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Corrosion in industrial systems represents a major economic and technical challenge, resulting in annual global losses amounting to 

several billions of dollars. To mitigate the severe economic and structural impacts of corrosion, researchers are developing efficient and 

environmentally acceptable inhibitors for metallic materials. Both organic and inorganic inhibitors have been extensively studied for their 

ability to retard metal degradation in aggressive environments through surface adsorption or passive film formation. Laboratory research 

had already employed various methods, together with weight loss (WL), potentiodynamic polarisation (PDP) and electrochemical 

impedance (EIS), to address the issue by 1995. These techniques were implemented through experiments. Atomic force spectroscopy 

(AFM), scanning electron microscope (SEM) and energy dispersive spectrum (EDX) also utilised as supportive evidence. A focus was 

placed on organic inhibitors containing heteroatoms as well as extracts/oils from plants. This comprehensive review aims to summarize 

the recent research status of the compounds containing pyrazole moiety as corrosion protectors for Fe metal in a hydrochloric acid (HCl) 

environment. There are literature data on corrosion inhibitors that contain these pyrazole derivatives that are used in acid solutions to 

protect steel. In addition to organic-metal ion complexes, compounds with pyrazole moieties adsorb on metallic surfaces by physical or 

chemical processes. In general, pyrazole molecules are capable of suppressing both anodic and cathodic corrosion. In the majority of the 

literature, researchers used the Gaussian 09 program to compare DFT theoretical results with experimental findings. 
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INTRODUCTION 

 Metals constitute the structural foundation of industrialized 

societies, underpinning infrastructure, transportation, energy 

systems and manufacturing sectors. Their high mechanical 

strength, electrical and thermal conductivity, and long-term 

durability render them indispensable for sustained economic 

and technological advancement. From the earliest stages of 

civilization, metallurgical processing has marked a pivotal 

technological breakthrough and in the modern era, current 

lifestyle is virtually inconceivable without the pervasive appli-

cation of metallic materials [1,2]. 

 Among metallic materials, steel, primarily composed of 

iron, derives its enhanced mechanical and chemical charact-
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eristics from the controlled addition of carbon and other 

alloying elements [3]. Based on the carbon content, steel is 

generally classified into three categories: low (mild), medium 

and high carbon steel. Low carbon steel, containing approxi-

mately 0.04-0.30% carbon, is widely utilized due to its good 

ductility, weldability and moderate strength, with a melting 

temperature typically ranging between 1450-1520 ºC [4]. The 

ability to melt at high temperature increases its flexibility in 

applications like cutting, forging, welding, drilling and other 

processes. Owing to its low carbon content, the material exhi-

bits enhanced formability, allowing it to be shaped into com-

plex geometries with reduced risk of cracking or fracture. In 

contrast, medium carbon steel (containing a carbon percen-

tage of 0.31 to 0.60) and carbon tool steel or high carbon steel 
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(with a carbon percentage of 0.61 to 1.50) exhibit greater 

strength than mild steel (MS), however, are very susceptible 

to breaking while bent or twisted. Other than carbon different 

elements are added to steel in order to enhance its properties 

like corrosion resistance, wear resistance, tensile strength etc. 

[5,6]. The unique properties of steel led to an increase in its 

demand and usage. Thus, chemical engineers use it to design 

reactors and tanks for the handling of corrosive liquids, such 

as acids, bases and salt solutions. 

 Descaling, acid pickling, acid cleaning and various petro-

chemical processes generally require acid solutions. Among 

the various acid solutions, HCl is most commonly used for the 

pickling process [7]. The acidic environment easily damages 

and corrodes the iron. The corrosion process involves a reac-

tion between materials and their environment, which results 

in the destruction of these materials. Globally, corrosion has 

become a significant problem due of its serious consequen-

ces [8]. Besides everyday degradation, corrosion leads to plant 

closures, loss of valuable resources, contamination of products 

and reduces competence. It also causes costly maintenance and 

costly overdesign. As a result, safety risks rise and technological 

progress is hampered. Nowadays, the primary problem in any 

industry is reducing overall corrosion costs [9-12]. It is possible 

to control corrosion by recognizing the comprehended corrosion 

mechanisms and employing corrosion resistant materials. 

 Numerous studies have proven that the most efficient 

method to prevent metal corrosion is by utilizing corrosion 

inhibitors. Historically, several types of inhibitors have been 

widely accepted in various industries for its excellent anti-

corrosive properties. Organic or inorganic substances or mixtures 

are used to inhibit, prevent or minimize corrosion in an aggre-

ssive environment at low concentrations [13-18]. According to 

available information, mostly organic inhibitors work by adhe-

ring to the surface of metals. In recent years, heterocyclic comp-

ounds containing nitrogen have been demonstrated to be 

effective corrosion inhibitors for metals in acid medium [19]. 

 Pyrazoles have recently attracted much attention as scaff-

olds for the development of novel molecules with a variety 

of distinct characteristics in the field of corrosion science. 

Due to their strong coordinating ability and tunable electronic 

characteristics, pyrazoles serve as effective ligands for vari-

ous metal centres. The labile electron doublets of these nitrogen 

compounds make them excellent organic inhibitors of corro-

sion [20-22]. The main focus of this review is to discuss the 

effective application of pyrazole derivatives as organic corro-

sion inhibitors for metals in HCl environment. 

 Corrosion inhibition behaviour of heterocyclic comp-

ounds with one pyrazole moiety: According to potentio-

dynamic polarisation (PDP) study, pyrazole (1) inhibits the 

deterioration of iron in HCl with 70.34% of inhibition effici-

ency. The adsorption model of pyrazole follows Langmuir iso-

therm and performed as an anodic inhibitor [23]. Further-

more, the effectiveness of 1-methylpyrazole (2) in inhibiting 

iron deterioration in 1.0 M HCl medium was assessed at 

diverse concentrations. About 61.79% inhibition potential was 

observed for the inhibitor 2 in electrochemical experiment. 

The Temkin isotherm was found to explain the adsorption 

behaviour of compound 2 and anodic inhibition was confir-

med by the Tafel curve [24]. The anticorrosion performance 

of 3,5-dimethyl-1H-pyrazole (3) on MS in 1.0 M HCl environ-

ment studied as only 39% inhibition efficiency, whereas the 

inhibition efficiency of compound 3 reached 83% for Armco 

iron in the same HCl medium. The Frumkin’s isotherm model 

was predicted for inhibitor 3 absorption on iron [25,26]. 

 Corrosion inhibition recital of three heterocyclic comp-

ounds containing pyrazole moiety such as (E)-5-(4-(dimethyl-

amino)phenyl)-3-(4-(dimethylamino)styryl)-4,5-dihydro-1H- 

pyrazole-1-carboxamide (4), (E)-5-(4-(dimethylamino)-phenyl)- 

3-(4-(dimethylamino)styryl)-2,3-dihydro-1H-pyrazole-1-carbo-

thioamide (5) and 5-(4-(dimethylamino)phenyl)-3-phenyl-4,5- 

dihydro-1H-pyrazole-1-carboxamide (6) on mild steel (MS) 

in HCl medium. The outcomes demonstrated that the studied 

pyrazoles 4, 5 and 6 had an efficiency of 80% at 1.6 × 10–4, 

96.06% at 5 × 10–4 mol L–1 and 84.56% at 4 × 10–4, respecti-

vely, at 303 K. The adsorption phenomenon of these inhibitors 

on the MS exterior displays the Langmuir model isotherm. 

Tafel curves divulge that all these inhibitors act as a mixed-

kind protector and electrochemical impedance spectral (EIS) 

study shows the raise of inhibitors concentration with charge 

transfer resistance. The SEM characterisation confirmed the 

formation of protective film over the MS [27,28]. Similarly, the 

other two carbothioamide compounds with pyrazole moiety 

viz. 3,5-diphenyl-4,5-dihydro-1H-pyrazole-1-carbothioamide 

(7) and 5-(3-methoxyphenyl)-3-phenyl-4,5-dihydro-1H-pyra-

zole-1-carbothioamide (8) were synthesised as inhibitor for 

MS in acid solution. The inhibitors adsorbed on MS surface 

via Langmuir isothermal adsorption model. This adsorption 

involves two kinds of interactions such as chemisorption and 

physisorption. The outcomes revealed that the derivative 7 is 

less effective than 8 in HCl medium [29]. 

 In accordance with electrochemical studies both 2-(((2,3-

dihydro-1H-pyrazol-1yl)methyl)amino)pyrimidine-4,6-diol (9), 

1-methyl-4-methylsulfanyl-1H-pyrazolo[3,4-d]pyrimidine (10) 

and 1-ethyl-1H-pyrazolo[3,4-d]pyrimidine-4(5H)-thione (11) 

are good mixed kind protector but predominantly inhibit 

cathodic corrosion. The corrosion hindrance effectiveness 

slightly decreases with increasing the temperature ranging 

from 303 to 343 K. The monolayer adsorption of inhibitors 

10 and 11 on MS follow the Langmuir isotherm model. The 

activation factors designate the physisorption behaviour of 

inhibitors. The corrosion hindrance efficiency at the optimal 

concentration (10–3 M) was found to be >90% for both the 

compounds, however, compound 11 have high protecting 

efficiency than compound 10 [30,31]. 

 Different experimental and theoretical approaches have 

been used to investigate the efficacy of two pyrazoline deri-

vatives namely, 2-(4-(5-(p-tolyl)-4,5-dihydro-1H-pyrazol-3-

yl)phenoxy)acetic acid (12) and 2-(4-(5-(4-nitrophenyl)-4,5-

dihydro-1H-pyrazol-3-yl)phenoxy)acetic acid (13) as an inhi-

bitor for MS in acid medium (1.0 M HCl) at 303 K [32]. 

These pyrazoline inhibitors exhibit inhibition efficiency of  

89% and 92% in PDP technique for the compounds 12 and 

13, respectively. According to EIS, both derivatives act via 

mixed-kind corrosion hindrance mechanism. Their adsorption 

on MS was confirmed to obey Langmuir isothermal adsor-

ption. Surface analysis using AFM and SEM demonstrated 

that the investigated compounds form a protective layer on the 

mild steel surface, thereby mitigating corrosion. Furthermore, 
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quantum chemical calculations and molecular dynamics simu-

lations strongly support the experimental findings by confir-

ming favourable adsorption and stable interaction of the inhi-

bitors with the metal surface. 

 The anticorrosion activity of 1-{[benzyl-(2-cyano-ethyl)-

amino]methyl}-5-methyl-1H-pyrazole-3-carboxylic acid ethyl 

ester (14) and 1-{[benzyl-(2-cyano-ethyl)-amino]-methyl}-

5-methyl-1H-pyrazole-3-carboxylic acid methyl ester (15) on 

MS in HCl was also determined. An increase in temperature 

leads to a decrease in corrosion inhibition efficiency. The 

Langmuir kind isotherm model of adsorption was determined 

for both compounds 14 and 15 with 91.5% and 90.6% effici-

encies, respectively from PDP method [33]. The concen-

tration of 10–3 M increases the inhibition efficiencies to attain 

a maximum value. 

 Two novel derivatives of pyrazole, N-((3,5-dimethyl-1H-

pyrazole-1-yl)methyl)pyridine-4-amine (16) and 4-(((3,5-

dimethyl-1H-pyrazole-1-yl)methyl)amino)benzoic acid (17) 

were also examined as effective anticorrosive agent for MS 

in HCl [34]. Electrochemical experiments demonstrated that 

derivatives 16 and 17 exhibit mixed-type inhibitory activity 

with 96% and 93% inhibition efficiencies, respectively, at 10–3 

M. Derivative 17 with benzoic acid showed a higher effici-

ency than 16, which may be due to the elevated density of 

electrons on carboxyl group, as a strong bond with the MS 

surface was developed. The other two similar pyrazolic inhi-

bitors namely, N-(1H-pyrazol-1-yl)methyl)-5-bromopyridin-

2-amine (18) and ((1H-pyrazol-1-yl)methylamino) benzoic 

acid (19), was also investigated in carbon steel (CS) in 1.0 M 

HCl using diverse methods. The estimated inhibitory power 

in 10–3 M concentration showing that compound 18 is the 

most effectual protector with 98% effectiveness and its effici-

ency against corrosion improved with concentration of pyra-

zole derivative. The adsorption of all the above inhibitors also 

follows the Langmuir isotherm [35].  

 Another novel inhibitor (E)-N′-(4-chlorobenzylidene)-2-

(3,5-dimethyl-1H-pyrazol-1-yl)acetohydrazide (21) performed 

significantly better against MS corrosion in HCl solution (94% 

efficiency) than (E)-N′-benzylidene-2-(3,5-dimethyl-1H-

pyrazol-1-yl)acetohydrazide (20) (80% efficiency) at the 

maximum (10–3 M) concentration. The thermodynamic para-

meters suggested chemisorption of inhibitors 20 and 21 above 

MS by creating a protective layer which is confirmed by the 

SEM analysis. Likewise, according to the polarisation meas-

urements the anti-corrosion performance of (E)-2-(3,5-

dimethyl-1H-pyrazol-1-yl)-N′-(4-hydroxy-3-methoxybenzyli-

dene)acetohydrazide (22) and (E)-2-(3,5-dimethyl-1H-pyra-

zol-1-yl)-N′-(furan-2-ylmethylene)acetohydrazide (23) at 10–3 

M was found to be 97.6% and 85.9%, respectively. Moreover, 

according to Tafel polarisation curves, these tested compounds 

exhibited mixed behaviour. It is apparent that these tested 

pyrazoles obey the Langmuir isotherm, furthermore, DFT, 

Monte Carlo and molecular dynamic (MD) simulation data pin-

point the adsorption centers of corrosion inhibitors [36,37]. 

 Similarly, the inhibition power of new derivatives with the 

pyrazole moiety viz. 2-(3,5-dimethyl-1H-pyrazol-1-yl)-N′-(4-

(dimethylamino)benzylidene)acetohydrazide (24), 2-(3,5-

dimethyl-1H-pyrazol-1-yl)-N′-(4-methylbenzylidene)aceto-

hydrazide (25) and 2-(3,5-dimethyl-1H-pyrazol-1-yl)-N′-(4-

fluorobenzylidene)acetohydrazide (26) were also reported 

against deterioration of MS in 1.0 M HCl, by means of the 

weight loss (WL), stationary and transitional methods were 

investigated. The investigational outcomes demonstrate that 

the corrosion hindrance potentials enhanced with concentra-

tion of pyrazole derivatives and achieve 96% for compound 

24 at 10–3 M. In terms of polarisation curves, the pyrazole 

derivatives were mixed type inhibitors. The model of El-

Awady and Flory–Huggins assumes that the adsorption of 

inhibitor molecules on the steel surface occur as a result of 

displacing higher number of water molecules. The Temkin 

and Frumkin isotherm shows a strongly repulsive lateral inter-

action due to the negative interaction coefficient. The experi-

mental and DFT investigations were in good agreement. The 

inhibition efficiency of the compounds in solution follows 

the order: 24 > 25 > 26 [38]. 
 The efficiency of Schiff bases containing pyrazole moiety 
viz. N-(5-chloro-3-methyl-1-phenyl-1H-pyrazol-4-yl) methy-

lene-naphthalen-1-amine (27) and N-(5-chloro-3-methyl-1-
phenyl-1H-pyrazol-4-yl)methylene-4-methoxyaniline (28) as 
an anticorrosive for MS in HCl was examined via EIS, PDP 
and WL methods [39]. All these investigations showed the 
strong efficiency of these Schiff’s bases in preventing corro-

sion of MS in acid medium. Inhibition efficiencies for Schiff 
bases 27 and 28 at 298 K, respectively, were 94.60% and 
91.99%. However, their effectiveness was slightly dropped 
to 89.17% and 88.20% at 318 K. The electrochemical results 

showed that both compounds acted as mixed-kind inhibitors, 
leading to a consistent decrease in corrosion. The multimodal 
adsorption is indicated by the Gibb’s free energy of adsorp-
tion. The Fukui functions and DFT analysis matched well 

with the experimental findings.  
 Two compounds, 6-amino-4-(4-methoxyphenyl)-3-methyl-
2,4-dihydropyrano[2,3-c]pyrazole-5-carbonitrile (29) and 6-
amino-4-(4-chlorophenyl)-3-methyl-2,4-dihydropyrano[2,3-c]-
pyrazole-5-carbonitrile (30), function as inhibitors for MS 

corrosion in a 15% HCl solution [40]. The findings from the 
experiment indicated that as the inhibitor concentration rose, 
the inhibitory effect also increased, but this effect was rever-
sed at higher temperatures. In acid medium at 303 K, 300 ppm 

concentration of compounds 29 and 30 achieved corrosion 
inhibition efficiency of 96.1% and 94.6%, respectively. Both 
inhibitors were found to be of mixed type according to PDP 
studies and adhered to the MS surface according to the Lang-

muir adsorption isotherm. 
 Several pyrazolopyridine derivatives viz. 4-(2-chloro-6-
flurophenyl)-3-methyl-6-oxo-4,5,6,7-tetrahydro-2H-pyrazolo-
[3,4-b] pyridine-5-carbonitrile (31), 3-methyl-6-oxo-4,5,6,7-
tetrahydro-2H-pyrazolo[3,4-b]pyridine-5-carbonitrile (32), 3-

methyl-6-oxo-4-(p-tolyl)-4,5,6,7-tetrahydro-2H-pyrazolo-
[3,4-b] pyridine-5-carbonitrile (33), 4-(4-methoxyphenyl)-3-
methyl-6-oxo-4,5,6,7-tetrahydro-2H-pyrazolo[3,4-b]pyridine- 
5-carbonitrile (34) and 3-methyl-6-oxo-4-(3,4,5-trimethoxy-

phenyl)-4,5,6,7-tetrahydro-2H-pyrazolo[3,4-b]pyridine-5-car-
bonitrile (35) also exhibit corrosion mitigation on the MS in 
HCl acid medium [41]. The PDP records designated that all 
these pyrazolo[3,4-b]pyridine derivatives displayed a mixed 
type inhibition with cathodic predominance. Compound 35 

shows a significant anticorrosion efficiency of 95.2% when 
tested at 100 ppm concentration. It is also evident from the 



564 Punitha et al.  Asian J. Chem. 

analysis of adsorption isotherms that all these compounds 
follow the Langmuir isotherm. 

 Similarly, novel pyrazole derivatives bearing carbonitrile 

viz. 6′-amino-3′-methyl-2-oxo-1′H-spiro[indoline-3,4′-pyrano-

[2,3-c]pyrazole]-5′-carbonitrile (36) and 6′-amino-3′-methyl-

2-oxo-1′-phenyl-1′H-spiro[indoline-3,4′-pyrano[2,3-c]pyrazole]- 

5′-carbonitrile (37) also exhibited the effective corrosion 

miti-gation on MS in 1.0 M HCl medium [42]. However, 37 

exhibit higher inhibition efficiency of 96.95% whereas the 

inhibitor 36 exhibit 95.65% inhibition efficiency. The electro-

chemical studies showed that the both compounds act as 

mixed-type inhibitors. DFT and MD results confirmed strong 

adsorption on the mild steel surface in a parallel orientation, 

enhancing surface protection. The adsorption data best fit the 

Langmuir isotherm, with a regression coefficient close to one.  

 A benzothiazole-linked pyrazole derivative compound 38 

was synthesised and its capability to hinder corrosion of carbon 

steel (CS) immersed in HCl (1.0 Mol/L) solution was repor-

ted by Maia et al. [43]. The experimental outcomes exposed 

that the inhibitor 38 was concentration dependent and achie-

ved its maximum efficiency (93%) at 600 mg L–1. Based on 

the quantum chemical calculations, it has been proven that 

inhibitor 38 has the ability to interact with the surface of the 

metal. Therefore, theoretical and experimental consequences 

concur that the inhibitor 38 has an ability to restrict corrosion 

effectively. Another type of pyrazole derivative containing 

pyridine and acetohydrazide-based pyrazoline moieties, namely 

1-[5-(4-bromophenyl)-3-(6-methoxypyridine-3-yl)-4,5-dihydro- 

1H-pyrazol-1-yl]ethane-1-one (39) was also estimated as anti-

corrosive agents to protect MS from HCl environment [44]. 

The anti-corrosion activity was observed to increases with 

increasing inhibitor concentration, but decrease with the incre-

ased temperatures. A maximum corrosion inhibition efficiency 

of 91.1% was obtained at an inhibitor concentration of 40 ppm 

at 303 K. Surface analysis confirmed the formation of a protec-

tive inhibitor film on the mild steel surface, effectively supp-

ressing metal dissolution. The electrochemical measurements 

supported this behaviour, while the comparative evaluation 

with related compounds highlighted the multifunctional pot-

ential of the inhibitor. 

 Novel pyranopyrazole derivatives such as ethyl 6-amino-

3-methyl-4-(3-nitrophenyl)-2,4-dihydro-pyrano[2,3-c]pyrazole- 

5-carboxylate (40), ethyl 6-amino-3-methyl-4(phenyl)-2,4-

dihydropyrano[2,3-c]pyrazole-5-carboxylate (41) and ethyl 6- 

amino-3-methyl-4-(p-tolyl)-2,4-dihydropyrano[2,3-c]pyrazole- 

5-carboxylate (42) were also performed as a inhibitors for 

corrosion of MS exposed in 1.0 M HCl environment [45]. Of 

the three inhibitors, compound 42 exhibited the highest effici-

ency of 98.8% at 100 mg/L. The potentiodynamic polariza-

tion analysis revealed that the pyranopyrazole derivatives 

function as mixed-type inhibitors with dominant cathodic 

control. The electrochemical results showed strong agreement 

with DFT calculations, while Fukui function analysis identi-

fied the principal electrophilic and nucleophilic reactive centers. 

Molecular dynamics simulations further demonstrated stable, 

near-parallel adsorption of the inhibitor molecules on the metal 

surface with high binding energies, confirming their strong 

surface affinity. The order of adsorption stability decreases 

as follows: 42 > 41 > 40, based on the observed inhibition 

efficiency in experiments. The MD simulations and quantum 

chemical results revealed that the inhibitors exhibit higher 

adsorption over the MS surface in an aqueous environment 

compared to a vacuum environment. 

 Two novel aryl pyrazole derivatives containing benzoyl-

oxy group viz. methyl 5-(4-chlorobenzoyloxy)-1-phenyl-1H-

pyrazole-3-carboxylate (43) and another methoxyphenyl 

group viz. 5-(4-methoxyphenyl)-3-(4-methylphenyl)-4,5-

dihydro-1H-pyrazol-1-yl-(pyridin-4-yl)methanone (44) were 

also found to be effective as anti-corrosive agent for the prot-

ection of MS immersed in HCl (15%) medium [46]. The 

corrosion hindrance efficiency was found to be 92.0% and 

95.9%, for the inhibitors 43 and 44 at the concentration of 

250 ppm, respectively. The PDP curves revealed that both the 

compounds operate as a mixed-kind corrosion defender. Both 

inhibitors observed to follow the Langmuir model adsorption 

isotherm and the quantum chemical calculations of these inhi-

bitors confirmed elevated EHOMO, lower ELUMO values and 

lesser ΔE value, demonstrating that both studied compounds 

are excellent inhibitor for MS in HCl solution.  

 Three Schiff surfactants with pyrazole moiety, for example, 

N,N-dimethyl-4-(((1-methyl-2-phenyl-2,3-dihydro-1H-pyrazol- 

4-yl)imino)methyl)-N-octylbenzenaminium bromide (45) N,N- 

dimethyl-4-(((1-methyl-2-phenyl-2,3-dihydro-1H-pyrazol-4- 

yl)imino)methyl)-N-dodecyl benzenaminium bromide (46) 

and N,N-dimethyl-4-(((1-methyl-2-phenyl-2,3-dihydro-1H-

pyrazol-4-yl)imino)methyl)-N-hexadecylbenzenaminium bro- 

mide (47) were synthesized and its anticorrosion efficiency 

against deterioration of CS in 1.0 M HCl medium was inves-

tigated. Adsorption of these surfactants on CS follows the 

Langmuir isotherm. All these inhibitors absorbed on CS via 

chemisorption mechanism were confirmed through standard 

free energy values. The EIS curves confirm the mixed-kind 

performance with the protection efficiencies of 86.48%, 

94.00% and 95.65% in 5 × 10–3 M concentration of inhibitors 

45, 46 and 47, respectively. From the experimental outcomes, 

it was accomplished that the length of hydrocarbon chain of 

the inhibitor molecule responsible for increase in protective 

efficiency [47]. 

 The effectiveness of other novel pyrazole based Schiff 

base corrosion inhibitor containing benzylidene group, e.g., 

(3,5-dimethyl-1H-pyrazol-1-yl)(4-((3,4-dimethoxybenzylidene)- 

amino)phenyl)methanone (48), 3,5-dimethyl-1H-pyrazol-1-yl)-

(4-((4-hydroxybenzylidene)amino)phenyl)methanone (49) and 

(3,5-dimethyl-1H-pyrazol-1-yl)(4-((4-chlorobenzylidene)-

amino)phenyl)methanone) (50) was tested on CS in 1.0 M HCl 

via electrochemical and chemical investigations [48-50]. It 

was found that the effectiveness of inhibition increased as the 

temperature increased. Inhibition efficiencies reached a maxi-

mum of 95.5% for 48 at higher temperatures and inhibitor 

concentrations and 89.5% for 49. An inhibition efficiency of 

89.5% was reached with inhibitor 50 at 400 ppm and 60 ºC as 

the optimal conditions. Corrosion protection resulted from 

spontaneous Langmuir-type adsorption of the inhibitors on the 

metal surface. The electrochemical and surface analyses con-

firmed mixed-type behaviour and protective film formation, 

supported by DFT insights into structure-activity relationships. 

 The anticorrosion performance of synthesized pyrazole 

carbohydrazide derivatives viz. (E)-5-amino-3-(4-methoxy-



Vol. 38, No. 3 (2026)  A Comprehensive Review on Pyrazole Derivatives as Inhibitors for Iron Protection in Acidic Media 565 

phenyl)-N′-(1-(4-methoxyphenyl)ethylidene)-1H-pyrazole-4- 

carbohydrazide (51) and (E)-5-amino-N′-(4-chlorobenzyli-

dene)-3-(4-chlorophenyl)-1H-pyrazole-4-carbohydrazide (52) 

on MS in 15% HCl was investigated by Paul et al. [51]. The 

inhibitor 51 and 52 at 300 ppm displayed 98.26% and 96.21% 

anti-corrosion efficiencies, respectively at ambient tempera-

ture. The development of defensive coats of protectors on MS 

plane was proved by AFM and FESEM images. According 

to thermodynamic results, both inhibitors 51 and 52 exhibited 

mixed type adsorption. 

 Laadam et al. [52] investigated the influence of corrosion 

inhibition using novel heteroaryl-substituted pyrazole ester 

compound viz. ethyl 5-methyl-1-(((6-methyl-4-nitro-pyridin-

3-yl)amino)methyl)-1H-pyrazole-3-carboxylate (53) on CS in 

1.0 M HCl medium. The experimental findings demonstrated 

that as the inhibitor concentration rose, the inhibition effect-

iveness of 53 increased up to 92% at 303 K with a 10–3 M 

concentration, but decreased as temperature rose. PDP results 

indicate anodic behaviour, while Nyquist plots reveal higher 

polarisation resistance with increasing 53 concentrations due 

to inhibitor molecule adsorption on the CS. The adsorption 

of inhibitor 53 on CS followed the Langmuir isotherm. The 

mechanism of the inhibition process was predicted based on 

the quantum chemical calculations. 

 The prevention of MS from HCl corrosion by novel 

pyrazole-pyridine-amine hybrids compounds namely, 5-bromo-

N-((3,5-dimethyl-1H-pyrazol-1-yl)pyridine-2-amine (54) and 

3,5-dibromo-N-((3,5-dimethyl-1H-pyrazol-1-yl)pyridine-2- 

amine (55) as corrosion inhibitors was investigated by Touzani 

et al. [53]. Based on the experimental studies, the inhibition 

efficiency increased with increasing inhibitor concentration, 

reaching 95% for compound 55 at 10-3 M. Potentiodynamic 

polarization studies indicated the mixed-type inhibition, sup-

pressing both hydrogen evolution and iron dissolution. The 

adsorption followed the Langmuir isotherm model and theo-

retical analyses showed good agreement with experimental 

findings. The novel hybrids of pyrazalone‑sulfonamides, 

4‑(2‑(3‑methyl‑5‑oxo‑1‑phenyl‑1H‑pyrazol‑4(5H)‑ylidene)-

hydrazinyl)‑N‑(thiazol‑2‑yl)benzenesulonamide (56) and N‑ 

(4,6‑dimethylpyrimidin‑2‑yl)‑4‑(2‑(3‑methyl‑5‑oxo‑1‑phenyl‑ 

1H‑pyrazol‑4(5H)‑ylidene)hydrazinyl)benzenesulfonamide 

(57), were also investigated as MS inhibitors from corrosion 

of 1.0 M HCl medium at 298 K to 323 K by means of the chemi-

cal and electrochemical calculations [54]. Both compounds 

followed the Langmuir adsorption isotherm model. The SEM 

and EDX analyses confirmed the formation of a protective 

inhibitor film on the metal surface. At 500 ppm, compounds 

56 and 57 exhibited inhibition efficiencies of 95.17% and 

94.02%, respectively, and acted as mixed-type inhibitors.  

 The corrosion inhibition performance of simple mono-

cyclic pyrazole, 3-phenyl-1H-pyrazole-4-carboxaldehyde (58) 

[55] and the fused bicyclic pyrazolopyrimidine derivative, 

1,5-diallyl-1H-pyrazolo[3,4-d]pyrimidin-4(5H)-one (59) [56], 

was investigated on mild steel in 1.0 M HCl solution. The 

polarisation data specified that these inhibitors act as mixed 

kind protector and thermodynamic parameters shown that 

this molecule obeys Langmuir adsorption isotherm. The level 

of inhibition effectiveness is influenced by the concentration 

of inhibitor present, with a maximum of 96.33% for 58 and 

94% for 59. The examination with a micrographic analysis 

showed that there is a barrier layer present on the surface of 

the electrode, which is responsible for the protection of MS 

from deterioration. The theoretical findings aligned with the 

experimental outcomes [55,56].  

 Tebbji et al. [57] synthesised closely related pyrazole deri-

vatives differing in the oxidation state at the C3 position and 

investigated the corrosion inhibition behaviour of 5-methyl-

1-(pyridin-2-yl)-1H-pyrazole-3-carboxylate (60) and (5-

methyl-1-(pyridin-2-yl)-1H-pyrazol-3-yl)methanol (61) on mild 

steel in 1.0 M HCl at 308 K using chemical and electro-

chemical methods. Inhibition efficiency increased with con-

centration, reaching 94% for compound 61 at 10-3 M. The 

polarization studies showed that both compounds act mainly 

as cathodic inhibitors without affecting the hydrogen evolu-

tion mechanism and their adsorption followed the Frumkin 

isotherm model.  

 Punitha et al. [19,22] also synthesized pyrazole deriva-

tives with substitution at C3 and C5, 1H-pyrazole-3,5-dicar-

boxylic acid 5-benzyl ester 3-phenyl ester (62) and 5-acetyl-

2H-pyrazole-3-carboxylic acid ethyl ester (63), respectively 

exposed fine anticorrosion efficiency against MS corrosion. 

Interactions of these inhibitors 62 and 63 with the MS plane 

submerged in 1.0 M HCl solution have been inspected syste-

matically by utilizing WL, PDP and EIS measurements. The 

inhibitory process of both the studied inhibitor molecules 

follows the Langmuir model of adsorption isotherm. These 

molecules successfully reduce the oxidation of the metal with 

utmost efficiency of 91.55% and 90.75%, respectively for 62 

and 63. The PDP studies confirmed that these inhibitors pre-

dominately control the anodic reaction. All the thermodynamic 

parameters conclude the both chemisorption and physisorption.  

 Motawea & Abdelaziz [58] synthesized two newly org-

anic corrosion inhibitors containing pyrazole moieties having 

-CN and -COC2H5 substitutents at C-3 position, namely 2,4‐

diamino‐5‐(5‐amino‐3‐hydroxy‐1H‐pyrazole‐1‐carbonyl)thio-

phene‐3‐carbonitrile (64) and 1‐(2,4‐diamino‐5‐(5‐amino‐3‐

hydroxy‐1H‐pyrazole‐1‐carbonyl)thiophen‐3‐yl)propan‐1‐one 

(65) were assessed as an anticorrosive agents for the protec-

tion of carbon steel in 1.0 M HCl. The conductometric and 

spectrophotometric methods were employed to explore the 

potential of chemisorption between the carbon steel plane 

and the inhibitors studied. The highest inhibition efficiencies 

of 94.00% for derivatives 64 and 95.00% for 65 in 5 × 10‐4 M 

concentration reached after one day immersion period at 333 K. 

Similarly, 5-chloro-1-phenyl-3-methyl pyrazolo-4-methine-

thiosemicarbazone (66) was also investigated as CS inhibitor 

in HCl medium by chemical and electrochemical methods 

[59]. The corrosion rate decreases with raising the concentra-

tion of 66 and temperature. The PDP information specified 

that 66 behaved as mixed kind inhibitor, but under prominent 

cathodic control. SEM morphology confirms the formation 

of passive layer on the carbon steel surface.  

 Two green pyrazole molecules, N-((3,5 dimethyl-1H-

pyrazol-1-yl)methyl)-4-nitroaniline (67), N-((1H-pyrazol-1-yl)-

methyl)-4-nitroaniline (68) and ethyl 5-methyl-1-(((4-nitro-

phenyl)amino)methyl)-1H-pyrazole-3-carboxylate (69), were 

tested by Adlani et al. [60,61] for their performance as 

corrosion inhibitors for carbon steel in 1.0 M HCl medium. 
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Both electrochemical and chemical measurements were used 

in order to evaluate the inhibition efficiency of the investi-

gated molecules. Compounds 67, 68 and 69 displayed good 

corrosion inhibition efficiency, with inhibition efficiencies of 

95.1%, 91.8% and 90.8% at 10–3 M concentration for the 

pyrazoles 67, 68 and 69, respectively. In accordance with the 

conclusions of PDP, all the inhibitors act as mixed-kind 

protectors. 

 Shaban et al. [62] synthesized two pyrazole derivatives 

((4-bromophenyl)hydrazono)-3-(5-(4-nitrophenylazo)-2-

hydroxyphenyl)-2-pyrazolin-5-one (70, parent pyrazolinone 

N-H) and ((4-bromophenyl)hydrazono)-3-(5-(4-nitrophenyl- 

azo)-2-hydroxyphenyl)-1-phenyl-2-pyrazolin-5-one (71, N-

phenyl substituted analogue) as inhibitors towards carbon steel. 

Based on the results, compound 71 has exhibited a higher 

inhibition performance than compound 70 and the reason is 

attributed to the benzene ring acting as an active centre that 

impose the additional adsorption ability towards the CS. 

According to polarisation curves, they performed as mixed-

type protectors. Structurally similar pyrazoline derivatives 4-

methylphenylhydrazono-3-(2-hydroxyphenyl)-2-pyrazolin-

5-one (72) and ((4-phenyl)hydrazono)-3-(5ʹ-(4-nitro-phenyl-

azo)-2ʹ-hydroxyphenyl)-2-pyrazolin-5-one (73) were synthe-

sized by Abbas et al. [63]  in order to evaluate their corrosion 

inhibition behaviour on carbon steel (CS) in a 5.0 M HCl 

medium. The anticorrosion abilities of compounds 72 and 73 

were found to enhance whenever the inhibitor concentrations 

were increased. Langmuir’s adsorption isotherm was the 

finest fitted form for both the inhibitors. PDP also confirmed 

their mixed cathodic as well as anodic corrosion inhibition 

nature. The existence of nitrophenyl azo group in 73, enhance 

its corrosion inhibition efficiency as compared to 72. 

 Three novel hydrazone-linked pyrazolones viz. (E)-4-(2-

(2-chlorophenyl)hydrazineylidene)-2-phenyl-5-(phenylamino)- 

2,4-dihydro-3H-pyrazol-3-one (74), (E)-4-(2-(2-chlorophenyl)-

hydrazineylidene)-2-phenyl-2,4-dihydro-3H-pyrazol-3-one (75) 

and (E)-4-(2-(2-chlorophenyl)hydrazineylidene)-1-phenyl-

pyrazolidine-3,5-dione (76) were investigated as effective 

corrosion inhibitors for stainless steel (SS) in 1.0 M HCl em-

ploying WL, EIS, PDP and EFM (electrochemical frequency 

modulation) methods [64]. The results showed that inhibition 

efficiency increased with higher concentrations of pyrazoli-

none derivatives and decreased with increasing temperature. 

Adsorption on the stainless steel (SS) surface followed the 

Langmuir isotherm model. Among the tested compounds, 

derivative 74 exhibited the highest inhibition performance in 

1.0 M HCl and acted as a mixed-type inhibitor. AFM analysis 

further confirmed the formation of a protective adsorbed layer 

on the SS surface. 

 Corrosion inhibition efficiencies of two novel derivatives 

containing pyrazolylmethylamino fragment containing pyri-

midine and benzoic acid viz. N-((1H-pyrazol-1-yl)methyl)-

pyrimidin-2-amine (77) and 2-(((1H-pyrazol-1-yl)methyl)-

amino)-benzoic acid (78), on carbon steel was evaluated in 1 M 

HCl medium. The results specified that the corrosion inhibition 

efficiency declined with temperature and rose with inhibitors 

concentration and reach uppermost efficiencies of 94% for 77 

and 92% for 78 in 10–3 M concentration at 303 K, respectively. 

The inhibition efficiency was decreased considerably as 76.9% 

for 77 and 72.3% for 78 at higher temperature (333 K). PDP 

reports show that 78 exhibits a combination of behaviours, 

while 77 exhibits primarily anodic behaviour. The adsorption 

behaviour of the pyrazole derivatives on the carbon steel (CS) 

surface follows the Langmuir isotherm model. The thermody-

namic parameters suggest that the inhibition process is pre-

dominantly governed by physisorption. The experimental 

findings were consistent with DFT calculations, while mole-

cular dynamics simulations revealed that the inhibitors adsorb 

on the Fe (110) surface in both neutral and protonated forms 

with a near-parallel orientation [65]. 

 Two compounds of the same category, 4-(4,5-dihydro-1H-

pyrazol-5-yl)-N,N-dimethylaniline (79) and N,N-dimethyl-4-

(3-methyl4,5-dihydro-1H-pyrazol-5-yl)aniline (80) (methyl 

substitution at C-3 of pyrazoline) have an effective corrosion 

obstructing capability against the MS corrosion caused by 1.0 M 

HCl [66,67]. The presence of a methyl group at position three 

resulted in a minor decrease in inhibitory effectiveness while 

maintaining the anticorrosive properties. The electrochemical 

studies show that derivatives 79 and 80 were good cathodic 

as well as anodic anticorrosion agent for MS in 1.0 M HCl 

medium. Thermodynamic study shows that the adsorption 

mechanism follows both chemisorption as well as physisor-

ption. The DFT results exposed that molecule 79 (96%) is more 

effective than 80 (95%). The Nyquist plots show an increase 

in charge-transfer resistance and inhibition efficiency as the 

concentration of the inhibitor is increased. The pyrazole 

derivative 79 also restrict the oxidisation of Fe in 1.0 M HCl 

medium by adsorbing via the Langmuir isotherm protocol. In 

addition, all measured values of the Gibb’s free energy change 

for adsorption show that molecules 79 and 80 were spontane-

ously adsorbed onto the steel surface through both physisor-

ption and chemisorption mechanisms.  

 The galvanostatic cathodic polarisation performance was 

utilised to estimate the protection effectiveness of some subs-

tituted pyrazole derivatives (81-89) containing electron dona-

ting or withdrawing groups on MS dissolution in 0.5 M HCl 

[68]. Corrosion inhibition efficiency increased with rising 

concentration of pyrazole derivatives (81-89) until reaching 

a limiting value corresponding to monolayer formation on the 

mild steel surface. The positive shift in corrosion potential 

indicates predominantly anodic inhibition behaviour. At iden-

tical concentrations, methoxy-substituted derivatives (87-89) 

exhibited higher efficiency than methyl-substituted analogues 

(84-86), while bromo or cyano substitution at the 4-position 

reduced inhibitory performance. In several cases, the inhibition 

efficiencies exceeded 90%. Moreover, the adsorption followed 

the Langmuir isotherm model and the trends observed from 

Hammett constants and quantum chemical parameters showed 

good agreement with the electrochemical results, highlighting 

the influence of substituent electronic effects on inhibition 

performance. 

 The corrosion inhibition effect of new pyrazolone-aryl 

malononitrile conjugated derivatives namely 2-(3-amino-5-oxo-

4,5-dihydro-1H-pyrazol-1-yl)(p-tolyl)methyl)malononitrile 

(90) and 2-((3-amino-5-oxo-4,5-dihydro-1H-pyrazol-1-yl)-

(phenyl)methyl)malononitrile (91) on N80 steel in HCl (15%) 

medium has been examined using experimental, quantum 

chemical and surface morphological investigations [69]. The 
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experimental results expose that compound 90 (92% inhi-

bition efficiency) is a better inhibitor than 91 (85.1% inhibi-

tion efficiency). Tafel polarization studies demonstrated that 

both pyrazolone derivatives are mixed kind protectors, 

however majorly suppress the cathodic corrosion. The Gibb’s 

free energy reveals that both chemical and physical adsorp-

tion for the studied compounds 90 and 91. Quantum chemical 

data confirmed that both protonated form of pyrazolone deri-

vatives have larger adsorption and interaction capability than 

the neutral ones. Furthermore, MC simulations also align 

with the results from experiments. 

 A multi-substituted pyrazole aldehyde compound viz. 

5-chloro-3-methyl-1-phenyl-1H-pyrazole-4-carbaldehyde (92) 

was utilised for its anti-corrosion properties for MS in HCl 

medium as reported by Thomas et al. [70]. The experimental 

findings demonstrate that as the inhibitor concentration rises, 

the inhibition effectiveness of 92 increased, but decreased as 

temperature and acid concentration increased. The electro- 

analytical test confirms a mixed-type protection of the inhi-

bitor 92 and adsorbs over the MS by Langmuir isotherm 

pattern. The MD simulations designated that the inhibitor 92 

interact on Fe (111) plane of the MS surface and the highest 

corrosion inhibition efficiency of 93.17% was attained at 100 

ppm concentration. The high EHOMO value assumes the larger 

electron donating aptitude of 92. 

 The effectiveness of two new pyrazoles (new substituents 

4-methoxyphenyl and p-tolyl at the pyrazole C-3 position) 

namely 2-(4-(4,5-dihydro-3-(4-methoxyphenyl)-1H-pyrazol-

5-yl)phenoxy)acetic acid (93) and 2-(4-(4,5-dihydro-3-p-tolyl-

1H-pyrazol-5-yl)phenoxy)acetic acid (94), against MS corro-

sion in 1.0 M HCl was investigated via chemical, electro-

chemical, SEM, XPS and computational techniques [71]. The 

highest anti-corrosion efficiencies of 94% and 88% at 5 mM 

concentration were obtained for 93 and 94, respectively. The 

compounds retard the corrosion of MS at 303 K and show 

high inhibition efficiency at 333 K. The XPS results confirmed 

the physisorption and chemisorption of these inhibitors on 

MS plane follows Langmuir model adsorption and inhibits 

acid attack effectively. Electrochemical reports exposed that 

these new inhibitors displayed mixed-kind inhibition. 

 Li et al. [72] reported the chemical, electrochemical and 

quantum chemical calculations were utilised to calculate the 

effectiveness of corrosion inhibition of new pyrazole-triazole 

hybrid derivatives viz. 1-(3-phenyl-4,5-dihydropyrazol-1-yl)-

2-(1H-1,2,4-triazol-1-yl)ethanone (95), 1-(3-(4-fluorophenyl)- 

4,5-dihydropyrazol-1-yl)-2-(1H-1,2,4-triazol-1-yl)ethanone 

(96) and 1-(3-(2,4-dichlorophenyl)-4,5-dihydropyrazol-1-yl)-

2-(1H-1,2,4-triazol-1-yl)ethanone (97) on MS immersed in 

1.0 M HCl solution. Inhibitor 97 possesses the maximum 

inhibition efficiency of 99% among the inhibitors 95, 96 and 

97. The anti-corrosion efficiency of these inhibitors follows the 

order: 96 < 95 < 97. The electrochemical analysis revealed 

that the inhibitors exhibit mixed-type behaviour, suppressing 

both anodic and cathodic reactions on mild steel. Adsorption 

behaviour was evaluated at different temperatures and DFT 

calculations identified the benzene, pyrazole, triazole and related 

substituents as the primary active centers responsible for sur-

face interaction. Thermodynamic parameters indicated that the 

inhibition mechanism involves both physisorption and chemi-

sorption. The adsorption process was best described by the 

Langmuir isotherm, suggesting monolayer coverage without 

significant interaction between adsorbed molecules. 

 The corrosion inhibition performance of the novel methyl 

substituted pyrazole carbohydrazide derivative, ethyl 4-(5-

acetyl-4-amino-3-(thiazol-2-ylcarbamoyl)-1H-pyrazol-1-yl)-

benzoate (98), was evaluated by Al Jahdaly & Masaret [73] 

on low carbon steel in 0.5 M HCl using EIS and PDP tech-

niques. Inhibition efficiency increased with concentration, 

reaching approximately 89% at 303 K. Polarization studies 

indicated mixed-type inhibition behaviour and adsorption foll-

owed the Langmuir isotherm with contributions from both 

physisorption and chemisorption. Surface analyses (AFM and 

SEM) confirmed protective film formation, while DFT calcu-

lations identified the active adsorption sites and clarified the 

interaction mechanism.  

 Another similar structural substituted pyrazole carbohy-

drazide derivative viz. 1,5-dimethyl-1H-pyrazole-3-carbohyd-

razide (99) compound was also evaluated as corrosion inhi-

bitor for mild steel in 1.0 M HCl [74]. The compound achieved 

96% efficiency at 10–3 M, with performance increasing at 

higher concentrations but decreasing with temperature. The 

polarization results indicated mixed-type inhibition and adsor-

ption followed the Langmuir isotherm. The surface analysis 

and the DFT and MC simulations also confirmed the adsorp-

tion behaviour of 99 over the metal surface. 

 Novel tethered pyrazole compound, (methyl-substituted 

pyrazole tethered via a methylene to benzimidazole) namely 

2-[(5-methylpyrazol-3-yl)methyl]benzimidazole (100) has been 

investigated for its inhibitory potential for the protection of 

carbon steel in 1.0 M HCl using EIS, PDP and WL investi-

gations at 293 K [75]. In addition, the MC simulations and 

DFT/B3LYP-basis set of computations were utilised as a supp-

ortive evidence to explain the adsorption behaviour of 100 on 

the carbon steel surface. Inhibition efficiency of compound 

100 increased with concentration, reaching a maximum of  

97% at 5 × 10–3 M, but decreased at higher temperatures. The 

adsorption followed the Langmuir isotherm and polarization 

curves indicated mixed-type inhibition behaviour. The proto-

nated form of the molecule showed stronger interaction with 

the carbon steel surface than the neutral form, with its planar 

structure promoting parallel adsorption through intramole-

cular hydrogen bonding. 

 Cao et al. [76] investigated the effectiveness of corrosion 

inhibition of 1-phenyl-3-methyl-5-pyrazolone (101) inhibitor 

on MS in 1.0 M HCl was explored through WL, PDP curve, 

EIS, Raman spectrum and quantum chemical methods. About 

93% inhibition effectiveness was achieved in the existence of 

1 × 10–3 M concentration of compound 101 whereas the effi-

ciency was decreased to 32% in 1 × 10–5 M concentration. The 

EIS data revealed that the inhibitor 101 excellently inhibit 

corrosion of MS in acidic medium and its protection effici-

ency reached greater than 97.2% in 1 × 10–3 M concentration 

at 298 K. PDP data revealed the great decrease of corrosion 

current in the existence of 101 in HCl medium and confirmed 

the mixed-type corrosion inhibition action. The quantum 

chemical measurement found the active adsorption locations 

as oxygen atom and phenyl group present in the studied 

inhibitor 101. The linear regression analysis of the plot of C/θ 
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versus C indicates that the inhibitor adheres to the Langmuir 

adsorption isotherm. 

 The influence of aryl substituted pyrazoline-quinoxaline 

analogues namely 1-[3-(3-methoxyphenyl)-5-(quinoxalin-6-

yl)-4,5-dihydropyrazol-1-yl]propan-1-one (102) and 1-(3-(4-

chlorophenyl)-5-(quinoxalin-6-yl)-4,5-dihydro-1H-pyrazol-

1-yl)propan-1-one (103) on corrosion inhibition propensity 

on MS in 1.0 M HCl solution was studied using WL, PDP, 

EIS and computational analysis [77]. Both inhibitors 102 and 

103 effectively protected mild steel in acidic medium, with 

inhibition efficiency increasing with concentration. Both for-

med a pseudo-capacitive protective layer and exhibited mixed 

type inhibition behaviour. Adsorption followed the Langmuir 

isotherm, with compound 102 showing combined physisor-

ption and chemisorption, whereas compound 103 predomi-

nantly underwent chemisorption. Monte Carlo simulations 

confirmed stable adsorption on the Fe (110) surface, and 

SEM analysis verified protective film formation. DFT results 

indicated superior inhibition performance for compound 102, 

attributed to its stronger electron-donating ability, while the 

protonated form of compound 103 demonstrated enhanced 

inhibition compared to its neutral form. 

 Corrosion inhibition behaviour of bis-pyrazole deri-

vatives: Arrousse et al. [78] investigated bis-pyrazolylmethyl 

amino derivative 2-(bis((1H-pyrazol-1-yl)methyl)amino)pyri-

midine-4,6-diol (104) as anticorrosive agent for MS in HCl 

environment with 88% inhibition efficiency. A comparative 

evaluation of inhibitors 9 and 104 demonstrated superior corr-

osion protection by compound 104 on mild steel in HCl, attri-

buted to the presence of two pyrazole moieties that enhance 

coordination with the metal surface. Tafel polarization results 

indicated mixed-type inhibition behaviour for both compounds. 

Their adsorption on mild steel followed the El Awady adsor-

ption isotherm model. 

 Kaddouri et al. [79] reported the synthesis and corrosion 

behaviour of p-benzonitrile-bis-pyrazolylmethyl analogues 

namely 4-(bis((1H-pyrazol-1-yl)methyl)amino)benzonitrile (105) 

and 4-(bis((3,5-dimethyl-1H-pyrazol-1-yl)methyl)amino)ben-

zonitrile (106). Both compounds demonstrated excellent inhib-

ition of mild steel in acidic medium, achieving inhibition effici-

encies of 92.3% and 92.4%, respectively, at a concentration of 

10–3 M, as determined by weight loss and electrochemical 

measurements. The slightly superior performance of comp-

ound 106 is associated with the electron-releasing methyl 

substituents on the pyrazole rings. These groups enhance the 

electron density at the nitrogen donor sites, promoting stronger 

interaction with the metal surface through coordination bond-

ing. In acidic solution, protonation of the heterocyclic nitrogen 

atoms further facilitates adsorption, leading to the formation of 

a protective film over the mild steel surface. Adsorption of 

both inhibitors follows the Langmuir isotherm indicating 

monolayer coverage with uniform adsorption sites. Thermo-

dynamic parameters and electrochemical impedance data 

suggest that the inhibition mechanism involves a combined 

physisorption-chemisorption process. Density functional theory 

(DFT) calculations support these findings by confirming fav-

ourable electronic properties and strong adsorption tenden-

cies for the methyl-substituted analogue. 

 Verma et al. [80] synthesised homologous series of aryl-

methylene-bridged bis-pyrazolone derivatives and the investi-

gated the corrosion inhibition efficiencies of bis pyrazole 

inhibitors, 4,4-(phenylmethylene)bis(3-methyl-1-phenyl-1H- 

pyrazol-5-ol) (107), 4,4-((4-nitrophenyl)methylene)bis(3-

methyl-1-phenyl-1H-pyrazol-5-ol) (108), 4,4-((4-hydroxy-

phenyl) methylene)bis(3-methyl-1-phenyl-1H-pyrazol-5-ol) 

(109) and 4,4-((2-hydroxy-4-methoxyphenyl)methylene-bis- 

(3-methyl-1-phenyl-1H-pyrazol-5-ol) (110) are 89.77%, 90.90%, 

91.47% and 94.88% on MS in acidic environment. All the 

compounds follow the Langmuir model with best regression 

coefficient (R2 ≈ 1) values. The inhibitor was classified as 

mixed type due to the electrode potential shift being less than 

-85 mV in PDP data. Pyrazoles containing an electron donating 

substituent exhibited a higher level of inhibition than those 

with an electron withdrawing substituent. 

 Using chemical as well as electrochemical techniques, 

the inhibition efficiencies of novel homologous series of N,N- 

bis(pyrazolylmethyl) tertiary amines viz. N,N-bis(3,5-dimethyl-

pyrazol-1-ylmethyl)cyclohexylamine (111), N,N-bis(3,5-

dimethyl-pyrazol-1-ylmethyl)ethanolamine (112), N,N-bis-

(3,5-dimethylpyrazol-1-ylmethyl)allylamine (113), N,N- 

bis(3-carboethoxy-5-methylpyrazol-1-ylmethyl)cyclohexyl-

amine (114), N-benzyl-N,N-bis[(3,5-dimethyl-1H-pyrazol-1-

yl)methyl]amine (115), N,N-bis[(3,5-dimethyl-1H-pyrazol-1-

yl)methyl]-N4,N4-dimethyl-1,4-benzenediamine (116) and 

N,N-bis[(3,5-dimethyl-1H-pyrazol-1-yl)methyl]aniline (117) 

against the corrosion of MS by 1.0 M HCl solution have been 

reported. The experimental finding reveals that the highest 

inhibition percentage of 96% was reached for the compound 

117. The polarisation curves indicate the mixed behaviour of 

bipyrazolic compounds. Thus, they suppress both cathodic 

and anodic oxidisation of MS working electrode. For comp-

ounds 111 and 114, anticorrosion efficiency raised with rising 

the temperature, whereas for compounds 112, 113, 115, 116 

and 117 it decreased. The compound 114 has lower inhibition 

effectiveness due to the inductive effect of ester group, which 

diminishes electronic density on N at -position, along with the 

steric effect of this group [81-83]. 

 The inhibitive efficiencies of isomers of bis(pyrazolyl-

methyl)aminophenol such as 4-{bis[(1,5-dimethyl-1H-pyrazol-

yl-3-yl)methyl]amino}phenol (118) and 4-{bis[(3,5-dimethyl- 

1H-pyrazolyl-1-yl)methyl]amino}phenol (119), on mild steel 

corrosion in 1.0 M HCl solution was examined at 308 K using 

weight loss and electrochemical techniques. The inhibition 

efficiencies determined from these methods show good corr-

elation. The polarisation curves show that all these bipyra-

zolic derivatives function as inhibitors of both cathodic and 

anodic corrosion (mixed-type). This PDP studies showed that 

both compounds are effective inhibitors, with almost 95% 

effi-ciency at a concentration of 5 × 10–4 M. Among these 

isomers, compound 118 has higher anticorrosion efficiency 

compared to 119. Steel corrosion in 1.0 M HCl without or 

with bipyrazolic compounds at 5 × 10–4 M in the temperature 

range of 308 to 353 K was determined to calculate the activa-

tion parameters. The isomers adhere to the steel surface based 

on a Temkin isotherm model [84]. 

 The relation between the inhibition efficiencies of new 

homologous bis(pyrazolylmethyl) tertiary amines, N,N-bis-
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(3,5-dimethylpyrazol-1-ylmethyl)cyclohexylamine (120), N,N- 

bis(3,5-dimethylpyrazol-1-ylmethyl)ethanolamine (121), N,N- 

bis(3,5-dimethylpyrazol-1-ylmethyl)allylamine (122) and N, 

N-bis(3-carboethoxy-5-methylpyrazol-1-ylmethyl)cyclohexyl-

amine (123), on corrosion of MS by HCl was explained via 

DFT using B3LYP/6-31G(d) level. These bipyrazole comp-

ounds displayed the high protection capabilities against deter-

ioration of MS immersed in acidic medium. The designed 

quantum chemical data used to correlate the anticorrosion 

efficiency of studied inhibitors. The probability to contribute 

electrons to the empty orbitals is confirmed by high EHOMO 

values. The highest corrosion hindrance efficiency of comp-

ounds 120, 121 and 122 were due to the increasing EHOMO 

values and the decreasing ELUMO values. This concept was in 

an excellent conformity with the experimental findings. The 

lower total energy for the inhibitor 123 revealed the weaker 

corrosion inhibition tendency, whereas the higher total energy 

(-859.15 kcal mol–1) for the derivative 122 proves the higher 

inhibition. This high inhibition for the inhibitor 122 was also 

correlated with the low electronegativity [85]. 

 Selatnia et al. [86] investigated the anticorrosion effici-

ency of a novel bis-pyrazoline molecule viz. 5,5-(1,4-phenyl-

ene)bis[1-formyl-4,5-dihydro-3-phenyl-1H-pyrazole] (124) on 

carbon steel in 1.0 M HCl using WL, PDP and EIS techniques. 

The anticorrosion efficiency of 124 was increased up to 91% 

with enhances its concentration to 400 ppm. By affecting both 

anodic and cathodic corrosion reactions, the inhibitor 124 

acts as a mixed kind protector. Both physical and chemical 

adsorptions of 124 on carbon steel surface follows Langmuir 

mode of isotherm spontaneously. The surface morphological 

investigation confirmed the development of inhibitor film. 

The large negative interaction energy value of MD confirms 

the well-built interaction among the inhibitor and carbon steel 

surface.  

 Bendaha et al. [87] reported the adsorption and corrosion 

inhibition studies on mild steel (MS) in HCl solution using 

bis(pyrazolylmethyl)amino-alcohol derivatives, for example, 

1-[bis-(3-carbomethoxy-5-methyl-pyrazol-1-ylmethyl)amino]-

propan-2-ol (125) and 3-[bis-(3,5-dimethyl-pyrazol-1-yl-

methyl)amino]propan-1-ol (126) in the temperature range of 

308-323 K. Compound 125 showed better corrosion inhibi-

tion than compound 126, with efficiencies of 92% and 87%, 

respectively, for mild steel in acidic solution. The inhibition 

efficiency increased with increasing inhibitor concentration, 

indicating improved surface coverage, while it decreased at 

higher temperatures, suggesting partial desorption. Similarly, 

Elayyachy et al. [88] studied the inhibition effect of N,N-bis 

(3,5-dimethylpyrazol-1-ylmethyl)-pentan-1-ol-amine (127) on 

steel in 1.0 M HCl at 308 K using weight loss and polari-

zation techniques and achieved about 82% efficiency. Its 

adsorption obeyed the Langmuir isotherm, indicating mono-

layer formation. Polarization results showed hydrogen evol-

ution was activation-controlled, with inhibition mainly due to 

surface adsorption and possible complex formation on the 

steel surface. 

 Compounds 128-131 containing bis-pyrazole framework 

have established into more structurally diverse systems, rang-

ing from rigid conjugated hydrazone-linked architectures (128) 

to flexible amino acid derivatives (129) and tetradentate 

diamine-based ligands (130-131), enabling systematic investi-

gation of rigidity, electronic substitution, denticity and coordi-

nation behaviour. The water-soluble 4,4-([1,1-biphenyl]-4,4-

diylbis(hydrazin-2-yl-1-ylidene))bis(5-(2-hydroxyphenyl)-2,4-

dihydro-3H-pyrazol-3-one) (128) exhibited 93.3% inhibition 

efficiency for mild steel in 1.0 M HCl [89], following the 

Langmuir isotherm and acting as a mixed-type inhibitor. Fur-

thermore, theoretical calculations were executed to recognize 

the active sites on inhibitor 128 to facilitate adsorption and 

the surface protection. 

 Compound 11-(bis((1H-pyrazol-1-yl)methyl)amino)un-

decanoic acid (129) showed concentration-dependent inhibi-

tion, reaching 99.5% efficiency at 10–3 M. Tafel analysis con-

firmed mixed-type behaviour with dominant anodic control. 

Langmuir adsorption and high binding energy values (398, 

340 eV) indicated strong chemisorption on the Fe surface [90]. 

Bouklah et al. [91] synthesised N,N-bis[(3-ethylcarboxylate-

5-methyl-1H-pyrazol-1-yl)methyl]-N,N-dimethyl ethane-1,2- 

diamine (130) and N,N-bis-[(3,5-dimethyl-1H-pyrazol-1-yl)-

methyl]-N,N-dimethylethane-1,2-diamine (131) and acted as 

mixed-type inhibitors in 1.0 M HCl, with efficiencies of 95.5% 

and 87%, respectively. DFT calculations exhibit strong corre-

lations with the experimental results and it is evident that 

corrosion mitigation effectiveness raises in the order: 130 > 131. 

 Compounds 132-136 represent diverse derivatives of the 

bis(pyrazolylmethyl) ligand family, incorporating rigid aro-

matic (pyridine), flexible aliphatic (amino acid-type) and cyclic 

diamine (piperazine) backbones with tunable electronic sub-

stitutions, enabling systematic control over denticity, rigidity, 

coordination strength and potential metal-binding geometry. 

 Compound, 1,1-(pyridine-2,6-dihylbis(methylene))-bis-

(5-methyl-1-H-pyrazole-3-carboxylic acid) (132) was eval-

uated for mild steel corrosion in 1.0 M HCl and showed 96% 

efficiency at 10–3 M based on the polarization studies [92]. 

Its performance improved with concentration and followed 

the Langmuir adsorption isotherm, indicating spontaneous 

monolayer adsorption. Electrochemical data confirmed mixed 

type inhibition without altering the hydrogen evolution mec-

hanism.  

 Compounds 133 and 134, two dimethyl-pyrazole-based 

amino acids viz. 2-[bis-(3,5-dimethyl-pyrazol-1-ylmethyl)-

amino]-3-hydroxybutyric acid and 2-[bis-(3,5-dimethyl-

pyrazol-1-ylmethyl)amino]pentanedioic acid, were also tested 

in 1.0 M HCl. At 10–3 M, they achieved 95.9% and 98.1% 

inhibition efficiency, respectively. Their action was attrib-

uted to the adsorption following the Langmuir model. The 

polarization and impedance results revealed mixed-type beha-

viour, increased charge transfer resistance with concentration 

and reduced efficiency at elevated temperatures [93,94]. 

 Similarly, piperazine-linked bipyrazoles, N,Nʹ-bis[(3,5-

dimethyl-1H-pyrazol-1-yl)methyl]piperazine (135) and N,Nʹ- 

bis[(3-ethylcarboxylate-5-methyl-1H-pyrazol-1-yl)methyl]-

piperazine (136) [95] demonstrated inhibition efficiencies of 

91% and 92% in 1.0 M HCl. A decrease in double-layer capa-

citance and activation energy suggested strong chemisorption 

involving electron sharing between iron and pyrazole nitrogen 

atoms. 

 Compounds 137-147, trimethyl-substituted bipyrazole 

derivatives differing in their structural connectivity, particu-
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larly in the 3,3 and 1,3-linkage pattern, were also systemati-

cally evaluated as corrosion inhibitors for mild steel in acidic 

media, where their performance was correlated with mole-

cular structure and adsorption characteristics. 

 Isomer 137, 2-(1,5,5-trimethyl-1H,1H-3,3-bipyrazol-

1-yl)ethanol, showed superior performance, reaching 93% 

inhibition efficiency at 10–3 M as compared to 2-(1,5,5-tri-

methyl-1H,2H-3,3-bipyrazol-2-yl)ethanol (138) [96]. It was 

found that efficiency increased with concentration and both 

compounds mainly suppressed the cathodic reaction. Their 

adsorption followed the Langmuir isotherm and occurred 

spontaneously. The other related bipyrazoles like 1,5,5-tri-

methyl-1H,2H-3,3-bipyrazole (139), ethyl 1,5,5-trimethyl-

1H-1,3-bipyrazole-3-carboxylate (140) and (1,5,5-trimethyl-

1H-1,3-bipyrazolyl-3-yl)methanol (141) were also assessed 

in 1.0 M HCl using electrochemical and gravimetric methods 

[97]. Among them, compound 139 exhibited the highest 

efficiency (79% at 10–3 M). Its adsorption fitted an S-shaped 

Frumkin isotherm and inhibition efficiency improved with 

increasing temperature. Polarization data indicated predomi-

nant cathodic inhibition behaviour. 

 Similarly, 3,5,5-trimethyl-1H-1,3-bipyrazole (143) and 

ethyl-5,5-dimethyl-1H-1,3-bipyrazole-3-carboxylate (144) 

were evaluated as corrosion inhibitors for steel in 1.0 M HCl 

at 308 K [98]. Compound 143 exhibited superior performance, 

achieving 84% efficiency at 10-3 M and acting predominantly 

as a cathodic-type inhibitor. Results from all techniques were 

consistent, and adsorption followed the Langmuir isotherm. 

Likewise, Zarrok et al. [99,100] synthesized and tested ethyl-

5,5-dimethyl-1H-1,3-bipyrazole-4-carboxylate (145), 1,1, 

5,5-tetramethyl-1H,1H-3,3-bipyrazole (146) and 3-(bromo-

methyl)-5,5-dimethyl-1H-1,3-bipyrazole (147) were tested 

the inhibition efficiency on C38 steel in acidic medium. The 

inhibition performance followed the order: 145 < 147 < 146, 

indicating that compound 146 exhibited the highest protec-

tive efficiency among the three derivatives. Thermodynamic 

parameters and Langmuir adsorption behaviour suggested 

chemisorption as the dominant mechanism. Electrochemical 

studies confirmed the mixed-type inhibition, with increased 

charge transfer resistance and reduced double-layer capacit-

ance indicating effective surface protection. 

Benabdellah et al. [101] synthesized a new series of 

substituted 3,3-bipyrazoles bearing bulky substituent groups 

(148-150) and investigated their corrosion inhibition perfor-

mance for mild steel in HCl solution. All methods showed 

that inhibition efficiency increased with increasing inhibitor 

concentration. The protective performance was strongly 

influenced by the substituent on the bipyrazole framework. 

Among the tested compounds, the chloro-substituted deri-

vative (150) exhibited the highest efficiency, reaching 98% 

at 10–3 M. Polarization data indicated predominantly cathodic 

inhibition behaviour. Adsorption of these inhibitors on the 

steel surface followed the Langmuir isotherm and thermo-

dynamic parameters supported a spontaneous adsorption pro-

cess.  

 Touhami et al. [102,103] synthesized a series of bis-

(pyrazolyl)alkanes with variable chain lengths and different 

substitution (151-156) and evaluated as corrosion inhibitors 

for  Armco iron in 1.0 M HCl solution. Among the evaluated 

compounds, compound 152 exhibited the highest inhibition 

efficiency (93%). Its adsorption on Armco iron followed the 

Langmuir isotherm, whereas compound 156 showed an S-

shaped adsorption profile consistent with the Frumkin model, 

achieving nearly 90% inhibition. The inhibition efficiency 

increased with temperature (308-338 K), indicating enhanced 

interaction with the metal surface at elevated temperatures. 

Polarization studies revealed that compounds 154 and 155 

behaved mainly as cathodic inhibitors, while compounds 152 

and 156 displayed mixed-type characteristics. The presence of 

two oxygen atoms in compounds 154 and 155 was associated 

with lower efficiencies (69% and 54%, respectively). Thus, 

the inhibitors bearing longer alkyl chains demonstrated com-

paratively reduced corrosion protection performance. 

 El-Ouali et al. [104] synthesized bis(pyrazolyl)alkane 

derivatives with reactive chloromethyl or ester (157-159) viz. 

1,1-propane-1,3-diylbis[3-(chloromethyl)-5-methyl-1H-pyra-

zole] (157), dimethyl 1,1-butane-1,4-diylbis(5-methyl-1H-

pyrazole-3-carboxylate) (158) and 1,1-butane-1,4-diylbis[3-

(chloromethyl)-5-methyl-1H-pyrazole] (159) as a corrosion 

inhibitors and investigated its efficiency on the C38 steel in 

HCl medium. The weight loss and electrochemical analyses 

revealed that all the pyrazoles achieved over 90% corrosion 

inhibition efficiency, with compound 159 showing the high-

est performance at 96%. The PDP investigations suggested 

that all are predominantly inhibit the cathodic corrosion. The 

theoretical analysis validates the findings obtained from the 

chemical and electrochemical approaches. 

 Cherrak et al. [105,106] synthesized newly bis(pyrazole-

carbohydrazide) derivatives (160-163) as anticorrosive inhib-

itors namely, N,N-bis (3-carbohydrazide-5-methylpyrazol-1-

yl)methylene (160), 1,4-bis(3-carbohydrazide-5-methylpyrazol- 

1-yl)butane (161), 1,1′-(propane-1,3-diyl)bis(5-methyl-1H-

pyrazole-3-carbohydrazide) (162) and 1,1′-(oxy bis(ethane-

2,1-diyl))bis(5-methyl-1H-pyrazole-3-carbohydrazide) (163). 

The compounds were tested against deterioration of MS in 

1.0 M HCl solution. At its higher concentration of 10–3 M, 

inhibitor 160 and 161 showed 98.6% and 87.8% inhibition 

efficiencies, respectively. Similarly, the corrosion inhibition 

efficiencies of 162 is 95% and 163 is 84%. The PDP experi-

ments indicated that they inhibited corrosion in a mixed-kind 

fashion and obeying the Langmuir’s model isotherm. As a 

result of the Gibb’s free energy of adsorption values, the 

physico-chemical methods of adsorption were confirmed.  

 In continuation of his work, El Arrouji et al. [107] syn-

thesized novel pyrazole derivative, diethyl 1,1-(((4-acetyl-

phenyl)azanediyl)bis(methylene))bis(5-methyl-1H-pyrazole- 

3-carboxylate) (164), consisting a rigid aromatic core with 

flexible pyrazole ester arms, on MS in 1.0 M HCl solution was 

investigated using WL, EIS and PDP methods. The results of 

the experiment showed that the effectiveness of these inhibi-

tors in shielding increased as the inhibitor concentration rose. 

It shows 84% inhibition efficiency in 10–3 M at 308 K. The 

inhibitors adsorbed on the mild steel surface according to the 

Langmuir isotherm, forming a protective chemisorbed layer, 

as confirmed by SEM-EDX analysis showing a shielding film 

on the metal surface. 
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 Corrosion inhibition behaviour of heterocyclic comp-

ounds containing more than two pyrazole rings: The inhi-

bitory efficiency of three pyrazole arms via methylene bridges 

derivative, 5-{tri-[(1,5-dimethyl-1H-pyrazol-3-yl)methyl]-

ammonium chloride} (165) as corrosion inhibitor on steel 

material in HCl medium was also investigated [88]. According 

to the outcomes, tripyrazole displayed a high-level protection 

of 87%, whereas bipyrazole displayed 82% protection effi-

ciency at 10–3 M concentration. The charge density acquired by 

the active centers available for adsorption and molecule size 

determines the corrosion mitigation performance of the com-

pounds.  

 El Arrouji et al. [107] evaluated N1,N1-bis(2-(bis((3,5-

dimethyl-1H-pyrazol-1-yl)methyl)amino)ethyl)-N2,N2-bis-

((3,5-dimethyl-1H-pyrazol-1-yl)methyl)ethane-1,2-diamine 

(166) as novel corrosion inhibitor for mild steel in 1.0 M HCl 

and reported consistent results from multiple techniques. 

The polarization studies indicated mixed-type inhibition with 

86% efficiency and adsorption conformed to the Langmuir 

model. 

 Timoudan et al. [108] investigated the corrosion inhi-

bition performance of N,N,N′,N′-tetra-kis((3,5-dimethyl-1H-

pyrazol-1-yl)methyl)pyridine-2,6-diamine (167) in 1.0 M HCl 

at 303 K. Various experimental techniques including PDP, 

EIS, SEM-EDX, contact angle, FTIR, XPS, XRD, UV-visible 

and AFM were employed for conducting the measurements. 

Also, the DFT and MD simulations were analysed in order to 

support these experimental results. Compound 167 exhibited 

high inhibition efficiency of 97.2% at 10–3 M. Polarization 

results confirmed mixed-type inhibition and adsorption on 

the carbon steel surface followed the Langmuir isotherm, 

indicating strong surface interaction. 

Similarly, the corrosion inhibition performance of N1,N1, 

N3,N3-tetrakis-(3,5-dimethyl-1H-pyrazol-1-yl)methyl)propane-

1,3-diamine (168) and N1,N1,N2,N2-tetrakis((3,5-dimethyl-

1H-pyrazol-1-yl)methyl)benzene-1,2-diamine (169) for mild 

steel in 1.0 M HCl was evaluated using weight loss and 

electrochemical techniques [109]. Both compounds showed 

the mixed-type inhibition behaviour, though predominantly 

affecting the cathodic process. Their adsorption followed the 

Langmuir isotherm, with inhibition efficiencies of 87% for 

168 and 94.2% for 169. Quantum chemical calculations also 

indicated that electron donation and acceptance abilities incre-

ased in the order 168 < 169, consistent with the experimental 

results. 

 Benefits of using pyrazoles as corrosion inhibitors: It 

has been shown that pyrazoles have superior adsorption pro-

perties over conventional inhibitors. Due to their diverse stru-

ctures and functional groups, heterocyclic pyrazole comp-

ounds can be used to develop corrosion inhibitors specifically 

adapted to different metal types and environmental conditions 

due to the presence of multiple nitrogen donor atoms and π-

electron systems, which facilitate the effective interaction with 

metal surfaces. Their structural diversity and ease of 

functionalization enable the design of tailored inhibitors suit-

able for different metals and corrosive environments. Comp-

ared with many conventional corrosion inhibitors, pyrazole 

derivatives are relatively accessible and can be synthesized 

through straightforward procedures. Their structural flexibility 

and potential for environmentally benign design make them 

 

Structure of compounds 1-169 
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attractive for industries aiming for cost-effective and sustain-

able corrosion control strategies. By forming stable protective 

films on the metal surfaces, these compounds contribute to 

prolonged service life of equipment and reduced maintenance 

or replacement costs. Furthermore, recent progress in green 

and microwave-assisted synthesis, along with computational 

design strategies, has enabled the development of pyrazole 

inhibitors using safer and more sustainable methods. These 

approaches reduce toxic waste while enhancing inhibitor 

stability, efficiency and suitability for industrial applications.

 Mechanism of corrosion inhibition by pyrazole comp-

ounds in acidic media: The corrosion inhibition of metals in 

acidic media by pyrazole compounds mainly occurs through 

their adsorption onto the metal surface and the subsequent 

formation of a protective layer. These molecules can attach to 

the surface by physical adsorption (physisorption), chemical 

adsorption (chemisorption), or a combination of both, depen-

ding on their structure, the type of metal, and conditions such 

as temperature. In chemisorption, the nitrogen atoms in the 

pyrazole ring donate electron density to the vacant d-orbitals 

of the metal, forming strong coordinate bonds. In some cases, 

electron back-donation from the metal to the inhibitor further 

stabilizes this interaction. In contrast, physisorption involves 

weaker electrostatic attraction, often between protonated inhi-

bitor molecules and negatively charged ions (such as chloride) 

present in the acidic solution. Once adsorbed, the inhibitor 

molecules form a thin protective film over the metal surface. 

This film acts as a barrier that limits contact between the metal 

and aggressive species, thereby reducing both metal dissolu-

tion and hydrogen evolution reactions. The presence of hetero-

atoms in the pyrazole structure enhances electron distribution 

and improves the adsorption strength, ultimately lowering the 

corrosion rate. The explanation of this mechanism is clearly 

illustrated in Fig. 1 for better understanding.  

 

 
Fig. 1. Corrosion inhibition mechanism in HCl medium 

 

Conclusion 

 This review comprehensively summarizes the formation 

of protective films by various pyrazole derivatives on iron in 

HCl medium for corrosion control. Inhibition performance 

was evaluated using weight loss (WL), potentiodynamic polari-

zation (PDP) and electrochemical impedance spectroscopy 

(EIS). The effectiveness of pyrazole inhibitors is strongly 

influenced by concentration, immersion time and tempera-

ture. Their action mainly arises from adsorption on the metal 

surface, where pyrazole molecules block active corrosion sites 

and form a protective barrier. Most adsorption data fit the 

Langmuir isotherm, while some derivatives follow Temkin 

(2, 88, 89), Frumkin (3, 60, 61, 156) and El-Awady (9, 10) 

models. Compounds 25-27 conform to both Frumkin and 

Temkin isotherms. Polarization studies show that pyrazole 

derivatives generally act as mixed-type inhibitors, suppressing 

both anodic iron dissolution and cathodic hydrogen evolution, 

although certain compounds show preferential anodic or 

cathodic behaviour. Simultaneously the quantum chemical 

(DFT) results demonstrate strong agreement with experimental 

findings. In general, most of the bis-pyrazole derivatives 

exhibit inhibition efficiencies above 90%, whereas tris- and 

tetrakis-pyrazoles typically show efficiencies above 80%. 

This indicates that the number of pyrazole units significantly 

affects performance. Bis-pyrazoles generally provide superior 

protection, while the multi-pyrazole systems remain effective 

but slightly less efficient. In contrast, single pyrazole deri-

vatives display a wider range of efficiencies. These observa-

tions highlight the importance of molecular architecture in 

optimizing corrosion inhibitor design. 
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