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ABSTRACT: Five synthesized pyrazolopyridine derivatives, such as 4-(2-
chloro-6-flurpphenyl)-3-methyl-6-oxo-4,5,6,7-tetrahydro-2 H-pyrazolo[ 3,4-b]-
pyridine-S-carbonitrile (AP-1), 3-methyl-6-0x0-4,5,6,7-tetrahydro-2H-
pyrazolo[3,4-b]pyridine-S-carbonitrile (AP-2), 3-methyl-6-oxo-4-(p-tolyl)-
4,5,6,7-tetrahydro-2H-pyrazolo[ 3,4-b]pyridine-S-carbonitrile (AP-3), 4-(4-me- O
thoxyphenyl)-3-methyl-6-0x0-4,5,6,7-tetrahydro-2H-pyrazolo[ 3,4-b]pyridine-
S-carbonitrile (AP-4), and 3-methyl-6-ox0-4-(3,4,5-trimethoxyphenyl)-4,5,6,7-
tetrahydro-2H-pyrazolo[3,4-b]pyridine-S-carbonitrile (AP-S) have been syn-
thesized using ultrasonic irradiation in aqueous medium using p-TSA as a
catalyst, and their effect on corrosion of mild steel (MS) in 1.0 M HCI has
been investigated using different experimental techniques like weight loss, "~ o
electrochemical impedance spectroscopy (EIS), and potentiodynamic polar- 0
ization techniques. The potentiodynamic polarization data indicated that the
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pyrazolo[3,4-b]pyridine derivatives behaved as a mixed type. The cathodic effect was more pronounced and AP-S showed best
inhibiting performance giving inhibition efficiency of 95.2% at 100 ppm. The adsorption of studied compounds obeyed the

Langmuir adsorption isotherm.
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Bl INTRODUCTION

Corrosion causes enormous economic losses. Among the
available methods of corrosion control, the use of corrosion
inhibitors is one of the most effective and economic.' ™

Conventional methods used for synthesizing organic
inhibitors are expensive and have long reaction times.
Ultrasound-assisted synthesis has recently emerged as a
powerful and green approach for synthesis of organic
compounds. It offers several benefits compared with conven-
tional techniques. In some cases, ultrasonic irradiation can
increase reactivities by nearly a million-fold.%” It does so
through the process of acoustic cavitation: the formation,
growth, and implosive collapse of bubbles in liquid. A large
number of organic reactions can be carried out under ultrasonic
irradiation with a short reaction time, high yield, and milder
conditions.* "

In recent years, being focused on green chemistry using
environmentally benign reagents and conditions is one of the
most fascinating developments in the synthesis of widely used
organic compounds. Multicomponent domino reactions
(MDRs),"*™"* particularly those performed in aqueous media,
have become an increasingly useful tool for the synthesis of
chemically and biologically important compounds because of
their convergence, atom economy, and other suitable character-
istics from the point of view of green chemistry.'®"?

Pyrazolo[3,4-b]pyridine are a promising class of heterocyclic
compounds. They exhibit a wide range of biological activities,
such as antimicrobial, insecticidal, and anti-inflammatory
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properties, and they are also used for the treatment of several
diseases, including bipolar disorder, diabetes, dementia,
Alzheimer’s disease, schizophrenia, depression, and cancer.>™*
A literature survey revealed that a number of methods have
been reported for the synthesis of pyrazolopyridines,”~>* but
all these methods suffered from drawbacks such as longer
reaction time, lower yield, use of hazardous organic solvents
and reagents, tedious workup procedures, and co-occurrence of
several side reactions with less selectivity of the process. Thus,
the search for new catalysts and methods is still of growing
importance. A few of the pyrazolo[3,4-b]pyridine compounds
have been investigated as corrosion inhibitors for metals and
alloys in acid medium.*

In the present work, we wish to report the synthesis of
pyrazolo[3,4-b]pyridine with a view to study their inhibitive
action on corrosion of mild steel in 1.0 M HCI using weight
loss, electrochemical impedance spectroscopy (EIS), and
potentiodynamic polarization techniques. Survey and literature
reveals that these compounds have been prepared for the first
time by ultrasonicator technique.

B EXPERIMENTAL SECTION

Inhibitors. The pyrazolo[3,4-b]pyridine derivatives were synthe-
sized according to the given synthetic route in Scheme 1. Melting
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Scheme 1. Synthetic Route for Preparation of Pyrazolo[3,4-
b]pyridine Derivatives
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points were recorded on a Toshniwal apparatus and are uncorrected.
The purity of compounds was checked on thin layers of silica gel in
various nonaqueous solvent systems, e.g., benzene:ethyl acetate (9:1)
and n-hexane:ethyl acetate (7:3). IR spectra (KBr) were recorded on a
Shimadzu FT IR-8400s spectrophotometer, and 'HNMR and
BBCNMR spectra were recorded on a Bruker DRX-300 instrument at
300 and 75, respectively, in DMSO-dj relative to tetramethylsilane as
an internal reference. The mass spectrum of the representative
compound was recorded on a Waters Xevo Q-Tof spectrometer at 70
eV. Ultrasound irradiation was provided by an ultrasonic processor
probe (Processor Sonopros PR-1000MP, OSCAR Ultrasonics with
power input 230 V, 50 Hz, 4 Amps, and power variac 0—230 V and 3
Amps) operating at 20 kHz and 7S0W with 6 mm/12 mm tip diameter
probes.

General Procedure for Synthesis of 3-Methyl-6-oxo0-4-
phenyl-4,5,6,7-tetrahydro-2H-pyrazolo[3,4-b]lpyridine-5-car-
bonitrile Derivatives (AP1—-AP5). A mixture of appropriate
benzaldehyde (10 mmol), ethyl cyanoacetate (10 mmol), and 3-
amino-S-methylpyrazole (10 mmol) and 10 mol % p-TSA in 20 mL
water was introduced in a heavy walled pear-shaped two-necked flask
with a nonstandard tapered outer joint. The flask was attached to a 12
mm tip diameter probe, and the reaction mixture was sonicated for the
specified period at 50% power of the processor and in a 4 s pulse mode
until a solid product separates out. Completion of the reaction was
monitored by TLC using n-hexane:ethyl acetate (7:3) as the eluent.
All the reactions were invariably complete in 50—70 min. Upon
completion of the reaction, the solid product was filtered, washed with
water, dried, and recrystallized from ethanol.

Materials and Solutions. The mild steel having the following
composition (wt %) and balance Fe were used for weight loss studies:
C 0.17%, Mn 0.46%, Si 0.026%, Cr 0.050%, P 0.012%, Cu 0.135%, Al
0.023%, and Ni 0.05%. For the weight loss study, mild steel coupons
having dimensions of 2.5 cm X 2 cm X 0.025 cm were used. For the
electrochemical study, coupons having dimensions of 8 cm X 1 cm X
0.025 cm with an exposed area of 1 cm? and the rest covered by epoxy
resin were used as the working electrode. The test solution of 1.0 M
HCI was prepared by diluting analytical grade 37% HCI with double
distilled water. The stock solution of inhibitors was prepared in 1.0 M
HCI containing 1% acetone.

Weight Loss Measurements. Weight loss experiments were
performed with abraded mild steel coupons by immersing it in 1.0 M
HCI (100 mL) in the absence and presence of different pyrazolo|[3,4-
b]pyridine derivatives at different concentrations. After 3 h of
immersion time, the coupons were taken out, washed, dried, and
weighed accurately. The corrosion rate (Cy), inhibition efficiency
(7%), and surface coverage (8) were determined by using following
equations

87.6W
atD

CR(mm/y) = (1)
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Cy-'C
n% = =——R x 100
Cr (2
0= LjCR
Cr (3)

where W is the average weight loss of MS specimens, a is the total
surface area of the MS specimen, t is the immersion time (3 h), and D
is the density of MS (g cm™). In eq 2, Cy and 'Cy are the corrosion
rates of MS in the absence and presence of the inhibitors, respectively.

Electrochemical Measurements. The electrochemical experi-
ments were performed by using three electrode cells connected to a
potentiostat/galvanostat G300—45050 (Gamry Instruments, Inc.,
U.S.A.). An Echem Analyst 5.0 software package was used for data
fitting. Mild steel was used as the working electrode with an exposed
area of 1 cm? a platinum electrode as an auxiliary electrode, and a
saturated calomel electrode (SCE) as the reference electrode. All
potentials reported were measured versus SCE. Tafel curves were
obtained by changing the electrode potential automatically from —0.25
V to +0.25 V versus open corrosion potential at a scan rate of 1.0
mVs™!. Linear polarization resistance (LPR) experiments were done
from —0.02 V to +0.02 V versus open corrosion potential at the scan
rate of 0.125 mVs™'. EIS measurements were performed under
potentiostatic conditions in a frequency range from 100 kHz to 0.01
Hz, with amplitude of 10 mV AC signal. The experiments were carried
out after an immersion period of 30 min in 1.0 M HCl in the absence
and presence of different concentrations of pyrazolo[3,4-b]pyridine
derivatives.

B RESULTS AND DISCUSSION

Initially, the reaction between an equimolar ratio of
benzaldehyde, ethyl cyanoacetate, and 3-amino-S-methylpyr-

Table 1. Synthesis of Pyrazolo[3,4-b]pyridine-S-carbonitrile
Derivatives (AP1—APS)

compound R time (min) yield (%)% mp (°C)
AP-1 2-Cl-6-F S1 90 302—-304
AP-2 4-H 62 86 294-296
AP-3 4-CH; 57 87 316-318
AP-4 4-OCH,4 64 89 322-324
AP-S 3,4,5-OCH; 70 90 270-272
“Isolated yield.

azole was considered as a model reaction for optimization of
reaction conditions. First, to find the specific effect of
ultrasound on this reaction, the model reaction was carried
out under conventional heating. There was no product
formation in the absence of catalyst even after refluxing for
24 h, but when the model reaction was subjected to ultrasound
irradiations, product AP-2 was obtained in moderate yield
(31%) even after 160 min in absence of a catalyst. However, the
results demonstrated the need of a catalyst because the yield of
product was very low in the absence of catalyst. Therefore p-
TSA was employed as catalyst for the said conversion. First, we
checked the model reaction under conventional heating using
p-TSA as a catalyst and found that the reaction took 11 h of
heating with 69% yields. Thus, in order to develop a feasible
approach, we used p-TSA as catalyst for the synthesis of
pyrazolo[3,4-b]pyridine derivatives under ultrasound irradia-
tions. All the compounds were synthesized in good to excellent
yields in short reaction times (50—70 min) as compared to
conventional heating. The significant increase in reaction rate
under ultrasound irradiation could be ascribed to the
simultaneous intensive enhancements of both heat and mass
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Table 2. Molecular Structure and Analytical Data of Studied Inhibitors

Structure

Analytical data
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H

4-(2-chloro-6-flurpphenyl)-3-methyi-
6-0x0-4,5,6,7-tetrahydro-2 H-pyrazolo
[3,4-b]pyridine-5-carbonitrile (AP-1)
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3-methyi-6-0x0-4,5,6,7-tetrahydro-
2H-pyrazolo[3,4-b]pyridine-5-
carbonitrile (AP-2)
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H

3-methyi-6-o0x0-4-(p-tolyl)-4,5,6,7-
tetrahydro-2H-pyrazolo|3,4-b]pyridine
-5-carbonitrile (AP-3)
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4-(4-methoxyphenyl)-3-methyi-6-oxo-
4,5,6,7-tetrahydro-2H-pyrazolo[3,4-b]
pyridine-5-carbonitrile (AP-4)

G
CI?Hs 0 (|)H3
o o)

CN
—

HN
N\ =
N™ >N" o

H

3-methyi-6-ox0-4-(3,4,5-
trimethoxyphenyl)
-4,5,6,7-tetrahydro-2 H-pyrazolo[3,4-b]
pyridine-5-carbonitrile (AP-5)

White powder (yield 90%); mp 302-304 'C; IR (KBr) cm™: 3612,
3344, 2248, 1716, 1536; "H NMR (300 MHz, DMSO-dy) 6: 1.54 (s,
3H, CH3), 4.74 (d, °J=12.6 Hz, 1H, CH), 5.17 (d, °J=12.6 Hz, 1H,
CH), 7.18-7.54 (m, ArH, 3H), 10.97 (s, 1H, NHumia), 12.11 (brs, 1H,
NHyyrazole) ppm. °C NMR (75 MHz, DMSO-dj) d: 9.95, 37.52,
4424, 97.54, 116.62, 123.52, 125.84, 127.43, 133.71, 136.14,
147.32, 160.37, 162.78 ppm. MS ESI (m/z): 305 [M+H]".

White powder (yield 86%); mp 294-296 °C; IR (KBr) em™: 3570,
3290, 2240, 1710, 1535; 'H NMR (300 MHz, DMSO-dj) 6: 1.49 (s,
3H, CHj), 4.41 (d, °J= 12.0 Hz, 1H, CH), 4.65 (d, °J=11.7 Hz, 1H,
CH), 7.12-7.56 (m, SH, ArH), 10.96 (s, 1H, NH,miq), 11.99 (brs,
1H, NH,yraz0e) ppm. °C NMR (75 MHz, DMSO-ds) J: 9.95, 36.82,
43.92, 101.05, 117.58, 127.95, 128.66, 130.29, 135.77, 137.76,
147.68, 163.61 ppm.; MS ESI (m/z): 253 [M+H]".

White powder (yield 87%); mp 316-318 "C*%; IR (KBr) cm™: 3575,
3315, 2250, 1710, 1542; '"H NMR (300 MHz, DMSO-dj) J: 1.46 (s,
3H, CH3), 2.31 (s, 3H, CH3), 4.39 (d, °J= 11.7 Hz, 1H, CH), 4.66
(d, °J = 12 Hz, 1H, CH), 7.01-7.29 (m, 4H, ArH), 10.99 (s, 1H,
NHomia), 12.01 (brs, 1H, NHpyeoe) ppm. °C NMR (75 MHz,
DMSO-ds) d: 9.93, 21.18, 37.13, 44.04, 100.99, 117.70, 127.56,
128.40, 129.80, 135.81, 136.41, 137.51, 147.65, 163.59 ppm.; MS
ESI (m/z): 267 [M+H]".

White powder (yield 89%); mp 322-324 ‘C**; IR (KBr) cm™: 3566,
3274, 2238, 1694, 1530; 'H NMR (300 MHz, DMSO-d;) J: 1.48 (s,
3H, CHs), 3.77 (s, 3H, OCH3), 4.38 (d, >J=12.0 Hz, 1H, CH), 4.63
(d, °J=12.0 Hz, 1H, CH), 6.87-7.32 (m, 4H, ArH), 10.93 (s, 1H,
NHomia), 11.96 (brs, 1H, NHpyo) ppm. °C NMR (75 MHz,
DMSO-dg) 0: 9.92, 36.66, 44.16, 55.53, 101.24, 114.53,117.73,
129.88, 131.24, 135.76, 147.62, 159.00, 163.64 ppm. MS ESI (m/z):
283 [M+H]"

White powder (yield 90%); mp 270-272 “C; IR (KBr) em™: 3562,
3268, 2256, 1714, 1528; "H NMR (300 MHz, DMSO-dy) d: 1.54 (s,
3H, CH3), 3.69 (s, 3H, OCH3), 3.73 (s, 6H, OCH3), 4.41 (d, *J=12
Hz, 1H, CH), 4.75 (d, °J= 11.7 Hz, 1H, CH), 6.48-6.86 (m, 2H,
CHurom), 10.94 (s, 1H, NHypiq), 11.97 (brs, 1H, NHpyraz0e) ppm. e
NMR (75 MHz, DMSO-dg) o: 9.64, 33.71, 41.64, 55.82, 56.05,
99.18, 100.68, 105.82, 117.42, 117.89, 129.36, 135.41, 147.94,
158.10, 160.65, 163.71 ppm. MS ESI (m/z): 343 [M+H]".

transfer.”® It is presumed that the efficiency using ultrasound
irradiation is due to the cavitation phenomena. The chemical
and physical effects of ultrasound arise from the cavitational
collapse that produce extreme conditions locally and thus
induce the formation of chemical species not easily attained
under conventional conditions.>® It is worthy to note that
ultrasound with frequencies less than 50 kHz and the presence
of solid p-TSA in the reaction mixture have resulted in an
increase in the reaction rate as compared with the silent
reaction because of the local rise in temperature and pressure
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due to the cavitation of some bubbles next to the surface of the
catalyst/reactants."

On getting successful results, the general efliciency of this
protocol was then studied for the synthesis of a variety of
pyrazolo[3,4-b]pyridine-S-carbonitrile derivatives, and the
results are summarized in Table 1. A series of aromatic
and electron-with-
ethyl cyanoacetate

optimized reaction

aldehydes with both electron-donating
drawing substituents were reacted with
and 3-amino-S-methylpyrazole under the
conditions. As listed in Table 1, all reactions went smoothly

dx.doi.org/10.1021/sc400155u | ACS Sustainable Chem. Eng. 2013, 1, 13031310
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Figure 1. Tafel curves for mild steel in 1.0 M HCI without and with
different concentrations of AP-$ at 308 K.

Table 3. Polarization Parameters for Mild Steel in 1.0 M HCI
Solution Containing Different Concentrations of AP
Compounds at 308 K

concentrations I, (uA (rrR;r/ (rr%// (rr/fﬁf
inhibitors (ppm) cm™2) SCE) dec) dec) n%
blank 0.0 1390 —445 82 118 —
AP-1 25 445 —492 64 152 67.9
S0 262 —489 67 156 81.1
75 210 —499 79 160 84.8
100 131 —=512 78 163 90.5
AP-2 25 269 —-506 91 159 80.6
NU 179 —-500 91 170 87.1
75 156 —500 78 142 88.7
100 123 =512 108 194 91.1
AP-3 25 223 —48S 57 158 83.9
NU 158 —484 59 168 88.6
75 127 —490 67 152 90.8
100 82.8 —-503 85 123 94.0
AP-4 25 208 —486 57 15§ 85.0
Ny 129 —488 65 143 90.7
75 115 —487 64 147 91.7
100 76.5 —482 68 150 94.4
AP-S 25 191 —492 72 130 86.2
S0 104 —-508 103 167 92.5
75 79.3 —-500 69 131 94.2
100 65.5 —506 86 187 95.2
400
< 1.0MHCI
- 300 = soppm
g I 75 ppm
; 200 -~ 100 ppm
3
Vé‘ 100
N

o

200 300

Z 1ea1(0hm cm?)

0 100 400

Figure 2. Nyquist plots for mild steel in 1.0 M HCI without and with
different concentrations of AP-5 at 308 K.

under ultrasonic irradiation. The results indicated that the
adopted procedure is equally feasible for both electron-rich and
electron-deficient aldehydes. The reaction proceeded to
completion rapidly, and products were obtained simply by
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Figure 3. Equivalent circuit model used to fit EIS data.

filtration without involving any chromatographic purification.
All the compounds were identified on the basis of IR, H, BC,
and mass spectral studies, and data are listed in Table 2.
Electrochemical Measurements. Potentiodynamic Po-
larization Measurements. The polarization curves for mild
steel in 1.0 M HCl in the absence and presence of pyrazolo[3,4-
b]pyridine derivatives are shown in Figure 1, and electro-
chemical parameters obtained from these curves are listed in
Table 3. It is shown that the addition of inhibitor causes a
decrease in I, values. The maximum reduction of I, was

corr corr

obtained for (AP-5). It reduced I_,,, from 445 to 65.5 uA cm™2,
thereby giving an inhibition efficiency of 95.2% at 100 ppm.
The values of . were changed more then f,, indicating greater
influence of the inhibitor molecules on the kinetics of hydrogen
evolution.*” The change in the E,,, value was not more than 85
mV with respect to the blank, which indicated that investi%ated
pyrazolo[3,4-b]pyridines acts as a mixed type inhibitor.>>**

The inhibition efficiencies were calculated by I, values
using following equation

I

corr

n% =

- Icorr(inh)

X 100
(4)

where I, and I.¢.n) are the corrosion current density in
absence and presence of inhibitor, respectively, in 1.0 M HCL

Electrochemical Impedance Spectroscopy (EIS). The
results of the EIS measurements are presented in Figure 2 as
Nyquist plots. The impedance parameters were calculated from
these plots using equivalent circuit models shown in Figure 3
and listed in Table 4. The model consists of the solution
resistance (R,), the charge—transfer resistance of the interfacial
corrosion reaction (R), and the constant phase angle element
(CPE).*

The inhibition efficiency is calculated using charge—transfer
resistance (R,) as follows,

corr

Rct(inh) - Rct

n% = X 100

©)

where R, and R are the values of charge—transfer
resistance in the presence and absence of inhibitor in 1.0 M
HCI, respectively.

It is shown that addition of pyrazolo[3,4-b]pyridine
derivatives concentration increases the values of R, and
decreases the values of Cy on addition of inhibitors. The
increase in R, values is attributed to an increase in resistance.
The decrease in Cy values is due to adsorption of inhibitor
molecules on the mild steel surface. The values of double layer
capacitance, Cy were calculated from the following equation

Cdl = Y()(a)ma.x)n_1 (6)

where Y; is the CPE coefficient, n is the CPE exponent (phase
shift), and w is the angular frequency.

Rct(inh)

dx.doi.org/10.1021/sc400155u | ACS Sustainable Chem. Eng. 2013, 1, 13031310
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Table 4. Electrochemical Impedance Parameters and Corresponding Inhibition Efficiencies of Mild Steel in 1.0 M HCl in
Absence and Presence of Different Concentrations of AP Compounds at 308 K

inhibitors concentrations (ppm) R, (Q) R, (Q) n Y, (uF cm™?) Cq n%
blank 0.0 1.02 9.0 0.82 250 106 -
AP-1 25 0.74 36.0 0.86 182 95 75.0
S0 0.76 49.4 0.84 15§ 71 81.7
75 0.92 85.2 0.86 110 53 89.4
100 0.74 119.2 0.86 106 49 924
AP-2 25 125 SL.S 0.85 138 71 82.5
S0 0.88 84.3 0.84 142 61 89.3
75 1.05 1124 0.86 84 38 91.9
100 1.10 186.8 0.86 73 32 95.1
AP-3 25 0.96 55.8 0.87 128 68 83.8
S0 1.19 91.2 0.83 141 56 90.1
75 0.88 157.1 0.81 147 47 94.2
100 0.76 2424 0.83 84 28 96.2
AP-4 25 0.96 58.4 0.89 105 60 84.6
S0 0.81 1174 0.84 103 41 92.3
75 0.86 173.0 0.85 82 34 94.7
100 1.04 256.7 0.88 53 25 96.4
AP-S 25 0.84 68.3 0.86 112 56 86.8
S0 0.79 129.3 0.85 95 40 93.0
75 0.90 202.2 0.83 80 29 9S.5
100 119 294.3 0.85 67 25 96.9
3 = 80 Table 5. Parameters Obtained from Weight Loss
e 60 Measurements for M‘ild Steel in 1.0 M HCI Containing
,gZ o Tspem . Different Concentrations of AP Compounds at 308 K
% -40 % concentrations corrosion rate surface coverage
5 1 - inhibitors (ppm) (mm/y) @) 7%
B 20~ blank 0.0 77.9 - -
0 0.0 AP-1 25 18.92 0.75 75.7
NU 17.06 0.78 78.0
1 20 75 14.09 0.81 81.9
2 1 0 1 2 3 4 5 6 100 11.13 0.85 85.7
logf (Hz) AP-2 25 14.28 0.81 81.6
Figure 4. Bode (log f vs log 1Zl) and phase angle (log f vs a) plots of S0 11.50 085 85.2
impendence spectra for mild steel in 1.0 M HCl in the presence of AP- 75 927 0.88 88.0
5 at 308 K. 100 8.16 0.89 89.5
AP-3 25 12.80 0.83 83.5
The thickness of this protective layer (d) is correlated with 50 8.34 0.89 89.2
Cq by the following equation 7S 630 091 919
100 4.26 0.94 94.5
Cdl = £eod AP-4 25 11.31 0.85 85.4
) 50 7.42 090 90.4
where ¢ is the dielectric constant, &, is the permittivity of free 75 +82 0.93 93.8
space, and A is surface area of the electrode. Equation 6 100 3.89 0.95 95.0
suggests that Cy is inversely proportional to the thickness of AP-S 25 10.57 0.86 864
protective layer d. 50 5.19 0.93 93.3
The Bode plot and phase angle plot are plotted [log IZl vs log 75 +63 0.54 94.0
100 2.96 0.96 96.1

f, and a° vs log f] are shown in Figure 4. An ideal capacitor
behavior would result if a slope value attains —1 and phase
angle values attain —90°. The deviation in presence of inhibitor
AP-5 at 100 ppm slope is —0.79, and the phase angle
approaching —70.85° as compared with the blank slope is
—0.53 and phase angle value is —40.40°. The deviation of bode
and phase angle values from ideal values suggest the capacitive
performance of the inhibited system.*’”

Weight Loss Measurements. Effect of Inhibitor Concen-
tration. The effect of different concentration of inhibitors was
studied by weight loss technique. The results are given in Table
S. It is seen that inhibition efficiency increase with increasing

1307

pyrazolo[3,4-b]pyridine concentrations and best inhibition
efficiency obtained for AP-5 is 96.1% at 100 ppm concentration.
This may be due to the adsorption of pyrazolo[3,4-b]pyridine
molecules leading to the formation of a smooth layer on metal
surface which prevents the contact of metal with the
surrounding acidic environment and higher bonding ability of
inhibitor on the mild steel surface is due to the higher number
of lone pairs on heteroatom’s and 7 orbital’s.***°

Adsorption Isotherm. The interaction between the pyrazolo-
[3,4-b]pyridine derivatives and metal surface can be interpreted

dx.doi.org/10.1021/sc400155u | ACS Sustainable Chem. Eng. 2013, 1, 13031310
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Figure S. Langmuir isotherms for adsorption of AP compounds on
mild steel surfaces in 1.0 M HCL
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Figure 6. Arrhenius plots of log Cy vs 1000/ T for mild steel in 1.0 M
HCI in the absence and presence of AP compounds at optimum
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Figure 7. Arrhenius plots of log Cy/T vs 1000/ T for mild steel in 1.0

M HCI in the absence and presence AP compounds at optimum
concentration.

Table 6. Activation Parameters for Mild Steel Dissolution in
1.0 M HCI in Absence and Presence of Optimum
Concentration of Investigated AP Compounds

inhibitors Ea (kJ mol™) AHa (kJ mol™) ASa (JK™! mol™)
blank 29.10 26.42 —123.27
AP-1 54.0 51.32 —58.46
AP-2 56.33 53.64 —55.05
AP-3 62.75 60.07 —37.54
AP-4 63.11 60.43 —37.63
AP-§ 70.02 67.34 —17.81
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Figure 8. Pictorial representation of the mechanism of adsorption of
AP compounds on the MS surface.

by the adsorption isotherm. The addition of different
concentrations of pyrazolo[3,4-b]pyridine derivatives rapidly
forms a protective layer on the metal surface through the
metal—solution interface because the solid MS surface contains
a fixed number of adsorption sites and each site holds one
adsorbed species. The surface coverage, 6, covered after
adsorption, was calculated according to eq 3.

By fitting the degree of surface coverage (#) to adsorption
isotherms, including Frumkin, Temkin, and Langmuir iso-
therms, the best fit was obtained in the case of the Langmuir
isotherm by plotting (C/0) vs C, which gives a straight line with
a regression coefficient R value near to about one as shown in
Figure S. The equation is represented as

_ 0
-0 (®)
The equation can be rearranged as
C in] 1
- + Clinn)
0 K(ads) (9)

where C,, is the concentration of inhibitor, and @ is surface
area.

K4 is related to the standard free energy of adsorption AG g4,
by the following equation

AG,4 = —RT In(55.5K,4,)

(10)

where R is the gas constant, and T is the absolute temperature.
The value of 55.5 is the concentration of water in solution in
mol L7,

The calculated values of AG,4, at optimum concentration
and 308 K range from —39.2 to —35.2 kJ mol™' and indicate
that the adsorption of the inhibitor molecules on the MS
surface may involve both physical as well as chemical
adsorption.*

Effect of Temperature. The temperature effect on the mild
steel surface during increasing temperature from 308—338 K
can be understood by thermodynamic activation parameters.
With the increase in temperature, the inhibition efficiency
decreases because of desorption of the adsorbed molecule on
the metal surface, and metal comes in direct contact with the
acidic medium. The activation energy can be calculated using
following equation

" a

E
In(Cy) = RT +A

(11])

where E, is the activation energy for corrosion of MS in 1.0 M
HC], R is the gas constant, A is the Arrhenius pre-exponential
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factor, and T is the absolute temperature. A plot of the
corrosion rate In Cy vs 1000/ T gives a straight line as shown in
Figure 6. The values of E, in 1.0 M HCl in the absence and
presence of pyrazolo[3,4-b]pyridine derivatives are determined
from the slope by plotting the values obtained. The enthalpy
and entropy of activation (AH* and AS*) can be calculated by
given equation

RT
Cp = —ex
RE NP (

AS* )eX (_
R P

where h is Plank’s constant, and N is Avogadro’s number.

A plot of In (Cg/T) against 1000/T is shown in Figure 7,
which gives straight lines with a slope of (—AH*/R) and an
intercept of [(In(R/Nh)) + (AS*/R)] to which the values of
AH* and AS* are calculated and are listed in Table 6.

The higher values of Ea and AH* indicate creation of an
energy barrier for the corrosion reaction in the presence of the
inhibitor.*"** The higher values of AS* for inhibited solutions
might be the result of the adsorption of inhibitor molecules
from the 1.0 M HCI solution, which could be regarded as a
quasi-substitution process between the pyrazolo[3,4-b]pyridine
molecules in the aqueous phase and water molecules on the
mild steel surface.*>**

Mechanism of Adsorption and Inhibition. In a
hydrochloric acid solution, the pyrazolo[3,4-b]pyridine deriv-
atives exist either as neutral molecules or in protonated form.

AH*)

RT (12)

(C,4H;,N,0] + xH" — [C14H12+xN4O]x+

Pyrazolo[3,4-b]pyridine derivatives may adsorb on the metal—
acid solution interface in one or more of the following ways: (i)
electrostatic interaction of protonated pyrazole derivative with
already adsorbed chloride ions, (ii) donor—acceptor inter-
actions between the p-electrons of the aromatic ring and the
vacant d-orbital of surface iron atom,s and (iii) interaction
between unshared electron pairs of hetero-atoms and the
vacant d-orbital of surface iron atoms as shown in Figure 8. The
following way of adsorption of pyrazolo[3,4-b]pyridine
derivatives results in a smooth layer of adsorbed molecules
on a metal surface, which forms a barrier between metal and the
acidic solution that slows down the metal dissolution and
protects the metal from a corrosive environment.*>*°

B CONCLUSIONS

The results obtained for pyrazolo[3,4-b]pyridine derivatives
showed that among the five pyrazolo[3,4-b]pyridine derivatives
AP-§ is the best inhibitor and gives 96.1% inhibition efficiency
at 100 ppm. The potentiodynamic polarization data indicated
that the pyrazolo[3,4-b]pyridine derivatives were of a mixed
type, but the cathodic effect was more pronounced. Electro-
chemical impedance spectroscopy data reveals a decrease in Cy
values that can result from a decrease in the local dielectric
constant or an increase in the thickness of the electrical double
layer. The adsorption of the inhibitor molecules on the mild
steel surface was found to obey the Langmuir adsorption
isotherm. All these data support the good inhibition tendency
of pyrazolo[3,4-b]pyridine derivatives.
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