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Abstract—Cassava starch graft copolymer (CSGC) was prepared by grafting acryl amide (AA) onto cassava starch
(CS). The inhibition effect of CSGC on the corrosion of cold rolled steel (CRS) in 1.0 M H,SO, solution was first stud-
ied by weight loss, potentiodynamic polarization curves, electrochemical impedance spectroscopy (EIS) and scanning
electron microscope (SEM) methods. The results show that CSGC is a good inhibitor, and inhibition efficiency of
CSGC is higher than that of CS or AA. The adsorption of CSGC on steel surface obeys Langmuir adsorption isotherm.
CSGC is a mixed-type inhibitor at 20 °C, while mainly a cathodic inhibitor at 50 °C.
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INTRODUCTION

Using inhibitors is one of the most practical methods for pro-
tecting metals against corrosion, especially in acid media [1]. Poly-
mer inhibitors are considered to be the hot topic as the adsorption
film of polymer on metal surface is thicker than that of low molec-
ular inhibitor [2]. Up to now, some petrochemical polymers have
been reported as good corrosion inhibitors for steel in acid solu-
tions (HCl, H,SO,, H;PO,, HNO;, etc.), such as polyvinylpyrroli-
done (PVP) [3], polyethylene glycol (PEG) [4], polyoxyethylene
sorbitan trioleate (tween-85) [5], quaternary polyethyleneimine
(QPEI) [6], 1,6-hexanediamine-based N,N-diallyl quaternary ammo-
nium salt polymer (HDBDQASP) [7], polyaniline (PA) [8], poly
(p-phenylene diamine) (PPDA) [9], polyaspartic acid (PASP) [10],
octyl-phenol-polyoxyethylene ether phosphate (OPP) [11], poly-
acrylic acid (PAA) [12], poly (2-acrylamino-2-methylpropane sul-
fonic acid) (PAMPS) [13] and polyethoxylated maleopimaric acid
glycerol ester (MRGEO) [14]. However, these petrochemical poly-
mers have some limitations such as narrow source, complex syn-
thesis pathway, low water solubility and high cost. Owing to the
increasing shortage of petrochemical raw materials, the applica-
tion and development prospect of these synthesized petrochemi-
cal polymers are more severely constrained.

Natural polymer, however, is low-cost, wide source, environmen-
tally safe and capable of biological degradation, so natural polymer
could be deemed as a corrosion inhibitor with good prospects,
due to both economic and environmental benefits. The natural
polymers of starch [15] and chitosan [16] have been used as cor-
rosion inhibitors of steel in acidic media. However, the inhibitive
performance of natural polymer is always lower than that of pet-
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rochemical polymer. Thus, it is necessary to chemically modify the
natural polymer to improve the inhibition efficiency. Previously,
some chemically modified natural polymers like oxidized phos-
phated starch (OPS) [17], modified lignosulfonate GCL2-D1 [18]
and modified vegetable gelatin [19] have been reported as effec-
tive inhibitors for steel. Through these studies, the modified natural
polymers exhibit higher inhibitive performance than un-modified
natural polymers.

For our research group, much work has been conducted to study
the corrosion inhibition of metals by the chemically modified nat-
ural polymer of cassava starch graft copolymer (CSGC). The main
chosen reason for the raw material of cassava starch is that the annual
production capacity of cassava starch is higher than a million tons
in the world. Recently, CSGC has been reported as a good inhibi-
tor for steel in HCI solution [20]. The good inhibitive performance
of GSGC in HCl solution promotes further study of GSCS in H,SO,
solution. In the present work, CSGC was prepared by grafting acryl
amide onto cassava starch with oxidization reduction reaction. The
inhibition effect of CSGC on the corrosion of cold rolled steel (CRS)
in 1.0 M H,SO, solution was studied by weight loss, potentiody-
namic polarization curves and electrochemical impedance spec-
troscopy (EIS) and scanning electron microscope (SEM) methods.
The adsorption isotherm of CSGC on steel surface was obtained.
Thermodynamic parameters (standard adsorption enthalpy AH’,
standard adsorption free energy AG’ and standard adsorption en-
tropy AS’) were calculated and discussed in detail. The inhibitive
mechanism is proposed from the viewpoint of adsorption theory.
It is expected to obtain general information on the inhibition effect
of CSGC on steel in H,SO, solution.

EXPERIMENTAL

1. Materials
Tests were performed on a cold rolled steel (CRS) of the follow-
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ing composition: 0.07% C, 0.3% Mn, 0.022% P, 0.010% S, 0.01%
Si, 0.030% Al and bal. Fe. Aggressive solutions of 1.0 M H,SO, were
prepared by dilution of AR grade 98% H,SO, with distilled water.

Cassava starch graft copolymer (CSGC) was synthesized in our
laboratory according to the following procedure [21]. Initially, 5 g
cassava starch (CS) was placed in 250 ml three necked flask, then
poured to 100 ml distilled water. Then CS water solution was heated
to 80 °C for 0.5h with continuous stirring and bubbling N, to re-
move O,. After CS was completely gelatinized, the reaction system
was cooled to 40 °C. Subsequently; 7.5 g acrylamide (AA) was added
and stirred at 40 °C for 10 min, then 30 ml 0.01 M (NH,),S,0; was
added, and 30 ml 0.01 M NH,HSO; was slowly dropped. These
mixtures were stirred at 40 °C for 3.5h, and cooled at room tem-
perature. Thereafter, the mixtures were poured into 350 ml abso-
lute C,H;OH, then white product was fully precipitated at the bottom
of beaker. Through a filter, the white precipitate was obtained, and
then dried in vacuum drying oven at 50 °C for 24 h. The dried white
solid product was refluxed for about 10h using acetone; then the
refluxed solution was again filtered and solid product was obtained.
The product was again dried in vacuum drying oven at 50 °C for
24 . Lastly, about 11 g white solid cassava starch graft copolymer
(CSGC) was obtained for complete dryness, and preserved in a desic-
cator. The spectra of CSGC including Fourier transform infrared
spectroscopy (FTIR), ultraviolet and visible spectrophotometry
(UV-vis) and Raman spectroscopy (RS) were fully studied in our
recent paper [21]. The molecular structure of CSGC is shown in
Fig. 1, where AGU is starch glucose ring unit, and AA is mono-
mer of acrylamide.
2. Weight Loss Measurements

The CRS rectangular coupons of 2.5 cmx2.0 cmx0.06 cm were
abraded by a series of emery paper (grade 320-500-800) and then
washed with distilled water, degreased with acetone, and finally dried
at room temperature. After weighing using digital balance with sensi-
tivity of £0.1 mg, the specimens were totally immersed in glass bea-
kers containing 250 ml 1.0 M H,SO, without and with different
inhibitor concentrations using glass hooks and rods. The tempera-
ture (+0.1 °C) was controlled at a certain value using the water ther-
mostat bath. All the aggressive acid solutions were open to air without
bubbling. After 6h, the specimens were taken out, washed with
bristle brush under running water to remove the corrosion prod-
uct, dried with a hot air stream, and re-weighed accurately. For good
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Fig. 1. The molecular structure of CSGC.

November, 2015

reproducibility, experiments were done in duplicate. The average
weight loss of two parallel CRS sheets was obtained, and then the
inhibition efficiency (7,) was calculated [22]. The relative phase
difference (RPD) for two parallel percentage inhibition efficiency
is less than 5%, which confirms the reproducibility was very precise.
3. Electrochemical Measurements

Electrochemical experiments were carried out in the conven-
tional three-electrode system with a platinum counter electrode
(CE), a saturated calomel electrode (SCE) coupled to a fine Luggin
capillary as the reference electrode and working electrode (WE).
WE was in the form of a square CRS embedded in polyvinyl chlo-
ride (PVC) holder using epoxy resin so that the flat surface was the
only surface in the electrode. The working surface area was 1.0 cmx
1.0 cm, and prepared as described above (Section 2.2). The elec-
trode was immersed in test solution at open circuit potential (OCP)
for 2 h to be sufficient to attain a stable state before measurement.
To minimize ohmic contribution, the Luggin capillary was placed
close to WE. All electrochemical measurements were at 20 °C using
PARSTAT 2273 advanced electrochemical system (Princeton Applied
Research). For the electrochemical measurements, each experiment
was repeated at least three times to check the reproducibility.

The potentiodynamic polarization curves were carried out by
polarizing to +250 mV with respect to open circuit potential (OCP)
at a scan rate of 0.5mV s Inhibition efficiency (77,) was calcu-
lated through the corrosion current density (i) values [22]. Elec-
trochemical impedance spectroscopy (EIS) was at OCP over a fre-
quency range of 100kHz-10 mHz using a 10 mV rm.s. voltage
excitation. The total number of points was 30. Inhibition efficiency
(77) was estimated by using the charge transfer resistance (R) val-
ues [22].

4. Scanning Electron Microscope (SEM)

Samples of dimension 2.5 cmx2.0 cmx0.06 cm were prepared
as described above (Section 2.2). After immersion in 1.0 M H,SO,
without and with 100 mg I CSGC at 20 °C and 50 °C for 6 h, the
specimens were cleaned with distilled water, dried with a cold air
blaster, and then immediately examined using S-3000N scanning
electron microscope (Hitachi High-Tech Science Systems Corpo-
ration, Japan).

RESULTS AND DISCUSSION

1. Weight Loss Measurements
1-1. Effect of CSGC on Inhibition Efficiency

Fig. 2 shows the inhibition efficiency (73,) values obtained from
the weight loss for different CSGC concentrations in 1.0 M H,SO,
at 20-50 °C. When the concentration of CSGC is lower than 50 mg
I'", 1, increases sharply with an increase in concentration, while a
turther increase causes no appreciable change in performance. This
behavior is due to the fact that the adsorption coverage of inhibitor
on CRS surface increases with the inhibitor concentration. Along
with the increase of inhibitor concentration, the adsorption amount
gradually reaches saturated state, and so the inhibition performance
changes slightly within the concentrations from 50 to 100 mg ",
The maximum 7, of 100mg "' is 92.4% (RPD=2.2%) at 20°C;
93.6% (RPD=1.8%) at 30 °C; 91.4% (RPD=2.9%) at 40 °C; and 90.3%
(RPD=3.5%) at 50 °C. This result indicates that CSGC acts as a
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Fig. 2. Relationship between inhibition efficiency (77,) and concen-
tration of CSGC (c) in 1.0 M H,SO,.

good inhibitor for CRS in 1.0 M H,SO,.

To determine whether grafting AA onto CS is necessary, addi-
tional experiments of the inhibition effect of individual AA and
CS in 1.0 M H,SO, solution were done. Fig. 3 shows the inhibition
efficiency (7,) values of 100mg I AA and 100mg [ CS in 1.0M
H,SO, solution at 20-50 °C. Clearly; the natural polymer of CS has
a negligible effect, and 7, values at all temperatures are lower than
20%. For the monomer of AA, 7, values at all temperatures are in
the range from 40% to 60%. In summary, CS exhibits almost no
inhibitive ability on steel in 1.0 M H,SO,, and AA exhibits moder-
ate inhibitive ability, but CSGC behaves as a good inhibitor. There-
fore, it could be reasonably deduced that CSGC acts as an efficient
corrosion inhibitor owing to the grafting AA onto CS. The better
inhibitive performance of CSGC than either AA or CS could be
explained as follows: CSGC contains both N and O atoms with plen-
tiful lone electrons, which could be responsible for the adsorption
mechanism on the steel surface. CSGC has the combined advan-
tage of CS and AA. The grafting monomer of AA in CSGC has
additional N atoms, which favors more adsorption of CSGC, and
thus improves the inhibition performance. Furthermore, the mole-
cule covering area of CSGC is higher than that of CS or AA, and
likely to efficiently cover more surface area (due to adsorption) of
steel.

Fig. 2 also shows that 7, decreases with the experimental tem-
perature at low inhibitor concentration (5-50 mg I""). On the con-
trary, when the inhibitor concentration is up to 50-100 mg I "', 7,
fluctuates slightly with an increase in temperature. For CS and AA,
inhibition efficiency decreases with an increase of temperature as
shown in Fig. 3. Thus, CSGC could also exhibit good inhibitive
performance at high temperature, which is a merit of inhibition
action dependence on temperature.

1-2. Adsorption Isotherm

Basic information on the interaction between inhibitor and steel
surface can be obtained through light on the adsorption isotherm.
Attempts were made to fit experimental data with various isotherms
including Frumkin, Langmuir, Temkin, Freundlich, Bockris-Swin-
kels and Flory-Huggins isotherms. By far the results are best fitted
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Fig. 3. Relationship between inhibition efficiency (7,) of individ-

ual 100mg I CS or 100mg I"' AA and temperature in 1.0 M
H,SO,.

by Langmuir adsorption isotherm [23]:

c_l

—97 K +cC (1)
where c is the concentration of inhibitor, K the adsorptive equilib-
rium constant and &is the surface coverage that can be calculated
by the ration of 77,%/100.

The linear regression between ¢/6and ¢ was calculated, and the

Table 1. Parameters of the linear regression between c¢/6and ¢

Temperature  Linear correlation Intercept =
E’C) coefficient (r) Slope (mg I % Klg?)
20 0.9999 1.06 25934  3.86x10°
30 0.9998 1.04 35793 2.79x10°
40 0.9995 1.07 43679  2.29x10°
50 0.9997 1.06 5.0030  2.00x10
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Fig. 4. Langmuir isotherm adsorption mode of CSGC on the CRS
surface in 1.0 M H,SO,.
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parameters are listed in Table 1. Fig. 4 shows the straight lines of ¢/
Oversus ¢ at 20-50 °C. Clearly; all linear correlation coefficients (r)
and slope values are almost equal to 1, which indicates the adsorp-
tion of CSGC on steel surface obeys Langmuir adsorption isotherm.
The adsorptive equilibrium constant (K) decreases with the increase
of temperature, which indicates that it is easily and strongly ad-
sorbed on the steel surface for the inhibitor at relatively lower tem-
perature. But when the temperature is relatively high, the adsorbed
inhibitor molecules tend to desorb from the steel surface.
1-3. Thermodynamic Parameters

Thermodynamic parameters are important to further under-
stand the adsorption process of inhibitor on steel/solution inter-
face. The standard adsorption enthalpy (AH’) could be calculated
on the basis of the vant Hoff equation:

0
ot

RT
where R is the gas constant (8.314] K" mol "), T the absolute tem-
perature, and K is the adsorptive equilibrium constant. Eq. (2) can
also be changed as the following relationship [23]:

—AH’
InK= RT

+D 3)

where D is integration constant. Fig. 5 represents the straight lines
of In K versus 1/T with good linear relationship (the linear correla-
tion coefficient is 0.9801). AH' is calculated from the slope (- AH’/
R), and listed in Table 2.

The adsorptive equilibrium constant (K) is related to the stan-
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Fig. 5. The relationship between In K and 1/T in 1.0 M H,SO,.

Table 2. Thermodynamic parameters of the adsorption of CSGC
on CRS surface in 1.0 M H,SO,

Temperature AG’ AH’ AS°
(°C) (k] mol™) (k] mol ™) (Jmol ' K™
20 -31.3 -17.2 48.1
30 -31.6 -17.2 47.5
40 =321 -17.2 47.6
50 -32.8 -17.2 482
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dard adsorption free energy (DGO) according to [21,24,25]:

R (fAG
KfC eXp T @

solvent

where ¢, i the concentration of water in solution. Note that the
unit of ¢, lies in that of K. As can be seen from Table 1, the unit
of K is Img ", which results in the unit of ¢y, being mg I'" with
the value of approximate 1.0x10° [25].

With the obtained both parameters of AG”and AH’, the stan-
dard adsorption entropy (AS’) can be calculated using the follow-
ing thermodynamic basic equation:

o:AHofAGO

AS T

®)

All the standard thermodynamic parameters are listed in Table
2. The negative sign of AH” suggests that the adsorption of inhibi-
tor is an exothermic process, which means that inhibition efficiency
decreases with rise in the temperature. Such behavior can also be
interpreted on the basis that the increase in temperature resulting
in the desorption amount of some adsorbed inhibitor molecules
rises with the increase of temperature from the steel surface. Gen-
erally, values of AG’ up to —20 k] mol ' are consistent with the elec-
trostatic interaction between the charged molecules and the opposite
charged metal (physical adsorption), while those more negative
than about —40kJ mol ™" involve sharing or transfer of electrons
from the inhibitor molecules to the metal surface to form a co-ordi-
nate bond (chemisorption) [26]. Table 2 shows the values of AG’
at four temperatures are within the range from —20 to —40kJ mol ™,
probably meaning that both physical adsorption and chemical ad-
sorption (mixed adsorption) would take place. Inspection of Table 2
reveals that the sign of AS’ is positive. The reason could be explained
as follows: The adsorption of organic inhibitor compound from
the aqueous solution can be regarded as a quasi-substitution pro-
cess between the organic molecules in the aqueous phase [Org]
and water molecules at the electrode surface [H,O,4] [27].

Org(sol) +XHZO(ads)(_)0rg(ads) +XHZO(sol) (6)

where x is the size ratio, that is, the number of water molecules
replaced by one organic inhibitor. In this situation, the adsorption
of inhibitor is accompanied by desorption of water molecules from
the surface. The thermodynamic values obtained are the algebraic
sum of the adsorption of organic molecules and desorption of water
molecules [28]. Therefore, the gain in entropy is attributed to the
increase in solvent entropy and to more positive water desorption
enthalpy [29]. The positive values of AS’ also mean that an increas-
ing in disordering takes place in reactants adsorption from inhibi-
tor to the metal/solution interface [30], which is the driving force
for the adsorption of inhibitor onto steel surface [30].
2. Potentiodynamic Polarization Curves

Figs. 6(a) and (b) illustrate the potentiodynamic polarization
curves for CRS in 1.0 M H,SO, solutions without and with vari-
ous concentrations of CSGC at 20 °C and 50 °C, respectively. At
20°C, the presence of CSGC causes a remarkable decrease in the
corrosion rate, i.e., shifts both anodic and cathodic curves to lower
values of corrosion current densities. Namely, both cathodic and
anodic reactions of CRS electrode corrosion are drastically retarded
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Fig. 6. Potentiodynamic polarization curves for CRS in 1.0 M H,SO,
without and with different concentrations of CSGC (immer-
sion time is 2 h): (a) 20 °C; (b) 50 °C.

by CSGC. On the other hand, the anodic reaction of the corrosion
process is slightly inhibited at 50 °C. This means that CSGC acts as
a mixed-type inhibitor at 20 °C, while mainly behaves as a cathodic
inhibitor at 50 °C.

Electrochemical parameters of corrosion current densities (i),
corrosion potential (E,,), cathodic Tafel slope (b,), anodic Tafel
slope (b,) and inhibition efficiency (7;,) are presented in Table 3.
Apparently, i,,,, decreases considerably in the presence of inhibitor,

and decreases with increasing the inhibitor concentration. Cor-
respondingly, 77, increases with the increase of the inhibitor con-
centration, due to the increase in the blocked fraction of the elec-
trode surface by adsorption. At 100 mg "' CSGC, the maximum
7, is up to 95.7% at 20 °C; and 93.9% at 50 °C. Compared with the
electrochemical parameters at 20 °C, E,,, at 50 °C shifts to negative
and i, to high value, which indicates the corrosion is accelerated
at high temperature. At 20°C, E,,,, changes slightly in the presence
of GSGC; therefore, it can be arranged as a mixed-type inhibitor
in 1.0 M H,SO,, and the inhibition of GSGC on CRS is caused by
geometric blocking effect [31]. Namely, the inhibition effect comes
from the reduction of the reaction area on the surface of the cor-
roding metal [31]. At 50 °C, the presence of CSGC shifts the cor-
rosion potential to negative compared with blank solution, which
indicates that CSGC mainly acts as a cathodic inhibitor [32]. But
corrosion potential in the presence of inhibitors ranks the order: E,,,
(100 mg I CSGC)<E,,, (10mg I* CSGC)<E,,,, (50 mg I'' CSGC),
which indicates that there is no clear trend of corrosion potential
as a function of inhibitor concentration. It can be explained that
10mg I'' CSGC has no inhibitive effect on anodic reaction, but
50 mg I CSGC has a little inhibitive effect on anodic reaction, so
the corrosion potential does not continue to shift negative. When
CSGC concentration is 100 mg ', the inhibitive effects on both
anodic and cathodic reactions strengthen, but the inhibitive degree
on cathodic reaction is more than that on anodic reaction, so the
corrosion potential shifts more negative in the presence of 100mg I
CSGC. Tafel slopes of b, and b, change upon addition of CSGC,
which means that CSGC molecules are adsorbed on reactive sites,
resulting in inhibiting both anodic dissolution and cathodic reduc-
tion reactions.

3. Electrochemical Impedance Spectroscopy (EIS)

Figs. 7(a) and (b) represent the Nyquist diagrams for CRS in 1.0 M
H,SO, in the presence of CSGC at 20 °C and 50 °C, respectively.
Clearly, the impedance spectra exhibit a large capacitive loop at high
frequencies followed by an inductive loop at low frequency values.
At both temperatures, compared with blank solution, the shape is
maintained throughout all tested concentrations, indicating that
there is almost no change in the corrosion mechanism due to the
inhibitor addition [33].

The capacitive loop indicates that the corrosion of steel is mainly
controlled by a charge transfer process, and is usually related to the
charge transfer of the corrosion process and double layer behav-

Table 3. Potentiodynamic polarization parameters for the corrosion of CRS in 1.0 M H,SO, containing different concentration of CSGC at

20°C and 50 °C
Temperature (°C) c(mgl D) E.,, vs SCE (mV) iy (LA cm™) —b, (mV dec™) b, (mV dec™) 7, (%)
20 0 —421.0+34 1603.3 141 61 -
10 —419.6+2.6 481.0 134 54 70.0
50 —422.2+3.0 175.9 119 48 89.0
100 —419.6+4.1 69.0 101 38 95.7
50 0 —456.2+3.5 7865.7 222 49 -
10 —466.9+4.0 2539.7 139 42 67.7
50 —456.2+6.8 875.9 101 21 88.9
100 —473.0+3.3 481.8 142 32 93.9

Korean J. Chem. Eng.(Vol. 32, No. 11)
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Fig. 7. Nyquist plots of the corrosion of CRS in 1.0 M H,SO, with-
out and with different concentrations of inhibitors (2 hours
immersion at the open circuit potential prior to measure-
ment): (a) 20 °C; (b) 50 °C.

ior. On the other hand, the inductive loop may be attributed to the
relaxation process obtained by adsorption species like FeSO, [34]
or inhibitor species [35] on the electrode surface. Noticeably, the
inductive loops at 50 °C are increased to be bigger than those at
20 °C, which might be caused by more and more relaxation pro-
cess at high temperature.

The diameter of the capacitive loop in the presence of CSGC is
bigger than that in the absence of inhibitor (blank solution) and
increases with the inhibitor concentration. This indicates that the
impedance of inhibited substrate increases with the inhibitor con-
centration. Noticeably; these capacitive loops are not perfect semi-
circles, which can be attributed to the frequency dispersion effect
as a result of the roughness and inhomogeneousness of the elec-
trode surface [36]. Accordingly; the capacitive loops at high fre-
quencies are simulated by the equivalent circuit [34] shown in Fig.
8. The circuit employed allows the identification of both solution
resistance (R;) and charge transfer resistance (R;). Note that the dou-
ble layer capacitance (Cy) value is affected by imperfections of the
surface, and that this effect is simulated via a constant phase ele-
ment (CPE) [36]. The CPE is composed of a component Q, and
a coefficient a, which quantifies different physical phenomena like

November, 2015

CPE

R

Fig. 8. The equivalent circuit model of the capacitive loop in EIS.

Table 4. EIS parameters for the corrosion of CRS in 1.0 M H,SO,
containing CSGC at 20 °C and 50 °C

Temperature C R, R, Cy R
(°C) (mg N (Qem®) (Qcm?) (UF cm?) (%)

20 0 2.29 323 09270 136 -
10 1.97 121.5 09421 89 734
50 4.40 3747 0.9221 75 914
100 2.68 483.1 09481 53 93.3

50 0 0.73 6.8 09349 338 -
10 1.70 253  0.9468 197 73.1
50 2.09 64.9 0.9098 118 89.5
100 2.44 853 0.9281 93 92.0

surface inhomogeneousness resulting from surface roughness, inhibi-
tor adsorption, porous layer formation, etc. The capacitance can be
calculated from the following equation [37]:

Co=Qux@27 fmax)ail @)

where f,,, represents the frequency at which the imaginary value
reaches a maximum on the Nyquist plot. The electrochemical par-
ameters of R, a, R, C; and 77 are presented in Table 4. Clearly; R,
value increases prominently while Cy is reduced with the concen-
tration of inhibitor. The greatest effect was observed at 100 mg I
of CSGC, which gives R, value of 483.1 Q cm” at 20 °C, and 85.3Q
cm’ at 50 °C; C, value of 53 uF cm™ at 20°C, and 93 pF cm™ at
50 °C. A large charge transfer resistance is associated with a slower
corroding system. On the other hand, the decrease in C; compared
with that in blank solution (without inhibitor), which can result
from a decrease in local dielectric constant and/or an increase in
the thickness of the electrical double layer, suggests that the inhibi-
tor molecules function by adsorption at the metal/solution inter-
face [37]. 1, increases with the concentration of inhibitor, and follows
the order: 77, (20 °C)> 17z (50 °C). The maximum 77, values are 93.3%
and 92.0% at 20°C and 50 °C, respectively. These results again con-
firm that CSGC exhibits good inhibitive performance for CRS in
1.0 M H,SO, solution.

Inhibition efficiencies obtained from weight loss (73,), potentio-
dynamic polarization curves (77,) and EIS (77) are in good reason-
ably agreement.

4. Scanning Electron Microscope (SEM)

Fig. 9 shows the SEM photos of CRS surface in 1.0 M H,SO,. It
can be seen from Fig. 9(a) that the CRS surface before immersion
appears more uniform and some abrading scratches. Figs. 9(b) and
(d) reveal that the steel surfaces after immersion in uninhibited
1.0 M H,SO, at 20 °C and 50 °C appear an aggressive attack of the
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Fig. 9. SEM micrographs of CRS surface: (a) before immersion; (b) after 6 h of immersion at 20 °C in 1.0 M H,SO,; (c) after 6 h of immer-
sion at 20°C in 100 mg I"' CSGC+1.0M H,SO,; (d) after 6h of immersion at 50°C in 1.0M H,SO; (e) after 6 h of immersion at

50°C in 100 mg I"' CSGC+1.0 M H,SO,.

corroding medium on the steel surface. Moreover, the surface layer
is rather rougher at 50 °C. In contrast, in the presence of 100 mg I
CSGC, Figs. 9(c) and (e) show that the corrosion is drastically inhib-
ited. There is an adsorbed film adsorbed on CRS surface at either
20 °C (Fig. 9(c)) or 50 °C (Fig. 9(e)), which does not exist in corre-
sponding Figs. 9(b) and (d). Accordingly; it could be concluded that
the adsorption film can efficiently inhibit the corrosion of steel. Also,
the corrosion is accelerated with the increase of temperature.

CONCLUSIONS

(1) CSGC acts as a good inhibitor for the corrosion of CRS in
1.0 M H,SO,. Inhibition efficiency (77,) increases with the inhibi-
tor concentration, and the maximum 7, of 100 mg "' is 92.4% at

20°C; 93.6% at 30 °C; 91.4% at 40 °C; and 90.3% at 50 °C. 73, de-
creases with the experimental temperature.

(2) The adsorption of CSGC on CRS surface obeys the Lang-
muir adsorption isotherm. The adsorption is an exothermic pro-
cess accompanied by an increase in entropy, and involves both phys-
ical and chemical adsorption.

(3) CSGC acts as a mixed-type inhibitor at 20 °C, while mainly
the cathodic inhibitor at 50 °C. EIS spectra exhibit one capacitive
loop at HF and followed by an inductive loop at LE The induc-
tive loops at 50 °C are larger than those at 20 °C. The addition of
CSGC to 1.0 M H,SO, solutions enhances R, values while reduces
C, values.

(4) SEM results confirm that the introduction of CSGC into 1.0 M
H,SO, solution effectively protects steel from corrosion.

Korean J. Chem. Eng.(Vol. 32, No. 11)
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