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Magnetite nanoparticles (MNPs) have an excellent electrochemical behaviors in aqueous 

medium having several industrial applications. New quaternized ionic liquids derivatives, 

namely octahydroxyethylamino pentaertheritoltetrapropanoate p-toluene sulfonate 

(OATPS) is synthesized to  use as capping agent for MNPs to increase their dispersability 

and chemical stability to inhibit  the corrosion of steel in aqueous acid solution. The 

chemical structure of OATPS is elucidated from NMR analyses. Electrochemical 

behaviors of magnetite coated with OATPS in acid chloride solution have been 

investigated to determine its corrosion inhibition efficiency (IE%).  Different 

concentrations of both capped magnetite and  OATPS concentrations are ranged from 1 to 

150 ppm were used to study the effect of concentrations on its adsorption at steel surfaces 

in acid chloride aqueous solution.  The electrochemical measurements indicate that the 

OATPS IL and capped magnetite behave as mixed-type corrosion inhibitors. Moreover, 

the adsorption process of OATPS IL obeys the Langmuir adsorption isotherm at 

steel/water interface. The electrochemical techniques showed agreements for determining 

IE% of   magnetite capped OATPS IL for steel in acid chloride solution. 
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1. Introduction 
 

Mild steel is widely used in the production, transportation and storage of petroleum crude 

oil and gas [1].  The oilfield equipment suffer from corrosion of corrosive down hole and surfaces 

environments especially that caused by corrosion in acidic environments [2]. Amphiphilic ionic 

liquids (ILs) have received considerable attention recently as potential “green” alternate to 

surfactants to apply in the field of petroleum fields such as demulsifiers and corrosion inhibitors  

[1-5]. These compounds showed great capability to adsorb at interfaces and to improve the 

surface wetting characteristics [5]. Moreover, ILs possess good surface properties and have ability 

to form micelle with the formation of segregates are formed [6] which increased capability to 

apply as corrosion inhibitors in acidic media [7, 8].  It is well established that the adsorption of 

corrosion inhibitors on steel increase the corrosion-resistance behavior of steel [8]. Moreover, it 

was also reported that the ILs have been used in oil fields to minimize the corrosion of steel 

produced from carbon dioxide and hydrogen sulfide [9, 10].  Commercial ILs used as corrosion 

inhibitors are based on organic cation (i.e. piperidinium, pyridinium, phosphonium, etc.) in 

combination with a complex anion (i.e halides, cyanide, etc.) [11-13]. It was also previously 

reported that the dendrimers possess superior properties that can be applied in several industries 

[14-16].  
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Magnetite nanoparticles are finding increasing applications in the electrochemistry and 

corrosion protection of steel [17-20].  The magnetite nanomaterials have great tendency to form 

aggregates and it is quite challenging to disperse in aqueous medium and tend to dissolve in acidic 

medium.  The capping agents based on natural products, polymers, dendrimers, surfactants and 

ionic liquids attracted great attention to apply as stabilizer for inorganic nanoparticles [21-24]. 

Poly (ionic liquids), PILs,  are also known as ‘‘polyelectrolytes’’ have been widely used as 

excellent capping agents for different types of colloidal dispersions of  metal nanoparticles [25-

27]. Recently we have synthesized different types of PILs as nanoparticles have excellent 

electrochemical characteristics [ 28-30]. Encouraged by the excellent performance of dendrimers 

as scale inhibitors and anticorrosive coatings, we succeeded to prepare dendritic ester amine 

derivatives with properly designed structures might also be used as efficient water soluble 

corrosion [31]. It was found that a significant advantage to apply dendrimers to form well adhered 

anticorrosive films. As far as we are aware, the hyperbranched ionic liquid has not been reported 

previously in the literature. For this reason, the present work, the preparation of amphiphilic ionic 

liquid based on petaerythretol to combine properties of surfactants, polymers and dendrimer is the 

main objective of the present work to apply as stabilizer for magnetite nanoparticles. The effect of 

ionic liquid on the stability and size of nanoparticles based on magnetite will be investigated in 

this work.  

 

 

2. Experimental 
 
2.1 Materials  

Ferric chloride hexahydrate, potassium iodide, diethanolamine  (DEA), p-toluene sulfonic 

acid (PTSA), pentaerythritol tetracrylate (PETA) and ammonium hydroxide (25 wt %)were 

produced from Aldrich Chemical Co. Steel having composition (wt %): 0.14% C, 0.57% Mn, 

0.21% P, 0.15% S, 0.37%  Si, 0.06% V, 0.03% Ni, 0.03% Cr and Fe  balance is used to measure 

its corrosion efficiencies in 1 M aqueous HCl solution.  

 

2.2 Synthesis technique  

a)The synthesis of amine ester monomer  

Tetrakis, N,N-diethylol-3-amine pentaerthritol ethanoate monomer was prepared by 

reacting PETA and DEA via  Michael addition reaction.  In this respect, pentaerythritol 

tetracrylate (0.1 mol) and diethanolamine (0.4 mol) were mixed with methanol solvent 100 mL) at 

35 
o
C for 24 Hrs. Methanol was removed using rotary vacuum distillation to obtain faint yellow 

oily liquid. The produced amine ester monomer can be designated as octahydroxyethylamino 

pentaertheritoltetrapropanoate (OATP). 

 

b) Synthesis of branched ionic liquid monomer (OATPS) 

Equal mol amounts of OATP and PTSA were mixed in a flask equipped with a magnetic 

stirrer, thermometer and reflux condenser. The reaction temperature increased up to 145 
o
C and 

maintained for 24 h under nitrogen atmosphere. Finally, the viscous product of quaternized OSTP 

was obtained after cooling to room temperature.  

 

c)Synthesis of magnetite capped OATPS 

The Fe
3+

and Fe
2+

 cations were produced from reaction of  aqueous solutions FeCl3·6H2O 

with KI with molar ratio 3:1 under nitrogen atmosphere [20]. The produced Fe
3+

and Fe
2+

 cations 

aqueous solution was stirred vigorously in the presence of equivalent mol ratios of OATPS ionic 

liquid and heated  at 80◦C under nitrogen atmsphere. NH4OH was added dropwise until the pH of 

solution reached 10. The black dispersed colloid solution of magnetite was produced after the 

reaction mixture heated and stirred to 90◦ for another 60 min to ensure complete growth of the 

magnetite nanoparticles. The black precipitates were collected after ultra- centrifuge the dispersed 

solution  at 9000 rpm. The precipitate washed with water and ethanol until pH of solution reached 

pH 7 to remove unreacted chemical and then dried at 40◦C for 24 h. The reaction yield of 

magnetite capped with OATPS was 97.01 %. 
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2.3 Characterization: 

Chemical structure of ionic liquid is confirmed using 
1
H- and 

13
CNMR spectra on a 

400MHz Bruker Avance DRX-400 spectrometer.  

X-ray diffraction (XRD) (Siemens D5000 using Cu K α irradiation) was used to 

investigate the crystal size and structure of the prepared magnetite nanoparticles.  

The morphology of nanoparticles was investigated using a High Resolution Transmission 

Electron Microscope (HRTEM JEOL JEM-2100 F has acceleration voltage of 200 kV). 

The particle size distribution and diameters of magnetite nanoparticles were evaluated by 

using Laser Zeta meter Malvern Instruments (Model Zetasizer 2000).  

The surface activity and contact angles and surface tension measurements were 

determined using drop shape analyzer model DSA-100 at 25 
o
C. 

The microstructure of steel was examined by a scanning electron microscope (SEM; 

Model JEOL-JSM-6300) and the chemical composition was estimated by electron dispersive X-

ray ( EDX)  before and after immersion in 1M HCl in the presence and absence of OATPS 

inhibitor.  

 

2.4 Electrochemicl measurements 

Electrochemical experiments were performed using a potentiostat/galvanostat  Solartron 

1470E system. Polarization curves were carried out with a scan rate of 1mV/s after 1 h immersion 

in 1M HCl (uninhibited solution) and inhibited solutions. EIS data were conducted over a 

frequency range from 10KHz to 10 mHz. All electrochemical data were collected and analyzed 

using software package developed by Scribner Associates, Inc (UK) 

 

 

3. Results and discussion 
 

3.1. Chemical structure of branched OATPS IL 

The present work aims to create a new class of branched electrolytes to use as thin 

anticorrosive layer film for steel.  In the previous work [31], hyperbranched polymer produced 

from modification of pentaerytheritol tetraacrylate (PETA) by reaction with diethanolamine 

(DEA) via Michael addition reaction of the vinyl group to the secondary amine groups to produce 

octahydroxyethylamino pentaertheritoltetrapropanoate (OATP). The present work used PTSA to 

quaternize OATPS  product as illustrated in the Scheme 1. The modification was used to prepare 

water soluble hyperbranched ionic liquid polymer. It is expected that the more branches the 

dendritic polymer has, the more effective it is in anticorrosive protection performance. 
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Scheme 1: Synthesis of branched OATPS IL. 

 

 

The molecular structure of the OATP was confirmed by 
1
H and 

13
C NMR spectroscopy 

which represented in Figures 1 and 2. It can be noticed from 
1
H NMR that there are four new 

peaks at 7.64 and 7.30 ppm (doublet of doublet), 4.1 (broad heptet), and 2.37 ppm (singlet) which 

attributed to phenyl protons, NH salt and methyl attached to phenyl group of PTSA, respectively. 

These peaks indicated the quaternization of OATP with PTSA. The disappearance of peaks at 5.59 

and 6.07 which attributed to vinyl protons of PETA and appearance of new peaks at 2.8 ppm 

(attributed to (COCH2-CH2-N (–OCOCH2CH2–), 2.88 ppm (–OCOCH2) indicated that Michael 

addition occurred between DEA and PETA. Moreover, the peaks at   3.5–3.8 (–N(CH2CH2O)2 and 

3.4 ppm (-OH) indicated that the presence of DEA in the chemical structure of OATPS.  

 

 

 
 

Fig 1: 
1
HNMR spectrum of quaternized OATPS with PTSA. 

 

 

Another evidence for chemical structure of OATP was confirmed by 
13

CNMR data (Figure 

2). The appearance of peaks at 144, 133, 129, 127 and 21 ppm which attributed to phenyl and 

methyl carbons indicated the incorporation of PTSA in the chemical structure of OATP. The 

presence of peaks at 28, 49, 55, 57 and 172.2 ppm which attributed to C-(OCO)4, CH2OH, 
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CH2CH2O, CH2CH2N and COO, respectively. The data indicated that the chemical structure of 

OATP product as illustrated in Scheme 1. 

 

 
 

Fig. 2: 
13

CNMR spectrum of quaternized OATP with PTSAS. 

 

 

3.2. Preparation of magnetite capped nanoparticles with OATPS 

There are different methods have been used to prepare magnetite nanoparticles such as 

hydrothermal, thermal decomposition, forced hydrolysis, electrochemical synthesis, sono-chemical 

method and ultrasonic assisted impregnation [32-34]. The co-precipitation method succeeded to 

prepare magnetite with high yields ranged from 96 to 99.9 % [20]. The magnetite nanoparticles 

have great tendency to form aggregates or to oxidized to other oxides beside low stability to acids 

when they were not protected by suitable capping agents. In this work, we aim to prepare 

magnetite capped with prepared IL as illustrated in Scheme 2. The electrostatic and steric 

“electrosteric” properties of IL can stabilize MNPs  as described in scheme 2. The stabilization of 

magnetite by  IL can be referred to the ionic nature, polarity and super molecular network (scheme 

2) of IL that surrounded the magnetite nanoparticles [35-38]. The hydrogen bonds between cations 

and anions of IL molecules form network assists in the stabilization of magnetite nanoparticles 

[35-37].  The combination of undirected Coulomb forces and directed hydrogen bonds forms 

network with super molecular structure that assists the formation of capped magnetite 

nanoparticles. The IL network will form well define magnetite nanoparticles capped with OATPS. 

 

 
 

Scheme 2: Synthesis of magnetite capped nanoparticles with OATPS. 

 

 

The morphology of the prepared magnetite nanoparticles capped with OATPS  was 

investigated by HR-TEM as illustrated in Figure 3. The micrographs indicated that monodisperse 

magnetite nanoparticles with uniform structure were formed due to the presence of OATPS as IL 

which prevents the agglomeration of magnetite. The magnetite nanoparticles was appeared as 
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black dots inside the nanoparticles. The presence of OATPS can be indicated from the transparent 

layer that surrounded the black dots as confirmed from Figure 3.  

 

 
 

Fig. 3: TEM micrograph of magnetite capped nanoparticles with OATPS. 

 

 

The high mono disperseability of magnetite capped nanoparticles with OATPS and the 

particle size were confirmed from Zeta size measurements as represented in Figure 4. The data 

indicated that the particle size was 12.8 nm and the polydispersity index was 0.0103. These data 

agree with the TEM results  and confirm the presence of branched ionic liquid based on OATPS 

will form stable and uniform magnetite polar nanoparticles. 

 

 
 

Fig. 4: Particle diameter and disperse index  of  magnetite capped nanoparticles with OATPS. 

 

 

The crystal structure of magnetite capped nanoparticles with OATPS and their spilliting 

pattern were confirmed from XRD analysis as illustrated in Figure 5. The data  diffractogram ( 

Figure 5) indicates the plans of magnetite as compared with  JCPDS Card No. (79 - 0417). The 

appearance of same diffraction peaks at the same 2-theta values confirms that pure magnetite was 

firmed without the presence of other iron oxide impurities.  
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Fig. 5: XRD diffractograms of  magnetite capped nanoparticles with OATPS. 

 

 

The wettability of steel with water and corrosive environment is one of the most effective 

parameters that affect the corrosion of steel [39]. The contact angle (θ) formed between corrosive 

media and steel is a good indicator for the interaction between the steel and corrosive 

environments. In this respect, the contact angles of bare steel with water, 1M HCl aqueous solution 

are represented in Figure 6.  and indicated that there is a good interaction between the steel 

surfaces and branched OATPS inhibitor. The obtained data proved the adsorption of the inhibitor 

on the metal surface [40]. It is clear that in all cases, the great reduction of contact angles in the 

presence of magnetite capped nanoparticles with OATPS confirming the suggestion that the 

prepared magnetite capped nanoparticles with OATPS used is more highly adsorbed and adhered 

on the steel surfaces and can be used to form thin film layer on the metal surfaces in acid medium. 

Figure 6 displays the contact angle, θ, as a function of magnetite capped nanoparticles with 

OATPS concentration for acid solutions on mild steel. It was noticed that the θ values were 

increased with increment of magnetite capped nanoparticles with OATPS concentration. The 

increment of contact angle data indicates the formation of hydrophobic films that inhibit the 

diffusion of acid on the steel surfaces. These data agree in harmony with the data reported before 

for increasing of contact angles of metal surface with increment corrosion inhibitor concentrations 

[41]. The obtained results of θ in water, 1M HCl and 100 ppm of branched OATP are 104, 77 and 

42°, respectively. Therefore it was concluded that the presence of OATPS as thin layer produces 

hydrophobic steel surface[42]. 

 

 
 

Fig. 6: Contact angle of 1M HCl solutions containing different concentrations  

of OATPS ionic liquid on mild steel surface. 

 

 

3.3. Potentiodynamic Polarization Measurements 

The data of cathodic and anodic polarization curves for steel electrode in the absence and 

presence of OATPS IL or magnetite capped nanoparticles with OATPS are shown in Figures 7 and 

8.  It is can be seen  that  the presence of magnetite capped nanoparticles with OATPS lowered the  
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current densities of both anodic and cathodic curves and  the decrease  of the corresponding 

current densities was more pronounced  at lower concentrations more than the OATPS IL 

concentration. The results may be attributed to the adsorption of magnetite capped nanoparticles 

with OATPS more than OATPS IL on the steel surface [43].The  adsorption of OATPS IL on the 

steel surface causes a suppression of the cathodic and anodic processes via blocking the available 

reaction sites [44]. The surface coverage of steel increases  with increasing  magnetite capped 

nanoparticles with OATPS concentration by more adsorption of the magnetite capped 

nanoparticles with OATPS and formation of barrier layer, which  reduces the  diffusion of the 

aggressive ions . This will provide protection to steel against corrosion [45]. All the calculated   

electrochemical parameters are given in Tables 1 and 2. 

 

 
Fig. 7. Effect of OATPS IL concentration on Polarization curves for steel in 1M HCl  

 

 

 
Figure 8 . Polarization curves for steel in 1.0 M HCl containing  different concentrations 

 of magnetite capped nanoparticles with OATPS. 

 

 

Table 1. Inhibition efficiency values for steel in 1M HCl with different concentrations of ERIT-PEG 

Surfactant calculated by Polarization and EIS methods. 

 

Polarization Method EIS Method 

 Ba 

(mV) 

Bc 

(mV) 

Ecorr 

(V) 

icorr 

µA/cm
2
 

IE% Rct 

Ohm 

Cdl 

(µF/cm
2
) 

IE% 

Blank 69 120 -0.3955 839 _____ 1.80 334 ____ 

10ppm 47 237 -0.3233 69 91.7 21 106 91.1 

50 46 270 -0.3225 54 93.5 35 103 94.8 

150 43 137 -0.3315 14 98.3 90 91.0 98.0 
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Table 2. Inhibition efficiency values for steel in 1M HCl with different concentrations of  

magnetite capped nanoparticles with OATPS calculated by Polarization and EIS methods 

 
Polarization Method EIS Method 

 Ba 

(mV) 

Bc 

(mV) 

Ecorr 

(V) 

icorr 

µA/cm
2
 

IE% Rp 

Ohm 

Cdl 

(µF/cm
2
) 

IE% 

Blank 69 120 -0.3955 839 _____ 1.80 334 ____ 

 1ppm 50 394 -0.3061 152 81.8 10.1 137 82.1 

5 41 173 -0.3139 49 94.1 35 106 94.8 

10 46 195 -0.3282 44 94.7 36 104 95.0 

 

 

The shift in Ecorr  with in presence  magnetite capped nanoparticles with OATPS towards 

more positive values indicating that OATPS IL plays a strong role in suppressing the anodic 

reaction. The presence magnetite capped nanoparticles with OATPS concentration confirms the 

higher the protection performance of the inhibitor. It can be concluded that that the OATPS IL and 

magnetite capped nanoparticles with OATPS can be labeled as a mixed-type inhibitor with 

predominant anodic effect.   The values of the corrosion current density in the uninhibited and 

inhibited solution were used to estimate the inhibition efficiency (IE%) as follows [46]: 

 

IE% =[ 1 – (icorr (inh) / icorr (uninh))] x 100   (1) 

 

 

where icorr(uninh) and  icor(inh) are corrosion current density values in the uninhibited and inhibited 

solution, respectively.  It is clear that the IE values increased with increasing concentration of the 

inhibitor, and the maximum IE value was 98% and 95 % at 150 and 10 ppm of OATPS IL and 

magnetite capped nanoparticles with OATPS, respectively . The result can be attributed to the 

formation of insulating film on the steel surface, which suppresses the corrosion process.  The data  

of (IE%)   presented in Tables 1and 2  indicated that  magnetite capped nanoparticles with OATPS 

had good protection  performance  even at low  concentrations.  The higher the OATPS IL 

concentration indicates the better the protection of steel. The results can be explained on the basis 

of more diminishing of the corrosion current density with increasing OATPS IL and magnetite 

capped nanoparticles with OATPS concentrations. 

The Nyquist plots of steel obtained in 1 M HCL solution with various concentrations of 

OATPS IL and magnetite capped nanoparticles with OATPS are shown in Figure 9 and 10. It is 

evident  that the Nyquist plot for steel in the test solution consists of a capacitive loop. The 

inhibited solution has  bigger  size of impedance plots than that experienced by uninhibited one.  

The presence of OATPS IL and magnetite capped nanoparticles with OATPS led to an increase in 

the  diameter of capacitive  loop.  

 

 
 

Fig. 9. Effect of OATPS IL concentration on Nyquist diagrams for steel in 1M HCl solution. 
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Fig. 10 . Nyqusit plot for steel in 1.0 M HCl containing  different concentrations  

of magnetite capped nanoparticles with OATPS. 

 

 

The experimental data was fitted by an equivalent circuit consists of the series connection 

of a solution resistance (Rs) with a parallel connection of a charge transfer resistance (Rct) and  a 

double layer capacitance (Cdl) . The values of  Rct and  Cdl obtained from fitting the EIS data are 

quoted in Tables 1 and 2. It is evident that the values of Rct increase while Cdl decrease within the 

investigated concentration range. The adsorption of OATPS IL and magnetite capped 

nanoparticles with OATPS with a formation of an insulating and inhibitive film led to an increase 

in the in Rct values. This layer acts as barrier for diffusion of the aggressive ions and hindered the 

steel surface from attacking with the chloride ions [47]. The decrease in the local dielectric 

constant of the protective layer in the inhibited solution can be accounted to the replacement of 

water molecules of high dielectric constant with OATPS IL and magnetite capped nanoparticles 

with OATPS molecules with low dielectric constant. The higher the amount of absorbed OATPS 

IL molecules on the steel surface confirms the thicker the formed barrier layer on steel surface 

[48]. The inhibition efficiency (IE%) is calculated from the Rct values using the following formula 

[49]: 

IE%  =  [1- (R
1

ct/R
2

ct)] x 100     (2) 

 

Where R
1
ct, and R

2
ct  were referred the charge transfer resistances in the uninhibited and inhibited 

solution , respectively. The estimated values of IE% at different OATPS IL and magnetite capped 

nanoparticles with OATPS concentrations are quoted in Tables 1 and 2. The surface coverage of 

steel surface increased with increasing the OATPS IL concentrations, which led to an increase in 

the protection performance of the investigated inhibitor.  

The formation of protective film on the steel surface by using is examined by SEM and 

EDX analyses as illustrated in Figure 7. The steel coupon was immersed in 10 ppm solution of   

magnetite capped nanoparticles with OATPS for 2 h and dried in air as represented in Figure 11a. 

The produced films were immersed in 1M HCl solution for 24 h as illustrated in Figure 11c. The 

EDX analyses of steel immersed in 1M HCl and that coated with 100 ppm of magnetite capped 

nanoparticles with OATPS are represented in Figure 11 b and d, respectively.  
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(a) 

 

  
                             (b)  

  
 

(c)   
(d)  

Fig. 7: SEM and EDX analyses of steel a) immersed in 10 ppm of magnetite capped 

nanoparticles with OATPS, b) immersed in 1M HCl absence of inhibitor, c) and d) 

immersed in 1M HCl in the presence 100 ppm of OATPS. 

 

 

The SEM micrographs indicate that protective films are formed on the steel surface and 

the surface remained almost free from any corrosion products. This was referred to the formation 

of assembled film as highly stable and protective against the attack of aggressive corrosive 

environment. The mechanism of film formation can be referred to the electrostatic interactions and 

charge differences that obtained between charged ionic liquid OATPS and steel surface. It is 

expected to promote crystal growth of magnetite capped nanoparticles with OATPS to produce 

smoother adherent deposit as illustrated in Figure 11. This was reinforced by EDX analyses, 

Figure 11 b and d, that produced two new signals produced for Fe and oxygen to produce Fe2O3 

film. The presence of   inhibitor (Figure 11d) increased the carbon and oxygen content that 

indicate the presence of organic films as protective layer.   

 

 

4. Conclusions 
 

The magnetite capped nanoparticles with OATPS was prepared with high disperability and 

uniform particle size were prepared in the presence of new IL.  The Electrochemical results 

revealed that OATPS IL effectively inhibited the steel corrosion in acidic media.  Polarization data 

indicated that magnetite capped nanoparticles with OATPS suppresses the anodic and cathodic 

reactions and behaves as mixed type inhibitors.  The EIS results revealed that the OATPS IL 

functioned via adsorption of the magnetite capped nanoparticles with OATPS on the steel/solution 

interface.The protection corrosion performance of magnetite capped nanoparticles with OATPS 

increased at 10 ppm low concentration.  
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