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ABSTRACT
 

The inhibiUve action oj l-cinnamyLidine-3-thiocarbohydrazide 
(eTCH) and 1.1' -dicinnamyLidine-3-thiocarbohydrazide 
(DCTCH) against Lhe corrosion oj carbon steel in 15% hydro

chLoric acid (HCL) was investigated u.sing noneLectrochemicaL 
and eLectrochemicaL techniques. Potentiodynamic polarization 
studies revealed that the compounds were mixed-type inhibi
tors and exhibited more than 97% inhibition efficiency at 
1.500 ppm oj inhibitor concentration. The effect of temperature 

on l/ lC corrosion behavior oj carbon steel in 15% HCl with 

1.500 ppm Ql'inhibitors was studied in the temperature range 
Jrom 30°C to 11 a°c. The sLLrfac coverage (8) increased lin

earLy witlt the Loqaritltm of the inhibitor concentrationjitting a 
Temkin adsorption isotherm. Thermodynamic parameters in
cluding the Jree energy oj adsorption, activation energy. en
thalpy. entropy. and heat oj udsoTption were also calcLLlated. 
The inhibitors reduced the hydrogen permeation current effec

tively through the st eL sttrface. The protective }ilmJormed on 
the metaL surface by the adsorption ojorganic compounds 
was confirmed using Fourier trans/om1injrared (FTIR). ttltra
vioLet (UV}-visibLe reflectancc. and scanning eLectron micros
copy (SEM) studirs. 

KEY WORDS: acidi7.ing inhibitors. carbon steel. electrochemi

caL studies. hydrochLoric acid, hydrogen permeation studies 

INTRODUCTION 

Acidization of a petroleum oil well is one of the impor
tant stimulation techniques for enhancing oil produc-
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tion. It is commonly brought about by forcing 15% to 
28% hydrochlOriC acid (HCI) as a solution into the well 
to open up near-bore channels in the formation and, 
hence, to increase the flow of oil. To reduce the ag
gressive attack of the acid on tubing and casing mate
rials, inhibitors are added to the acid solution during 
the acidifying process. 1 Effective acidizing inhibitors 
that are usually found in commercial formulations 
are acetylenic alcohols,2'5 alkenyl phenones,ti aromatic 
aldehydes.78 nitrogen-containing heterocycliCS and 
their quarternary salts,g'll and condensation prod
ucts of carbonyl compounds and amines. 12 Most of 
the efficient inhibitors used in industry are organic 
compounds that mainly contain nitrogen; ulfur at
oms and multiple bonds are in the molecul s through 
which they are adsorbed on the metal surface. 1:1-23 

Among the various inhibitors available, acetylenic 
alcohols are used Widely as acidizing inhibitors be
cause of their commercial Viability and effectiveness. 
but they are effective only at high concentrations and 
are extremely toxic 24 In the present investigation, 
novel acidizing inhibitors that can effectively control 
the corrosion of oil-well equipment during acidization 
were synthesized and evaluated. 

EXPERIMENTAL PROCEDURES 

Material Preparation 
Carbon steel strips of size 4.5 by 2 by 0.2 cm 

containing 0.14% C, 0.35% Mn, 0.17% Si, 0.025% S, 
0.03% P, and the remainder Fe were used for mass
loss and hydrogen permeation studies. For electro
chemical studies, carbon steel strips coated with 
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TABLE 1 
Molecular Formula, Molecular Weight, Structure, and Melting Point of the Synthesized Organic Compounds 

Name of the Molecular Molecular Melling Point 
Compound Formula Weight Structure (OC) 

1-cinnamylidine-3 220.20
 
thiocarbohydrazide
 

(CTCH)
 

r--) /___ 
1,1'-dicinnamylidine 33429 (0 -C= -C=N-NH-C-NH-N=C-C=C--{ 0) 
3-thiocarbohydrazine \~ I I I II I I I 'LJ' 

(DCTCH) 

zlacquer with an exposed area of 1 cm were used. 
They were polished mechanically with emery papers of 
I/O to 4/0 grades. They werl" subsequently degreased 
with trichloroethylene (CzHClJ ) before use. Analyti 
cal reagent (AR)-grade HCl and double-distilled water 
were used for preparing 15% HC!. All other chemicals 
used for synth('sizing inhibitors were AR grade. 

Synthesis and Characterization of Acidizing 
Inhibitors 

Preparation oj l-Cinnamylidine-3-Thiocarbohy
drazitle (CTCH) - 10.6 gm (0.1 mole) of thiocarbo
hydrazide (TCH) was dissolved in 200 mL hot water 
and treated with 12.6 mL of cinnamaldehyde (CgHsO, 
0.1 mole) in ethanol (C2HsOH, 30 mL) dropwise with 
constant stirring for 20 min at 50°C, then the miA1:ure 
was allowed to stand overnight to give a yellow-colored 
solid compound. namely, l-cinnamylidine-3-thiocar
bohydrazidc (CTCH). The obtained CTCH was recrys
tallized with equal ratio of acetone and ethanol to get 
pure yellow crystalline solid: 

~')-C=C-C=O + H,N-NH-C -NH-NH, 

~III II 
H H H s 

00 c l-~p 
r-;;-\-c =C -C =N-NH-C -NH-NH 
~III II' 

H H H S 

1-cinn:1InylldiIl8 - 3-lhiocalbohydlazide 

(2) Preparation oj l,l'-DicinnamyLidine-3-Thiocar
bohydrazide (DCTCH) - 10.6 gm (0.1 mole) of TCH 
was dissolved in 200 mL hot water and treated with 
25.2 mL of cinnamaldehyde (0.2 mole) in ethanol 
(60 mL) dropwise with stirring for 20 min at 50°C, 
then the mixture was allowed to stand overnight to 

• Trade name. 

HHH S HHH 

163 

165 

give a yellow-colored solid compound, namely. 1.1'
dicinnamylidine-3- thiocarbohydrazide (DCTCH): 

H,N-NH-C -NH-NH,2 <0 )-C=C-C=O + 
I I I II 
H H H S 

1.1 '-dicinnarnylidine-3-tlliocarbohydrazide 

The ootained 1,1'-dicinnamylidine-3-thiocarbohy
drazide was recrystallized "vith an equal ratio of ac
etone and ethanol to get pure yellow crystalline solid. 
Synthesized compounds are solids and their melting 
points were deternlined using a melting point ap
paratus. The molecular formula. molecular weight. 
molecular structure. and melting point of synthesized 
organic compounds Qre given in Table 1. 

Ultra violet- Visible Spectral Studies 
The UV-\'isible absorption spectra wer recorded 

by dissolving a small quantity of inhibitor in acetone 
using an UV-visible spectrophotometer (Shimadzu 
UV-2401'). Before spectroscopic measurements. the 
base-line correction was made SUitably using acetone. 
The spectra were recorded in the range betvveen 300 nm 
and 800 nm. The spectrum for the precursors was 
also run to ensure the formation of the compounds. 

Fourier Transform Infrared Spectral Studies 
Fourier transform infrared (FTIR) spectrophotom

etry measurements were recorded using a FTIR spec
trophotometer (Perkin Elmer Paragon model 500 t ) 

for the synthesized compounds to confirm the con
densation products obtained by treating TCH with 
cinnamaldehyde. The spectra were determined in 
the mid-infrared region (MIRl. which extended from 
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4,000 cm- 1 to 400 cm-I 
, using the potassium bromide 

(KEr) pellet technique. 

Point 
Nonelectrochemical Methods ~ 

Mass-Loss Measurements - Carbon steel strips 
of size 4.5 by 2 by 0.2 cm were used for the deter
mination of corrosion rate (CR) by mass-loss mea
surements. These specimens were given necessary 
pretreatment such as mechanical polishing with em
ery papers of 1/0 to 4/0 grades and degreased with 
trichloro thylene before use. The experimental solu
tion used was 15% HCI in the absence and presence 
of different concentrations of inhibitors. The volume of 
acid used was 100 mL. The initial weight of the speci
mens was measured and then it was completely im
mersed into the experimental solution at 30°C. After 
6 h. the specimen:, were taken out, washed thor
oughly with distilled water. dried completely, and 
their final weights were measured. From the initial 
and final weIghts of the specimen. the loss in weights 
were calculated. The corrosion rate (mmpy) and in
hibitor efficiency of the inhibitors can be calculated 
using the formula: 

Corrosion rate (mmpy) =0	 KW (1) 
ATD 

where K = 8.76 X 104 (constantl. W =0 mass loss in g, 
A =area in cm2 

, and 0 =density in gm/cm3 (7.86). 

Inhibition efficiency (%) =0 W B
- WI X 100 (2) . 

WB 

d. whne W B and WI are mass loss per unit time in the 
g absence and presence of inhibitors. 

Potentiodynamic Polarization Studies 
Potentiodynamic polarization measurements were 

carried out using an electrochemical analyzer (EG&G 
model 63101

). The polarization measurements were 
made to evaluate the corrosion current (lcorrl. corro
sion potential (Ecorrl. and Tafel slopes. Experiments 
were carried out in a conventional three-electrode cell 
assembly. The working electrode was a carbon steel 
specimen of 1 c:m2 area, which was exposed, and the 

e.	 rest was covered \'lith red lacquer. A rectangular Pt 
m	 foil was used as the counter electrode. To exert a uni

form potential field on the working electrode, it was 
designed in such a way that the counter electrode was 
much larger in area compared to the working elec
trode. The reference electrode used was a saturated 
calomel electrode (SCE). The Luggin capillary arrange
ment was used to connect the working electrode to 
the SCE. To avoid the ohmic contribution. the Luggin 
capillary was kept close to the working electrode. A 
time interval of 10 min to 20 min was given for each 
experiment to attain the steady-state open-cirCUit po
tential. The polarization was carried from a cathodic 

potential of -800 mVsc~ to an anodic potential of 
-200 mVscp at a sweep rate of 1 mVIs. From the po
larization curves, Tafel slopes. E,,,,, and Icorr were cal
culated. The inhibitor efficiency was calculated using 
the following formula: 

IE (%) =0 I orr - I~orr X 100 (3) 
ICon' 

where Icorr and I;on are corrosion currents in the ab
sence and presence of inhibitors, respectively. 

Impedance Measurements 
The electrochemical alternating current (AC) im

pedance measurements w re also perlormed using the 
commercial electrochemical analyzer over a freq 1 ncy 
range of 100 kHz to 10 mHz. Experiments wer car
ried out in the same cell that was used for potentio
dynamic polarization studies. The working electrode 
was a carbon steel specimen of 1 cm2 area, which was 
exposed, and the rest was covered with red lacquer. A 
rectangular Pt foil was used as the counter el ctrod 
A sine wave with an amplitude of 10 mV was super
imposed on the steady open-cirCUit potential. A time 
interval of 10 min to 20 min is given for each experi
ment to attain the steady-state open-circuit potential. 
Nyquist plots were obtained from the results of the e 
experiments. From the plots. the charge-transfer 
resistance (R,) was calculated and the double-layer 
capacitance was then calculated using the following 
equation: 

(4) 

where R, is charge-transfer resistance and Cdl is the 
double-layer capacitance. 

The experiments were carried out in the absence 
and presence of different conc ntrations of inhibitors. 
The percentage of inhibition efficiency (IE) was calcu
lated using the follOwing equation: 

IE(%) =0 R; - R, x 100 (5)
R', 

where R; and R, are the charge-transfer r sistances in 
the presence and absence of inhibitors. respectively. 

Effect of Temperature 
Mass-loss measurements were also performed in 

the range from 30°C to 110"C with 1,500 ppm concen
tration of inhibitors. The duration of the exp rimcnt 
was 1 h. Experiments were performed in a 500-mL. 
three-neck, round-bottom flask llsing a condenser, 
according to ASTM G 125 at 110°C. From the initial and 
final weights of the specimen, the loss in weights was 
calculated and the efficiency of the inhibitors at vari 
ous temperatures was also calculated. 
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FIGURE 1. Permeation celt setup: (A) steet membrane, (B) PTFE 
bushings, (C) potyvinyl chloride (PVC) coupling, (D) reference 
electrode, (E) counter electrode, (F) tap, (G) water circulation, and 
(H) anode. 

SUlJ:tce coverage (8) was also calculated from the 
mass-loss measurements using the formula: 

W",-W1Surface coverag'e (8) = --- (6), W 
B 

where WB is the muss loss in the absence of inhibitor 
and WI is the mass loss in the presence of inhibitor. 

Hydrogen Permeation Studies 
Hydrogen pem1eation studies were carried out 

using a cell <IITangement as described earlier. 21i 
<<7 The 

specimen is tixed in between polytetrafluoroethylene 
(l!fFE) bushings and clamped tightly. The Pd-coated 
sidl' of the compartment is filled with 0.2 N sodium 
hydroXide (NaOH) solution, which is preelectrolyzed 
for a period of 24 h at a current density of 100 lJA. 
The circuit is completed using a Hg/HgOIO.2 N NaOH 
reference electrode and a Pt auxiliary electrode. The 
other compartment facing the carbon steel is filled 
with Llw experimental solution. The cell is connected 
to' pUlcntiostat and a constant potential of -300 mV 
is applied to the specimen on the anodic side. It has 
b en shuwn earlier that -300 mV is the most suitable 
potential for ionizing lhe diffused hydrogen rapidly 
and efficiently at the Pd/0.2 N NaOH interface. The 
initial CUlT nt gradually decreases and reaches a 
st ady value. Th nonplated side is allowed to corrode 
with free hydrog n evolution. A part of the hydrogen 
produced could pcnclrate through the membrane and 
get ionized at the Pd/O.2 N NaOH interface, which is 
accounted as permeation current using an X - YIt re
corder. The permeation current was measured in 15% 
HCl medium with and without inhibitors for the best 
inhibiting concentrations only, and the complete per
meation cell setup i;c. shown in Figure 1. 

Surface Examination Studies 
The carbon sleel specimens were immersed in 

15% HCl in the absence and presence of 1,500 ppm 
concentration of inhibitors for 6 h at 30°C. After 6 h, 

was studied by FTIR, UV-visible reflectance, and scan
ning electron microscopy (SEM) studies. 

Fourier Transform Infrared Spectral Studies 
FTIR spectra were recorded using the commercial 

FTIR spectrophotometer for the carbon steel surface 
immersed in 15% HCl solution in the absence and 
presence of optimum concentration of inhibitors. 

Ultra violet- Visible Reflectance Studies 
UV-visible reflectance spectral studies were made 

on the surfaces of polished, corroded, and COITosion
inhibited carbon steel specimens in the region of 
200 nm to 800 nm using a UV-visible spectrophotom
eter (Hitachi model U-3400 t ). 

Scanning Electron Microscopic Studies 
Surface examination of carbon steel specimens 

were made using a JEOL' scanning electron micro
scope with the magnification of I,OOOX for the carbon 
steel specimens immersed in 15% HCl solution for 6 h 
at 30°C in the absence and presence of optimum con
centration of inhibitors. 

RESULTS 

Characterization of Synthesized Acidizing 
Inhibitors 

Ultraviolet-Visible Spectral Studies -The UV-vis
ible spectra of CTCH and DCTCH in acetone showed 
absorption bands at 384 nm and 385 nm, character
istic Of n-n* transitions, confirming the presence of 
the C = N group in the molecule. Absorption bands in 
the region from 250 nm to 360 nm are characteristic 
of the C = N group. In the case of CTCH and D 'H, 
the absorption maximum was shifted slightly toward 
longer wavelengths (Bathochromic shift) due to the 
presence of the auxochrome (NH2) group. 

Fourier Transform Infrared Spectral StlLdies - The 
absorption frequenCies in the range from 1,690 cm- I 

to 1,640 cm- I are characteristic of the azomethine 
group >C = N-. In the case of CTCH and DCTCH, the 
>C = N- stretching vibration frequency was shifted 
slightly toward lower frequencies due to delocaliza
tion of n electrons in the benzene ring and a lone pair 
of electrons present on the Nand S atoms. The basic 
>C = N- stretching vibrations were seen at 1,628 cm- I 

and 1,629 cm- I for CTCH and DCTCH, respectively, 
and their corresponding spectra are given in Figures 
2(a) and (b). 

Nonelectrochemical Methods 
Mass-Loss Measurements - Mass-luss measure

ments were made for various concentrations of CTCH 
and DCTCH for the corrosion of carbon steel in 15% 
HCl for 6 h duration at 30°C (Table 2). Inhibition ef
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14.1.l----------------------'203 
4,000 3,000 2,000 1,500 1,000 400 4,000 3,000 2,000 1,500 1,000 400 

Wavenumber (cm-1 ) Wavenumber (em-') 
l 

(a) (b) 

FIGURE 2. FTiR spectrum of (a) CTCH and (b) OCTCH.· (A) C=C stretch vibrations, (B) C=N stretch vibrations, (C) C=S 
stretch vibrations, (0) NH-NH2 stretching, and (E) NH bending. 
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h with CTCH and OCTCH is 98.3% and 99.1 % at 
1,500 ppm. Further increases in the concentration 
of inhibitor from 1,500 ppm to 2,000 ppm had little 
effect on corrosion rate. 

The effect of immersion time on corrosion rate 
and inhibition efficiency of the synthesized inhibitors 
with an optimum concentration at 30°C is given in 
Table 3. The inhibition efficiency of CTCH and OCTCH 
remained constant with the increase of immersion 
time from 6 h to 24 h. This suggests the inhibitors are 
stable and effective for a longer duration. 

Potentiodynamic Polarization Measurements 
Electrochemical corrosion kinetic parameters 

such as Eoorr , loom anodic and 'cathodic Tafel slopes 
(b" and b,), and percentage IE are given in Table 4. 
Polarization curves are shown in Figures 3(a) and (b) 
for the corrosion of carbon steel in 15% HCl at 30°C 
in the absence and presence of different concentra
tions of CTCH and OCTCH. The polarization curves 
revealed that the investigated compounds retarded 
the cathodic and anodic corrosion reactions. These 
results indicated that inhibitors exhibited cathodic and 
anodic inhibition effects. Therefore, inhibitors can be 
classified as inhibitors of relatively mixed effects (an
odic/cathodic inhibition). The leorr decreased with in
hibitor concentration from 500 ppm to 2,000 ppm. 
The increase of concentration beyond 1,500 ppm had 
very little effect in the decrease of leDrr' Inhibition effi
ciencies obtained from leorr values followed the same 
trend as mass-loss measurements. 

Electrochemical Impedance Spectroscopy 
Measurements 

Impedance diagrams obtained for the frequency 
range from 100 kHz to 10 mHz at the open-circuit 
potential in the absence and presence of different con
centrations of CTCH and DCTCH in 15% HCl at 30°C 

CORROSION-Vol. 64, No.6 

TABLE 2 
Corrosion Parameters Obtained from Mass-Loss
 
Measurements for the Corrosion of Carbon Steel
 

in 15% HCI in the Absence and Presence of Different
 
Concentrations of CTCH and DCTCH at 30 DC for 6 h
 

Inhibitor Mass Corrosion Inhibition 
Concentration Loss Rate Efficiency 

(ppm) (gms) (mmpy) (%) 

Blank 1.6179 133.57 

CTCH 
500 0.1455 12.01 910 

1,000 00835 689 948 
1,500 0.0274 2.26 983 
2,000 00245 2.02 985 

DCTCH 
500 0.0872 720 94.6 

1,000 0.0484 4.00 970 
1,500 0.0152 1.25 99.1 
2,000 0.0126 1.04 99.2 

TABLE 3 
Effect of Immersion Time on Inhibition Efficiency
 

of Carbon Steel in 15% HCI at 30°C in the Presence
 
of 1,500 ppm of CTCH and DCTCH
 

Blank CTCH DCTCH 

Time CR CR IE CR IE 
(h) (mmpy) (mmpy) (%) (mmpy) (%) 

6 13357 2.26 983 115 99.1 
12 72.82 125 983 0.63 99.1 
18 50.25 088 98.3 0.47 991 
24 3984 0.71 98.2 0.39 990 

are shown in Figures 4(a) and (b). The impedance 
diagrams obtained having a semicircular appearance 
suggest that the corrosion of carbon steel is mainly 
controlled by a Charge-transfer process. The imped
ance spectra (Nyquist plots) were analyzed by fitting 
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TABLE 4 
Potentiodynamic Polarization Parameters for Carbon Steel
 

in 15% HCI in the Absence and Presence
 
of Different Concentrations of Inhibitors at 30°C
 

Tafel 
Slope 

Inhibitor (mVI Inhibition 
Concentration Ecorr Icorr 

decade) Efficiency 
(ppm) (mVSCE) (mA/cm2 

) b. be ("!o) 

Blank -536 348 78 122 

CTCH 
500 -554 037 80 124 894 

1,000 -560 0.22 78 122 93.7 
1,500 -532 0.10 74 118 97.1 
2,000 -548 009 76 120 974 

DCTCH 
500 -552 0.27 82 126 922 

1,000 -558 0.13 84 126 96.3 
1,500 -546 006 80 124 98.3 
2,000 -534 0.05 82 126 98.6 

the experimental data to a simple equivalent circuit 
model (Figure 51.2h 

.:
11 which included the solution re

sistance (Rl and the constant phase elt-lDent (CPE). 
which was placed in parallel to the R,. The ~'L value is 
a mrdsure of electron transfer across the surface and 
is inversely proportional to Ie,'". Impedance of inhib
ited surface increa 'ed with inhibitor concentration in 
15% HCI. The corrosion kinetic parameter~ ~uch as 

nR, and <liJ2 
: were derived from the Nyquist plots and 

percentage IE are ",iven in Table 5. The R, values in
creased and the Cdl value decreased with an increase 
in CT Hand DCTCII cone, 'nlration. The decreased 
values of oJl may be due to lhe replacement of water 
molecule at tlie eleclrode interbee through adsorp
tion by organic inhibitor molecules of lower dieJeclIie 
constant. 

10" -1 ~---,---------r-------,----r---.." 

-2
 

-3
 
<	 

~	 -4 

-5 

-6. 

-7 -'- 
-8000 -700.0 

.  y 
, " 

- Blank 
- - - 500 ppm 

1.000 ppm 
- - - 1.500 ppm 
. _. _. 2.000 ppm 

---l. ---L.__--L.__--''--. -' 

-6000 -500.0 -400.0 -3000 -2.000 

E (mV) 

(a) 

Effect of Temperature 
The corrosion rate and inhibition efficiency at 

vaIious temperatures for the inhibitors are shown 
in Table 6. In acid solution. the logalithm of the cor
rosion rate is a linear function with liT. Using Ar
rhenius theory. activation energies can be calculated 
using the equation: "·37 

k '= l\exp(-EjRT)	 (7) 

where k is the corrosion rate, E" is the apparent eflt-c
tive activation energy. R is the universal gas constant. 
'1' is the absolute lcmperatur . and A is the Anhenius 
preexponential factor. Arrhenius plots of log of corro
sion rate vs. liT gave straight lines (Figure 6). 

Activation energies were calculated from the 
slopes of lo,g corrosion rate vs. liT curves. The free 
energy of adsorption, 6G~. at different temperalur('s 
were calculated using the equation: 

6G~ = -RT In (55.5K) (8) 

and K is given by: 

K=_8_ 
C(l- 8) 

where 55.5 is the molar concentration of wat r in 

the solution. tJ is the degree of surface coverage on 
the metal surface obtained from mass-loss rn asure
menls, C is the concentration of inhibilor in rnole/L. 
'1' is the absolute temperature. R is the univ rsal gas 
constant, and K is the adsorption equilibrium con
stant. The value::; of E" and 6G~ are shown in Table 
7. The IE of CTCH and D TCH remained constant 
throughout the rang of temperature studied. At 
110°C. CTCII and DCTCH gave a very high IE of about 
98.2% and 99.0%. respl'dively. 

.,.-----
'. 

-3 

-5 
- - Blank 
- - - 500 ppm

-6 1,000 pprn 
- - - 1,500 ppO!

-7  - 2.000 ppm 

-8 '----'-----'----'------'-----'-----' 
-8000 -700.0 -6000 -500.0 -4000 -3000 -2000 

E (mV) 

(b) 

FIGURE 3. Potentiodynamic polarization curves for carbon steel in 15% Hel solution in the absence and presence of 
different concentrations of (a) CTCH and (b) OCTCH 
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FIGURE 4. Impedance diagrams for carbon steel immersed in 15% HCI solution in the absence and presence of different 
concentrations of (aj CTCH and (bj OCTCH. (Aj blank, (Bj 500 ppm, (Cj 1,000 ppm, (OJ 1,500 ppm, and (Ej 2,000 ppm. 

An alternative formula38 of the Arrhenius equa
tion using the transition state is also given below: 

RT [6S~ J [ H~ J (9)Rate = Nh exp R exp - RT 

where h is Planck's constant, N is Avogadro's number, 
6S~ is the entropy ot activation, and 6H~ is the en
thalpy of a tivation. A plot of log (CR/T) vs. 1IT gave a 
straight line (Figure 7), v.rith a slope of (-6H~/2.303 R) 
and an intercept of [log (R/Nh) + (6S/2.303R)], from 
which the valu s of 6S~ and 6H~ were calculated and 
given in Table 8. Higher values obtained for Ea and 
6H~ in the presen 'e of inhibitors indicate the higher 
protection f1kiency. The heat of adsorption (QA) of the 
inhibitor can be calculated using Equation (lOV~"'o 

Qil = 2.30:;R[lOt!;[~)-lOgl~)]
1 e2 1 e, 
(10)

TT
.<--'-L-kJ mol-' 

1'2 -1', 

where 8, and tiL are th degrees of surface coverage at 
temperatures T I and T~ (K), r spectively. The inhibi
tion effi i ncies of CTCH and DCTCH remains almost 
constant. suggeSting the stability (effectiveness) of 
CTCH and 0 H for a longer duration (Table 9). 

Adsorption Isotherm 
All adsorption isotherms are of the general fonn: 

f(e, x) cxp(-2ae) = KC (11) 

where [(8, x) is the configurational factor, which de
pends upon the phYSical mod!"l and thl:' assumptions 
underlying the derivation of the isothenn. 41 8 is the 
degree of surface covl:ragc, C is the inhibitor con
centration in the electrolyte, x is the size ratio of the 
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FIGURE 5. The equivalent circuil model used to fit the experimental 
EIS data. 

TABLE 5 
Impedance Parameters for Carbon Steel
 
in 15% HCI in the Absence and Presence
 

of Different Concentrations of Inhibitors at 30°C
 

Inhibitor 
Concentration 

(ppm) 

Blank 

CTCH 
500 

1,000 
1,500 
2,000 

DCTCH 
500 

1,000 
1,500 
2,000 

Inhibition 
Rt Cdl Efficiency 

(Q.cm') (~F/cm') (%) 

29 272 

230 34.15 874 
402 19.61 92.8 
665 1201 95.6 
696 11.35 95.8 

314 2502 90.8 
572 13.98 949 
750 10.60 96.1 
796 9.68 964 

adsorbed organic molecule, a is the molecular interac
tion parameter, and K is the equilibrium CUllstant of 
the adsorption process. Using the values or coverage 
(A), Langmuir and Temkin isothenns were attempted 
for both the compounds under study. LangmUir's iso
ther-m was first tested by plotting CIA vs. C for all the 
compounds. A straight-line relationship was not ob
tained in both the cases, indicating that both of th se 

547 



i

CORROSION ENGINEERING SECTION 

TABLE 6
 
Corrosion Rate and Inhibition Efficiencies for an Optimum Concentration (1,500 ppm)
 

of Inhibitors on Corrosion of Carbon Steel in 15% HCI at Different Temperatures
 
Obtained by Mass-Loss Method
 

Blank CTCH DCTCH 

Temperature CR CR IE CR IE 
(0C) (mmpy) (mmpy) (%) (mmpy) (%) 

30 311.17 5.24 98.3 2.68 99.1 
50 891.27 1505 98.3 7.69 99.1 
70 2,511.87 4235 98.3 2362 99.1 
90 6,309.57 112.11 98.2 62.01 99.0 

110 14,417.00 255.96 982 14031 99.0 

FIGURE 6. Arrhenius plots for carbon steel immersed in 15% Hel Surface Examination Studies 
solution in the absence and presence of an optimum concentration Fourier Transform Infrared Spectral Studies - The 
of inhibitors. 

FTIR spectrum obtained for the carbon steel im
mersed in 15% HCI solution is shown in Figure lOla). 
Spectrum of the film formed on the surface of the 

compounds do not obey Langmuir's isotherm. Temkin carbon steel immersed in 15% HCI solution contain
adsorplion isotherm was tlied by plotting 8 vs. Log C ing optimum concentrations of inhibitors is given in 
for all the compounds using Equation (12): Figures lO(b) and (c) Figures lO(b) and (c) have peaks 

corresponding to >C 0= S- stretching frequency of or
exp(-2a610= KC	 (12) ganic compounds. This suggests that the sulfur atom 

is coordinated to Fe2
., resulting in the formation of 

and realTanging gives: a Fe"+ - inhibitor complex on the metal surface. It is 
also inferred from the spectrum that C 0= S stretching 

-1 -1 frequency decreases from 1,071 cm- 1 to 1,051 cm- I 
,

8=-lnK-lnC	 (13)
2a 2a	 1,072 cm-J to 1,051 cm- 1

, for the studied inhibitors of 
CTCH and DCTCH, respectively, confirming the bond 

A straight-line relationship was obtained by formation through the >C 0= S group between the in
plotting 8 against InC, suggesting that both of these hibitors and the carbon steel surface. 
compounds obey the Temkin adsorption isotherm. UltTaviolet-Visible Reflectance Studies -Inhibi
Figure 8 shows the isotherm plots for the inhibitors tion of corrosion of carbon steel in 15% HCI solu-

TABLE 7 
Values of Activation Energy and Free Energy of Adsorption on Corrosion
 

of Carbon Steel in 15% HCI in the Absence and Presence of 1,500 ppm Concentration
 
of Inhibitors at Various Temperatures
 

-~G~ (kJ/mol) 

Inhibitor E. (kJ/mol)	 70°C 110°C 

Blank 46.33 
CTCH 46.99 3291 35.09 37.26 3926 41.42 

DCTCH 4799 3559 3794 40.29 42.31 4465 
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_____ CTCH 
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a: 3 
U 

0) 

0 2 
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-.. 
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2.5 
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27	 2.9 31 3.3 35 

(1fT) x 10-3 K-1 

studied for their adsorption on carbon steel in 15% 
HCI solution. 

Hydrogen Permeation Studies 
Permeation current vs. time curves for carbon 

steel in 15% HCI in the absence and presence of in
hibitors are shm:vn in Figure 9, and their correspond
ing values are given in Table 10. Both the compounds 
reduced the hydrogen permeation CUlTents. A definite 
cOlTelation existed between the extent of corrosion 
inhibition and the percentage decrease in hydrogen 
permeation current. 
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tion in the presence of inhibitors may be due to the 
formation of film on the metal surface. This is sup
ported by UV-visible reflectance studies, carried 
out by using a spectrophotometer for carbon steel 
specimens immersed in 15% HCI alone and for speci
mens immersed in 15% HCI solution containing an 
optimum concentration of inhibitors. A comparison 
of reflectance curves drawn on a uniform scale for a 
polished carbon steel specimen, carbon steel speci
men immersed in 15% HCl alone, and in the presence 
of CTCH and DCTCH are sho\\'Il in Figure 11. The 
percentage of rel1ectance is maximum for a polished 
specimen and it has been reduced considerably in 
the case of specimens immersed in 15% HCl alone. 
A chang in surface characteristics was caused by 
the corrosion of carbon steel specimen in 15% HCl 
solution alone. However, in the case of specimens im
mersed in 15% HCI solution containing an optimum 
concentration of inhibitors, reflectance has been re
duced to only a very small extent. This shows that

I
surface characteristics are not altered very much as aI 
result of the formation of a film on the surface. 

Scanning Electron Microscopy Studies - Surface 
examination studies through SEM at a magnification 
of 1,OOOX for the metal specimens dipped in 15% HCl 
a( 30°C for 6 h in the absence and presence of opti
mum concentration of inhibitors are shown in Figures 
12(a) through (cl. In the absence of inhibitors, the cor
roded m tal surface with etched grain boundaries are 
clearly s en (Figure 12Ia]). In the case of film-forming 
inhibitors such as CTCH and DCTCH, the fully pro
tected metal surface without any surface etching are 
observed. 

DISCUSSION 

Molecular structure is used to understand the 
inhibition efficiency of CTCH and DCTCH. Effective 
adsorption on the metal surface is due to the pres
ence of Nand S atoms, -C = N group, and aromatic 
rings. DCTCH shows a slightly higher IE than CTCH. 
The substitution of terminal hydrogen on both sides 
of the hydrazino group of the TCH molecule had a 
dramatic influence on increasing the efficiency due to 
the increase of "It - electron density on the ligating sul
fur atom,'12 leading to an easier electron transfer from 
the functional group (C = S) to the metal, producing 

2~----

l• Blank.-	 • CTCH 
- -.----. A DCTCH 

~--. • 
I=----~: - -, • 

-! 
-2 -	 ! 
-3 -l-------.-------,;-----...-----, 

2.5 2.75 3 3.25 3.5 

(1fT) x 10-3 K- ' 

FIGURE 7. Plot of log (CRrr) vs. 1rr for carbon steel immersed 
in 15% HCI solution in the absence and presence of an optimum 
concentration (1,500 ppm) of inhibitors. 

TABLE 8 
Thermodynamic Activation Parameters
 

for Carbon Steel in 15% HCI in the Absence
 
and Presence of 1,500 ppm Concentration of Inhibitors
 

~H~ ~S~ QA 

Inhibitor (kJ/mol) (J/mol K-') (kJ/mol) 

Blank 43.56 -53.86 
CTCH 44.00 -86.33 -0.70 

DCTCH 4502 -88.51 -1.28 

0.98 

096 

<D 

094 

j.CTcHl I092 
.DCTCH! 

0.9--	 ~-- --j 

2.5	 27 2.9 3.1 3.3 3.5 

Log C (ppm) 

FIGURE 8. Temkin adsorption isotherm plots for the adsorption of 
different concentration inhibitors on the surface of carbon steel in 
15% HCI solution. 

TABLE 9
 
Effect of Immersion Time on Percentage Inhibition Efficiency of Carbon Steel in 15% HCI
 

at 110°C in the Presence of 1,500 ppm Concentration of Inhibitors
 

Corrosion Rate (mmpy) Inhibition Efficiency (%) 

Time (h) Time (h) 

Inhibitor 3 6 3 6 

Blank 14,417.00 9,927.18 7,269.76 
CTCH 255.96 17585 129.15 982 982 982 

DCTCH 140.31 9505 70.12 99.0 99.0 99.0 
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FIGURE 9. Hydrogen permeation current vs time ptots for carbon 
steel in 15% HCI solution in the absence and presence of an optimum 
concentration (1,500 ppm) of inhibitors: (A) blank, (B) CTCH, and (C) 
OCTCH 

greater coordinal bonding and, hence, greater ad
sorption and higher inhibition efficienc , of DCTCH. 

Temperalure dependence of the IE and the com
parison of the valu s of dfective E" of the corrosion 
process. bolh in the absence and in th presence of 
inhibitors, led to conclusions concerning the mecha
nism of th inhibiting action. The relationships be
!we n the temperature dependence of percentage 
inhibition efficiency of an inhibitor and the E. found 
in its pI' senc can b classified into three groups ac
cording to temperature effects. 37

.•
13 

·16 

-For inhibitors whose inhibition efficiency de
('fC'dSt'S with an increase in temperature, the 
vallIe of the apparent Ea is greater than that 
obtained in the uninhibited solution. 

-For inhibitors whose inhibition efficiency does 
not change with t mperature, the apparent Ea 

does not. ch nge in the presence or absence of 
inhibitors, 

-For inhibitors whose inhibition efficiency in
crea e with an increase in temperature. the 
value of apparent E, for the con-os ion process 
is smaller than that obtained in the uninhibited 
solution. 

Inspection olTabk~ 7 and 8 show that higher 
values were obtained for Ed and ~H~ in the presence 
of inhibitors indicatin,e; the higher protection efficiency 
observed for these inhibitors, There is also a paral
lelism betwccn increa::> s in inhibition efficiency and 
increases in Ed and ~H'~ values. The low and negative 
value' of L'lG~~ indicat the spontaneous adsorption 
of inhibitors on the surface of carbon steel. It is cur
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TABLE 10 
Values of Hydrogen Permeation Current for the Corrosion 

of Carbon Steel in 15% HCI Alone and in the Presence 
of Inhibitors (1,500 ppm) 

Decrease in 
Inhibitor Permeation Permeation 

Concentration Current Current 
Inhibitor (ppm) (IJA) ("!o) 

Blank 34.5 
CTCH 1,500 3.2 907 

DCTCH 1,500 25 927 
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~88 
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~ 92 
c 
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~ 86, 
f
~ 84 

82-L- -:--__---:_=:! 

3,500 3,000 2,500 2,000 1,500 1,000 500 
Wavenumber (em-I) 

(c) 

FIGURE 10, FTiR spectrum of the surtace of carbon steel immersed 
in (a) 15% HCI solution, (b) 15% HCI solution containing 1,500 ppm of 
CTCH, and (c) 15% HCI solution containing 1,500 ppm of DCTCH 

rently recognized that the lowest values of G~ are as
sociated with a physical adsorption proce s whereas 
values of ~G~ of the order of -42 KJ Imol or higher 
involve chemical adsorption. 47 

The QA values are less negative while the free en
ergies of adsorption are more negative in the case of 
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FIGURE 11, UV-visible reflectance curves for carbon steel specimens 
in 15% HCI solution in the absence and presence of 1,500 ppm of 
inhibitors. (A) polished, (B) blank, (C) CTCH, and (0) OCTCH. 

inhibitors of CTCH and DCTCH, This suggests that 
there is a strong interaction of the inhibitor molecules 
with the metal surface, resulting in the spontaneous 
adsorption, 

The rcason for the reduced hydrogen permeation 
current in the presence of the inhibitors can be at
tributed to tll" slow discharge step followed by a fast 
electrolytic desorption step, 

(14) 

(b)
(15) 

This sequence leads to lesser surface concentration 
of the adsorbed hydrogt:ll atoms and th consequent 
reduction in th permeation currents 4h Figure 13 
shows the possible mechanism of hydrogen evolu
tion and penetration in the absence and presence of 
inhibitors, Essentially, in the absence of the inhibitor, 
the hydrogen evolution reaction (HER) involves the 
hydrogen ions discharge on the steel surface followed 
by two reactions that correspond to hydrogen desorp
tion (chemical or electrochemical recombination) and 
hydrogen absorption within the metal lattice (Figure 
13[a]), Nevertheless, if there are adsorbed molecules of 

(e) 

FIGURE 12, SEM photograph of carbon steel immersed in (a) 15% 
HCI solution, (b) 15% HCI solution containing 1,500 ppm of CTCH, 
and (c) 15% HCI solution containing 1,500 ppm of OCTCH. 

the organic compound in the steel surface, the recom
bination reaction of electrochemical-reduced hydrogen 
could be inhibited, Therefore, adsorbed atomic hydro
gen activity may increase and as a result more hydro
gen penetration was promoted into the steel (Figure 
13fb]), 

CONCLUSIONS 

.:. CTCH and DCTCH were effective acidizing inhibi

tors for carbon steel in 15% HCL
 
.:. The polarization curves revealed that the investi 

gated compounds retarded the cathodic and anodic
 

CORROSION-Vol. 64, No.6 

corrosion reactions, These results indicated that 
inhibitors exhibited cathodic and anodic inhibition 
effects, Therefore, inhibitors can be classified as an 
inhibitor of relatively mixed effect (anodic/cathodic 
inhibition), 
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(a)	 (b) ...
• ()	 •• .., 0 " 
a 

0• 0
 
0
 o·Q 

0G 

e 
00 
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o H+ 0 HOd> e H2 • Habs • Organic inhibior 

FIGURE 13. Schematic representation of HER: (a) in the absence of 

organic inhibitor and (b) in the presence of organic inhibitor. 

.:. The adsorption of these compounds on a carbon 
sted surfZ1.ce in 15% Hel solution obeyed the Temkin 
adsorption isotherm. 
•:. The FTIR. UV-Visible reflectance spectra, and SEM 
analysis confinned the highly protective nature of the 
m tal surface by the inhibitors. 
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