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ABSTRACT

Rapid corrosion of steel bars in marine and complex saline environments has become a serious con-
cern, and corrosion inhibitor for steel bar has proved to be one of the main protective measures to
prevent the corrosion. In this paper, a new organic composite anti-corrosion agent (HTCI) was syn-
thesised by hydrazine hydrate and tartaric acid for the preventing reinforced concrete from corro-
sion in marine engineering. The inhibition behaviors of HTCI for Q235 steel in saturated Ca(OH),
solution with 3.0 wt.% NaCl were studied by weight loss, electrochemical measurement and sur-
face analysis. All these techniques revealed that inhibition efficiency increased with increasing
HTCI concentration and the inhibitor showed 84.37% inhibition efficiency at a concentration of
500 mg-L™". Potentiodynamic polarization studies indicated the HTCI with mixed-type inhibitor
properties. Scan analysis demonstrated that the depth of the pitting crater decreased with increas-
ing HTCI concentration. Kinetically and thermodynamically simulated that the adsorption of
HTCI on mild steel obeys Langmuir adsorption isotherm, and the mechanisms of this corrosion
inhibitor were based on physical and chemical adsorption.

Keywords: Corrosion inhibitor; Weight loss; Langmuir adsorption isotherm; Electrochemical

techniques; Surface studies

1. Introduction

With the development of marine economy and marine
high-tech, more and more reinforced concrete composite
materials are applied to marine engineering construction.
The factors on the service life of reinforced concrete struc-
tures include corrosion of coarse reinforcement, carboniza-
tion of concrete structures, freeze-thaw damage, alkali-ag-
gregate reaction and chemical erosion among them [1,2],
and corrosion of reinforcement is the primary factor that
accelerates the destruction of concrete structures [3]. At
present, the corrosion and protection of reinforced concrete
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structures have become a widespread concern and research
problem in the world. The corrosion of reinforcing steel in
concrete structures is mainly caused by damage to the pas-
sivation film on the surface of the reinforcing steel, espe-
cially the carbonation of the concrete and the invasion of
chloride ions. Fundamentally, the primary problem to be
solved in the protection of reinforced concrete structures
is the corrosion and corrosioning technology of the rein-
forcement, which should significantly improve the corro-
sion resistance of the concrete itself against the reinforce-
ment. Corrosion inhibitor is mixed into cement or mortar
in small quantities and can effectively inhibit or delay the
occurrence of corrosion and at the same time reduce the
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corrosion rate of reinforcing steel. The addition of corro-
sion inhibitors to reinforcing steel has become a major pro-
tective measure against the corrosion of reinforcing steel.
As an effective measure to prevent long-term corrosion of
reinforcing steel, it is inexpensive and simple to operate for
engineering construction and increasingly widely used [4].

Although many anti-corrosion interventions have been
developed and used, there are still some shortcomings [5].
(1) Most corrosion protection processes at this stage are
measured to focus on the protection of the surface, and for
complex structures or exposure to harsh environmental
conditions, these measures are often ineffective, as surface
breakage or sealing defects may still lead to corrosion. (2)
Lack of long-term performance, certain anti-corrosion inter-
ventions show good anti-corrosion performance at the begin-
ning, but over time, their effectiveness will gradually weaken.
(3) High treatment costs, some efficient anti-corrosion
interventions require complex treatment steps, specialized
equipment and high-cost materials. This makes it difficult
to spread in some large-scale applications. (4) Limited by
material selection, current anti-corrosion interventions are
often limited to specific materials or applications under
specific environmental conditions. However, actual projects
often use multiple materials and suffer from multiple envi-
ronmental influences, such as water, chloride ions, acidic or
alkaline conditions, etc. (5) Environmental friendliness, some
traditional anti-corrosion interventions may use chemicals
that are harmful to the environment, such as heavy met-
als or organic solvents. For projects pursuing sustainable
development and environmental friendliness [6].

In recent years, countries have been working on the
development of new and efficient corrosion inhibitors [7].
Corrosion inhibitors in this paper were classified into anodic
corrosion inhibitors, cathodic corrosion inhibitors and com-
posite corrosion inhibitors according to their different work-
ing mechanisms [8]. Composite corrosion inhibitors inhibit
both anodic and cathodic reactions and form a thin protec-
tive hydrophobic film over the entire surface of the metal
through an adsorption mechanism, thus reducing the cor-
rosion rate. The main application methods for composite
corrosion inhibitors are as admixtures added to fresh con-
crete, applied to hardened concrete and damaged structures,
added to repair mortars and used for surface treatment of
reinforcement before concrete placement [9]. Migration cor-
rosion inhibitor (MCI) is a complex corrosion inhibitor that
diffuses through the gas and liquid phases of the concrete
pores to form a protective film on the surface of the rein-
forcement and acts as a corrosion inhibitor. Malik et al. [10]
reported a type of MCI, a mixture of surfactant and amine
salts in water, which can be used both on concrete surfaces
and as a corrosion inhibitor for reinforcement. Saxena et al.
[11] showed that MCI based on amino carboxylate chem-
istry is the most effective in terms of simultaneous anodic
and cathodic interactions. Raja et al. [12] review the types
of corrosion inhibitors that may work in concrete and the
mechanism of CI~ attack on concrete, including that amines,
alkylamines, amino acids, monocarboxylates, polycarbox-
ylates, amino alcohols, organic heterocyclic compounds
and green products can be successful [13].

Future research and technological development should
focus on addressing these issues to improve the effectiveness,

durability, economy and environmental friendliness of cor-
rosion protection measures to better protect engineering
structures from corrosion. The inhibitors available on the
market cannot simultaneously meet the requirements of
corrosion resistance and early strength of reinforced con-
crete under seawater conditions. Therefore, it is important
to study the law and mechanism of corrosion of reinforcing
steel in concrete under complex marine environment, to pre-
pare environmentally friendly, low cost and effective corro-
sion inhibitors for reinforcing steel, to study the evolution
of concrete deterioration and to improve the durability of
concrete.

In this study, a new composite corrosion inhibitor (HTCI)
was synthesized from hydrazine hydrate and tartaric acid.
The influence of HTCI on the corrosion behavior of Q235
steel in saturated Ca(OH), containing 3.0 wt.% NaCl was
studied by weight loss method, electrochemical experiment,
surface morphology analysis, thermodynamic and kinetic
analysis, etc. The results proved that the composite corro-
sion inhibitor with salt resistance, high-temperature resis-
tance, low cost and environmental protection in the marine
environment. It has good adsorption on the surface of rein-
forcement, and has weak adsorption of inhibitor molecules
on the surface of cement particles.

2. Experimental set-up
2.1. Materials

All the chemicals and solvents used were of analytical
grade and utilized without further purification. NaO and
CaO were purchased from Tianjin Damao Chemical Reagent
Factory, Tianjin, China; anhydrous ethanol and hydrazine
hydrate were supplied from Tianjin Fuyu Fine Chemical Co.,
Ltd., Tianjin, China; tartaric acid used are from Tianjin Comio
Chemical Reagent Factory, Tianjin, China; Q235 steel sheet
purchased from Shanghai Lok Song Mechahhta al & Electrical
Equipment Co., Ltd., Shanghai, China; The model HH-2
electric thermostatic water bath was purchased from Beijing
Kewei Yongxing Instruments Co., Ltd., Beijing, China; the
model DZF-18 electric blast dryer was provided by Shanghai
Keheng Industrial Development Co., Ltd., Shanghai, China;
the electrochemical workstation Model CS350 was from
Wuhan Coster Instruments Co., Ltd.,, Wuhan, China; the
model DSX500 automatic 3D imaging microscope used was
purchased from Olympus Corporation, Beijing, China.

2.2. Weight loss studies

Q235 mild steel was purchased from Shanghai
Mechanical & Electrical Equipment Co., and the coupons,
content and properties of Q235 used in this experiment are
shown in Tables 1 and 2. The dimensions of Q235 specimen
used for weight analysis were 40 mm?® x 2 mm? x 13 mm?. To
obtain reliable and accurate research results, all Q235 mild
steel specimens were subjected to a pretreatment, it was
necessary to use different grades (280-360-600-1,000) of
sandpaper to remove corrosion particles. After that, mild
steel was degreased with acetone and then wiped with
anhydrous ethanol and blown dry in cold air.

The weight loss study was carried out at room tempera-
ture for 7 d in saturated Ca(OH), solution with 3.0 wt.% NaCl.
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The uniform corrosion rates (V) is shown by Eq. (1) and
the inhibition efficiency (n) [14] is determined in Eq. (2) [15]:

V:8.76><104><W

1
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where W is the weight loss value, S is corrosion area of
steel sheet, t is corrosion time and o is density of steel sheet
about 7.85 g-cm™.
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where M, and M are the weight loss values of mild steel
without and with the inhibitor, respectively.

2.3. Synthesis of HTCI and corrosive medium

Hydrazine hydrate and tartaric acid corrosion inhibi-
tors (HTCI) are based on the reducing properties of hydra-
zine hydrate and the coordination effect of tartaric acid.
The basic theory is to inhibit metal corrosion reactions by
generating protective films and forming physical barriers.
This system is widely used in the field of metal corrosion
control and protection in practical applications.

The inhibitor of HTCI was made by 1:1 tartaric acid:
hydrazine hydrate, the temperature is 25°C, the speed is
2,000 rpm in the beaker continuous reaction and stirring

Table 1
Q235 mild steel sheet composition content

Coupons Content (%)
C 0.16
Si 0.26
Mn 0.15
P <0.015
S <0.09
Al —
Cr 0.02
Ni 0.025
Cu 0.024
Table 2

Q235 mild steel sheet tensile and process properties

Tensile strength (b/Mpa) 425

Yield strength (0.2/Mpa) 310

Elongation (5%) 35

Density (g/cm?) 7.85
(0] OH

for 1 h. The reaction equations involved in the synthesis
process are as shown in Fig. 1.

Simulated concrete pore solution with chloride envi-
ronmental processes: First dissolve about 1 g of CaO in
1,000 mL of tap water, when a precipitate appears at the
bottom of the beaker, that is, the solution in the beaker is
saturated Ca(OH), solution. The saturated Ca(OH), solu-
tion is filtered using a circulating vacuum pump to remove
the sediment. Then, 30 g of NaCl was added to the filtered
solution, stirred and dissolved in a 1,000 mL volumetric
flask, and the saturated Ca(OH), simulated concrete pore
solution with chloride containing 3.0 wt.% NaCl needed
to be ready to use. Additionally, the concentration of the
inhibitor (HTCI) used ranged from 100 to 1,000 mg-L™.

2.4. Electrochemical studies

Electrochemical workstation (CS350, Wuhan Coster
Instruments Co., Ltd.,) was used for electrochemical test-
ing. Using the CorrTest electrochemical test system for cor-
rosion monitoring by linear polarization and weak polar-
ization, which can continuously measure the instantaneous
corrosion rate of materials. A three-electrode test system
was used. The reference electrode, the auxiliary electrode
and the working electrode were saturated calomel elec-
trode, the platinum electrode and the self-made Q235 steel,
respectively. The relevant electrochemical parameters were
determined by potentiodynamic polarization experiments
and impedance spectroscopy tests, and the electrochemical
parameters were analyzed using Z-view software [16].

Firstly, steady-state polarization was selected in the test
method, and open-circuit monitoring was performed for
8 h. As shown in Fig. 2, the open-circuit potential varied
within +5-10 mV within 1 h and was considered stable [17].

Potentiodynamic polarization measurements [18] were
performed at a scan rate of 0.5 mV-5". The mild steel sur-
face was exposed to various concentrations of inhibi-
tors in 250 mL of Ca(OH), solution with 3.0 wt.% NaCl at
room temperature. The inhibition efficiency (IE %) was
calculated using Eq. (3):

-0 .
IE(%) — lcorri(; Leorr x 100 (3)

corr

where i and i _are the corrosion current density without
and with the inhibitor, respectively.

Impedance measurements were carried out in the
frequency range from 0.01 to 100 kHz, Excitation sine
wave signal amplitude is 10 mV with an AC signal at the
open-circuit potential. The Nyquist and Bode plots [19]
are generally used to represent the impedance spectrum
form. The percentage inhibition efficiency was calculated
from Eq. (4):

(6] OH
OH o
NH,-NH
HO + 2 2 —> NH;*NH;* -0

OH O

Fig. 1. General procedure for the synthesis of HTCL

OH O
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where R and Rg are the charge transfer resistance of mild
steel witﬁ and without inhibitor, respectively.

2.5. Surface studies

In the present study, DSX-500 (Olympus, Tokyo, Japan)
fully automatic 3D imaging microscope was used to scan the
steel surface before and after corrosion in bright field (BF)
mode, 2D, height and 3D images were acquired simultane-
ously to analyze the association between image data infor-
mation and corrosion morphology features. The scanning
areas of steel coupons were 5 pm x 5 um.

3. Results and discussion

3.1. Weight loss measurements

The effects of different concentrations of corrosion
inhibitors on the corrosion inhibition of Q235 mild steel in
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Fig. 2. Open circuit potential vs. time for 8 h monitoring.
85F (a) .
R "
80 F
- ) o;‘
st ° .
S o~
g %/
S0 2
2
% L]
= 65F /
2 o
S 60k &
I p —n—303K
= —o—313K
551 —A—323K
—v—333K
or —o—343K
45 L L L L L
100 200 300 400 500

C(mgL™)

0.030

Corrosion rates(mm-a™')

0.010

0.005

saturated Ca(OH), solution with 3.0 wt.% NaCl at 303 K
were investigated via the weight loss methods for 3 and 7 d.
The corrosion rates and inhibition efficiency are shown in
Fig. 3. It shows that at 3 d the inhibition efficiency increased
with increasing HTCI concentration at 100-400 mg-L™.
However, when the concentration exceeds 400 mg-L™ the
inhibition efficiency starts to decrease and the inhibition rate
starts to increase. It shows that at 7 d inhibition efficiency
rose up with the increase in the HTCI concentration and
the maximum inhibition efficiency of HTCI was 84.37%.
On the contrary, the inhibition rate decreased with the
increase in inhibition concentration, the minimum inhibition
rate was 0.00524 mm-a™ at 500 mg-L™ [20].

3.2. Effect of temperature

Fig. 4 shows effect of HTCI on corrosion rate of Q235
carbon steel at different temperatures for 7 d. The reason
for the gradual decrease of the corrosion rates may be the
observed balance of absorption and desorption of HTCI
molecules on the surface of Q235 carbon steel with the
increase of temperature.
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Fig. 3. Experimental results of HTCI weight loss method at
303K for3and 7 d.
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Fig. 4. Effect of temperature on corrosion inhibition performance of HTCI for 7 d.
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Fig. 4a visually represents the corrosion rates of dif-
ferent concentrations of HTCI in saturated Ca(OH), solu-
tion with 3.0 wt.% NaCl at different temperatures. The
corrosion rate decreased with an increase at different tem-
peratures. Fig. 4b is a comparison of the corrosion rate of
HTCI at 500 mg-L™* at different temperatures. The results
showed that the corrosion rates of Q235 carbon steel grad-
ually decreased with the increase in temperature. The cor-
rosion rate was 0.01015 mm-a™ at the temperature of 333 K,
and 0.03294 mm-a™ at the temperature of 343 K, which was
probably because the passivation film generated by HTCI on
the metal surface was destroyed due to the high tempera-
ture and the corrosion rates increase. The surface of Q235
changes complexly under the influence of temperature, and
the mechanism of corrosion inhibitor action can be inferred
by further calculation of thermodynamic parameters.

3.3. Effect of time

The inhibition efficiency of Q235 steel in saturated
Ca(OH), solution with 3.0 wt.% NaCl with time at 303 K
is shown in Fig. 5. The maximum inhibition efficiency
of 82.92% for 7 d and the minimum corrosion rate of
0.00524 mm-a'. The corrosion rate decreases evidently with
an increase in inhibitor time. The hydroxyl group (-OH),
the carboxylic acid (-COO") and the amino group (-NH,)
in hydrazine hydrate were adsorbed on the metal surface
by coordination. Polar terminus of these group were close
to the metal, while the outward water-repellent terminus
slow down the corrosion. Therefore, the maximum corro-
sion rate was 83.47% and 85.41% for 14 and 30 d, respec-
tively, and the minimum corrosion rate was 0.0069 and
0.00637 mm-a™, respectively.

3.4. Potentiodynamic polarization studies

The potentiodynamic polarization curves for mild steel
in saturated Ca(OH), solution with 3.0 wt.% NaCl contain-
ing different concentrations of the investigated HTCI are
shown in Fig. 6. Table 3 shows that the values of anodic
Tafel slope (B,), cathodic Tafel slope (B ), corrosion current
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densities (i ), corrosion potential (E_ ) and inhibition effi-
ciency (IE %) calculated at different concentrations using
potentiodynamic polarization. Fig. 6 shows that the Tafel
slope of both cathodic and anodic changed with increasing
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Fig. 6. Tafel polarization curves of HTCI at different concen-
trations.

Table 3
Fitting results of polarization curve parameters at different
concentrations

c(mgL™) B, (mV) B (mV) i (uAecm?) E_ (V) IE (%)
0 248.03  689.45 13.46 —0.5537 -
100 293.82  1,380.14 9.78 -0.4255 27.37
200 192.72  629.54 5.99 -0.4376 55.49
300 166.28  544.49 4.71 -0.4409 65.01
400 141.52  412.03 3.61 -0.4483 73.18
500 184.54  560.20 5.82 -0.4384 56.76
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Fig. 5. Effect of time on corrosion inhibition performance of HTCI at 303 K.
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HTCI concentration, which indicates that HTCI inhibitor
prevents carbon steel from being corroded by inhibiting
the anode at lower concentrations, and prevents corrosion
mainly by inhibiting the cathode between 200-500 mg-L*
concentrations. This indicated that the HTCI inhibitor had
comprehensive effects and it controls both cathodic and
anodic parts.

The data in Table 3 reveal that the anodic Tafel slope (B )
gradually decreased with increasing concentration. At first,
the cathodic Tafel slope (B,) increased in an inhibitor HTCI
concentration of 100 mg-L™ and then began to decrease. The
corrosion current densities (i, ) decreased from 13.46 to
5.82 pA-cm™. The inhibition efficiency (IE %) vs. the inhib-
itor concentration of HTCI is also presented in Table 3 and
decreased most obviously when the concentration of HTCI
was 500 mg-L™. Combined with the results of a weight loss
experiment with a reaction time of 3 d, this decreased corro-
sion rates was caused by the diminished synergistic effect of
hydrazine hydrate and tartaric acid. The increase in tartaric
acid and hydrazine hydrate molecule made shifted the esti-
mated E__ value towards the negative value, so the HTCI
had the corrosion inhibition effect on mild steel at 303 K.

3.5. Electrochemical impedance spectroscopy

The Nyquist representations of impedance behavior of
mild steel in saturated Ca(OH), solution with 3.0 wt.% NaCl
with and without addition of different concentrations of
inhibitor are shown in Fig. 7. It can be seen that the scan-
ning result of HTCI inhibitor is a single capacitive loop via
scanning the electrochemical impedance spectrum. The
larger radius of the capacitive loop indicated more promi-
nent corrosion resistance during the electrochemical reac-
tion process. The radius of the capacitive loop decreased at
a concentration of 500 mg-L™, the result was in acceptable
agreement with those obtained from weight loss study and
shown the same trend [21].

Furthermore, the measured impedance data were ana-
lyzed by fitting based on the equivalent circuit given in
Fig. 8 [22]. A standard Randall circuit was used to analyze
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Fig. 7. Nyquist impedance spectra of HTCI different concen-
trations.

the impedance spectrum containing a single capacitive
semicircle, where the circuit consists of a solution resis-
tance component (R), a charge transfer resistance (RP) and
a capacitance component (CPE). CPE is a long phase angle
equivalent element that is used to describe the bilayer devi-
ation from the pure capacitance C. CPE-T and CPE-P are the
2 parameters expressed, where CPE-T represents the bilayer
capacity and CPE-P represents the dispersion effect index,
it is equivalent to the dispersion factor.

The values of R in Table 4 indicated that CPE-P had a
brought downtrend when concentrations of the compound
increased in the solution. With the value of CPE-P decreas-
ing, the double electric layer thickness increased and the
dispersion index reduced. Moreover, the corrosion inhibi-
tion effect of HTCI gradually increased with the increase
in concentration. The corrosion rate, reaching its maximum
value, of 70.25% at 400 mg-L™ of HTCI was consistent with
the results obtained by electrolysis and a short time (3 d)
weightlessness experiment.

3.6. Adsorption isotherm and kinetic parameters

The interaction of inhibitor molecules with the surface
of carbon steel was studied by the adsorption isotherms
and thermodynamic calculations [23]. Adsorption involved
two phases and this separation process with certain compo-
nents can be described by physical adsorption or chemical
adsorption [24-27]. The adsorption characteristics of the
corrosion inhibitors on the surface of carbon steel can be
provided by various adsorption isotherm, including those
of Langmuir, Temkin and Frumkin. The expressions of the
three adsorption theories [28,29].

The Langmuir adsorption isotherm can be calculated as
Eq. (5) [30]:

+C )

CPE

W ?)
W

Re

Fig. 8. Equivalent circuit for impedance measurements.

Table 4
Fitting results of polarization curve parameters at different
concentrations

c R, CPE-T CPEP R .
(mgL?) (Qem?) (uFem?)  (uFem?) (Qem?) (%)
0 7.494 1.0472 x 10+ 0.8338 2,610 -
100 8.089 1.1748 x 10+ 0.7857 5,366 51.36
200 6.660 1.2885 x 10+ 0.7783 6,734 61.24
300 5.778 1.3185x 10* 0.7787 7,960 67.21
400 5.442 1.3953 x 10+ 0.7808 8,773 70.25
500 5.524 1.1882 x 10* 0.7811 5,559 53.05
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The Temkin adsorption isotherm was determined by
Eq. (6):
exp(—2a6) =Kc (6)

The Frumkin adsorption isotherm was calculated using
Eq. (7) [31]:

0 5 exp(f2a9) =Kc (7)

where ¢ denotes the concentration of corrosion inhibi-
tor, © is the surface coverage, which is considered here as
the corrosion inhibition rate like n, K denotes the equilib-
rium constant of the adsorption process, and is the mutual
attraction between adsorbed particles.

The adsorption performance of HTCI was investi-
gated using three different adsorption isothermal models
(Langmuir, Temkin and Frumkin) as shown in Fig. 9. The
linear regression coefficient (R?) of Langmuir adsorption
isotherm (Fig. 9a), Temkin type (Fig. 9b) and Frumkin type
(Fig. 9¢c) were 0.998, 0.9158, and 0.8591, respectively. Among
the three isothermal models, the HTCI inhibitor most obeyed
the Langmuir adsorption isotherm. The ammonium ions
(-NH,) and hydroxyl group (-OH) in HTCI were adsorbed
on the metal surface, forming a uniform adsorption film

T. Shu et al. / Desalination and Water Treatment 310 (2023) 3242

on the carbon steel surface to isolate the corrosion medium
from the metal surface and restrain the corrosion. At the
same time, to fit the degree of surface coverage (6, shown
in Fig. 9d) at different temperatures. The HTCI at differ-
ent temperatures all obeyed the Langmuir adsorption iso-
therm, and the strong correlation (R* > 0.99) at different
temperatures confirms the effectiveness of the model.

The Langmuir adsorption isotherm model was used
to further determine the adsorption equilibrium constant
(K). The K value is related to the standard free energy of
adsorption (AG_,). AG,, value is calculated using Eq. (8),
where R is the universal gas constant, R = 8.314 J-K™mol™.
T is the temperature, 55.5 is the concentration of water in
solution, mol-L* [32]. The thermodynamic parameters of
theoretical adsorption are given in Table 6. Table 5 shows
that the negative value of AG_, indicated that adsorption
of HTCI on the surface of the Q235 steel sheet was a spon-
taneous process. The absolute value of AG_ , was related to
the type of adsorption. When the value of AG_, is less than
or equal to 20 kJ-mol™, physical adsorption associated with
an electrostatic attraction between the inhibitor and the
charged metal; while the value of AG_,_ is close to or higher
than 40 kJ-mol™, the chemical adsorption occurred between
the inhibitor and the Fe metal surface. When the value of
AG_, was between 20—40 kJ-mol™, both physical and chem-
ical adsorption occurred [33]. From the data calculated
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Fig. 9. Adsorption fitting results of different models.
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in Table 5, it can be seen that the values of free energy of
adsorption (AG,,) at different temperatures are around
-33 kJ-mol™. This indicated that in the simulated corrosive
medium HTCI corrosion inhibitor on the surface of the steel
sheet, there was physical adsorption as well as chemical
adsorption.

AG,, =

ads —

RT1In(55.5K) ®)

The absolute value of AG_, decreased to a limited extent
with increasing temperature. Thermodynamically, AG_,
is related to AH_,_ (standard enthalpy) and AS_, (standard
entropy) of the adsorption process and the value of AH_,_
was determined by the van't Hoff Eq. (9) with In(55.5 K)
and 1/T. As shown in Fig. 10, the In(55.5 K) and 1/T fits were

Table 5
Kinetic parameters for the adsorption of HTCI on the mild steel

Temperature (K) R? Slope K (x10°) AG_, (kJ-mol™)
303 0.9998 1.1272 9.7634  -33.26
313 0.9993 1.0929 5.8295 -33.02
323 0.9915 1.0761 4.3209 -33.27
333 0.9944 1.1163 3.7400  -33.90
343 0.9988 1.0123 2.6607 -33.94
Table 6

Thermodynamic parameters for the adsorption of HTCI on
the mild steel

c(mglL?) A E, (kKJ'mol™) AH, (kJ-mol™) AS (J-mol™-K™)
0 0.22 10.86 6.85 -270.80
100 0.79 1691 10.71 -267.25
200 0.95 18.63 16.36 -252.98
300 0.85 18.56 15.22 —257.35
400 0.06 11.98 8.71 —-257.38
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Fig. 10. Van't Hoff plot for the mild steel.

linear (R, = 0.9935), where the slope was —AH /R, and the
standard enthalpy of adsorption AH_, = -27.20 kJ-mol™ was
calculated. the value of AS_, was calculated from Eq. (10).
The standard entropy of adsorption AS_, =-20.66 J-mol"-K™".
In exothermic processes, a distinction is made between
chemisorption and physisorption by considering the abso-
lute value of AH_, and AS_,. For chemisorption processes,
AH_, is close to 100 kJ-mol™, whereas for physical adsorp-
tion processes it is less than 40 kJ-mol™ [34]. In this exper-
iment, the AH_,_ values were lower than normal enthalpy
of physical adsorption, indicating that the adsorption of
HTCI on carbon steel surfaces was dominated by physical
adsorption.

AH

ads +

In(55.5K) = — =

e g

AG,, =AH,, —TAS (10)

3.7. Thermodynamic adsorption parameters

The surface of the metal intricately changed at different
temperature, and thermodynamic parameter calculations
were used to infer the mechanism of action of the corro-
sion inhibitor. Further parametric simulations were made
using the Arrhenius Eq. (11) [35].

Arrhenius equation:

E
C, = Aexp| ——* 11
v p[ RT] a1
Derivation of the transition state equation:
InC, =InA- E, (12)
- RT
RT AS, AH,
C, —Nhexp[ R ]exp(— RT j (13)

where C denotes the corrosion rate constant; A refers to
the Arrhenius finger prefactor; E is the apparent activation
energy; R = 8.314 J-K*mol™; T is the absolute temperature;
h is Planck’s constant, i = 6.626176 x 10 Js; N is Avogadro’s
constant, N = 6.02252 x 10” mol™; AS_ is the entropy of
activation and AH_ is the enthalpy of activation [36].

Fig. 11 shows the Arrhenius curve for the corrosion rate
of carbon steel and Fig. 12 shows transition-state plots for
mild steel with different concentrations. The values of E,
AH, and AS, were calculated from Table 6. As shown in
Table 6, the thermodynamic parameters of HTCI adsorp-
tion on mild steel and the activation energy E had a trend
of increasing and then decreasing. A decrease of E, indi-
cated the presence of chemical adsorption of HTCI at the
interface between the steel sheet and the solution and an
increase of E, indicated the presence of physical adsorp-
tion of HTCI. Therefore, it can be demonstrated that both
physical and chemical adsorption of HTCI existed at the
steel-solution interface. In the presence of HTCI, higher val-
ues of AS indicated an increase in the entropy of the sol-
vent. This may be due to the desorption of a large number
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of molecules already adsorbed on the metal surface and the
less disordered adsorption of the larger tartaric acid and
hydrazine hydrate molecules on the carbon steel surface.

3.8. Microscopic morphology of corrosion surface

The surface of the steel sheet of corrosion in saturated
Ca(OH), solution containing 3.0 wt.% NaCl after 14 d was

-5.0
S5k \\
A-6.0 -
=
“g-65F
<
80
Eqo}
Q
=
= = OmgL!
T5F o 100mg L™
A 200mgL’
80F Vv 300mgL’!
¢ 400mgL*
1 '} L 1 L
0.0029 0.0030 0.0031 0.0032 0.0033
TEK™)

Fig. 11. Arrhenius plots of HTCI with different concentrations.

scanned by fully automatic 3D imaging microscope, and
the same point of the Q235 specimen was magnified 75,
100, 200 and 300 times in the area of the etch pits, respec-
tively. The scanned 2D, height and 3D images are displayed
in Fig. 13. The depths of pitting pits measured at different
magnifications were 457.524 um (x75), 493.889 um (x100),
505.559 pm (x200), and 548.729 um (x300), respectively.

-11.0
115 -\\*
"._'; -12.0 |
:
& -125F
g
F o ]
t> -13.0 |
% " OmgL!
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0.0029 0.0030 0.0031 0.0032 0.0033
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Fig. 12. Transition-state plots for mild steel with different con-
centrations.

Fig. 13. 2D (a-d), height (e-h), 3D (i-1) images of Q235 specimens at different magnifications (magnification from left to right: 75, 100,

200 and 300 times).
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Fig. 14. 2D (a—d), height (e-h), 3D (i-1) images of specimens at 200

(from top to bottom, HTCI added at 100, 200, 300 and 400 mg-L™).

The images of Q235 carbon steel specimens were magni-
fied to 200 times by observing the height map to measure
the surface as well as the depth of the pitting pits, and no
obvious faults appeared around the images. Combining the
integrity of the image and the degree of overlap, the pitting
depth at 200 times magnification was chosen as the maxi-
mum pitting pit depth with a value of 505.229 um.

For Q235 carbon steel specimens, HTCI inhibitor at
concentrations of 100, 200, 300, and 400 mg-L™" was added
to a saturated Ca(OH), solution containing 3.0 wt.% NaCl
at 30°C and removed after 14 d of corrosion. The speci-
mens were scanned in 2D and 3D images as well as height
maps at 200 magnification, as shown in Fig. 14. From the 2D
images, with the increase of HTCI concentration, the corro-
sion condition of carbon steel surface, the range of pitting
pits, and the roughness significantly decreased. The steel
surface became smoother, the pitting pits disappeared, and
only some corrosion scratches existed on the steel surface
at the HTCI concentration of 400 mg-L™, ¢ from the height
map. The maximum pitting depths were 345.660, 109.381,
26.807 and 17.234 pm, respectively, as seen from the 3D
images at different concentrations, and the depth of pitting
pits decreased gradually with the increase of HTCI concen-
tration, which proved that HTCI effectively suppressed the
occurrence of pitting corrosion.

4. Conclusion

In this paper, a composite corrosion inhibitor (HTCI)
was successfully prepared by the complex reaction of tar-
taric acid and hydrazine hydrate. The result of weight loss
measurements showed a maximum inhibition of 84.37%
when the reaction time was 7 d, the temperature was at

magnification after addition of different concentrations of HTCI

303 K, the concentration was 500 mg-L" and the corro-
sion rate was 0.00524 mm-a™; the maximum inhibition
rate was 85.41% when the corrosion time reached 30 d.
Potentiodynamic polarization studies showed that HTCI
was an effective inhibitor of mild steel corrosion in saturated
Ca(OH), solution with 3.0 wt.% NaCl. Impedance studies
showed that the capacitive arc radius gradually increases,
the double layer thickness increased, the dispersion index
decreased and the corrosion resistance was enhanced with
the gradual increase of HTCI concentration. Furthermore,
the adsorption of HTCI on the surface of Q235 steel plate
conformed to the Langmuir adsorption through kinetic
and thermodynamic simulations. By scanning the surface
of the corroded steel plate, the depth of pitting pits grad-
ually decreased with the increase of HTCI concentration.
the maximum depth of pitting pits on the surface of Q235
carbon steel specimens after 14 d of corrosion in saturated
Ca(OH), solution containing 3.0 wt.% NaCl was 505.229 um,
and the maximum depth of pitting pits after the addition of
400 mg-L' of HTCI resulted in a maximum pitting pit depth
of 17.234 um.
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