Arabian Journal of Chemical and Environmental Research

Vol. 10 Issue2 (2023) 50i 81

Bipyrazole compounds as efficient corrosion inhibitors
for metallic materials

Chaimae MERIMI %, Kaoutar ZAID I, El HassaniaL OUKI L1232

L .CAE,Faculty of Science, University Mohamnfécst, Oujda, Morocca
2 EuromedUniversity of FesUEMF, 30000 FesMorocco.
3 Laboratory of Industrial Engineering, Energy and The Environment, SUPMT| Rdbabcco

Received®4 Sepmber 203, Revised 2 Nov2023, Accepted 8 Nov2023

Cited as:C. Merimi, K. Zaidi, E.H. Loukili (2023)Bipyrazole compounds as efficient corrosion inhibitors for metallic mateAaéb. J.
Chem. Environ. Res. 12)((2023) 50-81

Abstract

This review brings together predominant works on the use of bipyrazole compounds as corrosion inhibitors fo
the protection of metallic materials. Bipyrazoles, characterized by a structure with two pyrazole nuclei, have
emerged as promising candidatesadrrasion control due to their structural diversity and unique physicochemical
properties. The article examines various methods of synthesizing these compounds and explores their inhibito
effectiveness against the corrosion of different metals. The stpdisented showhe ability of bipyrazole
derivatives to form protective films on metal surfaces, thus delaying the corrosion process. Adsorption
mechanisms, thermodynamic properties, and experimental results are discussed to provide a comprehens
overview of the inhiltory performance of bipyrazole compounds. This review offers a critical synthesis of recent
advances in the field and highlightsospectgor the development of new bipyrazddased corrosion inhibitors
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1. Introduction

Corrosion causes enormous commercial losses attmtlational and international levels, estimated by
high costs and significant damage to materials and the enviro(uhesdail et al.2011; De Vuystet al.
2008; Abdi et al.2006). Industries suffer from various types of corrosion, including galvanic comosio
uniform corrosion, corrosioof cracks, intergranular corrosion pitting, and ero¢@uarash et al, 2011;
Hemmeet al.2004; Ogieret al.2008). It is well documentedhat natural air humidity, aggressive metal
polishing, water from oceans/seas, and chemical fluids are the most identified corrosion #gents

contributesignificantly to the initiation and propagation of corrosion reacti@abi et al. 2020)
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Additional sources of corrosion have been reported, including oils/gases, basic salts,
concentrated/diluted acids, ammonia, sulfur, and gaseous materials withpatievels(De Vuyit et
al. 2008). Various procedures enhance and accelerate the rate of corrosion reactions, such ¢
electrochemical processes and chemical reactions occurring arasagrces inthe surrounding
environment(Messai et al. 2011; Zaidi et al., 2023; Merimiet al., 2023. This literature review on
bipyrazoles highfihts the numerous applications and properties of these organic compounds.
Bipyrazoleswhich arecharacterized by the presence of two pyrazole motifs, have attthetatiention
of researchers owingo their structural diversity and unique physicocheinjmaperties(Fig.1).
Bipyrazoles are distinguished by their structusith two linked pyrazole nuclei, providing a rich
molecular platform for functional diversitecrieruet al, 2020. These structures can be modified to
producecompounds with specific propertiegariousmethals for synthesizing bipyrazolésve been
described including condensation reactions, cyclization reactions, and coupling strategies. These
approacheyielded a wide variety of bipyrazole derivatives with specific substituti@ipyrazoles
exhibit interesting physicochemical properties such as absorption properties in thwsib\é range,
coordination capabilities with transition metals, and specific reactivities under defined conditions
(Maissaet al.2021).

HN =N

N \

Ny
\
N = NH

Figure 1. Chemical structure dhebipyrazole compound

Applicationsof bipyrazoles are vast, covering areas such as catalysis, medicinal chemistry, coordinatiol
chemistry, and nanotechnology. Their unique properties make them vailniabk development of
functional materials and active compoun@articular attentiomas been paido the use of bipyrazoles

as corrosion inhibitors. Their ability to form protective films on metal surfaces makes them promising
candidates fopreventing corrosiarThis literature review highlightdhe recent progress in the field of
bipyrazdes and emphasizes opportunities for future research. Perspectives include the development
new synthesis methods, exploration of new applications, and thorough understanding of their reactio
mechanismsLiteratureon bipyrazoles reflects the importanckethese compounds in contemporary
chemistry. Their structural diversity and unique propertesderthem versatile compounds with
promising applications in various scientific and technological fifllie. intrinsic properties of azoles,

such as their ality to coordinate with metal ions and adsorb on metal surfaces, have been exploited to
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enhance the efficiency of corrosion inhibition. In conclusion, the integration of azoles, especially within
the context of ionic liquids, opens new perspectisesorrosion protection, offering an environmentally
friendly and effective alternative to traditional organic solvents. Previous research has laid the
groundwork for a thorough understanding of these systems, paving the way for future developments i
the desig of innovative and environmentally friendtgrrosioninhibitor compounds.

2. Literature Review

2.1 Preparation of Bipyrazoles

The preparation of bipyrazoldsas garneredignificant interestowing to the diversity of these
compounds and their potential applicatigfiammiet al. 2021). The followingis a general approach
for synthesizing bipyrazoles, but it should be notedttiegxact conditions may vary dependingtba

specific reatants and desired substituents

General Synthesis of Bipyrazoles

Condensation Reactioithe synthesis of bipyrazoles often begins with a condensation reaction between
two pyrazole molecules. Pyrazoles can be functionalized with various groups, salkglaaryl, or
heteroatomic groups, to introduce diverg®emmaret al. 2007).

Cyclization ReactionCondensation is followed bgyclizationto form the bipyrazole cor€yclization
agents or catalysts may be necessary to probipyeazole motif formation

Selective Gbstitutions:Selective substitutions can be performed to introduce specific functional groups
into the bipyrazole core. The choicetb substitutionreagentdepend®n the desired properties of the
final compound.

Purification: The final product can beurified usingchromatography, crystallization, or other methods.
Characterization: The synthesized produetas characterized using analytical techniques such as
infrared spectroscopy (IR), nuclear magnetic resonance (NMR) spectroscopy, and mass spetiiromet
confirm its structure.

General reaction ofBipyrazole: A condensation reaction between two pyrazofelowed by a

cyclization reactionmight resemble the following:

PyrazoleA+PyrazoleBYReact i f de condensation Bi

This general synthesis can be adapted basetemspecific substituents, nature of the pyrazoles, and
chosen reaction conditions. It is important to note that the preparation of bipyrazoles can be comple
becausef the diversestructures and reactionsvimived. Specific methods are often selectesed on

the desired properties of the final compound. The scientific literature contains numerous specific

approachegdepending otheresearch objectives.
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In 1999, F. Touhami and colleaguesvestigated the inhibitory effect of the newly synthesized
compound, 1,8Bis (3,5dichloromethylpyrazolylpropane (BDCMPP), on the corrosion of Armco iron

in a 1M hydrochloric acid medium. They employed methods such as weight loss, electrochemica
polarization, and impedance studies. The results revealed a maximum inhibition efficiency of
approximately 90% at a concentration of*M, which wasattributed to the geometric blocking of the

iron surface by adsorbed inhibitory molecules, according to-ahg$d adsorption isotherm. The
cathodic curves exhibited a Tafel line shape, indicating a pure activation mechanism for the hydroge
evolution reaction on the iron surface. The inhibition efficiency of BDCMPP increasethaigasing
concentration, reachin@0% at 10°M. Addition of the inhibitor did not affect the corrosion potential.
The adsorption of BDCMPP on the iron surface followed ash&ed adsorption model, atite
transient resultagreedwith static measurements. In summary, this study provides a comprehensive
understanding of the inhibitory effects of the synthesized compound on the corrosion of Armco iron in

aspecificacidic medium(Touhamiet al. 1999.

In 2000, new bipyrazolic compounds were synilaed and tested as corrosion inhibitors for Armco steel

in a 1M hydrochloric acid medium using methods such as weight loss, electrochemical polarization, an
impedance measurements. The residtsonstratedhat 1,3bis(3,5dimethylpyrazolyl)propane (inh2)

was the best inhibitor, achieving a maximum inhibition efficiency of 93% &t\M.OIt was observed

that inh2 adsorbed onto the iron surface according to the Langmuir isotherm model. Additionally, the
inhibition efficiency of inh2 increased with increagitemperature in the range 3338 K. The authors

also determined the apparent activation energyrdarcorrosion(Fig.2) (Touhamiet al.2000).

The synthesized and tested inhibitavere as followsBis(3,5dimethylpyrazolyl)methand.,3-Bis(3,5
dimethylpyrazolyl)propane 1,4-Bis(3,5dimethyl pyrazolylpbutane 1,6-[Bis(1,5dimethylpyrazol3-
y]2,5-dioxahexand,&[Bis(1,5-dimethylpyrazol3-yl)]2,7-dioxaoctangthe transient results were in
good agreement with the stationary resultsdifidnally, it was observed that the inhibition efficiency

of inh2 increased with temperature and the activation energy of corrosion decreased in the presence
the inhibitor. These observations contribute to a comprehensive understanding of the ynhibitor
properties of new bipyrazolic compounds on the corrosion of Armco steel in a hydrochloric acid
medium

In conclusion, all cathodic curves are presented in the Tafel plot, indicating that the hydrogen evolutiot
reaction on the metal surface occurs through a pure activation mechanism. The inhibition efficiency o
the compoundslecreasedvith increasinglength of the carbon chain connecting the pyrazole rings.
Compound 2orovedto be the best inhibitor among the tested series, with an effic@n@$% at a

concentration of 1®M. The corrosion potential valuagre onlyslightly affected by the addition of the
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inhibitor. The adsorption of inh2 on the iron surface follows the Langmuir adsorption nideel.
transientresultswerein good agreement witthe stationaryresults The inhibition efficiency of inh2

increased wit increasingemperature, and the activation energy of corrodexreaseth the presence

of the inhibitor.
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Figure 2. The moleculastructuresof thebipyrazole compounds studiegt Touhamietal., 1999
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Figure 3. Cathodic and Anodic curves of iron1nM HCI in presence of bipyrazoles studied at M

Tableau 1 Weight loss of Armco iron in 1 M HCI + different bipyrazolic products at MDand the
corresponding inhibition efficiency

Inhibitors W (mg/cm® h) E%
Blank 0.340 -
inhl 0.042 38
inh2 0.031 91
inh3 0.064 81
inh4 0.089 74
inh5 0.143 58
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Figure 4. Theimpedance diagrams revealegFafter immersion for 30 min in the solutiamdthe

Langmuirtypeisotherm model of inh2 otheiron surface

In 2002 El Ouafi and colleaguesonducted a study on the corrosion inhibition of mild steel in a 1M
hydrochloric acid solution using new bipyolic compounds, employing methods such as weight loss,
electrochemical polarization, and electrochemical impedance spectroscopy T{BE3e results
indicatedthat these compoundsehighly effective inhibitors. The inhibition efficienagcreased with
increasingnhibitor concentration, reaching 94% at a concentration MLfbr the studied bipyrazoles.
The molecules testetvere N,Nbis(3,5dimethylpyrazoll-ylmethyl)}-cyclohexylamine (Bip 1), N,N
(Bip 2), N,N-bis(3,5dimethylpyrazoll-
N,Nbis(3-carboethoxys-methylpyrazoll-ylmethyl)

bis(3,5dimethylpyrazoil-ylmethyl)}ethanolamine

(Bip  3),
cyclohexylamine (Bip 4{Fig.5). Potentiodynamic polarization studies cleadyealedhat the presence

ylmethyl)allylamine and
of bipyrazoles does not alter the mechanism of the hydrogen evolution reaction, and they essentially a
as cathodic inhibitors. Furthermore, the effect of temperature on the corrosion behavior of mild steel ir
the presence or absencebifyrazoles at a concentration of M was examined in the temperature
range of 298 K to 343 K. EIS measuremesfitswedan increase ithetransfer resistance with inhibitor
concentration. These results provide valuable insights into the effectivengssnew bipyrazolic

compounds as corrosion inhibitors in acidicvironments
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Figure 5. The moleculastructure of bipyrazole compounds studogcEl Ouafietal.
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Figure 6. Cathodic and Anodic curves of steel in 1M HCI in the presenbgygfazoles studied at £
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Figure 7. Nyquist diagramsf mild steel in 1M HCI containing different concentrations of Bip 3

The resultsshowsignificant trendsFirst, the inhibition efficiency of this group of inhibitors increases
proportionally with concentration, reaching its maximum at M Additionally, organic compounds

of the bipyrazole type act as inhibitors without altering the mechanism of the cathodic reaction, ac
demonstrated by steadyate measurements. The consistency between data from ditheadptical
techniques, such aseight loss, electrochemical impedance spectroscopy, and polarization curves,
reinforces the reliability of our conclusions. Finally, the effect of temperature on inhibition efficiency
highlights a thermodynamic dependence, with an increase observed fbaBiBip 4, but a decrease

for Bip 2 andBip 3. These results provide important insights th&ginhibition mechanisms under varied

conditions(Figs.6& 7).

In 2002, A. Dafali and colleagues conducted a study on the corrosion inhibition of copper in a 3%
sodium chbride aerated solution using electrochemical polarization, weight loss, and impedance
measurements in the presence of different concentrations of synthesized bipyrazolic compounds. The
N,N-bis(3,5
dimethylpyrazoll-ylmethyl)allylamine (bipy2); N,Nois(3,5dimethylpyrazoll-ylmethyl) ethanol
(bipy3); (bipy4);  N.Mis(3
carboethoxys-methylpyrazoll-ylmethyl)cyclohexylamie (bipy5); N,Nbis(3-carboethoxys-methyl
pyrazotl-ylmethyl)cyclohexylamine (bipy6). The inhibition efficiencies obtained fritve cathodic

compounds included N;HRis(3,5dimethylpyrazoil-ylmethyl)butylamine (bipyl);

amine N,Nbis(3,5dimethylpyrazoll-ylmethyl)cyclohexylamine
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Tafel curves, polarization resistance, and weight f@sge in good agreememiith electrochemical
impedance spectsoopy (EIS) measurements. All these additives proved to be excellent inhibiBars of
corrosion. Although the difference in inhibition efficiencies of these inhibitors was not significant, the
optimal concentration for maximum efficiendgpended slightlgpn the substitution of each molecule.
The studied molecules act as mixgge inhibitors. A detailed study of bipyshowedthat a
concentration of 5x1@ M inhibitor achievedh maximum inhibition efficiency odipproximately99%.

The latterwas adsorledon the copper surface according to the Frumkin isotherm model. The inhibition
efficiency of bipyl decreases with increasing temperature in the rangé 26 (Dafali et al. 2002).

In 2005, M. Elayyachy and colleagues studied the influence of new bipyrazolic derivayméisesized

in the laboratory, on the inhibition of mild steel corrosion in a 1M hydrochloric acid solution, using
weight loss and electrochemical polarization techniques. The inhibition efficiency of all tested
compoundsincreasedwith concentration. Palization measuremenigdicated that the inhibition
efficiency of bipyrazolic compounds depends on the electrode potential without altering the mechanisn
of the cathodic hydrogen evolution reaction. The results showEtmt 4-[bis(3,5dimethyl1H-
pyraodl-1-yl)methyl)Jaminobenzoate (bipyrazefy wasthe best inhibitor among the tested compounds.
The effect of temperature reveals that the inhibition efficiency of bipyrazdécreases with increasing
temperature in the range of 308 to 353 K. These whBens contribute to understanding the inhibitory
properties of bipyrazolic derivatives on steel corrosion in an acidic environment, with inhibitory

efficiency reaching up to 93% at a concentration of WO(Fig.8) (Elayyacly et al.2005).
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Figure 8. Molecular Structure of the bipyrazollompoundsised byElayyachyetal., (2005
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Figure 9. Cathodic andnodic polarization curves of steel in 1 M HCI in the presen&imfrazoles
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Figure 10. Cathodic polarization curves steel at different concentrations of bipyra#ol

The experimental results obtained fraime weight loss and polarization measuremerdgealed
consistency betwedhegravimetric and electrochemical methods. Cathodicrfzaion curves indicate

that the hydrogen evolution reaction is activattmmtrolled, with modification of the proton reduction
mechanism in the presence of bipyrazolic compounds. The structure of the amine chain between tt
pyrazole cyclesnfluencedthe inhibition efficiency of the studied compounds. However, the inhibition
efficiency of bipyrazoled decreasedwith increasing temperature, and its performance at higher
temperatureslecreasedThe adsorption of bipyrazeke on the metal surfadellowed the Langmuir
isotherm model.

Tebbjiet al, The authors studied the effect of two pyrazyiee organic compounds, namely ethyl 5,50
dimethyt10H-1,30-bipyrazole3 carboxylate (P1) and 3,®%rimethyt10H-1,30-bipyrazole (P2), on

the corrosiorbehaviourof steel in a 1 M hydrochloric acid solution at 308 K. Tipeyformed weight

loss measurements, potentiodynamic polarizations, and electrochemical impedance spectroscopy (EI:
The results sbwed that compound P2vas the best inhibitor, reaching an efficiency of 84% at a

concentration of 1® M. Potentiodynamic polarization studies indicate that pyrazole derivatives are
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cathodietype inhibitors, acting on the cathodic reaction without chandiey mechanism of the
hydrogen evolution reaction. The inhibition efficiency of P2 depends on the temperature in the rang

308 353 K, and the associated activation enaevggdetermined.

H,C H,C H,C H,C
H \}I X \Nl COCH;, gyt \N/ 2 \Nl CH,
3

PL P2

Figure 11 Molecular structure of bipyrazole derivativemthetize byElayyachyet al. 2005.
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Figure 13 Nyquist plots of stden 1 M HCI containing variousoncentrations ahhibitor P2.

This study concludes that inhibitor P2 is effective in protecting steel in 1 M hydrochloric acid solution.
The inhibition efficiencyreacheda maximum of 84% at a concentration of*1. Inhibitors P1 and P2
actedcathodically without altering the mechami of hydrogen evolution. The results fréme different
measurement methods, including gravimetric, electrochemical, and impedaaseremenisagree

reasonably wellAdditionally, the adsorption of P1 and P2 on the steel suftdiosved the Langmuir
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model. These findings offer promising perspectives for the development of effective inhibrtase

in corrosive environmeni$ig.12&13).

In another study by Tebjjthe inhibition of steel corrosioly two bipyrazolic compounds in a molar
hydrochloric acid solution was investigated using weight loss and electrochemical polarization
measurements. Botthe methods yielded@onsistent resultsThe polarizationcurves indicate that
bipyrazolic compounds act as mixggbe inhibitors. These compoundgere found to be effective
inhibitors, with inhibition efficiency increasing with inhibitor concentraticeaching96% and 92% at

5 x 10* M for Bipyr 1 and Bipyr 2, respectively. The effect of temperature on the corrosion behavior of
steel in 1 M HCI, with and withoutipyrazolic compounds at 5 x 0/, was studied in the temperature
range 308353 K. The adsorption dheinhibitors on the steel surface follows theeundlichisotherm
adsorption model . Ther modynami ¢ d add were fcalculatet! h e
from the adsorption isother(iebbijiet al. 2005).

Chetouaniet al. conducted a study on the inhibitory effect of two newly synthesized bipyrazolic
compounds, namely N;Nis[(3,5dimethyl1H-pyrazotl-yl)methyl]-N-(4-methylphenyl)amine (P1)

and methyt1-[((methylphenyl){[3-(methoxycarbonyts-methyt1H-pyrazot1-yllmethyl}amino)
methyl] -5-methyt1H-pyrazole3-carboxylate (P2), on the corrosion of pure iron in a 1 M HCI solution.
Researchersaveused chemical techniquesich as weight losendelectrochemical techniquesuch

as potentiodynamic polarization, linear polarization, and imped&hedanhibitionefficiencies obtained

from different methods, including gravimetric curves, Tafel cathodic curves, linear potariz
resistance, and electrochemical impedance spectroscopy {®)in agreement, demonstrating the
effectiveness of P1 and P2 as inhibitors. The inhibition efficiency increases with inhibitor concentration,
reaching 93% for P1 at 2.5 x“1®M. Poteniodynamic polarization studies clearly reveal that P1 and P2
act as mixedype inhibitors without modifying the mechanism of hydrogen evolution. The effect of
temperature on the corrosion behavior of iron in the presence and absence of irgtiaitansentration

of 2.5 x 10* M was studied in the temperature range ofi383 K. EIS measuremenshowedan
increase in transfer resistance with inhibitor concentraiitwe. inhibitorswere adsorbed on the iron
surface according to the Langmuir isotherm adsompmodel. Thermodynamic data for the adsorption
process (K and @mG_ads) wer e c(@Gektouanketalt2€08. f r om t
Bouklah et al. aimed to analyze the inhibition effect of new bipyrazolic derivatives on the corrosion of
steel in hydrochloric acid (HCI) solutions at different temperatures. Innovative corrosion inhibitors,
namely bipyrazoles, were synthesized andetesh 1 M hydrochloric acid solution. The degree of
corrosion was measured using various techniques including weight loss, potentiodynamic polarizatior

linear polarization resistance (Rp), and electrochemical impedance spectroscopy (EIS). The resul
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revealed that compound 1,580methyt1H,20H3,30-bipyrazole (P1) exhibited the best inhibitory
effect, with an inhibition efficiencpf 79% at a concentration of 2. The different methods showed
good agreement. Polarization measurements also indideéedPlactsas a cathodic inhibitofThe
cathodiccurvessuggesthat proton reduction on the steel surfeecan activation mechanism. P1 was
adsorbedonto the steel surface according to the Frumkin adsorption model. The limitatidhss of
research lien the fact thathis synthetic route offers the opportunity to test other pyrazolic compounds
in the future. Practically, the inhibitory efficiency of P1 increased with concentration and temperature (
298 353 K), suggesting that P1 could be used in chdroieaning and pickling process@ouklahet

al. 2005) .

In 2007, Benabdellah et al. conducted studies involving potentiodynamic polarization, electrochemical
impedance spectroscopy, and weight loss measurements on the inhibition of carbon steel in a 1 |
hydrochloric acidsolution using three bipyrazolic compounds. The examined inhibiters 5,5*
dipropytl H, 4 8jH 3 Nj] bi py r adiplehyylIH, (IB§H13) Nj] bi, by r a z -bis-(¢-1  ( E
chlorophenyhl H, 4 BjH 3 Nj] b i p y(Figl4).d heyebultghd@vedhat the inhibition efficiency
increasedvith the inhibitor concentration, and the variatiothiainhibitory efficiencydependednainly

on the type and nature of the substituents present in the inhibitor molecule, reaching 98% for th:
chlorinated derivéive (Bp3) at 1& M. This indicates that the inhibitory action of bipyrazolic compounds

is primarily due to adsorption othe steel surfaceThe adsorption of these inhibitofsllowed a

Langmuir adsorption isother(iekbji et al.2005).
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Figure 15. Polarizationcurves for steel in 1 M HCI containing different concentrations
of Bpl, Bp2 and Bp3 at 308 K.
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Figure 16. Nyquist diagramsf steel in 1 M HCI containing different concentrati@miBpl, Bp2 and
Bp3 at 308 K.

Figure 17. Variation ofcorrosion rate (W) and inhibition efficiency (E) with bipyrazolic compounds
concentration for steel in 1 M HCI at 308 K

In conclusionthis studyof bipyrazolic compounds as corrosion inhibitoggealedseveral key findings.

First, these compounds mainiyfluence cathodic processes, and their inhibitory effects become more
pronouncedat higher inhibitor concentration§econd all studied moleculedemonstrateffective
corrosion inhibition in hydrochloric acid solutions, witie inhibition efficiency order of Bp3 > Bp2 >
Bpl1(Fig.15&16). Third, the results obtained fronthe three different methods (potentiodynamic
polarization, EIS, and weight loss) show consistent ageeé Finally, the adsorption behavior of
bipyrazolic molecules conforms to the Langmuir adsorption isotherm model, with negative values of the
adsorption ( PpGA i n cbntbeasteel n g

surface. Ovaall, this study provides valuable insights into tberrosioninhibition properties of

free ads) ,

energy
bipyrazolic compounds in acidic environments.
Laarejet al. (2010)exploredthe correlation of the effectiveness of certain bipyrazoles, including N,N
bis(3,5dimethypyrazotl-ylmethyl)-cyclohexylamine (Bip 1), N,Mis(3,5dimethylpyrazoll-
ylmethyl)ethanolamine (Bip 2), NMWis(3,5dimethylpyrazoll-ylmethyl}allylamine (Bip 3), and
N,N-bis(3-carboethoxyb-methylpyrazoll-ylmethyl}cyclohexylamine (Bip 4)to inhibit the corrosion
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