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Abstract 

Corrosion is one of the serious problems countered in different industries as it 

dramatically causes strong impacting on the infrastructures. As an attempt for sorting out such 

problem, this approach investigated an innovative strategy for synthesis of corrosion inhibitor 

for steel surfaces based on composite of polystyrene and zinc nanoparticles 

(ZnNPs@polystyrene composite). The successive immobilization of ZnNPs (size average of 

4-50 nm) within polystyrene matrix (Mwt of 372.587 g/ mole and degree of polymerization 

equals 3582 repeat unit/ molecule) for clustering of the desirable ZnNPs@polystyrene 

composite (surface area of 33.62 m2/g, average pore diameter of 9 nm) was approved via 

several instrumental analyses of FT-IR, XRD, SEM, HRSEM, EDX, TEM and BET with 

estimation of total pore volume and average pore diameter for the prepared composite. Thermal 

stability of the prepared composite was affirmed via TGA analysis. Corrosion percentage via 

weight loss percent in three media of water, H2SO4 and diesel fuel was estimated to reach 

maximally to 25 % in case of H2SO4, while, corrosion inhibition efficiency (CIE) percentage 

estimated according to weight loss to reach 94.27, 88.18 and 85.05 % after 10 days of soaking 

the steel samples coated with the synthesized ZnNPs@polystyrene composite (800 ppm) at 25 

℃, while, elevation of temperature up to 45 ℃, resulted in non-significant effect on the 

estimated CIE to be diminished to 91.8, 85.2 and 81.1% after soaking in water, diesel fuel and 

sulfuric acid  as corrosion media, respectively. CIE was estimated to be near 30% in case of 

coating steel samples with polystyrene polymer, to be significantly increased to near 80 % and 

formidably jumped to near 100% by coating with ZnNPs@polystyrene composite, with weight 

percent of 30 & 50% of ZnNPs, respectively. In addition to, Zeta potential was also detected 

to be - 9.67 in case of untreated steel samples, while, it became - 4.98 after coating of sample 
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with ZnNPs@polystyrene composite. Eventually, from Arrhenius plots, activation energies 

and thermodynamic parameters of rate constant, enthalpy (ΔH) and entropy (ΔS) confirmed 

that the interaction is more taking place between the corrosion species and ZnNPs@polystyrene 

composite as corrosion inhibitor rather than with steel surface. Postulation of the reaction 

mechanism for the anticorrosive action of the synthesized ZnNPs@polystyrene composite was 

presented according to the illustrated instrumental analyses.  

Keywords: ZnNPs, ZnNPs@polystyrene, Anti-corrosive, Thermodynamic.   

Introduction  

Manufacturing and applications of various organic nanocoatings is progressed towards 

implementation of organic nanocoatings in many industrial purposes owing to their superior 

capabilities in different fields. Organic nanocoatings are coatings that either has constituents in 

the nanoscale, or is composed of layers that are less than 100 nm. The small sizes of 

nanostructures and the high densities of their ground boundaries effectively enable excellent 

adhesion and good physical coverages of the coated surfaces. Organic nanocoatings were 

reported to be advantageous with different properties such as surface hardening, adhesive 

strengthening, long-term and/or high-temperature corrosion resisting, etc. In addition to, 

organic nanocoatings can be exploited as thinner and smoother thickness, that could allow the 

flexibility in equipment designing, enhanced the efficiency, lowering the fuel cost 

effectiveness, lowering carbon footprints, and lowering the maintenance and operating costing. 

Organic nanocoatings were also utilized superiorly in the reduction of the effectiveness of a 

corrosive environment. 

Corrosion inhibition could be achieved via several techniques, while, the selection of 

the right methodology must be preciously performed. Optimization between the cost 

effectiveness, the performance, and the corrosion effectiveness must be also taken in account. 

Corrosion could be inhibited via considering some of key factors as follows; firstly, the choice 

of material with anticorrosive action, where the material must be either nonreactive within 

galvanic series or could give a anticorrosive oxide layer; secondly, controlling the 

environmental conditions, such like, adding the inhibitors (Lamaka et al. 2007; Rahmani et al. 

2016), controlling pH and the temperature of the surrounding medium, reduction in oxygen 

(Cho et al. 2014), sulphur, and chloride contents (Du et al. 2016), diminishing velocity of 

flowing, cleaning up from sediments, etc.; thirdly, the surface modification, that could be 

achieved via uploading of the physical barriers like films and coatings in order to decrease the 
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crevices and cracks (Calderón et al. 2016; Mária 2014); in addition to, cathodic protection, in 

which the corrosion currents could be suppressed and is pushed for metal protection, that could 

be realized via power source or via connecting with more reactive (anodic) materials to the 

protected surface (Wang et al. 2015).  

According to literature, there are three postulated mechanism of corrosion inhibition 

action that could be briefly presented in the following points (Dariva and Galio 2014; Lallam 

2015); i) adsorption: in which the anticorrosive reagent could be chemically adsorbed on the 

surface of the treated steel to form a protective thin layer with corrosion inhibition effects; ii) 

surface layer via forming of oxide membrane for protecting the metallic surfaces; iii) 

passivation in which the inhibitors could react with corrosive species in surrounding media,  to 

form a protective precipitate.  

Special methodologies were reported for synthesis of polymer nanocomposites to be 

applicable for protection of metallic surface against corrosion such like, wet-chemical 

reduction, photochemical reduction, microwave assisted methodology, laser mediated 

technique hydrothermal technique…etc... However, all the previously-mentioned techniques 

could be divided into only two groups of techniques i.e. ex-situ and in-situ methodologies. In 

ex-situ techniques, all methods could be encompassed while the nanoparticles are in-grained 

outside the host polymeric matrices. On the other hand, pre-growing of the nano-sized particles 

could be directly proceeded within the polymeric matrices is known as in-situ technique 

(Salehoon et al. 2017). Ex-situ technique is advantageous with promotion of accurate 

controlling of size and geometrical shaping, in addition to being an approachable technique for 

industrial-scale application (Quadri et al. 2017). On the other hand, in-situ technique is reported 

to be mostly done in single-pot approach, while, ingraining of nanoparticles among the host 

matrix inhibits their agglomeration for achieving the desirable spatial dispersion, making this 

technique numerously applied in researches. However, in-situ technique is disadvantageous 

with the existence of unreacted constituents with the generated composite (Solomon et al. 

2017).  

This approach investigated an innovative strategy for synthesis of corrosion inhibitor 

for steel surfaces based on composite of polystyrene and zinc nanoparticles 

(ZnNPs@polystyrene composite). The successive immobilization of ZnNPs within 

polystyrene matrix for clustering of the desirable ZnNPs@polystyrene composite was 

approved via several instrumental analyses of FT-IR, XRD, SEM, HRSEM, EDX, TEM and 
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BET with estimation of total pore volume and average pore diameter for the prepared 

composite. Thermal stability of the prepared composite was affirmed via TGA analysis. 

Corrosion percentage via weight loss percent in three media of water, H2SO4 and diesel fuel 

was estimated. Corrosion inhibition efficiency (CIE) percentage estimated according to the 

weight loss for the steel samples coated with the synthesized ZnNPs@polystyrene composite. 

Effect of temperature elevation on the estimated CIE after soaking in water, diesel fuel and 

sulfuric acid as corrosion media was also detected. CIE was estimated for coating steel samples 

with ZnNPs@polystyrene composite with different doses of ZnNPs. Zeta potential was also 

detected for untreated and ZnNPs@polystyrene composite treated samples. Eventually, from 

Arrhenius plots, activation energies and thermodynamic parameters of rate constant, enthalpy 

(ΔH), entropy (ΔS) was also evaluated. Postulation of the reaction mechanism for the 

anticorrosive action of the synthesized ZnNPs@polystyrene composite was presented 

according to the illustrated instrumental analyses.  

Experimental section 

In this research study, a composite structure made of combining polystyrene and zinc 

nanoparticles is introduced as a novel corrosion inhibitor. All the chemical reagents that were 

used to prepare either the organic or inorganic parts of the composite are reported in the 

following section.  

Materials 

Unless otherwise stated, all the presented chemical reagents, during this research work, were of 

analytical grade and they were utilized without any further treatments. Table 1 provides full details 

of sources and purities of these chemicals reagents. 

……………..Table 1…………….. 

Synthetic methodologies 

This section is covering two main points which are the experimental procedures of 

preparing the introduced composite (corrosion inhibitor) and its related characterizations. The 

preparation of ZnNPs@polystyrene composite had included two stages namely; preparation of 

a porous polystyrene (as a support) and the coating of this support via loading of ZnNPs via 

electroless platting (ELP) technique.  

             The polystyrene polymer was prepared using the high internal phase emulsion (HIPE) 

polymerization technique, as reported in literature (El Naggar et al. 2015). This technique is 
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based on combination of an oil phase with another aqueous phase to obtain an emulsion 

solution. However, the aqueous phase is always presenting the majority of the emulsion content 

(70 – 90 %) in order to produce a polymer with a porous nature. On the other hand, the increase 

of the oil phase percentage, during the preparation stage, is in turn responsible for elevating the 

molecular weight of the produced polymer at the end. The mechanism of HIPE technique is 

based on the dispersion of the aqueous phase molecules in between the oil phase ones to 

produce micelles in the obtained emulsion solution. These micelles are then transformed to 

pores along the geometry of the ultimately obtained polymer.  

Experimentally, the synthesis of the polystyrene structure had launched via the 

preparation of the oil phase which included the styrene monomer (90 %) and (10 %) of the 

surfactant, by weight %. On the other hand, the aqueous phase had been simultaneously 

prepared. The latter phase contained respective weight percentages of 98 % & 2 % from both 

de-ionized water and potassium persulfate (as a polymerization initiator). Then, the oil phase 

was added to the aqueous phase under vigorous stirring at the pre-determined polymerization 

conditions. Fig. 1a showed a schematic diagram for the process of polystyrene preparation 

through emulsion polymerization technique. 

 The practical preparation procedures had started by inserting the specified amount of 

de-ionized water into a 1000 ml round flask which was then heated up to 60 oC. As soon as the 

temperature was reached, the initiator and oil phase were consecutively added to the flask. The 

whole ingredients had been then continuously stirred vigorously (500 rpm) under reflux for a 

reaction time of two hours. This reaction time, as prior stated in the related literature survey, 

could be sufficient to convert approximately 90% of the styrene monomer into polystyrene. 

After the completion of two hours under reflux, the obtained emulsion solution was then 

transferred into warm oven (at 65 oC) in order to complete the polymerization process. This 

step was also necessary to attain the stage of aqueous phase decanting. 

As soon as the polystyrene was synthesized, it was forwarded to the current stage in 

which it was used as a support for zinc nanoparticles. Particularly, ZnNPs@polystyrene 

composite which had contained equal weight percentages (50 : 50) of polystyrene and zinc 

metal was prepared in this stage. This composite was prepared by using the ELP method as 

reported in (El Naggar et al. 2015). The steps of loading the zinc nanoparticles onto the 

polystyrene (support) were carried according to the following sequence: 
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i. A solution (0.2 M) was prepared by dissolving 5.453 gm of ZnCl2 (which contain 2.616 g 

of Zn metal) in 200 mL deionized water. 

ii. The solution was kept under vigorous stirring (at 500 rpm) and consequently heated up to 

90 oC until a clear solution was observed. 

iii. Equal molar ratio to that of zinc ions was then added from the reducing agent namely; 

4.048 g of (C2H5)3N, were added to the solution for generation of ZnNPs. 

iv. The whole mixture was then allowed to stir under heating for another 10 minutes. Then 

2.616 g of polystyrene, which is equal to the amount of the pre-added Zn metal, were 

added to the solution. 

v. After the addition of polystyrene, the solution was kept under heating with vigorous 

stirring for 20 minutes in order to allow the complete interaction between the components 

to take place. At the end of the reaction time, the stirring was hold and reaction vessel was 

kept under heating for another 20 minutes, to complete the metallization of polymer 

particles.  

vi. Heating was afterward stopped and the solution was left to settle down for 2 h to allow all 

the metalized particles of polymer to segregate at the bottom of the reaction vessel. The 

composite was ready and was subsequently collected by filtration. Then, it was washed 

several times by distilled water and was next left to dry, for 12 h, in a desiccator at room 

temperature (Fig. 1b). 

Characterization and instrumental analysis  

The verification of structural characteristics of the prepared powder polymers was 

studied by Fourier-transform infrared spectroscopy (FTIR) device model Thermo Nicolet 

Avatar 370, Germany. The molecular weight of the collected polymer was conducted by Gel 

permeation chromatography (GPC) technique. The surface characteristics of the porous 

polymer were examined using Brunauer-Emmett-Teller (BET) surface area analyzer model SA 

3100, manufactured by A Beckman-Coulter-USA. The surface morphology of polymer was 

acquired through scanning electron microscope (SEM), model Quanta 250 FEG. This 

microscope has accelerating voltage of 30 KV and magnification range between 14 and 

1000000 times with a high resolution of 1 nm. The SEM device is equipped with energetic 

dispersive X-ray (EDX) unit to facilitate the quantitative elemental analysis of specimens.   
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The verification of structural characteristics of the prepared nano-composite was first 

carried out by Fourier-transform infrared spectroscopy (FTIR). Then, the structural properties 

and degree of crystallinity as well as the average crystal size of the prepared nano-composites 

was illustrated by X-ray diffraction (XRD). Diffractometer model ARL™ X'TRA 

manufactured by Thermo Fisher Scientific, USA was utilized to perform this test. The surface 

characteristics; including specific surface area, average pores diameter and total pore volume, 

of ZnNPs@polystyrene composite structure was examined using Brunauer-Emmett-Teller 

(BET) surface area analysis. 

The surface morphology of the composite was acquired through high resolution 

scanning electron microscopy (HRSEM). Sample mapping and elemental analysis of the 

introduced composite was performed via the EDX unit which is fitted to the Scanning 

microscope. Additionally, the produced ZnNPs@polystyrene composite was examined by 

transmission electron microscope (TEM), model JEOL-2100M, manufactured in Japan, in 

order to explore its internal morphology. The thermal behavior of the presented composite was 

acquired by thermal gravimetric analysis (TGA).  

           After ZnNPs@polystyrene composite was prepared and fully characterized using the 

proper analytical techniques, it was forwarded to test its efficiency as a solid dispersant 

corrosion inhibitor. The use of such composite in the solid state form can be counted as a certain 

novelty of this research work. The efficiency of the prepared composite in preventing the 

corrosion of carbon steel surfaces was investigated in four different media. Specifically, pure 

water, formation, diesel fuel and sulfuric acid, were utilized as corrosive media during this 

study.  

          A commercial carbon steel sample which has the following chemical composition, C: 

0.21 %, Mn: 0.593 %, Si: 0.044 %, S: 0.032 % and Fe: 98.4 %, was utilized during this research 

work. The choice of this sample had based on the fact that it is the most widely used steel 

material due to its low cost, availability and their good fabrication qualities. Additionally, such 

type of steel material found its usage in various reaction vessels such as cooling towers, boilers, 

pipelines and sections for use in bridges as well as in delivery tanks of different liquid fractions 

(Senthilkumar and Ajiboye 2012). The as-received carbon steel samples were machined into 

cuboid shaped test specimens (coupons) of about 10 mm thickness and length of 50 mm using 

a steel cutting machine. Firstly, the coupons were gently polished using a soft polishing sheet. 

Then, they were sequentially cleaned via using ethanol where they were next rinsed several 

times by distilled water and were left to dry into a desiccator.  
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As previously mentioned, four corrosive media had been selected to assess the 

efficiency of the introduced ZnNPs@polystyrene composite as a corrosion inhibitor. The 

choice of these media is of a particular relevance to their presence in various industries. 

Specifically, sulfuric acid (H2SO4) is one of the chemical compounds that is frequently used in 

industries alongside the carbon steel components. On the other hand, water and formation water 

are two of the major media that can be extensively present during the transportation of 

petroleum crude oils. Additionally, diesel fuels are of the most abundant liquid petroleum 

fractions that are widely distributed globally as energy sources. Such fractions are usually 

containing high levels of sulfur compounds which are known of being highly corrosive 

components. The delivery of either diesel fuels or crude oils is generally carried out through 

usage of tanks that are made of carbon steel materials. Therefore, testing the efficiency of the 

introduced corrosion inhibitor, in this research work, in these three media as well as sulfuric 

acid had been of high importance.  

Before evaluating the efficiency of the presented ZnNPs@polystyrene composite in 

inhibiting the corrosion, it was necessary to perform control experiments in the aforementioned 

four corrosive media. Through these experiments, the formerly cleaned and dried carbon steel 

coupons were placed in the corrosive media in a complete absence of the prepared corrosion 

inhibitor. Particularly, four coupons were placed separately in four beakers; each of them 

contain 100 mL of one of the corrosive media. However before inserting the coupons into the 

test vessels, their weights were determined using a four decimal digits balance. The carbon 

steel coupons were remained in the corrosive media for a pre-determined time intervals. In 

particular, 1, 3, 5, 7 and 10 days were set as the time of testing. By the end of each time interval, 

the carbon steel specimens were picked from the various corrosive media in order to calculate 

their corrosion amounts. Each of the control experiments had been performed in triplicate to 

accurately measure the corrosion values that could be attained by each of the corrosive media.   

         After the control experiments were done, testing the corrosion inhibition efficiency by 

using the prepared ZnNPs@polystyrene composite was then carried out. Same procedures, as 

the former stated in control experiments, had been employed during this stage. However, in 

each of the vessels, which contain the corrosive media, the corrosion inhibitor was added at 

certain amounts. Specifically, concentrations equal 200, 400 and 800 ppm of 

ZnNPs@polystyrene composite were added on separate basis in each of the testing vessel. In 

this stage, testing the effect of ZnNPs@polystyrene composite dose on the efficiency of 

inhibiting the corrosion of the carbon steel coupons had been tracked. 
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              In the previous stage the most proper amount of the corrosion inhibitor was determined 

and was then applied in the following step of testing. In the second step of testing, the effect of 

temperature (25, 35 and 45 oC) on the quality of corrosion inhibition efficiency was examined. 

In each of the latter two steps of testing the effect of each corrosive media on the Inhibition 

efficiency was investigated on a comparative basis. The detection of corrosion amounts (in 

grams) of the carbon steel specimens was carried out through the weight loss route. The weight 

change for each of the specimen was determined in 24 hours, at first place, then it was 

progressively obtained up to 240 hours. These weight losses were then used to determine the 

corrosion percentage according to the coming expression:  

                            % Corrosion = 100 - W1 /Wo x 100  

 

where Wo = original weight of carbon steel coupon and W1 = weight of the inhibited coupons 

after a time of testing. 

 

The efficiency of corrosion Inhibition efficiency (%) could be then evaluated using the 

following expression: 

 

                             % Inhibition = ∆W / Wo x 100 

Where ∆W (weight loss) = initial weight of steel coupon (Wo) – weight after placement in the 

corrosive media (W1)  

 After the corrosion amounts and their related percentages of inhibiting the corrosion of 

the carbon steel coupons via weight loss technique, the steel samples were further subjected to 

some analytical techniques. Particularly, Zeta potential and contact angle techniques were 

applied to the collected steel coupons after both the control and corrosion inhibition 

experiments. This stage was carried out in order to verify the obtained findings through the 

weight loss calculations. Additionally, these analyses were meant to comparatively explore, in 

depth, the effect of operating parameters as well as impact of various corrosive media on 

corrosion inhibition quality.        

Results and Discussion 
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Corrosion could be defined as the deterioration of metallic surfaces attributing to their 

interaction with corrosive elements in their surrounding medium, such like Cl-, F-, CO2, O2, 

etc. Deterioration due to corrosion resulted in losing of materials, damaging of equipment and 

decrement in the efficiency. Inhibition of corrosion could be performed via various techniques, 

while, the choice of the right technique must be done taking in account the optimization 

between the cost, the process performance, and corrosion effectiveness.  

Nanocomposites based on transition metals were in limelight owing to their superior 

applicability in various scientific and technological purposes. Synthesis of zinc based thin 

membranes could emerge a great consideration, attributing to their mechanical and chemical 

stabilities. Therefore, zinc based coating layer deposited on the steel specimens is supposed to 

exhibit high anti-corrosive performance. In addition to, no reports were considered with 

studying the enhancement of the corrosive resistance for metal surfaces via coating the surface 

with ZnNPs based composite thin films. In the current study, a new approach is provided 

through the utilization of nanotechnology concept in production of a solid corrosion inhibitor. 

Herein, zinc nanoparticles (ZnNPs) was immobilized within polystyrene for preparation of 

ZnNPs@polystyrene composite to act as a novel inhibitor for corrosion under the influence of 

various corrosive media.  

Molecular weight of the as-produced polystyrene was acquired via the gel performance 

chromatography (GPC) technique and it was found to be 372.587 g/ mole. This value is 

referring to a degree of polymerization equals 3582 repeat unit/ molecule. This increased value 

of molecular weight and polymerization degree could be attributed to use of an oil phase 

represents 30 % per weight of the whole composition of the emulsion solution during the 

polymerization stage. Therefore, the production of long chained polystyrene, having a high 

molecular weight, could be successfully achieved.  

After determining the molecular weight of the acquired polystyrene polymer, it was 

then metalized by zinc nanoparticles for production of ZnNPs@polystyrene composite using 

electroless platting technique, which depends on the catalytic reduction of metal ions in an 

aqueous solution and subsequent deposition of metal without the use of electrical energy. The 

driving force for both reduction and deposition is accomplished by using a chemical reducing 

agent. It is also known as autocatalytic plating due to the potential developments of the 

substrate through the process when it is submerged in electroless solution which contains a 

source of metallic ions, reducing agent, stabilizer and other components. In the current study, 
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zinc chloride was used as metal precursor and triethylamine was exploited as the reducing 

agent. Zinc ions were reduced to generate zero valent zinc atoms, which were subsequently 

deposited on the surface of polystyrene macromolecules which currently functionalized as the 

supporting template or stabilizer for successive ingraining of Zn nanoparticles and sequential 

clustering of ZnNPs-polystyrene composite. Zinc nanoparticles could represent 50 Wt. % of 

the ultimately obtained ZnNPs@polystyrene composite at this stage. The confirmation of such 

percentage, of Zn nanoparticles within the structure of this composite, was acquired through 

gravimetric measurements during the experimental loading of zinc onto the polymer structure. 

Structural Characteristics 

The structural analysis of both the as-prepared polystyrene and the consequently 

obtained ZnNPs@polystyrene composite had been first discussed through the presented XRD 

patterns in Figure 2. XRD pattern of the blank polystyrene (Figure 2a) could reveal broad 

hump peak positioned between 2θ values of 15 and 30 o. The observed XRD signal is referring 

to the highly amorphous nature of the as-prepared polystyrene polymer (Wadi et al. 2020). A 

rational change in the XRD pattern could be noticed for ZnNPs@polystyrene composite, as X-

ray diffractogram could exhibit strong sharp peaks indicative to the zinc metal. Specifically, 

high intensity Bragg diffraction peaks could be observed at 2θ = 11.71, 17.03, 22.26, 25.41, 

33.76, 34.28 and 58.44o. The peak of the highest intensity which is shown, in the above 

diffractogram (Figure 2b), at 2θ of 11.71o is indexed as the d200 for zinc metal (Jassim et al. 

2016). 

The sharpness of the exhibited peaks could reflect the formation of zinc nanoparticles 

in the form of crystals. The high intensity of the XRD signals is referring to the elevated degree 

of crystallinity (number of crystalline particles) along the prepared ZnNPs@polystyrene 

composite. The detection of sharp XRD signals with no observation for strong hump peak, 

indicative to the polystyrene polymer, could show the complete domination and well dispersion 

of zinc nanoparticles onto the polymer geometry. Using the provided XRD data in Figure 2b, 

the mean crystals size of ZnNPs@polystyrene composite was calculated via Scherer's equation 

and it was found to be 61 nm. 

……….………. Figure 2 ……….………. 

After confirming the detection of metal-organic structure via XRD patterns, the 

structural (function) groups of organic structure in the introduced ZnNPs@polystyrene 

composite, as a corrosion inhibitor, was tracked via FTIR analysis. FTIR spectroscopic study 
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of the illustrated ZnNPs@polystyrene composite has been displayed in Figure 3. In Figure 3a, 

absorption bands at 3025.40 and 3066 cm-1 referring to both CH- aliphatic and CH-aromatic 

could be noticed in the exhibited IR spectrum. Additionally, the presence of C=C that belong 

to benzene ring could be verified through an absorption band at 1596.86 cm-1. Also, bands for 

both asymmetric and symmetric CH2 could be noticed at 2921.03 and2853.29 cm-1 respectively 

(Al-Kadhemy et al. 2016). Furthermore, an absorption band referring to P-substituted benzene 

ring could be detected at Wavenumber of 720 cm-1. An absorption band at 3449 cm-1, assigned 

for OH group, could be also noticed for the polystyrene polymer. The observation of such peak 

is attributed to the stuck of either some water molecules within the polymer structure, during 

the polymerization stage or the present OH in the radicals that could be generated, from 

potassium persulfate, as an initiator, during the polymer formation (Al-Kadhemy and Rasheed 

2013).  

The FTIR spectrum of the ZnNPs@polystyrene composite (Figure 3b) had revealed 

the presence of some additional absorption bands to those the previously stated in Fig. 3a. 

Particularly, absorption peaks located around wavenumber values of 470, 847 and 1100 cm-1 

could be detected through the displayed spectrum. These absorption bands are indicative to 

vibrational zinc particles (Ayeleru et al. 2019). On the other hand, variations in the intensities 

of the detected absorption bands for polystyrene structure (Figure 3b) than those of its 

reprehensive bands in Figure 3a could be noted. These variations are explained due to the 

loading of zinc nanoparticles onto the polymer structure (Xu et al. 2012). This observation may 

consequently verify the increased propagation of ZnNPs along the texture of polystyrene, in 

the produced ZnNPs@polystyrene composite. No absorption bands referring to a chemical 

interaction between zinc particles and carbon atoms of polystyrene could be detected. This in 

turn can clarify that the combination of zinc nanoparticles and polystyrene could take place via 

stable embedment within intermolecular spaces of polystyrene matrix. 

……….………. Figure 3 ……….………. 

The stability of such embedment was tested through a leaching stage by soaking 200 

ppm (0.2 g/ L) of the prepared ZnNPs@polystyrene composite into two different media 

(formation water and diesel fuel) for a time of 7 days. The composite particles were then 

washed several times by double distilled water and had been subsequently dried at 80 oC for 3 

h inside a vacuum furnace. The dried samples were weighed up and were shown constant 

weights (0.2 g). This could consequently reflect that no release (leaching) of zinc nanoparticles, 
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from ZnNPs@polystyrene composite, had under taken; hence, a stable embedment could be 

detected. The stability of embedment can be attributed to the successive entrapping of ZnNPs 

within the intermolecular spaces between polymeric chains of polystyrene.  

Textural Properties 

As soon as the characteristics of the presented structures were explored via both XRD 

and FTIR analyses, their textural characteristics were then investigated through SEM, HRSEM, 

EDX and BET surface area techniques as shown in Figure 4 and Table 2 respectively. The 

formerly presented analyses (XRD and FTIR) had confirmed the inclusion of both the organic 

(polymer) and inorganic (Zn metal nanoparticles) sites within the structure of the synthesized 

ZnNPs@polystyrene composite. However in order to clearly find out about the combination of 

these sites together (as a composite), it was necessary to scan both the blank polystyrene and 

its ZnNPs@polystyrene composite under the electronic microscope. The exhibited SEM 

images in Figure 4 illustrate the surface morphology of both the as-prepared polystyrene and 

its sub-driven composite. 

The given SEM images, Figure 4a, show a smooth uniform sheet-like surface. This 

sheet contains a number of meso-pores, which morphologically is in a strong agreement with 

the next illustrated surface characteristics. Observable changes in the surface morphology of 

the polymer could be seen after loading of Zn nanoparticles within its structure, Figures 4b 

and 4c. The surface has become a bit wavy and non-smooth while being of a uniform 

appearance. It can be also seen that all the detected pores in the blank polymer had totally 

disappeared. The observed change in surface morphology is referred to the stable dispersion 

and complete domination of tightly porous Zn nanoparticles along the surface of polystyrene 

(Tang et al. 2007). 

In accordance to Figures 4b and 4c, ZnNPs@polystyrene composite had exhibited 

well-dispersed crystals of zinc nanoparticles along the whole surfaces of polystyrene. The 

observed zinc crystals, through both SEM and HRSEM images, are of different shapes. 

Specifically, tetragonal, pentagonal and hexagonal crystals of metallic zinc could be noted 

through the presented scanning images. However, the detected Zn particles, despite of being 

highly dispersed along the polymer structure, could show some accumulations of subsequent 

layered crystals. This observation can be referred to the over-loading of zinc particles (50 %) 

of the ZnNPs@polystyrene composition, by weight during the preparation procedures. In 

addition, the high percentage of zinc loading was accompanied by the high molecular weight 
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of the polymeric structure. This in turn could likely limit the penetration of a number of zinc 

particles into the polymer geometry. Therefore, some of metallic zinc particles could 

accumulate onto one another at the surface of support (polystyrene).  

The exhibited morphology for ZnNPs@polystyrene composite has been in a good 

agreement with the previously given XRD pattern, Figure 2b, which could also show complete 

domination of Zn particles. The domination of zinc crystals onto the surface of polystyrene is 

expected to be highly advantageous in its proposed application as a corrosion inhibitor. On the 

other hand, the observed sizes of zinc particles in the ZnNPs@polystyrene composite, through 

SEM images, could confirm the formation of a nanocomposite structure via detection of Zn 

particles in the range of nanoscale. In an agreement with this finding, the illustrated TEM 

images in Figure 4d could verify the presence of a nanocomposite structure. Particularly, 

particles in the size range of 4-50 nm could be observed at different bits along the morphology 

of ZnNPs@polystyrene composite. TEM micrographs could additionally exhibit high degree 

of Zn particles dispersity around the whole of polymer geometry. Furthermore, four, five and 

sex sided Zn crystals had been noted through the TEM images. The similarity of both surface 

and internal morphologies of the ZnNPs@polystyrene composite could reflect the high 

uniformity that could be achieved during its preparation procedures.            

           The textural properties of the introduced structures, through this study, had been further 

tracked via determining their surface characteristics. Table 2 summarizes the numerical values 

of surface parameters for both the as-synthesized polystyrene and its sub-driven 

ZnNPs@polystyrene composite. It can be observed that the specific surface area and its 

dependent features (pore volume and pore radius) of polystyrene could be subsequently 

influenced after loading the ZnNPs. Particularly, the values of both specific surface area and 

total pore volume of ZnNPs@polystyrene composite had increased nearly to the double, 

compared to blank polystyrene. These increments can be attributed to the presence of increased 

weight percent of Zn particles onto the polystyrene structure (Jassim et al. 2016). On the other 

hand, the average pore diameter of the composite had declined by 25 %, in a comparison to the 

blank polymer. This decrement may be referred to the smaller pores radii of the platted 

nanoparticles (Liu 2006) of zinc, which represent 50 Wt. % of the composite, than those of 

polystyrene. Thus, the average pore diameter of the generated ZnNPs@polystyrene composite 

was found to be slightly less than that of the blank polystyrene. Nevertheless, both of the 

synthesized polystyrene and ZnNPs@polystyrene composite are of mesoporous nature. The 
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reasonable specific surface area of the presented ZnNPs@polystyrene composite, as detected, 

could play a key role during its usage as a corrosion inhibitor.    

……….………. Figure 4 ……….………. 

  ……….………. Table 2 ……….………. 

Elemental and Thermal Analyses 

After the structural and textural characteristics of the presented ZnNPs@polystyrene 

composite had been verified, another confirmation for the presence of Zn particles, within its 

structure, had been carried out. Specifically, an elemental analysis test using energetic 

dispersive X-ray (EDX) technique was performed to the composite sample. In reference to the 

displayed EDX spectrum in Figure 4e, two highly intense signals assigned for carbon element 

could be noticed. The increased intensity of C-element peak can strongly confirm the high 

molecular weight of the polystyrene polymer since that carbon represents a major percent of 

its content.        

Simultaneously, high intensity peaks, indicative to zinc element, could be also noticed 

in the exhibited spectrum. The detection of such peaks could further confirm the successful 

incorporation of both polystyrene and Zn nanoparticles into a composite structure. The 

elemental analysis could exhibit that Zn is representing 48 Wt % of the sample while C was 

shown as 50 Wt %. Additionally, two weak signals, referring to both oxygen and sulfur 

elements, could be observed in the given EDX spectrum. These signals are attributed to the 

species of initiator (potassium per-sulfate) that could be potentially stuck within the 

polystyrene structure during its preparation stage. The detection of oxygen indicative peak, 

through the EDX analysis, may further confirm the existence of hydroxyl groups, due to 

confinement of water molecules, within the structure of polystyrene, as previously illustrated 

in FTIR spectra. A side to elemental analysis, a mapping of the prepared ZnNPs@polystyrene 

composite could be provided via EDX analysis, as illustrated in Figure 4f. In agreement to 

both SEM and TEM images, ZnNPs could be noticed as highly dispersed and well-distributed 

in between the C particles of the polystyrene polymer. 

The presence of high percentage of ZnNPs in the ZnNPs@polystyrene composite had 

been verified through another tool of analysis, namely; thermal gravimetric analysis (TGA) 

test. Also, this test was carried out in order to explore the suitability of using the introduced 

ZnNPs@polystyrene composite as a corrosion inhibitor at high temperature processes. Figure 
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5 illustrates the thermal behavior of the synthesized ZnNPs@polystyrene composite through 

the presented TGA graph. Three stages of weight losses could be noticed showing a total weight 

loss of 42.30 %. The first stage of weight loss could be noted between 0 and 300 oC in which 

5 Wt % of the sample. Then, another 4.21 Wt % of the sample was lost as the temperature was 

increased to 400 oC. These weight losses can be attributed to the release of adsorbed water 

molecules onto the polymer structure as well as degradation of the terminal carbon skeleton in 

the aliphatic chain of polystyrene. The former two stages were followed by another stage of 

massive weight loss, came up to 33 %, between 400 and 450 oC. Therefore, a total weight loss 

of 42.3 % could be observed between 0 and 450 oC.  

This high percentage of weight loss can be attributed to the complete decomposition of 

polystyrene polymer. On the other hand, the remains of the sample, which represents nearly 57 

%, could show a steady state of weight between 450 and 700 oC.  No detection of weight loss 

at that temperature range could be explained due the complete domination of ZnNPs which are 

of a high thermal stability up to 900 oC, as reported in literature (Liu 2006). The displayed data 

of TGA in Figure 5, could conclude that ZnNPs are presented in the introduced 

ZnNPs@polystyrene composite by an elevated weight %. Additionally, ZnNPs@polystyrene 

composite is highly suitable for using as a corrosion inhibitor in the processes that can hold 

increased temperature up to 300-350 oC.  

  ……….………. Figure 5 ……….………. 

Corrosion Inhibition Performance 

By completion of determining structural, textural, elemental and thermal characteristics 

of the prepared ZnNPs@polystyrene composite, it was then forwarded to the process of 

corrosion inhibition for carbon steel surfaces. The weight loss technique was utilized in order 

to study the effect of ZnNPs@polystyrene composite on the corrosion inhibition performance 

under the influence of various corrosive media. However, before investigating the efficiency 

of the introduced inhibitor, it was necessary to find out the corrosion percentages of carbon 

steel surfaces in the absence of the ZnNPs@polystyrene composite. Figure 6a illustrates the 

detected corrosion percentages for the steel samples during 10 testing days. It can be noticed 

that the water, as a corrosive media, could show the lowest corrosion percentage. This can be 

attributed to the slow interaction between the water molecules and the steel metal. Therefore, 

limited attacks by the corrosive sites (hydroxyl groups) in water molecules toward steel 

surfaces could undergo (Singh et al. 2014). Hence, a small corrosion percent could be noticed. 
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Subsequently, introducing the formation water as a corrosive media could result in a bit 

higher corrosion percent for the carbon steel sample. This increment can be referred to the 

presence of larger number of corrosive sites in formation water than that of pure water (Deyab 

and Abd El-Rehim 2014). Particularly, formation water is normally containing crude oil 

droplets and mineral salts which can be of strong electron withdrawing behavior. Thus, the 

corrosion action could be further stimulated, in a comparison to the case of using pure water 

(Deyab and Abd El-Rehim 2014). On the other hand, the sulfuric acid had displayed the highest 

corrosion percentages (nearly 25 %) among the four tested corrosive media. This enhanced 

percentage of corrosion can be explained due to the chemical composition of sulfuric acid. 

Chiefly, it contains four oxygen atoms, which are of strong electron withdrawing nature 

because of their high electron negativity. Therefore, increased probabilities of interactions 

between these atoms and steel surfaces could take place  (Ugi et al. 2016); leading to a quite 

high corrosion percentage. Similar to sulfuric acid, diesel fuel (as a corrosive media) could 

arouse a higher corrosion percentage than the two aqueous media, but less than the sulfuric 

acid. Specifically, diesel fuel could show double and triple the detected corrosion percentages 

by formation and pure water respectively. The increased corrosive capability of diesel fuel over 

aqueous media can be referred to the presence of sulfur and aromatic compounds within its 

composition. These components are of withdrawing nature (Odewunmi et al. 2020), however, 

with less ability than the corrosive sites in sulfuric acid.  

  ……….………. Figure 6 ……….………. 

Impact of corrosion inhibitor dose 

In current stage of this research study, the effect of varying the corrosion inhibitor dose 

on both the corrosion amount (weight loss in grams) and corrosion inhibition efficiency (CIE) 

was monitored. The collected results through this stage are presented in Table 3 and 

supplementary file (Figure S1). The presented data showed weight loss of carbon steel 

coupons against time in the aforementioned four corrosive media, for 10 testing days. The 

corrosion test was carried out in the four different media either in absence or presence of 

ZnNPs@polystyrene composite, as a corrosion inhibitor. It could be detected that the weight 

losses of carbon steel coupons increase slightly with time increase in presence of 

ZnNPs@polystyrene composite. On the other hand, increased amounts of weight loss could be 

seen in absence of the corrosion inhibitor.  This can be explained by the adsorption of 

ZnNPs@polystyrene composite, as a corrosion inhibitor, onto the carbon steel surface forming 

a protective layer. This layer could consequently reduce the contact between the metal surface 
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and any of corrosive medium. Therefore, the aggressive interaction between the metal surfaces 

and corrosive media could be minimized (Hegazy 2015).   

The detected weight losses and the values of CIE could show that ZnNPs@polystyrene 

composite can effectively acts as a good corrosion inhibitor. Additionally, the observations of 

linear curves (for the solutions which contain ZnNPs@polystyrene composite) fall far below 

the curves of no inhibitor, as shown in (supplementary file, Figure S1), could strongly verify 

the high efficiency of the introduced inhibitor. General speaking, the lowest weight loss (in 

presence of the inhibitor) could be detected, after 10 days of testing, in case of introducing 

water as a corrosive media. From Table 3, the lowest CIE could be observed by using the 

inhibitor for a time of 10 days in presence of sulfuric acid, as a corrosive medium. Briefly, it 

can be depicted that the increment of testing time had been accompanied with increases in 

values of weight losses. However, these losses had been observably less in presence of 

ZnNPs@polystyrene composite, as a corrosion inhibitor, than in case of its absence.  

The increment in weight losses of carbon steel coupons, by time prolongation, can be 

attributed to the increased interactions of their surfaces with the corrosive sites in each media. 

Nevertheless, probabilities of such interactions could be decreased via using 

ZnNPs@polystyrene composite, as a corrosion inhibitor. The declination in the interactions 

potentiality between carbon steel surfaces and the corrosive sites can be referred to the 

formation a barrier layer (by the corrosion inhibitor particles) onto the surface of steel coupons. 

This in turn could restrict the interactive corrosive sites, in each medium, to strongly reach the 

surfaces of carbon steel coupons (Aribo et al. 2017). Thus, the attained weight losses by effect 

of corrosion could be obviously decreased via introducing ZnNPs@polystyrene composite, as 

an inhibitor, in the current study. Referring to Table 3, the differences in weight losses, after 

10 days, in presence of ZnNPs@polystyrene composite and its absence had been less in case 

of water and formation water than in case of sulfuric acid and diesel fuel media. These 

differences in weight losses can be referred to the quite aggressive attacks, toward the steel 

surfaces, by the latter two media than in case of water and formation water. These stronger 

attacks can be explained by the increased number of corrosive sites in diesel fuel and sulfuric 

acid compared to those of aqueous media (Muthamma et al. 2021). In an agreement with 

illustrated data in Table 3, the maximum CIE could be noticed, after 10 days, in case of using 

pure water. On the other hand, the lowest CIE could be noticed in case of introducing sulfuric 

acid as a corrosion medium. This percentage (nearly 80 % in case of using 200 ppm as a dose) 

is, however, still reasonably high in the field of metallic surfaces protection. 
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  ……….………. Table 3 ……….………. 

It can be generally noticed that the increment of corrosion inhibitor dose could in turn 

reduce the corrosion amounts of carbon steel, at a certain time for each. This reduction can be 

attributed to the increment in number of the corrosion inhibitor particles (Sehmi et al. 2020). 

Therefore, the probability of interaction between the inhibitor and corrosive media could, on 

one hand, be enhanced. On the other hand, this increment of particles number could 

consequently lead to enhanced coverage of steel surface in comparison to at the lower dose. 

Thus, low corrosion percentages could take place due the limited interaction between the 

corrosive media and steel surface.  

In reference to Table 3 and supplementary file (Figure S1) the corrosion inhibition 

efficiency had been gradually decreased by time, till the end of testing period, in case of using 

400 and 800 ppm as doses of ZnNPs@polystyrene composite. In contrast, quite sharp declines 

could be noticed, after 10 days, through applying 200 ppm as an inhibitor dose. This sharp drop 

could be attributed to the exhaustion of a quite increased number of the inhibitor particles by 

time passing (Al-Bghdadi et al. 2019). Hence, the remained non-exhausted particles could not 

potentially provide efficient coverage to the steel surface. For the case of using 400 and 800 

ppm, as doses, the decline of inhibition efficiency had lasted as gradual from the beginning of 

test time to its end. This observation can be explained by the presence of a quite reasonable 

number of the non-exhausted particles of ZnNPs@polystyrene composite along the testing 

time. This could subsequently result in minimizing the corrosion amounts since these particles 

could properly cover the surfaces of steel.  

In a conclusion of this stage, it can be stated that the increment of CIE is of a strong 

dependence to the increment of the inhibitor dose. Additionally, the use of 800 ppm as an 

inhibitor dose could always achieve efficiencies of higher than 90 % under the effect of the 

introduced corrosive media. Such percentages can be counted as of a high level in comparison 

to the usually achieved percentages by the organic inhibitor in thus field. 

Effect of temperature 

 As soon as the best dose of inhibitor (800 ppm) was picked, it was implemented at 

this stage at which impact of different temperatures on the corrosion process had been tracked. 

Both the weight loss of carbon steel and the corresponding CIEs by ZnNPs@polystyrene 

composite are illustrated in Table 4 and supplementary file (Figure S2). It can be seen that,  
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the elevation of temperature had been continuously accompanied with increment in the 

corrosion-dependent weight losses. The loss in weight can be attributed to the stimulation of 

corrosive sites movements by the temperature elevation (Nwanonenyi et al. 2017).  Thus, 

increased levels of attacks by the corrosive sites, in the four corrosive media, could take place. 

The observed decrement of CIE by temperature elevation, in the presence of 

ZnNPs@polystyrene composite, could refer to formation of a physical adsorptive film between 

the composite and the steel surfaces (Hegazy 2015). However, different attitudes could be 

observed for ZnNPs@polystyrene composite in CIE for the four corrosive media.  

Specifically, CIE in pure water had been gradually decreased by raising of temperature 

(up to 10 days of testing). This non-significant decrement can be explained due to the slow rate 

of interaction between corrosive sites of water and steel surfaces (Nwanonenyi et al. 2017). 

Therefore, a limited attack by the stimulated corrosive sites of water (by the increase of 

temperature) could under take. On the other hand, sharper declines in the CIE could be 

observed, after 10 days, for both formation water and diesel fuel than that in case of pure water. 

This notice can be referred to the higher number of motivated corrosive sites, by temperature 

increase, in the two stated media than in case of pure water.  Thus, increased potentialities of 

attacks by these corrosive sites toward the surfaces of carbon steel could occur. The sharpest 

decline in the CIE could be noticed by the end of 10 days of test through applying sulfuric acid 

as a corrosive media. Nevertheless, the attained CIE (nearly 88 %), after 10 days, at 45 oC is 

still considered as quite high in the field of corrosion prevention.  

   ……….………. Table 4 ……….………. 

Effect of the inhibitor composition  

By completion of the aforementioned stages, it was necessary to find out about the vital 

role of ZnNPs in inhibiting the corrosion of carbon steel surfaces. Thus, group of 

ZnNPs@polystyrene composite contain various percentages of ZnNPs had been tested as 

corrosion inhibitors. In this stage of investigation, the inhibition performances were tested at 

25 oC using sulfuric acid as a corrosive media, an inhibitor dose of 800 ppm and 10 days as a 

testing time. The obtained CIE by the different composites, which contained ZnNPs ranged 

between 10 and 50 Wt. %, are displayed through Figure 7a. At first place, the exhibited data 

could prove that the polystyrene had played a role in inhibiting the corrosion of carbon steel 

surfaces since an efficiency of 26 % was noted (Layeghi et al. 2016).  
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The detected protection of steel surface by the polymer could be explained by the partial 

coverage of its surface by the polystyrene particles. Therefore, the attacks of corrosive sites 

toward the steel surface could be particularly reduced. On the other hand, loading 10 Wt. % of 

ZnNPs onto the polystyrene, forming a composite structure, could significantly enhance the 

CIE to nearly the double of that the noted efficiency by blank polystyrene. This could 

obviously reflect the high importance of the present ZnNPs in the composite structure in 

reducing the corrosion levels. Particularly, the particles of zinc could act as the first defense 

line against corrosion of carbon steel surfaces during the inhibition process.  

Consequently, the increment of zinc weight percentage in the composite structure 

(corrosion inhibitor) could remarkably enhance CIE. This increment in inhibiting the corrosion 

can be attributed to the increment in number of zinc nanoparticles by increasing their 

percentage in the composite. Therefore, the levels of interactions between the particles of 

corrosion inhibitor and the corrosive sites, in the sulfuric acid, could be elevated (Layeghi et 

al. 2016). Subsequently, increased percentages of CIE could be detected by the composites 

that are including higher zinc contents. However, the CIE had been observably increasing by 

inflation of zinc percentage, in ZnNPs@polystyrene composite, up to 40 %. The following 

increase of zinc particles percentage from 40 to 50 % could slightly increase CIE. This little 

enhancement of efficiency can be referred to the accumulation of some ZnNPs onto each other 

by increasing their percentage, in the composite, above 40 %. Thus, not all of ZnNPs could be 

exposed to the corrosive sites in the presented media. Hence, a limited increment in the CIE 

could be noticed.  

  ……….………. Figure 7 ……….………. 

Corrosion Tracking  

In the former stages, inhibition efficiency for carbon steel surfaces in different corrosive 

media using the introduced ZnNPs@polystyrene composite, as a corrosion inhibitor, could be 

observed via weight loss technique. However, it has been necessary to verify the corrosion 

inhibition performance through some other analytical tools of analysis. Figure 7b illustrates 

the values of contact angle for the surfaces of carbon steel after 10 days of exposure to the 

different corrosive media (Huhtamäki et al. 2018). The displayed measurements had been taken 

for the collected steel surfaces after applying an inhibitor dose of 800 ppm at 25 oC as well as 

for those steel coupons which had no corrosion inhibitor.          
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The noticed values of contact angle have been in a strong agreement with the previously 

discussed data of corrosion inhibition efficiencies. Particularly, the carbon steel surfaces that 

had been protected by ZnNPs@polystyrene composite, as an inhibitor, could show higher 

contact angle values than the steel surfaces which had no protection. The higher is the value of 

contact angle, the higher is the level of corrosion inhibition. Additionally, the highest contact 

angle value could be seen for the protected steel surface in the pure water while the lowest one 

was detected in case of using sulfuric acid, as a corrosive media (Mohamed et al. 2015). These 

results could prove that the lowest corrosion effect could be attained by the water, as a corrosive 

media, while the highest level of corrosion could happen in case of sulfuric acid. Further 

confirmation for the corrosion inhibition efficiency (CIE) for the discussed steel surfaces had 

been carried out through signifying the charges of their surfaces. Specifically, the values of 

Zeta potential measurements of these carbon steel samples had been obtained, as displayed in 

Table 5.   

The detected negative (-) sign in the shown data via Table 5 could indicate the 

occurrence of corrosion for the tested carbon steel surfaces. Therefore, the higher is the suffixed 

numerical value to the sign, the higher is number of negative charges on the steel surfaces. 

Hence, increased level of corrosions can be assigned for the surfaces which show high negative 

values (Wei et al. 2018). In reference to the presented data in Table 4, the highest corrosion 

level could be observed for the carbon steel surface which had been exposed to sulfuric acid in 

absence of the corrosion inhibitor. On the other hand, the highest corrosion inhibition efficiency 

can be allocated for the steel surface which was placed in pure water in presence of 

ZnNPs@polystyrene composite. These findings are strongly matched with the prior acquired 

data through the weigh losses measurements. The explicited harmony between the results of 

experimental investigations (via weight loss technique) and those collected by two different 

analytical tools may strongly verify reliability and consistence of the presented research work.  

   ……….………. Table 5 ……….………. 

Thermodynamics Parameters 

Activation energy (Ea) for corrosion of carbon steel surfaces in water, formation water, 

petroleum diesel fuel and Sulfuric acid in absence and presence of ZnNPs@polystyrene 

composite (800 ppm), as an inhibitor, at different temperatures (298, 308, and 318 o K) were 

calculated from Arrhenius equation (1) and its logarithmic form (2): 
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                   r = A e (- Ea / RT) ………………………. (1) 

                        ln r = ln A - (Ea /RT)……………. (2)   

Where, r represents rate of corrosion reaction, A is the Arrhenius constant, R is the gas 

constant and T is the absolute temperature.  

The collected data through the former equations were utilized to produce Arrhenius 

plots (Ln r vs. 1/T), as displayed in Figure 8. Straight lines with linear regression coefficients 

very close to 1 could be observed in the four corrosive media. These findings could exhibit that 

the corrosion of steel surfaces in all the presented media either in presence or absence of 

ZnNPs@polystyrene composite, as an inhibitor, follow Arrhenius equation with slope of  (-Ea 

/ R) (Refaey et al. 2004). The slopes of the given lines in Figure 8 were then utilized to calculate 

the activation energies and the other thermodynamic parameters, as listed in Table 5.  

  ……….………. Figure 8 ……….………. 

The change in enthalpy and entropy (ΔH*, ΔS*) of activation energy values were 

calculated from the transition state theory (El-Haddad and Elattar 2013). 

  Ln (r /T) = [Ln (R / NAh) + (ΔS*/ R)] – (ΔH* / RT) …………. (3)    

Where, h is Plank’s constant, NA is the Avogadro’s number, R is the ideal gas constant, ΔH* is 

the enthalpy of activation and ΔS* is the entropy of activation.  

In reference to Table 6, values of activation energy (Ea) for the corrosion of carbon 

steel surfaces, in different media, have been higher in presence of ZnNPs@polystyrene 

composite, as an inhibitor, than in case of its absence. These results could indicate that the 

molecules of ZnNPs@polystyrene composite could attain the inhibition process through a 

physical adhesion on the steel surface (El‐Tabei et al. 2014). 

The positive sign of the enthalpy (ΔH*) is reflecting to the endothermic nature of the 

corrosion process. The increased positive values in case of the inhibitor coating than in case of 

its absence could mean that the dissolution of carbon steel is much difficult in the presence of 

inhibitor (Refaey et al. 2004). On the other hand, the negative sign of entropy (ΔS*) indicates 

that the activated complex (in rate determining step) represents an association rather than 

dissociation. This could consequently reflect that the interaction is more taking place between 

the corrosion media and inhibitor than between the media and carbon steel surface (El-Haddad 

and Elattar 2013). 
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   ……….………. Table 6 ……….………. 

Corrosion Inhibition Mechanism 

 Nanocomposites coatings could retard corrosion by more than one action, one of them 

via playing as the role of barrier as a passive film on steel surface, in addition to the fine 

dispersion of electrical conductivity inside the polymeric matrix, for efficient corrosion 

inhibition. The mechanism of the presented ZnNPs@polystyrene composite as a solid 

corrosion inhibitor, in this research study, could be schematically presented in Figure 9 based 

on different points of perspectives. The first point is the combination of both a high molecular 

weight porous polystyrene polymer and metallic zinc nanoparticles. The choice of high 

molecular weight polystyrene, on one hand, was meant in order to avoid its rapid depletion 

when being exposed, as a solid dispersant inhibitor, to the different corrosive media.  

On the other hand, the choice of porous polymer had been also necessary in order to 

achieve the highest possible level of zinc nanoparticles impregnation within and onto the 

polymer geometry. Therefore, a maximum number of accessible zinc nanoparticles can be 

entrapped within polymeric matrix to produce the desirable composite for sequential 

functionalization in the corrosion inhibition process. Selection of ZnNPs for preparing the 

currently required corrosion inhibitor is based on its extensive using in paints since it has high 

stability onto surfaces.  

 The second point of perspective in this mechanism had based on the choice of zinc 

metal which comes, in order, before iron (Fe) in the electrochemical series. This obviously 

means that zinc particles will be more reactive than iron (steel surfaces) toward the interaction 

with the corrosive sites in the different media. Thus, increased levels of corrosion inhibition 

can be effectively achieved. The third point in this mechanism had focused on the enhanced 

diffusion of ZnNPs@polystyrene composite onto the surface of steel. The high level of 

ZnNPs@polystyrene composite dispersion onto the surface of steel is assumed to take place 

through the metal-metal interaction between Zn particles and Fe surface, providing a physical 

barrier to obstruct electrolyte permeation. Additionally, the hydrophobicity and aromaticity of 

the prepared ZnNPs@polystyrene composite were revealed in higher surface contact angle that 

can return in higher corrosion inhibition efficiency. Thus, high degrees of corrosion inhibition 

efficiencies can be strongly achieved.  

  ……….………. Figure 9 ……….………. 
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Conclusion 

Manufacturing and applications of various organic nanocoatings is progressed towards 

implementation of organic nanocoatings in many industrial purposes owing to their superior 

capabilities in different fields. This approach investigated an innovative strategy for synthesis 

of corrosion inhibitor for steel surfaces based on composite of polystyrene and zinc 

nanoparticles (ZnNPs@polystyrene composite). The successive immobilization of ZnNPs 

within polystyrene matrix for clustering of the desirable ZnNPs@polystyrene composite was 

approved via several instrumental analyses of FT-IR, XRD, SEM, HRSEM, EDX, TEM and 

BET with estimation of total pore volume and average pore diameter for the prepared 

composite. Thermal stability of the prepared composite was affirmed via TGA analysis. 

Corrosion percentage via weight loss percent in three media of water, H2SO4 and diesel fuel 

was estimated. Corrosion inhibition efficiency (CIE) percentage estimated according to the 

weight loss for the steel samples coated with the synthesized ZnNPs@polystyrene composite. 

Effect of temperature elevation on the estimated CIE after soaking in water, diesel fuel and 

sulfuric acid as corrosion media was also detected. CIE was estimated for coating steel samples 

with ZnNPs@polystyrene composite with different doses of ZnNPs. Zeta potential was also 

detected for untreated and ZnNPs@polystyrene composite treated samples. Eventually, from 

Arrhenius plots, activation energies and thermodynamic parameters of rate constant, enthalpy 

(ΔH), entropy (ΔS) was also evaluated. Postulation of the reaction mechanism for the 

anticorrosive action of the synthesized ZnNPs@polystyrene composite was presented 

according to the illustrated instrumental analyses.  
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Figures

Figure 1

Schematic diagram for synthesis; [a] polystyrene and [b] ZnNPs & ZnNPs@polystyrene composite.



Figure 2

XRD spectra of [a] polystyrene and [b] ZnNPs@polystyrene composite.



Figure 3

FT-IR spectrum of [a] the as-synthesized polystyrene [b] ZnNPs@polystyrene composite.



Figure 4

Surface morphology of [a] blank polystyrene, [b & c] the as-prepared ZnNPs@polystyrene composite via
SEM & HR-SEM respectively, [e & f] EDX spectrum & mapping of the as-synthesized ZnNPs@polystyrene
composite and [d] internal morphology of ZnNPs@polystyrene composite via HRTEM micrographs.



Figure 5

TGA analysis of the as-prepared ZnNPs@polystyrene composite.



Figure 6

Corrosion percentages of steel metal by effect of different corrosive media (no corrosion inhibitor).



Figure 7

[a] Effect of ZnNPs content on corrosion inhibition e�ciency (in sulfuric acid) and [b] contact angle
values for the non-protected and inhibitor –protected carbon steel surfaces contact angels.



Figure 8

Arrhenius plots for carbon steel in different corrosive media in absence and presence of the inhibitor; [a]
water, [b] formation water, [c] diesel fuel and [d] sulfuric acid.



Figure 9

Schematic diagram for steel surface in absence of anti-corrosive reagent and in the presence of
ZnNPs@polystyrene composite as anti-corrosive coating layer.
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