isotherm, while SAG obeyed Langmuir 

model only. The values of ΔGads indicated that SAG-g-PAC 
follows the physisorption adsorption mechanism.
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