
Introduction

At present there are three primary hazards in 
industrial water treatment systems: metal corrosion, 
microbial reproduction, and fouling of heat-exchange 
equipment. Among these, metal corrosion causes the 
biggest economic loss, as apart from consumption of 
a large amount of metals it also causes a huge waste of 
energy. Metal corrosion causes 10~20% of metal loss 
every year [1]. In petrochemical and chemical industries, 
besides economic losses and equipment losses, metal 
corrosion also leads to a leakage of toxic and harmful 

substances, endangering people’s health and causing 
environmental pollution. Therefore, it is extremely crucial 
to take significant measures to protect metal equipment 
from corrosion. The addition of a water-treatment agent 
to industrial metal equipment is a common method for 
solving the problems of fouling and corrosion in pipes [2-
3]. However, currently used water-treatment chemicals 
do not provide a satisfactory solution and instead cause 
secondary pollution, seriously hindering their industrial 
use [4]. Therefore, industries are focusing on the 
development of environmentally friendly water-treatment 
chemicals and clean and pollution-free water-treatment 
systems [5-7].

Polyaspartic acid (PASP) is a green polymer that has no 
phosphorus and has a good scale and corrosion inhibition 
ability. Additionally, it has good water solubility and 
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biodegradability and hence causes minimal environmental 
pollution [8-9]. However, a gap still exists between the 
comprehensive corrosion inhibition performance of PASP 
and the phosphorus scale inhibitor used in industries [10-
12]. Chitosan (CS) is a natural biodegradable biopolymer 
that is currently the only natural alkaline sugar polymer 
found in nature, and is an environmentally friendly 
and renewable resource. However, the inhibition of 
chitosan has been rarely reported [13-14]. Therefore, 
it is imperative to conduct further studies on the scale 
inhibition and corrosion inhibition properties of chitosan 
and its derivatives. In this study, the complexes of 
Polyaspartic acid and chitosan were synthesized from 
polyaspartic acid and chitosan, and their corrosion 
inhibition performance was analyzed via the rotating 
hanging plate method. The results were compared with 
other corrosion inhibitors in water treatment systems 
such as PASP (polyaspartic acid), PAA (polyacrylic acid), 
HEDP (hydroxyethylidene two phosphoric acid), HPMA 
(hydrolyzed polymaleic anhydride), and CS (chitosan). 
The corrosion inhibition of PASP/CS on carbon steel was 
studied by the electrochemical method to understand 
the film formation mechanism and the type of corrosion 
inhibitor. The state of corrosion resistance on metal 
surfaces was evaluated with SEM to provide a reliable 
basis for targeted screening of different production 
process conditions and water quality.

Experimental

Materials

Polyaspartic acid was supplied by ChangZhou 
RunYang Chemical Co., Ltd. (Jiangsu, China). 
Hydrochloric acid, acetic acid, and glutaraldehyde were 

supplied by Sinopharm Chemical Reagent Co., Ltd, 
(Shanghai, China). Anhydrous ethanol, sodium hydroxide 
and acetone were supplied by Wuhan Huawei Instrument 
Co., Ltd., (Wuhan, China). Chitosan is from Qingdao Fu 
Yuan Import & Export Co., Ltd, (Qingdao, China). 

602 Constant temperature oil bath pot, RCC-III 
rotary coupon corrosion tester, JSM-5610LV scanning 
electron microscope (SEM), CHI660D electrochemical 
workstation. A3 carbon steel is of the following chemical 
composition (%): C (0.140), Mn (0.350), Si (0.300), S 
(0.045), P (0.040), and balance Fe.

Synthesis of Polyaspartic Acid/Chitosan Complex 
(PASP/CS)

First, add 2 g polyaspartic acid to the beaker, and 
then add water and stir to make it dissolve; second, take 
one g chitosan with deacetylation being 80% (molecular 
weight: 280,000) into a 500-mL three-mouth flask, and 
add 150 mL 2% hydrochloric acid/acetic acid mixture, 
and stir it until completely dissolved; third, add the 
dissolved polyaspartic acid and 2 mL glutaraldehyde 
aqueous solution with mass fraction being 50%, and 
adjust its pH value to 6~7 with hydrochloric acid, and 
then stir the solution to react at the temperature of 40ºC. 
Finally, after the reaction filter the solution by anhydrous 
ethanol and acetone to get the solid, and then dry it in the 
drying box to obtain light pink particles, namely complex 
of polyaspartic acid and chitosan. The reaction is shown 
in Fig. 1. 

Weight Loss Studies for Corrosion 
Inhibition Efficiency

The corrosion inhibition efficiency of graft copolymer 
was measured by weight loss of rotating hung steel slices 

Fig. 1. Synthesis of PASP/CS.
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[15]. A3 carbon steel coupon (50 × 25 × 2 mm3) was used 
as the corrosion object. The inhibitors were added into 
the laboratory circulating cooling water. The coupon  
was placed in the (45±1)ºC inhibitor to test the water  
and was rotated at 75 r/min, which was then removed  
after 72 h. The blank test without inhibitors was also 
operated. Corrosion rate ν and corrosion inhibition 
efficiency λ were calculated by using the following 
equations:

( )0 18760 m m m
v

S T D
× − − ∆  =

× ×       (1)

0 100v v
v

λ −= ×
                (2)

…where m0 and m1 are the mass of carbon steel hung 
slices before and after the test, Δm is the mass loss of 
carbon steel hung slices caused by washing in acid, S is 
the surface area of carbon steel hung slice, T is testing 
time, D is the density of carbon steel hung slices, ν0 and 
ν are the annual corrosion rates in the absence and 
presence of scale inhibitor, and λ is corrosion inhibition 
efficiency.

Electrochemical Test

The instrument used in the electrochemical test is 
a CHI660D electrochemical workstation (Shanghai 
Chenhua Instrument Co. Ltd, China). The potential  
range of impedance test was 10 mV, and frequency  
range 10 kHz to 10 MHz. The scan rate of Tafel potential 
test was 0.5 mV/s, and the scanning range was +250 to 
-250 mV. The test temperature was 25, and test water  
was 3.5% NaCl solution. The 3-electrode polarization 
method was used in the experiment. An A3 carbon steel 

sheet was used as the working electrode, a saturated 
calomel electrode (SCE) was a reference electrode, and a 
platinum sheet was a counter electrode. A3 carbon steel 
was used for the experimental materials [16-18]. The 
polarization curves of A3 carbon steel were obtained  
by using Tafel technology in the 3.5% NaCl solution  
of the blank and the different concentrations of corrosion 
and scale inhibitor. Percentage inhibition efficiency (η) 
was computed from corrosion current density (Icorr ) 
values using the relationship as the following Equation 
(3): 

      

' 100%corr corr

corr
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I

η −= ×
          (3)

…where in Icorr and I ćorr are the corrosion current density 
without and with inhibitor, respectively (mA/cm2).

Results and Discussion

IR Spectroscopy Characterization of PASP 
and PASP/CS

FT-IR spectra of chitosan, polyaspartic acid, and 
polyaspartic acid/chitosan conjugate are shown in  
Fig. 1. Characteristic peaks assignment of chitosan  
(Fig. 3a) are the broad band around 3,428 cm-1 attributed 
to -OH and -NH stretching vibration. The weak band at 
2,920 and 2,867 cm-1 was the characteristic absorbance 
peak of -CH. The peak at 1,634 cm1 was ascribed to 
the amide II band and the C-O stretch of acetyl group. 
The absorption peak at 1,589 cm-1 was assigned to 
-NH2 bending vibration. Additionally, the absorption 
peaks of symmetric stretching of the C-O-C appeared at 
1,157 cm-1, 1,079 cm-1, and 1,026 cm-1 [16]. The IR spectral 
band of Polyaspartic acid (Fig. 3b) saw characteristic 
peaks at 3,420 and 1,601 cm-1, which can be attributed to 
the stretching and bending vibrations of N-H in amide, 
respectively. The peak at 1,610 cm-1 was ascribed to C=O, 
whereas the peak at 1,398 cm-1 corresponds to the strong 
signal of C-N [19]. As shown in Fig. 3c), compared with 
chitosan and Polyaspartic acid, new bands at 1,643 cm-1 
were ascribed to amide II for PASP/CS, which were 
also observed. In addition, the peak at 1,589 cm-1 of the 
primary amine became weak, which meant amino has 
been partly substituted. The above FTIR analysis clearly 
indicates that the structure of PASP/CS were confirmed 
[20].

Analysis of Corrosion Inhibition Performance

In order to study the corrosion inhibition properties  
of PASP/CS, A3 carbon steel was disposed of in a  
rotating corrosion tester instrument with (45±1)ºC, and 
the reaction time was 72h. At the end of the experiment, 
the coupons were removed and dried in the oven after 
treatment. The corrosion rate was measured by weight 

Fig. 2. FT-IR spectra of chitosan a), polyaspartic acid b), and 
polyaspartic acid-chitosan c).
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loss method, and a comparison was made between the 
results and the commonly used water treatment agents like 
PASP, HEDP, HPMA, CS, and PAA. The experimental 
results are shown in Fig. 3.

The corrosion inhibition properties of PASP,  
HEDP, CS, and PASP/CS increase with the increase 
of concentration. However, the corrosion inhibition 
properties of PAA and HPMA did not increase with 
the increase of concentration, and PAA and HPMA  
had almost no inhibition. When the concentration was  
8 mg/L, the inhibition rates of PASP, HEDP, CS, and  
PASP/CS were 58.8%, 70.2%, 72.7%, and 83.5%, 
respectively. The inhibition rate of PASP/CS composite 
was the highest, which is due to the formation of a 
corrosion-inhibiting film by the adsorption of amino 
groups and carbonyl groups in PASP/CS together with 
the adsorption of hydroxyl groups. At the same time,  
the polar groups in the composite can enhance the 
adsorption of metal on the composite, which makes the 
PASP/CS molecules more concentrated on the metal 
surface. The hydrophobic groups in the complexes can 
interact with the hydrophilic polar groups so that the 
PASP/CS composite forms a compact protective film on 
the metal surface. The PASP/CS inhibits the diffusion  
of water and dissolved oxygen to the metal surface by 
steric hindrance, thereby inhibiting corrosion [21-22].

Influence of pH on Corrosion Inhibition

In order to study the effects of different pH values 
on the inhibition properties of the PASP/CS composites, 
the study fixes the PASP/CS dosage at 8 mg/L; puts the 
treated A3 steel in the (45±1)ºC rotation coupon corrosion 
tester; adjusts pH values respectively at 5, 6, 7, 8, and 9; 
and sets the reaction time of the experiment at 72 h. At 
the end of the experiment, remove the coupon and dry it 
in the oven after treatment, adopt the weight-loss method 
to measure the corrosion rate, and compare the results 
with the commonly used water-treatment agents like 

PASP, HEDP, HPMA, CS, and PAA, which are shown in 
Fig. 4. As it shows: 1) the corrosion inhibition properties 
of HPMA and PAA are very poor, which means the pH 
value has little effect on HPMA and PAA; and 2) the pH 
value has a significant impact on the corrosion inhibition 
properties of PASP/CS, PASP, HEDP, and CS: the 
corrosion inhibition rate of polymers in all groups is not 
high under acidic conditions, but it improved when pH 
increased. Compared with the common water-treatment 
agents, PASP/CS showed better corrosion inhibition 
performance at the same concentration.

Polarization Curve

A solution-carbon steel system with different 
concentrations of complexes of polyaspartic acid and 
chitosan was determined by the electrode polarization 
curve method. The change of self-corrosion potential 
and self-corrosion current of carbon steel electrode was 
analyzed and compared with the electrode polarization 
curve of carbon steel without adding a composite system. 
The corrosion inhibition mechanism and corrosion 
mechanism of PASP/CS composite are studied. The 
polarization curve test results are shown in Fig. 5. As can 
be seen from the diagram, the slope of the cathodic and 
anodic polarization curves of the system increases with 
the addition of the PASP/CS. Therefore, polarization 
resistance of the electrochemical reaction also increases. 
The reaction process of anode and cathode is affected by 
the electrode surface when the composite is added. As 
can also be seen from the diagram, the current density 
of the cathode and anode surfaces of the system decrease 
as concentration increases, and the corrosion rate also 
decreases. The change of slope of the Tafel anode is 
larger than that of the blank solution, but the current of 
the anode is obvious reduced. However, the change of 
cathodic polarization curve is very small [23]. Thus, the 
addition of the PASP/CS compound has great influence 
on the anodic part of the polarization curve in the 
experiment, which shows that the PASP/CS is an anodic 

Fig. 3. Influence of different concentrations of polymer on 
corrosion inhibition.

Fig. 4. Effect of pH on corrosion rate.
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inhibitor in sodium chloride solution. At the same time, 
with the increase of the concentration of PASP/CS, the 
self-decay potential of its polarization curve is moving, 
and the self-decay current is gradually decreasing. This is 
due to the competitive adsorption of PASP/CS complexes 
with chloride ions in water. The composite can form a 
layer of dense molecular film on the surface of carbon 
steel by using its non-positioning function, which can 
effectively inhibit the corrosion of carbon steel by the 
corrosive medium in the system.

With the Tafel extrapolation method, the corrosion 
current density of carbon steel electrode with a blank 
and addition of polyaspartic acid and chitosan complex 
can be obtained. The electrochemical parameters of the 
PASP/CS complex at different concentrations can be 
obtained by fitting the strong polarization region by Fig. 
5. The anode slope is ba, the cathode curve is bc, and the 
corrosion current density is icorr; the corrosion inhibition 
rate is calculated by Formula 3. It can be seen from Table 
1 that the self-corrosion potential of PASP/CS compound 
is gradually increasing, and the corrosion current density 
in the system is decreasing gradually. With the increase 
of the concentration of PASP/CS compound, the corrosion 
inhibition rate of PASP/CS composite increases gradually. 
We found that the polarization curve is in agreement with 
the experimental results.

Electrochemical Impedance 
Spectroscopy

Electrochemical impedance spectroscopy [24-27] 
not only can rapidly evaluate the corrosion resistance 
of the inhibitor, but also can obtain various pieces of 
electrochemical information in the metal film. The high-
frequency end of the spectroscopy reflects the information 
of metal film; the size of the capacitive arc reflects the 
performance of the metal surface layer dielectric and 
its shielding properties; the low-frequency end of the 
spectroscopy reflects the basic information of the metal/
solution interface, and the capacitive arc size reflects 
the transfer process of the dielectric charge in the metal 
corrosion reaction. Although the inhibitor itself does 
not participate in the electrode reaction, its adsorption 
and desorption on the metal surface leads to the change 
of film coverage, thus affecting the process of electrode 
reaction. To study the corrosion inhibition mechanism of 
polyaspartic acid and chitosan composite, polyaspartic 
acid and chitosan complexes were added into 3.5% 
sodium chloride solution to measure the electrochemical 
impedance (Fig. 6). The electrochemical impedance 
spectroscopy was obtained after adding PASP/CS of 
different concentrations, and the Bode diagram is shown 
in Fig. 7. 

Fig. 5. Polarization curves of carbon steel in different 
concentrations of PASP/CS.

Table 1. Electrochemical parameters and corrosion inhibition rates of carbon steel in different concentration.

PASP/CS
(mg/L)

ba
(V/decade)

bc
(V/decade)

Ecorr
(V) Icorr  (mA/m2) η

(%)

0 9.876 2.832 -0.964 0.1021

5 11.736 3.155 -0.885 0.0451 55.83

10 12.396 3.187 -0.874 0.0182 82.17

15 15.371 11.874 -0.615 0.0156 84.72

20 16.283 13.811 -0.522 0.0127 87.56

Fig. 6. Nyquist plots for steel in solutions with various 
concentrations of PASP/CS.



1446 Chen T., et al.

As can be seen from Fig. 6, the impedance spectrum is 
semicircular; with the addition of different concentrations 
of PASP/CS, the resulting impedance spectra have 
similar characteristics; with the increase of the PASP/
CS concentration, the radius of the impedance diagram 
increases, for the increase of the mixture’s concentration 
makes more PASP/CS complexes deposited on the metal 
surface, and makes the interaction between the mixture 
and the metal surface increase, and the electrochemical 

charge transfer process more hindered, thus enhancing 
the rate of corrosion inhibition. As can be seen from the 
Bode diagram: there are two time constants in the high-
frequency and low-frequency regions, with the increase 
of the complex concentration, the peak of phase angle is 
also gradually increasing and moves slowly to the low-
frequency region, which indicates that the PASP/CS 
composite forms a strong adsorption layer on the electrode 
surface, which makes the resistance of electrode reaction 
increase, and the progress of corrosion reactions impeded 
[28].

According to the EIS and the Bode diagram, 
the equivalent circuit diagram as shown in Fig. 8 is 
established. In the figure, Rcp represents the impedance 
value of solution and corrosion product interface during 
the dissolution process, Rs indicates the resistance of 
the electrolyte, and Rct represents the associated charge 
transfer resistance of the metal and the interface of the 
corrosion product. Ccp represents the capacitance of the 
corrosion product associated with the dissolution process 
of the dissolved interface and CPEdl is the constant phase 
angle element between the corrosion product and the 
metal interface. The equivalent circuit is used to fit the 
parameters, and the results are shown in Table 2. The 
Rct value increases with the increase of the PASP/CS 
concentration, indicating that the amount of PASP/CS 
adsorbed on the carbon steel surface is also increasing, 
thus making the corrosion resistance increase and the 
CPEdl and the Ccp gradually be reduced. This is due to the 
adsorption of PASP/CS on the surface of carbon steel: the 
PASP/CS molecule replaces the water molecule layer to 
be adsorbed on the surface of the metal, and the dielectric 
constant of the composite is smaller than that of the water 
molecule, so the adsorption of the PASP/CS reduces the 
interfacial capacitance of the metal.  

SEM Pictures of Carbon Steel in the Absence 
and Presence of PASP/CS

In order to study the corrosion inhibition mechanism 
of PASP/CS on carbon steel, carbon steel coupons were 
used in the 3.5% sodium chloride solution without PASP/
CS and with 10 mg/L PASP/CS, the reaction time was 
72 hours. At the end of the experiment, the coupons 
were taken out to be cleaned with anhydrous ethanol and 
acetone and then dried. The surface corrosion of PASP/
CS on carbon steel was analyzed by a JSM-5610LV 
electron microscope. After scanning, the morphology was 
magnified 200 and 2,000 times. The results are shown 
in Fig. 9 for the surface morphology of carbon steel in 
solution with and without PASP/CS. As can be seen from 
the diagram, carbon steel (A1 and A2) treated without 
PASP/CS composites are seriously corroded and form 
deeper pits on the surface. This is because the carbon 
steel coupons were exposed in aqueous solution with 
high chloride ion, which can penetrate into the surface of 
carbon steel and cause corrosion on its surface [29]. When 
the complex of polyaspartic acid and chitosan was added, 
the corrosion morphology of carbon steel surface (B1 and 

Fig. 7. Bode plots for steel in solutions with various concentrations 
of PASP/CS.

Fig. 8. Equivalent circuit models with various concentrations of 
electrochemical impedance spectra.
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B2) was regular. From the electron microscope diagram 
magnified 200 and 2,000 times, we can see that carbon 
steel coupons B1 and B2 do not have pits on the surface 
as A1 and A2 do, and the metal surface is regular. We can 
conclude that the PASP/CS composite forms a compact 
protective film on the surface, thus preventing the surface 
corrosion of carbon steel.

Conclusion

Polyaspartic acid/chitosan complex (PASP/CS) 
was synthesized by the reaction of polyaspartic acid, 
chitosan, and glutaraldehyde. Through the research on its 
performance, the PASP/CS combination can effectively 
inhibit corrosion in the carbon steel system. PASP/CS is 
found to have better corrosion inhibition performance than 
the commonly used water-treatment agents. Polarization 
curves show that PASP/CS is an anodic inhibitor in 
sodium chloride solution. PASP/CS can be adsorbed on 
the surface of carbon steel and forms a strong adsorption 
layer on the electrode surface, which resists the increase of 
electrode reaction, thus hindering the corrosion reaction. 
SEM indicated that the high inhibition efficiency was in 
terms of adsorption of inhibitor molecules and protective 
film formation on the metal surface.
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