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Poly (vinyl alcohol) (PVA) and poly (N-vinyl imidazole) nanogels are prepared and discussed in this 
article. The PNVI/PVA complex nanogels were prepared via polymerization of N-vinyl imidazole (NVI) 
monomer in the presence of PVA nanoparticles which was formed in water/acetone cosolvent in 
presence of N, N(-methylenebisacrylamide (MBA) as a crosslinker, N, N, N, N(-
tetramethylethylenediamine (TEMED) and potassium peroxydisulfate (KPS) as redox initiator system. 
The results of FTIR spectrum indicated that the compositions of PNVI/PVA are consistent with the 
designed structure. TEM images proved that the prepared nanogels have spherical morphology. The 
swelling capacities of the synthesized nanogels are determined using laser particle size analyzer.  The 
inhibition efficiency of PNVI/PVA nanogels on the corrosion of mild steel in 1 M HCl solution was 
studied by potentiodynamic polarization method. Polarization measurements show that the PNVI/PVA 
acts essentially as a mixed-type inhibitor. The protection efficiency of this inhibitor increases with the 
inhibitor concentration to reach 97% using 250ppm.  
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INTRODUCTION 
  
Nanoparticles have emerged as versatile building blocks 
in developing materials for biomedicine and drug delivery, 
(Katz and Willner, 2004; Langer, 1990) sensors, (HoltJ 
and AsheS, 1997; Kim et al., 2006) nanophotonics, (Lyon 
et al., 2004) catalysis, (Bergbreite et al., 1998) and 
corrosion inhibitor (Brugger and Richtering, 2007). One of 
the most important classes of nanoparticles is stimuli-
responding hydrogel nanoparticles or nanogels. Nanogel 
particles, with diameters in the range of tens to hundreds 
of nanometers, have attracted significant interest. There  
 
 
 
 
*Corresponding Author E-mail: 
reem_kamal.kamel2009@yahoo.com 

has been a great deal of attention towards the increase in 
chemical diversity and complexity of nanogels to get tailor 
made nanogels for specific applications.[8, 9] In particular, 
the specific chemical functionalization of nanogels 
provides an excellent way to manipulate their response to 
external stimuli such as pH, ionic strength, or light. 
(Debord and Lyon, 2003). To design complex and 
versatile nanogels, it is often desired that the particles 
have anogels surface with multiple functional groups for 
covalent bond attachment in the post-polymerization 
stage. (Wong and Richtering, 2006; Nayak et al., 2004). 
However, in many cases, chemoligations that can be 
carried out on nanoparticles are complicated and even 
prohibited by the presence of interfering functional groups. 
For example, the presence of carboxyl and amine groups 
on   the same  particle  surface  can  limit  the extensively  



 
 
 
 
used carbodiimide-based amides for chemoligation, as                  
a result of cross reaction of both functional                        
groups. (Grabarek, 1990). Thus, the challenge                          
in designing multifunctional nanoparticles is the               
selective incorporation of multiple functionalities                      
that behave as orthogonally reactive groups. Many 
classes of nanogels have been synthesized via emulsion 
precipitation polymerization (Kriwet et al., 1998). 
Hydrophilic nanogels, e.g. poly (acrylic acid) nanogels, 
were synthesized by pulse radiolysis, (Ulanski et al., 
2002) and polyacrylamide nanogels were usually 
synthesized via inverse microemulsion polymerization. 
(Pelton, 2000). As it is very difficult to completely               
remove organic solvents and surfactants from                
resulting nanogels, not all nanoparticles are suitable                
for drug delivery systems. Recently, polymeric 
nanoparticles were formed using a technique                        
that depends on volume–phase transitions (VPT)                      
of thermoresponsive polymers (Lu and Hu, 2002).                      
A novel method for preparing complex nanogels                     
was reported by Yao et al. (Yao et al.,2009) 
Thermosensitive polymer chains can collapse to                     
form stably dispersed nanospheres above their lower 
critical solution temperature (LCST) in aqueous media 
with or without adding a surfactant. However, not all 
polymers are thermoresponsive; in addition the 
nanosized amphiphilic polymers are interesting subset of 
polymers which can provide valuable properties.  (Yao et 
al.,2009).  

Acid solutions are commonly used in the                      
chemical industry to remove mill scales from the               
metallic surface. The addition of inhibitors effectively 
secures the metal against an acid attack. And                     
many studies using organic inhibitors have been   
reported (Achouri et al., 2001; Hamner, 1973; Abd El 
Rehim et al., 1999; Sykes, 1990; Ajmal et al., 1994; El-
Sayed, 1997). The inhibitor adsorption mode is strictly 
affected by the inhibitor structure. Most acid inhibitors are 
organic compounds containing oxygen, nitrogen and/or 
sulphur. These compounds are adsorbed on the metallic 
surface blocking the active corrosion sites. Although the 
most effective and efficient organic inhibitors are 
compounds that have π bonds, the biological toxicity of 
these products and have high surface area for 
adsorpsion on surface.  From the standpoint of                
safety, the development of non-toxic and effective 
inhibitors is considered more important and desirable.                
In this paper, poly (vinyl Alcohl) (PVA) is an initial core of 
poly (N-vinyl imidazole) (PNVI) nanogels, and the                 
core was formed in water/acetone cosolvent.                          
An innovative synthesis method was used to synthesize 
PNVI/PVA nanogels directly in an aqueous system.               
Also the inhibition of PNVI/PVA nanogels on the                  
mild steel surface in 1 M HCl solution electrochemical 
measurements was investigated. Chemical preparation    
of water-soluble PNVI/PVA nanoghel was according                  
to   experimental   procedure   (Chen   and   Park,   2003). 
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EXPERIMENTAL 
 
MATERIALS 
 
N-vinyl imidazole (NVI, purchased from Aldrich 
Chemicals Co.); poly (vinyl alcohol) PVA(average 
molecular weight 45,000 g/mol, purchased from Acros); N, 
N-methylenebisacrylamide (MBA), and N, N, N, N-
tetramethylethylenediamine (TEMED) were all purchased 
from Aldrich Chemical Co.; potassium peroxydisulfate 
(KPS) was used without further purification.  

Prior to all corrosion inhibition  measurements, the mild 
steel specimens (0.045% P; 0.3% Si; 0.3% Cr; 0.3–
0.65% Mn; 0.14–0.22% C; 0.05% S; 0.3% Ni; 0.3% Cu 
and the remainder Fe) were ground with different emery 
papers (grade 400, 600, 800, 1000 and 1200), rinsed with 
bidistilled water, degreased ultrasonically in ethanol 
before use and dried at room temperature. The 
aggressive solutions used were made of AR grade 37% 
HCl. Appropriate concentrations of acid were prepared 
using bidistilled water. The concentration range of 
inhibitor employed was 50 to 250 mg/L in acid. 
 
 
Synthesis of PNIPA/ PVA nanogels 
 
PVA (1 g) was dissolved in 85 ml water at 45

o
C. After the 

PVA water solution was cooled to room temperature, 15 
ml acetone was added dropwise to the vigorously stirred 
PVA water solution for 15 min to form about 1% (w/v) 
PVA solution. Then the solution was placed at 5

o
C for 24 

hr till it became light yellow, which indicated that the long 
chains of PVA shrank to nanoparticles. Then different 
amount of N-vinyl imidazole (0.5, 1 and 2%w/v) was 
added to the solution. The solution was purged with N2 
for 30 min, then 4.0 mmol MBA, 0.4 mmol KPS, and 0.67 
mmol TEMED were added into the solution to carry out 
polymerization for 15 hr at 30

o
C. The obtained nanogels 

could be used directly or could be frozen and lyophilized 
into freeze-dried powder PNVI/PVA, which can be easily 
predispersed into water forming nanoparticle dispersion. 
 
 
Characterization 
 
Micrographs of the colloidal nanogel particles were taken 
using an H-800 transmission electron microscope (TEM). 
The TEM sample was prepared by mixing one dilute drop 
of prepared aqueous particles or latex dispersed in 5ml 
acetone to become slightly turbid solution onto the 
copper grids and allowing it to dry. The grid was dried 
under IR lamp. The images of representative areas were 
captured at suitable magnifications which clarify the 
morphology and the size of the nanoparticles.  

The chemical structure of the hydrogel particles was 
directly analyzed by a Fourier transform infrared (FTIR) 
spectroscopy   (FT3000,  Bio-Rad,  Hercules,  CA). It was  
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used to confirm the composition of PNIPA/PVA at a 
resolution of 2 cm

_1
 at room temperature. Polymer 

samples were pressed into KBr pellets (1:100 
polymer/KBr ratio) and analyzed with IR data manager 
software.  
 
 
Swelling of PNVI /PVA nanogels 
 
The equilibrium swelling was performed to characterize 
the swelling behavior of PNVI/PVA. To determine the 
equilibrium swelling behavior, 100mg freeze-dried 
PNVI/PVA was dispersed in 10 ml water. The size of 
particle was measured using laser particle size analyzer 
before and after swelling. The degree of swelling was 
defined as the volume ratio of PNVI/ PVA after and 
before swelling. 
 
 
Corrosion inhibition of PNVI/PVA nanogels 
 
Electrochemical experiments  
 
Electrochemical experiments were performed in a 
conventional three-electrode cell consisting of a steel 
working electrode (WE) with exposure surface of 1.0 cm2, 
a 1.5 cm×1.5 cm platinum counter electrode (CE) and a 
saturated calomel reference electrode (SCE) was used 
for measurements. Electrochemical measurements were 
performed with a traditional three-electrode cell using 
Volta lab 40 (Tacussel-Radiometer PGZ301) 
potentiostate and controlled by Tacussel corrosion 
analysis software model (Voltamaster 4) at under static 
condition. A platinum electrode and saturated calomel 
electrodes (SCE) were used as auxiliary and reference 
electrodes, respectively. The working electrode was 
prepared from a cylindrical carbon steel rod insulated 
with polytetrafloroethylene tape (PTFE). The polarization 
curves were measured by scanning rate at 1mVs-

1
 in 

range ±0.2 V around OCP. Before each test, the HCl 
electrolyte was deaerated by bubbling ultra pure nitrogen 
gas for half an hour and the iron electrode was immersed 
in 1 M HCl solution for 20 min to be stabilized. All 
experiments were performed at 298 K. 
 
 
RESULTS AND DISCUSSION 
 
Hydrogels are formed by three-dimensional networks of 
hydrophilic polymers, absorb large amounts of water. 
Hydrogel nanoparticles are of interest due to their size, 
large surface area and biocompatibility. Potential 
applications of nanogels, mainly those with rapid 
response to an external stimulus (Kuckling and Vo, 2002) 
include their use as corrosion inhibition systems (Atta et 
al, 2011). It was reported that, nanogels can be prepared 
using  a  variety  of methods,   but  those   prepared   with  

 
 
 
 
synthetic polymers have been obtained almost 
exclusively by polymerization of vinyl monomers with 
crosslinkers, using emulsions, microemulsions, and 
micelles as templates (Sahiner et al., 2006). The use of 
vinyl monomers in the presence of surfactants is of 
limited utility for biocompatible applications due to the 
unavoidable presence of residual highly toxic vinyl 
monomer. The use of preformed polymers instead of 
surfactants to avoid the use of monomers for anogels 
preparation by cross linking has not been explored 
extensively (Ulanski et al., 1998). In this respect, the 
presence of poly (vinyl alcohol) (PVA) which has free OH 
and acts as emulsifying agent, in the formation of  

anogels particle received significant interest for forming 
corrosion inhibition hydrogels. Here we describe a 
method for preparing PNVI/PVA anogels particle at 
room temperature. This method is based on using diluted 
aqueous solution of PVA, which has ability to form 
aggregates (as a result of strong hydrogen bonding 
among PVA interchains). As PVA is a hydrophilic 
macromolecule and it dissolves readily in water, the 
dynamic behavior of PVA polymer chains is highly 
sensitive to the solvent quality in dilute solutions. (Abdel-
Azim et al., 1992; Mark, 2007). It was reported that when 
acetone is added to aqueous solution of PVA with certain 
quantity PVA chains collapse to form physically 
crosslinked chains. (Abdel-Azim et al., 1992). In this 
respect the solution properties of PVA in water and 
acetone as binary solvents are discussed in the 
forthcoming section.  
 
 
Chemical structure and morphology of PNVI /PVA 
nanogels 
 
The FTIR spectra of PVA and PNVI/PVA respectively 
were illustrated in Figure 1. The spectra present the 
characteristic peaks of PNVI and PVA. The band at 3500 
cm

_1
 was attributed to OH stretching of PVA. The band at 

2891 cm
_1

 corresponds to the methylene vibrations. The 
peak at 1720 cm

_1
 features the stretching vibration of 

C=N group of NVI moiety. Meanwhile, the peaks at 1650 
and 1150 cm

_1
 are the characteristic peaks of HO-C and 

C–N of both PVA and NVI, respectively. The 
disappearance of the peaks at 3000–3100 cm

_1
 assigned 

to stretching vibration of HC– suggests the cross linking 
polymerization of NVI monomer.  

Figure 2 (a, b and c) shows TEM images of PNVI/PVA 
particles obtained by polymerization with different NVI 
concentrations in the 1% PVA acetone/water solution 
namely: (a) 0.5, (b) 1, and (c) 2 g/100 ml. It is found that 
the morphology of the nanoparticles is greatly affected by 
initial monomer concentration in solution. In Figure 2(a), 
2(b) and 3(c) shows sphere-shaped particles with an 
average diameter of 20, 40 and 60 nm respectively. 
These results show that increase in NVI concentrateion 
monomer  results  increasing  in  PNVI/PVA  particle size.  
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Figure 1. FTIR spectra of A) PVA and B) PNVI/PVA nanogel using 1% NVI concentration.  

 
 

 
 

Figure 2. TEM images of PNVI /PVA nanogels obtained by polymerization with different NVI 
concentrations in the 1% PVA acetone/water solution namely: (a) 0.5, (b) 1, and (c) 2 g/100 ml. 

 
 
 
Swelling behaviors of PNVI/PVA 
 
A swelling study was conducted on the hydrogels to 
observe their behavior in the swelling medium. Table 1 
represents swelling degrees of the prepared PNVI/PVA 
nanogels as measured in experimental section. These 
results show that the increase in NVI concentration 
monomer increase PNVI/PVA particle size. This may be 
referred to the lower reactivity of NVI homopolymer 
towards the cross linker than that of PNIPA/PVA polymer 
this leads to the formation of stiffer cross linked polymer. 
This result may be explained by the fact that the stiffer 

the crosslinked polymer, the smaller particle size is, and 
the smaller cavities produced. The smaller cavities will 
provide larger absorption surfaces, which give higher 
swelling rate of the polymeric network. 
 
 
Corrosion Inhibition of PNVI/PVA Nanogel 
 
The potentiodynamic polymerization curves of the carbon 
steel in IMHCl in the presence and absence of different 
concentration of prepared nanogels as corrosion 
inhibitors  were  determined  as  mentioned  in the experi- 
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Table 1. Swelling degree of PNVI/ PVA nanogels obtained by polymerization with different NVI 
concentrations in the 1% PVA acetone/water solution. 

  

Swelling 
degree 

b
 

Diameter after 
swelling (nm) 

Diameter 

Before swelling(nm)
a
 

NanogelSample 
(g/100ml) of NVI 

100.0 2000 20 0.5 

62.5 2500 40 1 

58.3 3500 60 2 
  

a 
100mg freeze-dried PNVI / PVA was dispersed in 10 ml buffer solution swelled for 24 h at 25°C. 

b 
The swelling degree was defined as the  diameter ratio of PNVI / PVA after and before swelling. 

 
 

 
 

Figure 3. Anodic and cathodic polarization curves obtained at 298 K in 1 M HCl of PNVI /PVA  

anogels ( 2% NVI)  having different concentrations of (B) 1 M HCl, (1) 50 ppm, (2) 100 ppm, (3) 150 
ppm, (4) 200 ppm, and (5) 250 ppm. 

 
 

 
 

Figure 4. Anodic and cathodic polarization curves obtained at 298 K in 1 M HCl of PNVI /PVA 

anogels ( 1% NVI)  having different concentrations of (B) 1 M HCl, (1) 50 ppm, (2) 100 ppm, (3) 150 
ppm, (4) 200 ppm, and (5) 250 ppm. 
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Figure 5. Anodic and cathodic polarization curves obtained at 298 K in 1 M HCl PNVI /PVA nanogel (0.5% 
NVI)having different concentrations of (B) 1 M HCl, (1) 50 ppm, (2) 100 ppm, (3) 150 ppm, (4) 200 ppm, 
and (5) 250 ppm. 

 
 

 
 

Figure 6. Anodic and cathodic polarization curves obtained at 298 K in 1 M HCl  of  NVI  having different 

concentrations of (B) 1 M HCl, (1) 50 ppm, (2) 100 ppm, (3) 150 ppm, (4) 200 ppm, and (5) 250 ppm. 

 
 
 
mental part. 

Figures 3-6 show the influence of  nanogel 
concentration on the cathodic and anodic polarization 
curves of steel in 1 M HCl. Values of the electrochemical 
corrosion parameters, such as corrosion potential (Ecorr), 
cathodic Tafel line (bc), anodic Tafel line  (ba), corrosion 

current density (Icorr) are presented in Table 2-5. The 
values of inhibition efficiency (EI %) are calculated from 
the following equation: 

EI% = (Icorr−Icorr ً◌(inh)/Icorr)x100 
where Icorr and Icorr(inh) are the values of corrosion 

current  density  of  uninhibited  and  inhibited  specimens,  
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Table 2. Parameters of potentiodynamic polarization of Carbon steel 
electrode in 1M HCl containing various concentrations of inhibitor at conc. 
(2%)  of NVI monomer at 298° ±2K.         

 
 
 
 
 
 
 
 
 
 
 
 

Table 3. parameters of potentiodynamic polarization of Carbon steel 

electrode in 1M HCl containing various concentrations of inhibitor at conc. 
(1%) of NVI monomer at 298° ±2K.              

 
 
 
 
 
 
 
 
 
 
 
 

Table 4. Parameters of potentiodynamic polarization of Carbon steel 
electrode in 1M HCl containing various concentrations of inhibitor at conc. 
(0.5%) of NVI monomer at 298° ±2K.              

 
 
 
 
 
 
 
 
 
 
 
 

 
Table 5. Parameters of potentiodynamic polarization of Carbon steel 
electrode in 1M HCl containing various concentrations of N-phenylimadizol 
at 298° ±2K.              

 
 
 
 
 
 
 
 
 
 

Conc.  

(ppm)  

-Ecorr, 

mV 

Icorr, 

mA/cm
2

 

ba, 

mV/dec 

bc, 

mV/dec 

 

I% 

B 568 0.84 149 -141 0 

50 494 0.18 90 -134.7 78.57 

100 503 0.15 85 -134.3 82.14 

150 516 0.08 110 -112.9 90.47 

200 515 0.05 87.6 -126.9 94.04 

250 504 0.024 189.6 -155 97.14 

Conc.  

(ppm)  

-Ecorr, 

mV 

Icorr, 

mA/cm
2

 

ba, 

mV/dec 

bc, 

mV/dec 

 

I% 

B 568 0.84 149 -141 0  

50 500 0.28 85.7 -139.5 66.67 

100 554 0.19 259.8 -221 77.40 

150 503 0.15 85.3 -134 82.14 

200 501 0.11 79.5 -141.5 86.90 

250 547 0.07 159.9 -106 91.67 

Conc.  

(ppm)  

-Ecorr, 

mV 

Icorr, 

mA/cm
2

 

ba, 

mV/dec 

bc, 

mV/dec 

 

I% 

B 568 0.84 149 -141 0 

50 430 0.40 169 -114 52.38 

100 551 0.30 157 -156 64.24 

150 501 0.27 85.8 -139.6 67.85 

200 494 0.18 90 -134.7 78.57 

250 502 0.12 79.5 -141.5 85.71 

Conc.  

(ppm)  

-Ecorr, 

mV 

Icorr, 

mA/cm
2

 

ba, 

mV/dec 

bc, 

mV/dec 

 

I% 

B 568 0.84 149 -141 0 

50 466 0.68 95 -144 19.00 

100 541 0.49 174 -152 41.66 

150 502 0.28 86 -140 66.66 

200 544 0.189 260 -221 77.50 

250 525 0.138 85 -132 83.51 



 
 
 
 
respectively, determined by extrapolation of the cathodic 
and anodic Tafel lines to the corrosion potential Ecorr. The 
results of Figures 3-6 and Tables 2-5 show that the 
corrosion current density Icorr decreases considerably with 
the increase of anogels concentration. The change of 
cathodic and anodic Tafel lines alters unremarkably in the 
presence of the inhibitor. It can be seen that values of 
Ecorr shift to the negative direction compared to the 
uninhibited specimen but change within 30 mV for all 
these concentrations, these results indicate that the 
tested anogels is of the mixed-type but acts as cathodic 
inhibitor [32] for mild steel in 1 M HCl. The data in tables 
2-5 reveals also that the protection efficiency of this 
inhibitor increases with the inhibitor concentration to 
reach 97% using 250ppm. This is explained by the fact 
that the increase of inhibitor concentration increase the 
hydrophilicity of the gel which leads to increase the 
protective film adsorbed on the surface of steel which 
leads to increase in protection efficiency of this inhibitor. 
This is  also means that, increasing of the concentration 
of the additives show the following: (i)  Ecorr values do not 
change significantly in inhibited solution as compared to 
uninhibited solution, which means that these compounds 
are mixed-type inhibitor [33–35], (ii) icorr values decreased 
indicating the inhibiting effect of these compounds, This 
was attributed to the presence of anogels particles 
deposited on the surface of carbon steel electrode, which 
acts as protective layer and reduces the interaction 
between HCl and carbon steel surface. (iii) ba and bc 
values were slightly changed indicating the inhibitors are 
blocked the cathodic and anodic sites without change the 
corrosion mechanism. 
 
 
CONCLUSION 
 

• From TEM images, the results anog that  the 
increase in NVI concentration monomer results in 
increasing of  PNVI/PVA particle size 

• The swelling degree of the prepared nanogels 
increases by decreasing the diameter of particle size 
distribution. 

• Polarization measurements show that the PNVI/PVA 
anogels acts essentially as a mixed-type cathodic 

inhibitor.  

• The protection efficiency of PNVI/PVA anogels 
increases with the inhibitor concentration to reach 
97% using 250ppm. 
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