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The water-soluble and green thiourea-chitosan (TUCTS) was synthesized and characterized by the
Fourier transform infrared spectroscopy (FT-IR) and elemental analysis method. The corrosion
inhibition performance and behavior of TUCTS for Q235 steel in 1 mol-L* HCI were investigated by
weight loss method, surface morphology analysis, potentiodynamic polarization curves and
electrochemical impedance spectroscopy (EIS). It is found that the synthesized TUCTS is an excellent
corrosion inhibitor and the inhibition efficiency exceeds 90% at 25°C. The inhibitor acts as a mixed type
inhibitor by geometrical blanketing effect. Thermodynamics analysis demonstrates that the adsorption
of TUCTS on Q235 steel surface fit in with the Langmuir model. The adsorption type is both physical
and chemical adsorption but chemisorption dominates.
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1. INTRODUCTION

Hydrochloric acid is extensively used in the pickling industry to remove rust and scale from
metal surface. However, hydrochloric acid is one of the most common corrosive medium which results
in the tremendous damage of metallic matrix [1, 2]. The problem of hydrochloric acid corrosion has led
to the development of corrosion protection methods. Among these methods, adding corrosion inhibitor
has been proven to be the simplest and most practical method [3, 4, 5]. The huge usage of inhibitor is
attributed to its advantages, which including lower investment and quick effect. Many studies about
organic corrosion inhibitors used for mitigating hydrochloric acid corrosion have already been reported.
But most organic inhibitors would jeopardize environment [6, 7]. Hence, the study on corrosion inhibitor
is developing towards a green and high efficiency direction [8, 9, 10, 11, 12, 13], and the chitosan is a
known example in this category.
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Chitosan, a natural polymer, is used everywhere due to non-poisonous, multifunctional and
excellent biological compatibility [14, 15, 16, 17, 18]. Some chitosan derivatives have the potential to
be corrosion inhibitors due to the adsorbable groups in its molecular structure that could bond with metal,
such as hydroxyl and amino groups [19, 20]. However, macromolecular chitosan can be dissolved well
by diluted acid instead of water so that the inhibition efficiency is very low [21, 22]. Therefore, it is
significant to produce a chitosan derivative with the features of good inhibition property, water solubility
and pro-environment. Thiourea, as a traditional corrosion inhibitor, has certain inhibition effect. But the
inhibition effect of single component thiourea is not good, and there is extreme concentration
phenomenon [23, 24, 25]. Most researches have been focused on the modification of chitosan based on
introducing thiourea in recent years, which can offer —-NH2 and enhance active adsorption points [26,
27]. Notably, researchers pay more attention to the adsorption of thiourea-chitosan for heavy metal ions
rather than the inhibition performance, and the solubility of the synthesized thiourea-chitosan is not so
well [28, 29].

Thus, the TUCTS with good water solubility and corrosion inhibition property was synthesized
based on degraded chitosan (DCS) in this study. FT-IR and elemental analysis were used for
characterizing the structure of TUCTS, the corrosion inhibition property and behavior of TUCTS on
Q235 steel in 1 mol-L™ HCI were tested by weight loss method, surface morphology analysis and
electrochemical measurements.

2. EXPERIMENTAL

2.1 Materials and reagents

DCS was prepared with the raw chitosan as original material. The raw chitosan is a biochemical
reagent and from Sinopharm Chemical ReagentCo., Ltd. Thiourea and epichlorohydrin are from
Shanghai ling feng chemical reagent co. LTD (Shanghai, China) and Sinopharm Chemical Reagent co.
LTD (Shanghai, China), respectively. Reagents used in this study are analytical grade and all solutions
are made from reagents and distilled water. The aggressive solution (1 mol-L* HCI) was prepared by
diluting HCI (37%) with distilled water. The descaling liquid consists of 1000 mL hydrochloric acid
(2:1) and 20 g hexamethylenetetramine.

Q235 steel is used for the corrosion measurements. The composition (wt. %) of Q235 steel is as
follows: C 0.16, Si 0.30, Mn 0.53, P < 0.045, S < 0.055 and Fe balance. The sample of 50 mm x 10 mm
x 3 mm is used for weight loss experiment. And the sample of 10 mm X 10 mm X 3 mm which sealed
with epoxy resin leaving an area of 1 cm? is used for electrochemical measurements. Prior to experiment,
the samples of weight loss experiment were successively abraded with 400 and 800 grit silicon carbide
papers. While, the samples used for electrochemical measurements were continuously abraded with 400,
800, 1000 and 2000 grit silicon carbide papers. Then rinsed with distilled water, degreased in acetone,
dried at room temperature and weighed, finally immersed in the corrosive solution.
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2.2 Synthesis of the TUCTS

It must be emphasized that we prepared the TUCTS through two processes. Firstly, we degraded
the raw chitosan to get degraded chitosan (DCS) through the method of Yang [30]. The molecular
weights of the obtained DCS are around 1200 and its structure is depicted as Fig. 1. Then, the TUCTS
was synthesized by these steps below.

The preliminary synthesis method of TUCTS was improved based on Zhou [29]. Firstly, the
epichlorohydrin was dissolved in a mixed solution of acetone and distilled water with the volume ratio
of 1:1. DCS (2 g) and thiourea were added one after another, stirred the mixed solution for 24 h and 6 h
respectively. And then, added further thiourea with stirring for another 4 h. At the end of the reaction,
the mixed liquid was evaporated with a vacuum-rotary evaporator to acquire the concentrated liquid.
Finally, the solid product was obtained by the precipitation process of the concentrated solution with
ethanol. The product was filtrated, washed repeatedly with ethanol and dried in a vacuum oven at 25°C.
The synthesis scheme is shown in Fig. 2.
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Figure 1. The molecular structure of degraded chitosan (DCS).
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Figure 2. Synthesis route of thiourea-chitosan (TUCTS).

2.3 Characterization of the TUCTS

Fourier transform infrared spectrum (FT-IR) was recorded on a Nicolet 5700 instrument (Nicolet
Instrument, Thermo Company, USA). The samples were prepared by grinding with KBr pellet. The
spectrums were scanned in the wave number ranged from 4000 cm™to 400 cm™.

Elemental analyses were measured on a Vario EL III (Elementar Company, Germany).



Int. J. Electrochem. Sci., Vol. 14, 2019 8855

2.4 Evaluation of corrosion inhibition performance

The weight loss experiments were performed by immersing Q235 steel in 1 mol-L"*HCl solutions
with various concentrations of inhibitor for 6 h at different temperatures. After that, the samples were
removed from the test solution, immersed in descaling liquid and ethyl alcohol, finally dried and
weighted. All tests were conducted in triplicate and the losses of weight were calculated by taking an
average of three values. Preparation and evaluation of the steel specimens were carried out according to
ASTM G 1-88 and ASTM G 31-72 [31, 32]. The corrosion rate (v, g-m2-h'!) of Q235 steel and the
inhibition efficiency (1, %) of inhibitor were calculated by the following equations [33]:

_ AW
VT (1)

n = 22Tinh 5 100 % (2)

Vo
Where AW is the average weight loss of Q235 specimens (g); S is the sample area (m?); t is the
immersion time (h); vo and vinnh are the corrosion rates of Q235 steel without and with inhibitors,
respectively.
The surface morphology observation was done on a Stereo microscope of Leica DFC490. The
surface images of Q235 steel were obtained after 6 h exposure to 1 mol-L™* HCI in the absence and
presence of inhibitor.

2.5 Research of corrosion inhibition behavior

Electrochemical measurements were conducted on IM6e Electrochemistry Workstation
(ZAHNER, Germany). A three electrode cell was used, with a saturated calomel electrode (SCE) as the
reference electrode, a platinum plate as the counter electrode and the Q235 steel as the working electrode.
The working electrode was exposed to the test solution with different concentrations of inhibitors at
25°C. Prior to testing, the open circuit potential (OCP) of the working electrode was monitored for 30
min to provide measurements with a steady state condition. All potentials were recorded relative to the
SCE.

Polarization curves were carried out by changing the potential from -200 mV to +200 mV vs
OCP at a scan rate of 0.5 mV-s™. The corrosion inhibition efficiency was calculated using the following
equation [34]:

n = u x 100% (3)

0

Wherein, io and iinn represent the corrosion current densities in the absence and presence of
inhibitors, respectively.

Electrochemical impedance spectrum (EIS) was measured with a signal amplitude perturbation
of 10 mV at the corrosion potential (Ecorr) over a frequency ranged from 100 kHz to 50 mHz. The
inhibition efficiency (1) was obtained by the equation (4):

n% = 4% @)
ct

Rct and Ro are the charge transfer resistance values in the presence and absence of inhibitors,
respectively [35].
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3. RESULTS AND DISCUSSION

3.1 Characterization of TUCTS

The FT-IR spectra for characterizing the DCS and TUCTS are showed in Fig. 3. It is clearly that
the outlines of the two bands are very similar. The broad band at around 3344 cm™ can be seen obviously,
which is the inter-molecular and intra-molecular hydrogen bonding of N-H and O-H in the molecules
[36]. The original -NH2 bending vibration absorption peak of DCS at 1599 cm™ disappears in TUCTS
[37], but another new absorption peak appears at 1660 cm™, which indicates that the -NH2 of DCS reacts
with epichlorohydrin and thiourea. Additionally, a new peak at 1275 cm™ in TUCTS derives from the
characteristic absorption peak of C=S, which reveals that the thiourea group has been introduced to the
-NH2 of DCS.

The results of elemental analysis are listed in Table 1. Nr%, Cr%, HrR% and Sr% are the actual
measured values of mass percentage composition of N, C, H and S. Likewise, Nc%, Cc%, Hc% and Sc%
are the theoretical calculated values of mass percentage composition of elements. The actual contents of
C, H and N are very close to the theoretical values in DCS, therefore, the constitutional units of
homemade degradation chitosan are consistent with the molecular formula of CsH11NOa. In terms of the
distribution of N, the content of N in TUCTS increases to 12.95% from 8.31% in DCS. Meanwhile, the
S element is increase newly with a content of 8.69% in TUCTS. These results demonstrate that thiourea
radical is introduced to DCS through epichlorohydrin successfully.
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Figure 3. The FT-IR spectra of TUCTS and DCS.

Table 1. The Elemental analysis results of DCS and TUCTS

Sample  CPemical N0l Ne%  Cr%  Ce%  Hr% Hc%  Sx%  Sc%
formula

DCS CeH11NO4 831 8.69 45.67 44.72 6.61 6.83 - -
TUCTS CioHi9oN3OsS  12.95 1433 3977 4097 583 648 8.69 10.92
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3.2 Evaluation of corrosion inhibition performance

3.2.1 Weight loss measurements

The corrosion rates of Q235 steel in 1 mol-L* HCI solutions with various concentrations of
TUCTS at different temperatures are showed in Fig. 4. It can be seen obviously that the corrosion rate
of Q235 steel increases sharply as the temperature increases in the absence of inhibitor. The increase of
temperature accelerates the diffusion of corrosion particles. After adding TUCTS, the corrosion rate
decreases significantly. The corrosion rates at 25 °C and 40 °C are almost the same. However, the
corrosion rate is the highest at 80°C. It is likely that the relatively high temperature increases the
activation of metal surface so that accelerate the corrosive particles permeating into steel [38].

Fig. 5 illustrates the inhibition efficiency of TUCTS for Q235 steel in 1 mol-L HCI solutions
with the changes of concentration at different temperatures. From Fig. 5, the presence of a small dosage
can inhibit the corrosion of metal at 25°C, which indicates that the water-soluble TUCTS can adsorb on
the metal surface quickly. Furthermore, the inhibition efficiency increases with the concentrations of
TUCTS increase from 5 mg-L* to 200 mg-L* at 25°C, 40°C and 60°C, proving that the inhibitor is
effective again. Nevertheless, a further increase in the inhibitor concentration provides no significant
change in the value of the inhibition efficiency due to the adsorption of inhibitor on metal surfaces is
approaching saturation [39]. And the efficiency reaches the maximum value (90%) at 400 mg-L(25°C
and 40°C). Although the inhibition efficiency of TUCTS declined somewhat at 60°C in comparison with
25°C and 40°C, it still can reach 88% at 1000 mg-L. Thus, it seems that TUCTS has a good inhibition
performance at 60°C. The inhibition efficiency decreases rapidly at 80°C, this is because that molecules
move violently at higher temperatures and cause self-desorption.
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Figure 4. The corrosion rates of Q235 steel in | mol-L* HCI soltion with various concentrations of
TUCTS at different temperatures.
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Figure 5. The inhibition efficiency for Q235 steel in | mol-L* HCI solution with various concentrations
of TUCTS at different temperatures.

3.2.2 Surface morphology analysis

The surface morphology of Q235 steel in the absence and presence of 200 mg-L inhibitor is
magnified as showed in Fig. 6. The Q235 steel is corroded severely without inhibitor so that the pitting
corrosion emerges on the lateral face of the Q235 steel at 25°C and 40°C, respectively.
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Figure 6. Surface morphology images of Q235 steel (a,c,e,g-in 1 mol/L HCI; b,d,f,h-in 200mg-L™*
TUCTS; a,b-25°C; ¢,d-40°C; e,f-60°C; g,h-80°C).

But, the corrosion phenomenon is dramatically reduced and the pitting corrosion is also
restrained after adding TUCTS. From the graph e, the front side of Q235 steel without TUCTS is very
rough and the quantity of small holes can be seen on the test side at 60°C. On the contrary, the front side
of sample is smooth and no significant pitting corrosion on the side from the graph f, which demonstrates
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that TUCTS can inhibit the corrosion of Q235 steel well in hydrochloric acid at 60°C. As seen in graph
g, the surface of steel is corroded seriously without the inhibitor at 80°C. Although the front side is very
smooth, the corrosion on the test side still exists from the graph h. Besides, the pitting corrosion cannot
be inhibited on the lateral face of the Q235 steel, which reveals that the protection efficiency of TUCTS
is poor for steel Q235 at 80°C.

3.2.3 Adsorption isotherm

The type of interaction between the inhibitor and the metal surface can be described by the
adsorption isotherm. It is known that the adsorption of inhibitor molecules on the metal surface is a
substitution process. Thus, the adsorbed water molecules on the metal surface are replaced by inhibitor
molecules [40]. In order to gain the mode of adsorption of the inhibitor on the steel surface, various
adsorption isotherms were tried. We found that the Langmuir adsorption isotherm is the best fit for
describing the adsorption behavior [41]. The Langmuir adsorption isotherm is illustrated as the following
equation (5):

C 1
5= C+ Kor (5)

Wherein, 0 is the surface coverage and from the experimental results of the weight loss; C is the
molar concentration of the inhibitor; Kags is the adsorption equilibrium constant and represents the
adsorption strength between inhibitors and metal surface, which is related to the standard free energy of
adsorption (AGPds). The equation (6) describes the relationship between Kads and AGP%gs:

AGY; = —RTIn(55.5K45) (6)

Where 55.5 is the molar concentration of water in the solution [42]; R is the universal gas constant;
T is the thermodynamic temperature.

The adsorption isotherms are obtained between Cinn/0 versus Cinn at various temperatures in Fig.
7. Table 2 provides us with the thermodynamic parameters. It is observed that the linear regression
coefficients (R?) are close to 1 very much, confirming that the adsorption process of TUCTS obeys the
Langmuir adsorption model. Thus, the TUCTS molecules can adsorb on the Q235 steel surface and form
a film that prevents the metal from the hydrochloric acid corrosion. The negative values of AGC%ads are
obtained in the presence of inhibitor, suggesting that the adsorption of TUCTS is a spontaneous process
and the adsorbed film on the steel surface is stabilized [43]. Meanwhile, the values of AGC%us less than -
20 kJ-mol signify physisorption, that is electrostatic interaction between the molecules and the metal
surface. While the values of AG%gs around -40 kJ-mol ! or more negative represent chemisorptions which
arise from the charges sharing or charges transfer between the inhibitor molecules and the metal surface
to form a chemistry bond [42]. The calculated values of AG%qs in this test are higher than -40 kJ-mol*!
but lower than -20 kJ-mol™ or around -40 kJ-mol™. So we can speculate that the adsorption process of
TUCTS is governed by both chemisorption and physisorption. However, the adsorption process of
TUCTS at higher temperature is inclined to chemisorption according to the values of AG%uas at various
temperatures. Therefore, the chemical action between TUCTS and metal surface is dominant. The
inhibition film is mainly forming through the interaction between the metal atoms and some atoms in
TUCTS molecule. The values of enthalpy and entropy of adsorption process can be calculated by the
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Van’t Hoff equation (7) and the equation (8), respectively. The equation (8) is written by the definition
of the Gibbs free energy:

AHgds
InK, 45 = — —p T constant (7)
Angs = AHgds - TASgds (8)

The adsorption process of TUCTS on Q235 steel surface is exothermic and spontaneous from
the negative value of enthalpy and the positive value of entropy [44]. On this basis, we conclude that
lower temperature is more favorable for adsorption and the inhibitor exhibits better corrosion inhibition
performance. The results are consistent with the weight loss and stereomicroscope analysis.
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Figure 7. Langmuir adsorption plots for Q235 steel in 1 mol-L™ HCI containing various concentrations
of TUCTS at different temperatures.

Table 2. Thermodynamic analysis of different temperatures for Q235 steel in 1 mol-L* HCI containing
various concentrations of TUCTS.

T/K Slope R? Kads AG%ds AH%qs AS%4gs
(kJ-mol") (kJ-mol!) (kJ-mol)

298 1.1136 0.9997 5.88x10% -37

313 1.1012 0.9994 3.96x10* -38 217

333 1.1787 0.9958 1.28x10% -37 =207 0.056"

353 1.7805 0.9995 1.93x10* -41

“Parameters calculated from equation (7); “Parameters calculated from equation (8)
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3.3 Behavior of corrosion inhibition

3.3.1 Potentiodynamic polarization analysis

Fig. 8 illustrates the potentiodynamic polarization curves of Q235 steel specimens in 1 mol-L™*
HCI solution containing various concentrations of TUCTS at 25°C. The relevant electrochemical
parameters including corrosion potential (Ecorr), cathode and anode Tafel slopes (bc, ba) and corrosion
current density (icorr) are obtained by the Tafel extrapolation method. The electrochemical parameters
and calculated inhibition efficiency (1) are summarized in Table 3.

The corrosion current density is decreased from 537 pA-cm™ in uninhibited solution to 111
nA-cm with the addition of 10 mg-L™* TUCTS and gets reduced gradually with the concentration of
the inhibitor increases, indicating that the presence of TUCTS impedes the corrosion of the Q235 steel
effectively. The cathode polarization current density decreases with the concentration at the same
potential. However, the anode polarization current density has a slight increase at more positive
potentials when the concentration exceeds 100 mg-L™. It seems that the inhibitor is more inclined to

inhibit the corrosion reaction of cathode.
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Figure 8. Potentiodynamic Polarization curves for Q235 steel in 1 mol-L* HCI in the absence and
presence of different concentrations of inhibitor at 25°C.
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Table 3. Potentiodynamic Polarization parameters for Q235 steel in 1 mol-L™* HCI in the absence and
presence of different concentrations of inhibitor at 25°C

c ba b leon (v;E SCE) D
(mg-L") (mV-dec!) (mV-dec!) (nA-cm?) (mV) (%)
blank 79 124 537 -480 -
10 73 110 111 -483 79
50 65 109 76 -482 86
100 59 108 58 -476 89
200 56 109 36 -477 93
400 52 114 34 -476 94

From the Table 3, the inhibition efficiency increases with the concentration of TUCTS and
reaches a maximum value of 94% at 400 mg-L*. Considering the slight shift of anode and cathode Tafel
slopes in the presence of inhibitors compare with the blank solution, the anode and cathode reactions are
affected almost equally and the reaction inhibition mechanism is unaltered. The deviation values of
corrosion potential of X65 steel in inhibited solution are tiny relative to the blank solution. Hence,
TUCTS acts as a mixed-type inhibitor with an inhibition effect by geometrical blanketing effect, which
is consistent with the concept of geometrical blanketing effect as C.N. Unnisa depicted [45, 46]. For the
corrosion inhibitor which inhibition mechanism belongs to geometrical blanketing effect, it could block
the anodic and cathodic sites where the corrosion reaction takes place without transforming the corrosion
mechanism [47]. Above all, it is concluded that TUCTS is a mixed-type inhibitor. The inhibitor can
reduce the anode dissolution of Q235 steel, but it is more beneficial to inhibit cathode hydrogen evolution
reaction simultaneously.

3.3.2 Electrochemical impedance spectrum analysis

Electrochemical impedance spectra are analyzed to research the inhibition mechanism of
TUCTS. Impedance spectra for X65 steel in 1 mol-L™* HCI without and with various concentrations of
TUCTS at 25°C are showed in Fig. 9 and Fig. 10. The Nyquist plots are all semicircle capacitive loops,
the shapes of impedance plots for X65 steel with the concentration of inhibitor are nearly identical. In
addition, it can be found that there is one time constant over the whole frequency range in Bode plots
obviously. Accordingly, the obtained Nyquist plots exhibit a degradation phenomenon and present a
single capacitive loop [48], implying that the mechanism of corrosion reaction is invariable even if in
the addition of TUCTS. As shown in Figure 9, the addition of inhibitor results in the increase of diameter
of capacitive loop significantly and the diameter enlarges further with the concentration. This proves
that the corrosion reaction is obstructed owing to the formation of an adsorbed layer. The impedance
modulus (Z) at low frequency in Bode plots increase clearly with the increase of inhibitor concentration,
which suggests that the diffusion process of cathode hydrogen evolution is inhibited due to the coverage
of adsorption film. In the intermediate and high frequency region, the impedance modulus shows a linear
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relationship with the frequency and the slope increases with the concentration of inhibitor. Meanwhile,
the maximum phase angle (around 80°) is increased by increasing the concentration of inhibitor because
of the density of surface or the incrassate adsorption membrane [49]. Thus, the corrosion process can be
under control.

The equivalent electric circuit in Fig. 11 is used to fit the relevant parameters of the
electrochemical system. Hereinto, Rs is the solution resistance; Rct represents the charge transfer
resistance; CPE is the constant phase element and considered to be made up of double layer capacitance
(Cai) and dispersion exponent (n). The impedance fitting results and the calculated inhibition efficiency
are listed in Table 4. From the Table 4, Rt is proportional to the concentration of inhibitor but Cai is
opposite. The increase of Rct reveals that the adsorbed inhibitor molecules inhibit the charge transfer
reaction strongly. The water molecules are substituted by the adsorbed inhibitor molecules, which might
result in a decrease in local dielectric constant, and thus Cai is decrease [40]. The values of n in the
presence of inhibitor are around 0.90 compared to the blank 0. 8. The change of n shows that the steel
surface becomes more uniform in the presence of inhibitor [50]. In general, TUCTS exhibits inhibition
performance well by adsorbing on the Q235 steel surface and taking shape the protective films further.
The EIS measurements are agree with the results of potentiodynamic polarization curves and weight
loss.
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Figure 9. Nyquist plots for Q235 steel in 1 mol-L™*HCI with different additions of the TUCTS at 25°C.
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Figure 10. Bode plots for Q235 steel in 1 mol-L* HCI with different additions of the TUCTS at 25°C.
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Figure 11. The equivalent circuit model for fitting the EIS data.

Table 4. Electrochemical parameters for Q235 steel in 1 mol-L™* HCI with different additions of the

TUCTS at 25°C.

c Rs Ret Ca n
(mgL) @cm?)  (Q-em?) (WF-cm?) " (%)
blank 0.81 32 341 0.8 -
10 0.57 83 108 0.9 62
50 0.79 140 88 0.9 77
100 0.50 183 65 0.9 83
200 0.86 272 62 0.9 88
400 0.64 328 57 0.9 90
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3.3.3 Effect of immersion time

The EIS spectra of Q235 steel in 1 mol-L* HCI containing 200 mg-L™* TUCTS at different
immersion time at 25°C are obtained for evaluating the persistence of inhibition effect and the change
law of adsorption film over time, as showed in Fig. 12 and Fig. 13. From Nyquist diagram, the depressed
capacitive semicircle arc could be seen in addition of inhibitor. It is noted that the diameter of capacitive
loop increases distinctly in the presence of inhibitor after 0.5 h, indicating the TUCTS possess a quick
inhibition effect. The diameter is an initial increase by increasing the immersion time prior to 24 h and
then a decrease with time elapsing, which is caused by the process of absorption and desorption of
inhibitor. To make it clearly that illustrating the interaction between corrosion inhibitor and metal with
time, the relevant parameters of fitting for the impedance spectra refer to the equivalent circuit (Fig 11)
are summarized and listed in Table 5. Based on the fitting parameters, Rct is increase significantly but
Cua is opposite in the presence of inhibitor ahead of 24 h, suggesting that the inhibitor molecules take
place of water molecules constantly, form the protective film and enlarge the coverage, which could
result in the hamper for corrosion reaction. On the other hand, the Rctdecrease a bit and the Cai enlarge
slightly from 48 h to 168 h, which reveals that the resistance of corrosion reaction decrease owing to the
attenuation of adsorption film [51]. Furthermore, it is observed clearly that the values of n are almost
invariant in addition of the inhibitor, indicating the compactness of working electrode surface in
comparison with to the absence of the inhibitor. Based on what we have discussed previously, the
TUCTS can provide protection up to 168 h.
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Figure 12. Nyquist plots of various immerse time for Q235 steel in 1 mol-L™* HCI with 200 mg-L™*
TUCTS at 25°C.
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Figure 13. Bode plots of various immerse time for Q235 steel in 1 mol-L* HCI with 200 mg-L* TUCTS
at 25°C.

Table 5. Electrochemical parameters of different immerse time for Q235 steel in 1 mol-L™ HCI with
200 mg-L* TUCTS at 25°C.

t (h) R (Q-cm?) Rt (Q-cm?) Ca (uF-cm™) n (%)
blank 0.81 32 341 0.8 -
0.5 0.70 209 81 0.9 85
0.75 0.70 260 76 0.9 88
1 0.71 309 64 0.9 90
1.5 0.70 377 62 0.9 92
2 0.70 410 61 0.9 92
4 0.69 507 61 0.9 94
6 0.87 571 61 0.9 94
8 1.01 609 60 0.9 95
12 1.07 663 64 0.9 95
24 0.98 677 64 0.8 95
48 0.90 559 74 0.9 94
72 0.87 579 77 0.9 95
120 0.83 584 77 0.9 95

168 0.85 564 81 0.9 94




Int. J. Electrochem. Sci., Vol. 14, 2019 8867

4. CONCLUSIONS

The paper puts forward the synthesis process of corrosion inhibitor thiourea-chitosan (TUCTS)
based on degraded chitosan (DCS). The FT-IR and elemental analysis results confirm that the thiourea
group could be introduced into the DCS through epichlorohydrin successfully. TUCTS exhibits fine
corrosion inhibition effect for Q235 steel by forming adsorption film. The adsorption process of the
TUCTS obeys the Langmuir adsorption isotherm. It’s a spontaneous and mixed adsorption dominated
by chemisorption. Electrochemical measurement results reveal that the TUCTS is a mixed-type inhibitor,
that both the cathode and anode corrosion reactions are hampered. The adsorbed inhibition molecules
replace the corrosive molecules ceaselessly on metal surface and form extensive coverage area.
Electrochemical impedance spectra analysis result suggests that the TUCTS can provide protection up
to 168 h.
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