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Abstract: This comprehensive review highlighted how the expired drugs manage corrosion
reactions on metal/alloy surfaces, especially types of carbon/mild steel, Sabic iron, copper,
and aluminium in NaCl or acid solution. Several types of expired drugs and the optimum
conditions presented in this review were summarized from relevant studies. The
performance of expired drugs which covers inhibition efficiency, inhibition mechanisms,
and metal surface analysis was informed. The contribution of the chemical composition,

molecular structure, compatible treatment conditions, and some corrosion analysis methods
were mentioned. Current challenges and future prospects were also discussed for further

investigations and developments to obtain superior inhibitors and save the environment.
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m INTRODUCTION

Corrosion can occur through contact between a
material with the surrounding environment. It is an
unavoidable process and significantly afflicted on the
metals or alloys which are in an aqueous solution. Water
or seawater, dissolved carbon dioxide, oxygen, acids such
as H,COs, HCI, and H,SO, are corrosive substances in the
fluids [1-3]. Corrosion becomes a principal problem for
some industries in the world, mainly in oil and gas
industries. Transportation of fluids containing crude oil,
natural gas, and corrosive substances creates rust in the
inner part of the pipeline by electrochemical reactions [4].
Repairing and replacement of the rusted pipeline required
a very expensive cost and spent a lot of time. As a result,
operational steps like transportation, processing, storage,
and producing oil and gas will be disrupted and become
less efficient. Besides that, corrosion effects could harm
the safety of the workers and inflict the environmental
pollution [5]. Several countries have been spending a lot
of cost on corrosion treatments [6].

Not only that, the fluid that contains oil, gas,
seawater, CO,, SO,, and alkaline earth ions have the
potential to form CaCOs, CaSO, SrCO;, and BaSO4
scales [7-8]. Scaling will clog the flowing fluid throughout
the pipeline from the oil wells to the processing steps. It
can also degrade the metal and lead to pitting corrosion
[9]. Various acids like sulfuric acid, hydrochloric acid,
sulphamic acid, phosphoric acid, and the combination
of two or more acids are used for descaling, cleaning,
dissolving, or degreasing those deposits [10]. However,
this acidification presents another problem due to the
accelerating corrosion process.

The compatible method is important to retard
corrosion reactions in metals. Several known methods
include the utilization of corrosion-resistant material
alloy [11], development of protective coating substances
[12-13], corrosion-resistant plastics [14], and corrosion
inhibitors [15-17]. In our previous work, we synthesized
an oligomer and the modified polymer compounds
showed a potent corrosion inhibitor for carbon steel

Muhamad Jalil Baari and Carla Wulandari Sabandar



Indones. J. Chem., 2021, 21 (5), 1316 - 1336

Noticed references after
literature search (n = 248)

Retrieved articles for more
detailed information (n = 57)

>

v

40 Articles were selected
for inclusion this review

1317

Excluded references after reviewing
titles and abstracts (n = 191)

Excluded references after reviewing
the full text of the articles (n = 17)

n = number of articles

Fig 1. Scheme of the review process

protection [16-17]. The application of a corrosion
inhibitors is an effective, economical, and practical
method for the corrosion process in the inner part of the
pipeline. Corrosion inhibitors are the chemical substances
used to decrease the corrosion rate of the metals which are
added in immensely low concentrations to the fluids [18].

A bad impact on environmental safety from the
application of inorganic inhibitors made researchers turn
their attention to organic compounds or natural products.
The inhibition capability of these compounds corresponds
to the availability of m electrons and functional groups
such as -CO,H, -CO,R, -NR,, -NH,, -OH, -OR, and
-SR [19-20]. Nevertheless, most commercial organic
inhibitors are ineffective at high temperatures and the
price is relatively expensive [21]. Besides, inhibitors from
organic compounds must be synthesized and purified
from natural sources. Consequently, more chemicals and
energy are also required. This condition leads an increase
in chemicals waste production.

In recent years, corrosion inhibitors from drugs
have been applied. Drugs are eco-friendly substances
since most of the drugs have been synthesized from
organic compounds. Hence, they can be used as an
alternative corrosion inhibitor apart from conventional
organic inhibitors [22]. Several drugs like Irbesartan [23],

Cephapirin [24], Chloramphenicol [25], Tramadol [26],
Ampicillin [27], and Diclofenac sodium salt [28] have
been used as corrosion inhibitors for carbon or mild
steel in acidic solutions. However, the conventional
drugs are still required as medicines for hospitals and
patients. The price also leads to the lack of utilization of
conventional drugs [29]. Therefore, the use of expired
drugs is suggested to take the advantage of drug waste.
Both economical and environmental problems will be
solved in this way [22,29-30].

There is no information about the direct use of
expired drugs as corrosion inhibitors in petroleum
industries so far. The studies of corrosion inhibitors
from expired drugs are still being conducted to obtain
superior inhibitors (the inhibition efficiency of more
than 99%) that can be compared with the conventional
inhibitors. The expired drugs are unsuitable for
consumption as the result of the degradation of active
substances as well as the excipients after physical,
chemical, or microbiological effects such as humidity,
pressure, temperature, bacteria, and light [31]. The
conventional and expired drugs have similar structure
with general organic inhibitors which are equipped with
functional groups and m electrons to support their
performance as corrosion inhibitors.
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Based on our extensive search, reviews on drugs as
corrosion inhibitors have been reported previously. Some
types of drugs as corrosion inhibitors in metal and alloy
with various methods and mediums have been reviewed
[32-34]. A review also elaborated on the use of herbal
drugs for inhibiting corrosion on alloy steel in corrosive
media [18]. Another review reported the electrochemical
processes of expired drugs as inhibitors [35]. However,
there is no detailed explanation about chemical
composition and structure effects on the performance of
expired drugs. In other that, isotherm adsorption, current
challenge, and future prospect of expired drugs as
corrosion inhibitors have not been informed. The present
review describes the current state of several types and
performance,  experimental = methods,  chemical
composition, structural effects, optimum condition, and
inhibition mechanism of expired drugs as corrosion
inhibitors from 40 articles. The current challenges and
future prospects of this corrosion inhibitor kind are also

elaborated.

m METHODOLOGY

The study of this review was conducted through
extensive literature searches using online databases and
libraries, such as Google Scholar, ScienceDirect, Scopus,
PubMed, ACS

SpringerLink, Publications, and
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DrugBank. The scheme of this review process is
displayed in Fig. 1. The searching used several keywords
like corrosion, expired drugs, corrosion inhibitors,
inhibition mechanism, surface analysis, and adsorption
isotherm. The obtained literatures were screened based
on the usage period of expired drugs (have expired or
not) and the specific utilization of expired drugs as
corrosion inhibitors with proper and clear methods in
corrosion inhibition analysis. In addition, the similarity
of expired drug structures was noticed because several
drugs with similar structures usually have a different
trade name.

m  TYPES OF EXPIRED DRUGS FOR CORROSION
INHIBITOR

Studies have shown the benefits of expired drugs
for corrosion inhibitor applications. Several drugs with
different clinical uses have been explored, including
antibiotic,

antihypertension, gastroesophageal

problems, antipyretic, anticonvulsant,  chronic
bronchospasm, mucolytic, antihistamine, anti-anxiety,
anti-inflammatory, antiviral, hypogonadism,
antidepressant, antidiabetic, and analgesic drugs. There
are drugs that have more than one clinical use. Several
types of drugs, clinical uses, and their functional groups

are listed in Table 1.

Table 1. Types of drugs, clinical uses, and the functional groups in the molecular structures

Drug name Clinical uses

Functional groups for corrosion

inhibitor performance

Ranitidine (1)
Carbamazepine (2)
Paracetamol (3)

1-Phenytoin sodium (4)

Declophen (5) Analgesic
Lupicof: dextromethorphan (6), Antihistamine
chlorphenamine (7)

Voltaren (8) Analgesic

Gastroesophageal problems
Anticonvulsant/antiepileptic
Analgesic, antipyretic

Anticonvulsant/antiepileptic

Heteroatoms, amine, heterocycle, nitro,
sulfide

Heteroatoms, aromatic ring, amine,
amide, heterocycle

Heteroatoms, aromatic ring, amide,
hydroxyl

Heteroatoms, aromatic ring, amide,
heterocycle

Heteroatoms, aromatic ring, amine,
carboxylic acid

Heteroatoms, aromatic ring, amine,
heterocycle, methoxy

Heteroatoms, aromatic ring, amine,
carboxylic acid
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Table 1. Types of drugs, clinical uses, and the functional groups in the molecular structures (Continued)

Drug name Clinical uses .Fur%ct.ional groups for corrosion
inhibitor performance

Farcolin: salbutamol (9) and Chronic bronchospasm, asthma  Heteroatoms, aromatic ring, amine,

ammonijum chloride hydroxyl

Ambroxol (10) Mucolytic Heteroatoms, aromatic ring, amine,
hydroxyl

Asthalin: salbutamol (9) Chronic bronchospasm, asthma  Heteroatoms, aromatic ring, amine,
hydroxyl

Amlodipine besylate (11) Antihypertension Heteroatoms, aromatic ring, amine,
heterocycle, ester

Atorvastatin (12) Antihyperlipidemic Heteroatoms, aromatic ring, amine,
amide, heterocycle, hydroxyl,
carboxylic acid

Atenolol (13) Antihypertension Heteroatoms, aromatic ring, amine,
amide, heterocycle, ether, hydroxyl

Gentamicin (14) Antibiotic Heteroatoms, amine, heterocycle,
hydroxyl

Nifedipine (15) Antihypertension Heteroatoms, aromatic ring, amine,
heterocycle, ether, ester

Carvedilol (16) Antihypertension Heteroatoms, aromatic ring, amine,
ether, heterocycle, hydroxyl

Tramadol (17) Analgesic Heteroatoms, aromatic ring, amine,
ether, hydroxyl

Pantoprazole sodium (18) Gastroesophageal problems Heteroatoms, aromatic ring, amine,
heterocycle, ether, sulfoxide

Concor: bisoprolol (19) Antihypertension Heteroatoms, aromatic ring, amine,
ether, hydroxyl

Doxercalciferol (20) Secondary hyperparathyroidism  Heteroatom, hydroxyl

Lorazepam (21) Sedative agent, anticonvulsant, Heteroatoms, aromatic ring, amide,

antianxiety, and hypnotic agent  heterocycle, hydroxyl
Bactrim: sulfamethoxazole (22), Antibiotic Heteroatoms, aromatic ring, amine,

trimethoprim (23)
Moxifloxacin (24)

Betnesol (25)

Podocip: cefpodoxime proxetil
(26)

Fluoxymesterone (27)
Amoxicillin (28)

Cefdinir (29)

Antibiotic

Antiinflammatory

Antibiotic

Hypogonadism, breast cancer
Antibiotic

Antibiotic

heterocycle, ether, sulfonamide
Heteroatoms, aromatic ring, hydroxyl,
ketone

Heteroatoms, aromatic ring, amine,
heterocycle, ketone, carboxylic acid,
methoxy

Heteroatoms, aromatic ring, amine,
amide, heterocycle, ether, hydroxyl,
ester, sulfide

Heteroatoms, hydroxyl, ketone
Heteroatoms, aromatic ring, amine,

amide, heterocycle, hydroxyl,
carboxylic acid , sulfide
Heteroatoms, amine, amides,

heterocycle, carboxyl, oxime, sulfide
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Table 1. Types of drugs, clinical uses, and the functional groups in the molecular structures (Continued)

Functional roups for corrosion
Drug name Clinical uses o group

inhibitor performance
Acetazolamide/Cidamex (30) Diuretic and carbonic anhydrase Heteroatoms, amide, amine,

inhibitor, Analgesic

Etoricoxib (31) antiinflammatory

Acyclovir (32) Antiviral, antibiotic
Omeprazole (33) Gastroesophageal
antibiotic
Cefuroxime (34) Antibiotic
Ethambutol (35) Antibiotic
Metoclopramide (36) Antiemetic
Amitriptyline (37) Antidepressant

heterocycle, sulfamoyl, thiadiazol

Heteroatoms, aromatic ring,
heterocycle, sulfone
Heteroatoms, amine, amide, ether,

heterocycle, hydroxyl
problems, Heteroatoms, aromatic ring, amine,
amide, heterocycle, ether, sulfoxide
Heteroatoms, amide, heterocycle, ether,
sulfide, carboxylic acid, carbamate
Heteroatoms, hydroxyl, amine,
Heteroatoms, ether, amine, amide,
aromatic ring

Heteroatoms, amine, aromatic ring

Oxazepam (38) Anti-anxiety Heteroatoms, amide, heterocycle,
hydroxyl, aromatic ring

Perindopril (39) Antihypertension Heteroatoms, amide, carboxyl, amine,
ester

Alprazolam (40) Anti-anxiety Heteroatoms, heterocycle, aromatic
ring

Naftifine (41) Antifungal Heteroatom, aromatic ring

Ixabepilone (42) Antineoplastic agent and a Heteroatoms, carbonyl, amide,

microtubule-destabilizing agent

Indomethacin (43)

Tobramycin (44) Antibiotic
Metformin (45) Antidiabetic
Desloratadine (46) Antihistamine

nonsteroidal anti-inflammatory

heterocycle, hydroxyl, epoxy, sulfide

Heteroatoms, amide, heterocycle,
carboxyl, aromatic ring

Heteroatoms, ether, amine, heterocycle,
hydroxyl

Heteroatoms, amine, imine
amine,

Heteroatoms, heterocycle,

aromatic ring

m EXPERIMENTAL METHODS FOR ANALYSIS
OF CORROSION INHIBITION PERFORMANCE

Several studies have been reporting about the
application of expired drugs for corrosion inhibitors in
(Table 2).
inhibition corrosion analysis toward each expired drug

various environments Performance or
can be conducted by several methods such as weight loss,
potentiodynamic polarization/galvanostatic polarization
(GAP),

impedance spectroscopy (EIS), electrochemical frequency

potentiostatic polarization, electrochemical

modulation (EFM), atomic absorption spectroscopy

(AAS), thermometry, colorimetry, gasometric, and zero-
charge potential method (PZC). In addition, there are
metal surface analyses of corroded metal and adsorbed
inhibitor on the metal surface by scanning electron
microscopy (SEM), atomic force microscopy (AFM),
energy-dispersive X-ray spectroscopy (EDX), and
Fourier transform infrared spectroscopy (FTIR). The
combination of two or more measurement methods can
generate good or accurate results in the experiment.

A weight-loss test is carried out to calculate the
weight of the remaining metal, corrosion rate, and
inhibition efficiency after dipped in a corrosive solution.
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Table 2. Corrosion inhibitor studies on expired drugs
. Corrosion inhibitor parameters
Expired -
Drug name . . . . Temperature Immersion Ref.
time  Metal/alloy = Testing method Media  Concentration . Max IE
(°C) period (h)

Ranitidine (1) - Mild steel Weight loss, 1.0 M 50, 100, 150, 30,40, 50,60 168 (weight 92.0% (400 ppm, [57]
open circuit HCl 250, 400 ppm loss), 6 (EIS, 30°C, EIS, 6 h)
potential,  EIS, potentiodyn.

Potentiodynamic polarization)
polarization
Carbamazepine 12 Carbon steel Potentiodynamic 0.1 M 0.005 M 25 - 90.0% (0.005 M, [29]
(2) months polarization H,SO4 25°C,
potentiodyn.
polarization)
Paracetamol 12 Carbon steel Potentiodynamic 0.25 M 0.01 M 25 - 85.0% (0.01 M, [29]
(3) months polarization acetic 25°C,
acid, potentiodyn.
025 M polarization)
sodium
acetate

1-Phenytoin - Carbon steel Weight loss, 1.0 M 100, 200, 300, 25, 35,45,55 72 81.78% (500 [56]

sodium (4) open circuit HCl 400, 500 ppm ppm, 25 °C,
potential,  EIS, potentiodyn.
potentiodynamic polarization)
polarization,

SEM

Declophen (5) - Mild steel Weight loss, 1.0 M 0.5, 1.0, 1.5, 30,40,50,60 168 87.50%  (2.5%, [66]
open circuit HCI 2.0% (v/v) potentiodyn.
potential, polarization,
potentiodynamic 30 °C)
polarization

Lupicof: - Mild steel Weight loss, 1.0 M 1.0, 2.0, 3.0, 30,40,50,60, 0.5,2,4,6,8,24 92.28%  (0.9%, [59]

dextromethorp potentiodynamic HCl 4.0, 5.0, 6.0, 70 60 °C weight

han (6), polarization, EIS 7.0, 8.0, 9.0, loss, 4 h)

chlorphenamin 10.0, 11.0%

e(7) (viv)

Voltaren (8) - Aluminium  Weight loss, 1.0 M 25,50, 75,100, 30 8 91.70% (125 [50]
open circuit HCI 125 ppm ppm, 30 °C,
potential, potentiodyn.
potentiodynamic polarization)
polarization

Farcolin: - Carbon steel Weight loss, 1.0 M 1.0, 2.0, 10.0, 20, 30 0.25, 0.5, 0.75, 98% (20%, 20 °C, [31]

salbutamol (9) open circuit HCI 20.0% (v/v) 1,1.5,2 weight loss, 2 h)

and potential,

ammonium potentiodynamic

chloride polarization,
potentiostatic
polarization

Ambroxol (10) - Mild steel Weight loss, EIS, 1.0 M 1.0,2.0,3.0,4.0, 30,40,50,60, 0.5,2,4,6,8,24 94.03% in 1.0 M [22]
potentiodynamic HCI, 1.0 5.0,6.0,7.0,8.0, 70 HCI and 95.54%
polarization, M 9.0, 10.0, in 1.0 M H,SOq
SEM, AFM H,SO4 11.0% (v/v) solutions (9.0%,

60 °C, weight loss,
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Table 2. Corrosion inhibitor studies on expired drugs (Continued)
. Corrosion inhibitor parameters
Expired -
Drug name . . . . Temperature Immersion Ref.
time  Metal/alloy = Testing method Media  Concentration . Max IE
(°C) period (h)
4hin HCland 6
h in H.SO4)

Asthalin: - Mild steel Weight loss, EIS, 1.0 M 1.0,2.0,3.0,4.0, 30,40,50,60, 0.5,2,4,6,8,24 94.76% in HCl [52]

salbutamol (9) potentiodynamic HCI, 1.0 5.0,6.0,7.0,8.0, 70 and 95.48% in
polarization, M 9.0,10.0,11.0% H2S0s solutions
SEM H:S0s  (v/v) (9.0%, 60 °C,

weight loss, 4 h
for HCl and 6 h
for H2SO4)

Amlodipine - Low carbon Weight loss, EIS, 1.0 M 50, 100, 150, 30,45 0.5,1.0,1.5,2.0, 94.3% (250 ppm, [30]

besylate (11) steel potentiodynamic HCI 200, 250 ppm 2.5,3 30 °C, EIS)
polarization,

SEM, AFM

Atorvastatin - Mild steel Weight loss, EIS, 1.0 M 50, 100, 150 - 3 99.08% (150 [45]

(12) potentiodynamic HCI ppm ppm,
polarization, potentiodyn.

SEM polarization)

Atenolol (13) - Mild steel  EIS, 1.0 M 200 ppm - - 9329% (200 [61]
potentiodynamic HCl ppm, 30 °C, EIS)
polarization,

SEM

Gentamicin - Mild steel Weight loss, EIS, 1.0 M 0.1, 0.2, 0.3, - 0.5,2,4,6,824 92.36%  (0.9%, [36]

(14) potentiodynamic HCl 0.4, 0.5, 0.6, weight loss, 6 h)
polarization, 0.7, 0.8, 0.9,

SEM 1.0 % (v/v)

Nifedipine (15) - Mild steel EIS, 1.0 M 200 ppm - - 95.61% (200 [61]
potentiodynamic HCI ppm, EIS)
polarization,

SEM

Carvedilol (16) - Carbon steel Weight loss, EIS, 1.0 M 1 x 107 4 x 25,35,45,55 0.5,1,1.5,2,3 98.94% (1.6 x [67]
potentiodynamic HCl 1075, 8 x 1073, 10 M, 25 °C,
polarization, 1.2 x 1074 1.6 weight loss, 0.5
EFM, AFM x 10 M h)

Tramadol (17) - Mild steel Weight loss, EIS, 1.0 M 25, 50, 75, 100 35, 45, 55,65 3 97.20% (100 [44]
potentiodynamic HCI ppm ppm, 35 °C, EIS)
polarization,

AFM, SEM

Pantoprazole - High carbon Mass loss, EIS, 1.0 M 100, 150, 200, 25,30,45,40, 0.5,1.0,1.5,2.0, 95.10% (300 [43]

sodium (18) steel potentiodynamic HCI 250, 300 ppm 45, 50 2.5,3.0 ppm, 25°C,
polarization, potentiodyn.
EFM, FTIR, polarization)
AFM, SEM, EDX

Concor (19) - 304 stainless Weight loss, EIS, 2.0 M 50, 100, 150, 35,40, 45 0.5,1.0,1.5,2.0, 85.80% (300 [37]

steel Potentiodynamic HCI 200, 250, 300 2.5,3.0 ppm, 30 °C, EIS)
polarization, ppm
EFM
Doxercalciferol - Mild steel EIS, 30 M 0.1, 0.2, 0.3, 60 - 95.40% (0.4 mg, [68]
(20) potentiodynamic HCI 0.4 mg 30 °C, AAS)
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Table 2. Corrosion inhibitor studies on expired drugs (Continued)
. Corrosion inhibitor parameters
Expired -
Drug name . . . . Temperature Immersion Ref.
time  Metal/alloy = Testing method Media  Concentration . Max IE
(°C) period (h)
polarization,
AAS, SEM
Lorazepam - Mild steel Weight loss, EIS, 3.0 M 0.1, 0.2, 0.3, 60 3,6,9,12,15  96.49% (0.4 gL', [51]
(21) Potentiodynamic HCl 04gL?! 30°C, AAS, 3 h)
polarization,
AAS, SEM
Bactrim: 6 Mild steel Weight loss, EIS, 2.0 M 100, 200, 300, 30,40, 50,60 2, 4, 6, 10, 16, 94.38% (400 [42]
sulfamethoxaz months potentiodynamic HCI 400, 500 ppm 24 ppm, 30 °C, 4 h,
ole (22), polarization, potentiodyn.
trimethoprim SEM, EDX, FTIR polarization)
(23)
Moxifloxacin 12 Aluminum  Weight loss, EIS, 1.0 M 100, 200, 300, 30, 40, 50, 60 24 86.17% (400 [60]
(24) months Potentiodynamic H.SOs 400 ppm ppm, weight
polarization, loss, 30 °C)
SEM
Betnesol (25) 12 Aluminium  Weight loss, EIS, 1.0 M 100, 200, 300, 30, 40, 50,60 24 95.4% (400 ppm, [60]
months potentiodynamic H.SOs 400 ppm 30 °C
polarization, potentiodyn.
SEM polarization)
Podocip: - Carbon steel Weight loss, EIS, 1.0 M 25, 50, 75, 100 35, 45, 55,65 3 97.93% (100 [58]
cefpodoxime potentiodynamic HCI ppm ppm, 35 °C, EIS)
proxetil (26) polarization,
SEM
Fluoxymestero - Mild steel AAS, 3.0 M 0.05, 0.10, 60 - 94.20% (0.2 mg, [69]
ne (27) potentiodynamic HCI 0.15,0.20 mg 60 °C, AAS)
polarization, AC
impedance
spectroscopy,
SEM
Amoxicilin - Mild steel Weight loss, EIS, 1.0 M 1200, 1400, 25 0.5,2,4,6,8 94.4% (1800 [70]
(28) potentiodynamic HCI 1600, 1800, ppm, 25 °C,
polarization, 2000 ppm weight loss, 8 h)
Zero charge
potential, SEM,
AFM
Cefdinir (29) - Mild steel ~ Weight loss, EIS, 1.0 M 0.63 x 104 35 3 97.9% (632 x 10 [71]
Potentiodynamic HCI 1.26 x 1074 M, 35 °C, weight
polarization, 252 x 107, loss, 3 h)
AFM 379 x 1074
505 x 107
6.32x 10* M
Acetazolamide/ 6 Mild steel Weight loss, EIS, 2.0 M 100, 200, 300, 30,40,50,60 1,3,6,9,15,24 96.39% (500 [39]
Cidamex (30) months Potentiodynamic HCI 400, 500 ppm ppm, 35 °C, EIS)
polarization,
SEM, EDX, FTIR
Etoricoxib (31) - Low carbon Potentiodynamic 0.5 M 75, 125, 175, 30,60 - 80.63% (225 [72]
steel polarization, H;PO, 225, and 275 ppm, 30 °C,
SEM, EDX, FTIR ppm potentiodyn.
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Table 2. Corrosion inhibitor studies on expired drugs (Continued)
. Corrosion inhibitor parameters
Expired -
Drug name . . . . Temperature Immersion Ref.
time  Metal/alloy = Testing method Media  Concentration . Max IE
(°C) period (h)
polarization)

Acyclovir (32) - Sabic iron Weight loss, 1.0 M 100, 200, 300, 25,35,45,55 1,2,3,4,5,6,7, 94.47% (500 [40]
GAP, HCl 400, 500 ppm 8 ppm, 25 °C,
potentiostatic GAP)
anodic
polarization, EIS

Omeprazole - Sabic iron Weight loss, 1.0 M 100, 200, 300, 25,35,45,55 1,2,3,4,5,6,7, 95.50% ((500 [40]

(33) GAP, HCI 400, 500 ppm 8 ppm, 25 °C, EIS)
potentiostatic
anodic
polarization, EIS

Cefuroxime - Sabic iron Weight loss, 1.0 M 100, 200, 300, 25,35,45,55 1,2,3,4,5,6,7, 96.58% (500 [73]

(34) GAP, HCI 400, 500 ppm 8 ppm, 25 °C,
potentiostatic GAP)
anodic
polarization, EIS

Ethambutol - Mild Steel Weight loss, EIS 0.5 M 200, 400, 800, 30, 40, 50,60 4 98.29% (1000 [46]

(35) potentiodynamic HCI 1000 ppm ppm, 60 °C,
polarization, potentiodyn.

SEM, molecular Polarization, 4 h)
dynamics

Metoclopramid - Carbon steel Potentiodynamic 5.0 M 75, 125, 175, 30,60 - 82.24% (175 [74]

e (36) polarization, HsPO, 225,275 ppm ppm, 30 °C,
SEM, EDX, FTIR potentiodyn.

polarization)

Amitriptyline - Mild steel EIS, 30 M 0.5, 1.5, 2.0 Room 1 94.00% (2.0 [41]

(37) potentiodynamic HCI ppm temperature ppm, AAS, room
polarization, temperature)

AAS, SEM

Oxazepam (38) - Carbon steel Weight loss, EIS  5.0% 0.1, 0.2, 0.3, 60 2,4,6,8,10 94.06% (0.4 [47]
gasometric, NaCl 0.4 ppm ppm, 60,
calorimetry, calorimetry, 2 h)

SEM, AAS
Perindopril - Carbon steel Weightloss. AAS 3.0% 0.1, 0.2, 0.3, 30,40,50,60 24 90.00% (0.4, [75]
(39) NaCl 0.4g/L 30 °C, weight
loss, 24 h)
Alprazolam - Carbon steel Weightloss. AAS 3.0% 0.1, 0.2, 0.3, 30,40,50,60 24 85.78% (0.4, [75]
(40) NaCl 0.4g/L 30 °C, weight
loss, 24 h)

Naftifine (41) - Copper Weight loss, EIS, 50 M 1,2,3,4ppm 60 2,4,6,8,10 97.19% (4 ppm, [48]
potentiodynamic HCl 60 °C,
polarization, potentiodyn.

SEM polarization)

Ixabepilone - Copper Weight loss, EIS, 50 M 0.1, 0.2, 0.3, - 2,4,6,8,10 97.60% (0.4 ppm, [49]

(42) potentiodynamic HCI 0.4 ppm potentiodyn.
polarization, SEM polarization)

Indomethacin - Carbon steel Weight loss, 1.0 M 100, 200, 300, 25, 35,45,55 12, 24, 36, 48, 83.81% (500 [55]

(43) open circuit HCl 400, 500 ppm 60,72 ppm, 25 °C,
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discoloration in solution after a certain range of testing
time. This method usually needs a longer time from 0.5
up to 168 h to get satisfying data [36-57]. Different from
the weight loss method, the AAS method measures the
metal ions concentration in the testing solution with and
without the inhibitors to determine inhibition efficiency
[47]. The potentiodynamic polarization or the Tafel
technique allows us to find corrosion rate, inhibition
efficiency, and type of inhibitor from corrosion current
density and shifting in corrosion potential [16,58-59].
Both anodic and cathodic reactions as well as inhibition
mechanisms were known based on cathodic and anodic
polarization curves [43,45,60]. EIS is a convenient and
rapid technique to evaluate the efficiency of corrosion
inhibition, inhibition mechanisms, and protective
properties of the corrosion inhibitors [61-62]. EIS also
provides kinetics and electrochemical information on
metal/solution interface [42]. The principal benefits of the
EIS technique correspond to a non-destructive technique
and providing information about the electrochemical/
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Table 2. Corrosion inhibitor studies on expired drugs (Continued)
. Corrosion inhibitor parameters
Expired -
Drug name . . . . Temperature Immersion Ref.
time  Metal/alloy = Testing method Media  Concentration . Max IE
(°C) period (h)
potential,  EIS, 83.81% (500
potentiodynamic ppm, 25 °C,
polarization,
SEM
Tobramycin - Carbon steel Thermometry, 2.0 M 50, 100, 200, 30,50 0.5 92.60% (500 [38]
(44) EIS, HCI 300, 500 ppm ppm, 50 °C,
potentiodynamic potentiodyn.
polarization, polarization)
SEM
Metformin (45) - C1018 EIS, CO»- 50, 100, 150, - 24 89.47% (200 [54]
carbon steel  potentiodynamic saturate 200 ppm ppm, EIS, 24 h)
polarization, d 3.5%
SEM NaCl +
340 ppm
acetic
acid
Desloratadine - Carbon steel Weight loss, 20 M 3.2 x 107, 6.4 30 24 92.70% (19.3 x [53]
(46) (X52) potentiodynamic HCI x 107°, 12.8 x 10° M, 30 °C,
polarization, 107°,19.3 x 10~ weight loss, 24 h)
SEM, AFM M
-: Not mentioned
Dissolution of metal can be observed through corrosion mechanism (concentration, activation, or

diffusion) [44].
Nyquist plots that resemble an equivalent circuit. This

Data interpretation is described by

plot relates real (Z:) and imaginary (Zi») impedances.
EFM also is a non-destructive technique for corrosion
measurement [63]. The values of corrosion current can
be determined without Tafel slopes data and worked at
a small polarization signal. These advantages are suitable
[63].
Moreover, potentiostatic anodic polarization method is

for electrochemically corrosion monitoring
conducted to analyze the performance of inhibitors in
overcoming the pitting or localized corrosion problem
based on anodic polarization peaks and the shift of
pitting potential [40]. Then, the colorimetry method is
based on the presence/amount of metal ion in the
solution [47], while the thermometric method is
conducted in a calorimeter and water bath. This method
correlates the rise of temperature with reaction time
[38].

The SEM and EDX methods are exclusively used to
analyze the appearance and find element composition in
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protected and unprotected metallic surfaces respectively
after contacts with a corrosive solution. Similar to EDX,
AFM also identified atoms at the surface and evaluating
the interactions between a specific atom and its
neighboring atoms. AFM test displays photos with the
atomic or near-atomic resolution to observe surface
topography and surface roughness of coins [64]. In the
meanwhile, FTIR was conducted to observe the protective
film from inhibitor molecules on the metal surface via the
vibrations of functional groups in expired drug molecules
[42-43].

m  CORROSION INHIBITOR PERFORMANCE ON
METALS (CHEMICAL COMPOSITION AND
STRUCTURAL EFFECTS)

All expired drugs in this review can reduce the
corrosion rate on metal surfaces. Their abilities are quite
varied from fairly to very effective. Besides, none of the
expired drugs contains phosphate group or phosphor
element as the main cause of the eutrophication process
which is harmful to water organisms [65]. Meanwhile,
information about the expired time/date is necessary.
This corresponds to the presence and properties of active
substances that may change/decompose/degrade after
reaching the expired date [44]. The solubility property of
most expired drugs requires them to be tested in the acidic
media. Hydrochloric acid and sulfuric acid solution are
examples of the most used corrosive media in every
analysis of expired drugs-based corrosion inhibitors.
These acid solution become the first choice for the
descaling and cleaning agents for the pipeline in many
petroleum industries. Apart from those, there are
phosphoric acid and acetic acid as the alternatives. The
NaCl solution is only used in the study of expired
Oxazepam (38), Perindopril (39), and Alprazolam (40) as
corrosion inhibitors. Different from other expired drugs,
those expired drugs have good solubility in neutral pH
solution. Hydrogen bonds between electronegative atoms
from these expired drugs and hydrogen atoms from water
molecules may be stronger in this case. Comparison
experiments showed that HCl is more aggressive than
H,SO,4 based on experiments metal protection using
expired Ambroxol (16) and Asthalin (9) [22,52]. It is
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displayed by lower values of charge transfer resistance
(Ret) and corrosion inhibition efficiency (IE) from EIS
analysis and corrosion rate (CR) in the weight loss
method.

The chemical structures of several expired drugs
are displayed in Fig. 2. Corrosion inhibition activity of
expired drugs on the metal surface is via adsorption. The
adsorption of inhibitor molecules is primarily affected
by the electronic structure, aromaticity, steric factor,
electron density of functional groups, and molecular
weight [47]. The structural functionalities of the expired
drugs like heteroatoms and functional groups such as
aromatic ring, amine, amide, heterocyclic ring, ether,
hydroxyl, ester, carboxylic acid, sulfoxide, etc play a
pivotal role in corrosion inhibitor consideration. These
constituents are supporting agents for interactions
inhibitor
molecules so that inhibitor compounds will be adsorbed

between metal and/or metal ions and
and protect the outer part of the metal from direct
contact with the corrosive solution.

The expired drugs 1-2, 6-7, 9, 11-18, 20-23, 26—
30, 32-35, 37, 44, and 46 (Fig. 2) have shown high
corrosion inhibition efficiency (IE >90%) to protect
carbon steel/mild steel/Sabic iron/copper in HCI
solution. Most of these expired drugs contain amine and
some of them also contain sulfide/sulfoxide/sulfonamide
functional groups in their molecular structures. The
expired drugs with nitrogen and sulfur atoms in the
molecules ensure high protection for the metals in acid
media [76]. Amines and alkanolamines commonly
generate both anodic and cathodic inhibitors that
exchange the chloride ions, thus establish a physical
barrier and/or durable thin passivating film [77]. The
reinforcement adsorption of the expired drugs with
amine and/or amide group is also affected by methyl and
methylene groups near the nitrogen atoms [78]. These
groups can increase the electron density of nitrogen
effects [76].
hydrocarbon chains form a hydrophobic layer in the

through inductive Besides, longer
outer part of the inhibitor film for repelling water
molecules [79]. The hydrophobic film was also produced
from the adsorption of the carboxyl group as lewis base

on the metal surface as Lewis acid [80]. Then, the
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availability of heterocyclic groups effectively covers active
sites on the metal surface via Van der Waals interactions
and/or chemical bonds between free electron pairs from
their heteroatoms (N, O, S) and 3d orbitals of Fe atom on
the surface [81
and Asthalin (9) effectively protect mild steel in HCI and
H,SO,4 solutions (IE > 90%), whereas, the expired
Betnesol (21), Voltaren (8), Naftifine (41), Ixabepilone
(42), are very effective to preserve aluminium/copper (IE

]. Furthermore, expired Ambroxol (10)

—NH

ond

o ‘Q
S
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> 90%) in the same acid solutions. Meanwhile,
Oxazepam (38) and Perindopril (39) are very effective
(IE = 90%) for carbon steel protection in NaCl solution.
highest

inhibition efficiency (> 99%) than the other expired

Expired atorvastatin (12) gave the

drugs. The presence of three aromatic rings, three
hydroxyl groups, amide groups, N-heterocyclic group,
carboxyl group, and fluor element is a better combination
to produce the most effective protective layer for the metal
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Fig 2. Chemical structures of active compounds in the expired drugs as corrosion inhibitors
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Fig 2. Chemical structures of active compounds in the expired drugs as corrosion inhibitors (Continued)

surface at a concentration of 150 ppm. the presence of the  stability, and chemical stability if combined with the
carboxylic acid group plays a role to prevent rust aromatic rings [82]. It is also supported by conjugated
formation for carbon steel, has good anti-oxidation double bonds which contain m-electrons as another
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center of adsorption for metal surface protection [83].
Meanwhile, the inhibition efficiencies of expired
(21), (20), and
Fluoxymesterone (23) reach more than 90% without the

Lorazepam Doxercalciferol
amine group. However, these results are obtained from
the AAS method that was not a conventional method for
corrosion inhibition analysis. Measurements by
electrochemical methods inform corrosion inhibition
efficiency of those expired drugs < 90%. Cefuroxime (34)
also has IE > 90% without amine group. However, the
performance may be still affected by other functional
groups such as carbamate, furan, amide, and sulfide.
Then, the (19),

Metoclopramide (36), Alprazolam (40), and Metformin

expired Declophen (5), Concor
(45), contain the amine group, but the inhibition
efficiency is < 90%. This indicates that since there are
specific functional groups or elements with the unshared
electrons in an expired drug compound, then it still has
the potency to protect the metal from corrosion
deterioration.

Corrosion inhibition tests are commonly conducted
at various inhibitor concentrations and temperatures. The
inhibition efficiency increases by raising the
concentration of inhibitor but mostly decreases when the
temperature is raised. The number of expired drug
molecules will be desorbed again from the metal surface
at higher temperatures. This relates to the character of
physical adsorption [84]. In this condition, the more
surface area of carbon steel can contact directly to the
corrosive environment followed by decreasing the
inhibition efficiency [44,58]. Besides, all electrochemical
reactions and diffusion activities of corrosion substances
will be increased [85].

In the case of the expired Asthalin (9), Lupicof (6,
7), Ambroxol (10), Ethambutol (35), and Tobramycin
(44) drugs, the highest inhibition efficiency does not
occur at relatively low or room temperature, but at 60 °C.
Asthalin (9), Ambroxol (10), Ethambutol (35), and
Tobramycin (44) almost have similar functional groups
which contain amine and hydroxyl groups. The difference
lies in the type of heteroatoms and the number of
functional groups. While Lupicof (6, 7) does not contain
hydroxyl, primary and secondary amine in its molecular
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structure. In this case, the Increasing temperature can
rise the adsorption propensity of drug molecules to the
metal surface until trigging chemical bonding between
iron atoms or iron ions and specific constituents in the
expired drugs. Therefore, those expired drugs are
chemically adsorbed on the metal surface. Meanwhile,
the expired Farcolin and Asthalin contain salbutamol (9)
as an active compound. The expired Farcolin is effective
at 20 °C, while the expired Asthalin is more effective at
60 °C. This may relate to the activity of other ingredients
in those expired drugs and/or different expired dates
when the experiment was conducted.

m INHIBITION MECHANISM AND SURFACE
ANALYSIS

The corrosion phenomenon leads the metal surface
to be covered with negative charges from the reactions
between metal and anions for instance chloride,
hydrogen sulfate, or sulfate ions [57]. The inhibition
mechanism of expired drugs was similar to conventional
organic inhibitors. Expired drugs and organic inhibitors
are mostly mixed-type (anodic and cathodic) inhibitors
[86]. They protect corrosion reactions via the adsorption
process on the metal surface. This adsorption depends
on the charge and the nature of the tested metal,
chemical composition, molecular structure of the
expired drug, and the aggressiveness of the electrolyte
solution [87]. The protonated atoms from expired drug
compounds generate electrostatic interaction to
chemical bonds with metal-anion [88]. Electrostatic,
dipole-dipole, dipole-ion interactions induce the
formation of the physical barrier (physisorption) [89-
90]. Whereas chemical bonds establish strongly thin film
on the metal surface (chemisorption). These chemical
bonds also occur through the acceptance of lone pair
electrons that are available in functional groups with
vacant orbitals in Fe atoms [81]. Adsorption and
desorption of inhibitor molecular on the metal surface
are continuous processes until reach equilibrium. The
time required to reach this equilibrium is affected by
temperature and the nature of the inhibitor [76]. For
temperature effect, the increase of IE after increasing

temperatures refers to chemical adsorption, on the
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contrary, the increase of the corrosion rate by increasing
temperature indicates that the inhibitor is physically
adsorbed on the metal surface [85].

Adsorption of Acyclovir (32), Omeprazole (33), and
Cefuroxime (34) is considered by replacement of
adsorbed water molecules on the testing metal surface
[40,73]. The number of water molecules that are repelled
by an expired drug molecule from the adsorption sites is
different for a specified expired drug. The adsorption
mechanism of their molecules is investigated by fitting all
of the inhibition efficiency values on corrosion tests with
types of adsorption isotherm such as Langmuir,
Freundlich, Temkin, Frumkin, El-Awardy,
Dubinin-Radushkevic,
Elovich, etc. The percentages of inhibition efficiency

Flory-

Huggins, Volmer, Jovanovic,
indicate surface coverage of inhibitor (0) on the metal
surface. Mostly expired drugs 4, 8, 9, 12, 14, 16-19, 26,
29-36, 43-46 were found to follow the Langmuir
isotherm in their adsorption process. These are shown by
straight line resulted from plots of C/0 vs C, with
regression coefficient values close to 1. Their active
substances will be adsorbed and form a single layer on the
metal-solution interface. In this condition, all active sites
have uniform adsorption energy [91]. Then, there is no
transmigration, attraction, and repulsion between
neighboring adsorbed molecules in the surface plane.
Further adsorption cannot occur and the attractive force
rapidly decreases with the additional distance [92]. The
equation of Langmuir isotherm is displayed as in Eq. (1).
C 1

0 Kads
where Kig is the equilibrium constant of adsorption-

+C (1)

desorption (L mol™) and C is the inhibitor concentration
(mol L™). Meanwhile, the expired Bactrim obeyed El-
Awardy adsorption isotherm (Eq. (2)) which is modified
from Langmuir isotherm [42].

log {%j =logK, 4, +y1ogC (2)

where y is the number of inhibitor molecules that occupy
one active site. The value of 1/y obtained from calculated
results is more than 1. It indicates that molecules of
expired drugs fill in two or more active sites on the metal-
solution interface [42].
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The adsorption of expired drugs on the metal
surface and the condition of protected and unprotected
metal surfaces are shown by SEM micrographs and EDX
spectra. Metals that are immersed in acid solution
without expired drugs as corrosion inhibitor appear
rougher due to faster electrochemical reactions. However,
the surface appearance of metal is maintained relatively
smoother by the presence of expired drugs in the solution
[45,61,69]. According to the EDX spectra, the formation
of the protective layer from adsorbed inhibitor in the
metallic surface can be confirmed via heteroatom peaks
like nitrogen, sulphur, and fluorine from inhibitor
molecules. Whereas the peaks of corrosives elements like
chloride and oxygen from the solution will decrease [42].
The presence of dissolved oxygen in the corrosive
solutions and the oxygen element in inhibitor molecules
even will increase oxygen content on the metal surface
[30]. Meanwhile, the presence of chloride in the expired
Voltaren (8), Amlodipine besylate (11), Declophen (5),
Metoclopramide (36), Oxazepam (38), Indomethacin
(43), and Lupicof (6, 7) may generate a confusing
conclusion due to overlapping chloride peak in the EDX
spectra.

m CURRENT CHALLENGE
PROSPECTS

AND FUTURE

The use of corrosion inhibitors has become a

necessity to maintain the continuity of the
transportation, processing, and production process in
the petroleum industry. The expired drugs are another
choice as corrosion inhibitors besides existing
commercial and other natural substances. However,
there are limitations by using the expired drugs as
corrosion inhibitors including:

1. Most expired drugs are only soluble in the acidic
solution, therefore brine solution like sodium
chloride is still rarely used as a corrosive medium/
electrolyte for corrosion inhibition experiments.

2. This water/brine insolubility also shows that most
expired drugs do not have double functions (both of
the corrosion and scale inhibitors). The expired
drugs only act as scale inhibitors if they can dissolve

in water or neutral solutions.
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3. It is difficult to make sure the most contributing
substance for corrosion inhibition when a drug
contains two or more active substances.

4. It is important to analyze the ability and durability of
expired drugs after 1 month, 6 months, 1 year, or 2
years of storage time due to the number of substances
used for inhibitor solution is extremely small. This also
explains that the use of expired drugs as corrosion
inhibitors does not fully solve the environmental
problems from medical wastes.

However, there are still opportunities from the
experimental gap to develop experiments utilizing
expired drugs that have been discussed. Most of the
experiments do not inform the stirring process as well as
stirring speed in weight loss and electrochemical
measurements. Even though the information about the
stirring process and speed will show the durability of an
expired drug toward mechanical shocks. Besides, some
types of expired drugs like medicals and herbals have not
been tested. Then, further treatments may be conducted
to separate water-soluble parts of the expired drugs, thus
produced specific active substances which are effective
not only in acid solutions but also in a brine solution.
Meanwhile, there is not much information about the
study of expired drugs as corrosion inhibitors in CO,-
saturated solution. Hence, research opportunities on this
topic are prominently promising.

m CONCLUSION

All types of expired drugs applied as corrosion
inhibitors in this review were able to slow down corrosion
reactions in metals. The utilization of expired drugs for
corrosion inhibitors was effective, economic, and
environmental considerations to solve drug waste
problems. The chemical composition and molecular
structure of the inhibitor mainly affect inhibition activity.
Active substances in expired drugs that contain
heteroatoms, lone pair electrons, double bonds, and
aromatic rings act to protect metal surfaces from
corrosives agents. The low solubility in neutral
solution/brine solution made most expired drugs can only
be used in acidic solution. The validity and reliability of

inhibition evaluation are obtained by using several
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methods and comparing the experiment results of those
methods. The inhibition efficiency of several expired
drugs reaches > 90%. Most of these drugs obey Langmuir
adsorption isotherm when adsorbed on the metal
surface. So far, the expired atorvastatin generated the
highest inhibition efficiency (> 99%), thus becomes the
most potential corrosion inhibitor compared to other
expired drugs. Further studies are required to ensure the
eligibility of expired drugs for industrial application.
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