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A B S T R A C T

Polyepoxysuccinic acid (PESA) was modified by glycidyl (Gly) to obtain a phosphate-free and nitrogen-free 
polymer (Gly-PESA), and its scale and corrosion inhibition properties were studied.The effects of Gly-PESA 
concentration, calcium ion concentration and temperature to scale inhibition performance were studied by 
static scale inhibition method. The corrosion inhibition performance of Gly-PESA was studied by static weight- 
loss method. The morphology and structure of calcium scale and steel surface were characterized by spectro-
scopic and microscopic methods. The scale inhibition efficiency of Gly-PESA for CaCO3 and CaSO4 was 98.06% 
and 92.6%, respectively. Under the same experimental conditions, the scale inhibition effect of Gly-PESA was 
obviously better than that of PESA. Gly-PESA could effectively inhibit the growth of CaCO3 and CaSO4 crystals 
and cause their crystal lattice distortion or crystal dispersion. The corrosion inhibition efficiency of Gly-PESA for 
carbon steel was 78.17%. The adsorption of Gly-PESA on the surface of the steel test piece followed Langmuir 
adsorption isotherm, and formed a protective film, which increased the corrosion resistance of the steel test 
piece, thus effectively protecting the steel test piece. Therefore, Gly-PESA was a green scale and corrosion in-
hibitor, which solved the problem of environmental pollution.

1. Introduction

With the accelerated development of industrial production and the 
rapid increase in industrial water consumption, industrial cooling water 
accounted for more than 60 %–70 % of industrial water. Industrial 
cooling water could cause corrosion, scaling and microbial slime prob-
lems on the surface of equipment and pipes, thereby shortening the 
service life of equipment and pipes (Quraishi et al., 2010, Htet and Zeng, 
2022,Touir et al., 2009). Mineral ions in industrial cooling water sys-
tems, such as bicarbonate ions and calcium ions, might settle on the 
surface of heat transfer equipment (such as heat exchangers, evaporators 
and condensers) to form scale. In addition, corrosion was also a major 
problem for cooling water systems, as the consequences of corrosion 
could lead to loss of reliability, process contamination, reduced system 
performance, increased maintenance costs, or unplanned downtime 
(Htet and Zeng, 2022, Yee et al., 2019). The two main operational 
problems of cooling water systems were corrosion and scaling due to 
electrochemical redox reactions and the deposition of metal salts on 

metal surfaces. Therefore, in order to solve these problems in cooling 
water systems, various inhibitors have been used (Htet and Zeng, 2022, 
Zeng and Qin, 2012, Sharma and Kumar, 2021).

In the era of world environmental protection laws and regulations, 
the concept of green chemistry and green water treatment agents has 
been deeply rooted in people’s hearts (Liu et al., 2014). Traditional and 
natural scale and corrosion inhibitors had problems such as high oper-
ating cost and large drug dosage. In addition, corrosion inhibitors and 
scale inhibitors containing phosphorus had poor scale inhibition effect 
on calcium phosphate, zinc scale and iron oxide precipitation or caused 
changes in water quality. At present, PESA and polyaspartic acid (PASP) 
were identified as scale and corrosion inhibitors for environmentally 
friendly cooling water treatment in many countries (Leng et al., 2020, 
Mazumder Jafar, 2020, Liu et al., 2023). Among them, PESA was a new 
type of green water treatment agent with no phosphorus, no nitrogen, 
environmental protection and safety. It would not cause the problem of 
water environment eutrophication in long-term use (Liu et al., 2014, 
Leng et al., 2020, Yan et al., 2020, Shi et al 2012, Zhang et al., 2010).
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PESA was originally developed as a scale inhibitor. It had strong 
inhibition ability to calcium ion, magnesium ion and iron ion, and was 
suitable for water treatment with high hardness and high alkalinity. In 
addition, PESA also had a certain effect on pipeline scaling, corrosion 
and other problems, and had biodegradability. Traditional corrosion 
inhibitors and scale inhibitors didn’t have these advantages. However, 
PESA had some obvious defects, such as single functional group, which 
was limited in its application scope. Therefore, many researchers have 
carried out experimental studies on the modification of PESA to expand 
its application scope (Leng et al., 2020, Kadhim et al., 2021,Liu et al., 
2020, Lai et al., 2020, Wei et al., 2022, Al-Itawi et al., 2019, Zhao et al., 
2022, Zhang et al., 2021).

Gly contained hydroxyl and ester groups that chelate metal ions 
(such as calcium ions). This work aimed to introduce Gly into the mo-
lecular structure of PESA to obtain Gly-PESA. Because the existence of 
Gly can improve the corrosion and scale inhibition performance of PESA 
in a certain extent. The scale inhibition effects of Gly-PESA were studied 
by static experiments. The corrosion inhibition effect of Gly-PESA to 
Q235 carbon steel in cooling water was studied by static weight loss 
method. Nuclear magnetic hydrogen spectroscopy (1H NMR), fourier 
transform Infrared spectroscopy (FTIR), thermogravimetric analysis 
(TGA), scanning electron microscopy (SEM), atomic force microscopy 
(AFM), X-ray photoelectron spectroscopy (XPS) and contact angle (CA) 
were used to characterize structures of Gly-PESA, the calcium scale or 
the surface of the steel test piece, which proved the scale inhibition and 
corrosion inhibition mechanism of Gly-PESA.

2. Experiment

2.1. Equipment and reagent

VERTEX7O Fourier Infrared Spectrometer (Bruker Technology Co., 
LTD., Germany)；SIGMA300 Field Emission Scanning Electron Micro-
scopy (Carl Zeiss AG, Germany)；TGA-4000 Thermogravimetric 
Analyzer (PerkinElmer, USA)；Zennium Pro Electrochemical Worksta-
tion (ZAHNER-elektrik GmbH & Co.KG, Germany)；PulsarTM NMR 
Spectrometer (Shanghai Hao Lang Scientific Instrument Co., LTD., 
UK)；JC2000 DM Contact Angle Measuring Instrument (Shanghai 
Zhongchen Digital Technology Equipment Co., LTD., China)；AXIS 
SUPRA X-ray photoelectron Spectrometer (Shimadzu, Japan) and MFP- 
3D Origin Atomic Force Microscope (Oxford, UK).

Gly (Mass percentage 97 %) (Shanghai Yien Chemical Technology 
Co., LTD., China); Maleic anhydride, sodium hydroxide, anhydrous 
calcium chloride, anhydrous sodium sulfate, methanol, anhydrous 
ethanol, sodium bicarbonate, disodium EDTA (Tianjin Yongda Chemical 
Reagent Co., LTD. China), all of the above reagents were reagent grade 
and could be used without further purification; Corrosion pieces of Q235 
carbon steel (Gaoyou Qinyou Instrument Chemical Co., LTD., area 20 
cm2, China).

2.2. Synthesis of PESA and Gly-PESA

The synthesis of PESA and Gly-PESA was carried out in reference 
(Leng et al., 2020. Wei et al., 2022. Zhang et al., 2021. Zhang et al., 
2017.).

Epoxysuccinic acid (ESA) synthesis: First, 15 mL of distilled water 
was added to 9.8 g maleic anhydride, and 40 % NaOH solution was 
slowly added while stirring at 40 ◦C, and PH was controlled between 
5–6. Secondly, added 0.6 g of sodium tungstate and sodium molybdate 
with a mass ratio of 1:1, droped 10 mL hydrogen peroxide at a slow rate, 
temperature rised to 65 ◦C, reaction for 2 h (the above is the cyclization 
reaction). Finally, the solution was adjusted to acid, then washed with 
methanol, extracted, filtered, obtained white solid (ESA) and dried for 
use at 40 ◦C.

PESA synthesis: Cyclization reaction solution was adjusted to about 
pH = 11, 0.4 g of initiator (calcium hydroxide) was added in four times, 

and the temperature was raised to 80 ◦C for 2 h. After the reaction, the 
solution was adjusted to acidity, washed with methanol for 5 times to 
obtain a viscous substance (PESA), and dried at 40 ◦C for use.

Gly-PESA synthesis: ESA and Gly were put into a three-mouth flask 
with a mass ratio of 1:0.33, and dissolved with distilled water, adjusting 
pH = 8. The initiator was added in four times (the amount was 8 % of the 
amount of reactant). After reaction lasted for 4 h at 80 ◦C, the solution 
was adjusted to neutral, and washed for 5 times with methanol. The 
obtaining viscous substance (Gly-PESA) was dried at 40 ◦C. The yield of 
Gly-PESA is about 60 %. The reaction process was shown in Fig. 1:

2.3. PESA and Gly-PESA structure analysis and sample characterization

The structures of Gly-PESA were analyzed by FTIR and 1H NMR. The 
thermal stability of Gly-PESA was proved by TGA. SEM, XPS and FTIR 
were used to characterize CaCO3 and CaSO4. The surface morphology, 
film composition and wettability of the steel test pieces were analyzed 
by SEM, XPS, FTIR and CA.

2.4. Measurement of scale inhibition performance

The scale inhibition effects of PESA and Gly-PESA on CaCO3 and 
CaSO4 were compared and evaluated referring to the Chinese National 
standard (GB/T16632-2019) and literature (Liu et al., 2023). The scale 
inhibition performance test of CaCO3 in the work: ρ(Ca2+) = 200 mg/L 
and ρ(HCO3

–) = 400 mg/L; The scale inhibition performance test of 
CaSO4: ρ(Ca2+) = 2000 mg/L, ρ(SO4

2− ) = 4000 mg/L.

2.5. Measurement of corrosion inhibition performance

The corrosion test water was tap water [Tangshan,Heiei]: pH=7.8, 
total hardness was 190 mg/L, conductivity was 624 μs/cm, and the 
concentrations of Ca2+, Mg2+, Cl− and SO4

2− were 54.8 mg/L, 27.3 mg/L, 
33 mg/L and 60 mg/L respectively. The prepared steel test pieces were 
immersed in a beaker containing 500 mL simulated cooling water and 
different doses of Gly-PESA at 30  ◦C. After soaking for 24 h, removed the 
steel test pieces, washed (first with 5 % HCl and 3 mg/L hexamethy-
lenetetramine, followed by deionized water), dried, and weighed. Refer 
to test method of literature (Liu et al., 2023), the corrosion rate(X) and 
the corrosion inhibition efficiency (ƞ) were calculated. The formulas 
were (1) and (2). 

X =
W

S × T
(1) 

η(%) =
X0 − X

X0
× 100 (2) 

where, X (g/cm2⋅h), W- lost weight (g),S-area (cm2), T-time (h), X, X0 −

corrosion rate with or without PESA-Lcy-Sea.

3. Results and discussion

3.1. Structural characterization of Gly-PESA

The FTIR, 1H NMR and TGA of Gly-PESA were showed in Fig. 2. In 
the infrared spectrum of PESA in Fig. 2(a), 3477 cm− 1/3381 cm− 1 and 
1627 cm− 1/1398 cm− 1 were O− H and C––O stretching vibration ab-
sorption peaks in –COOH, respectively. 1315 cm− 1 was C− H deforma-
tion vibration, and 1066 cm− 1 was C− O− C stretching vibration 
absorption peak. In the infrared spectrum of Gly-PESA, the hydroxyl 
peak becomed wider at 3435 cm− 1, the absorption peak of − CH2 − was 
increased at 2932 cm− 1, and the peak of C––O at 1627 cm− 1 and the 
peak of C− H at 1315 cm− 1 became larger. Therefore, FTIR analysis 
shows that Gly-PESA was successfully obtained.

In 1H NMR of Gly-PESA in Fig. 2(b), besides containing the charac-
teristic peaks in PESA, hydrogen peaks in methylene (− CH2− ) and 
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hydroxyl (− CH2OH) in Gly were also found at the chemical shift δ = 3.5 
ppm and δ = 1.5 ppm, respectively, which proved the successful syn-
thesis of Gly-PESA.

Fig. 2(c) was the TGA diagram of Gly-PESA and PESA. It could be 
seen from the TGA curve in Fig. 2(c) that the stability of Gly-PESA and 
PESA is basically the same. According to the TGA figure of Gly-PESA, the 
weight loss was smooth at 30 ◦C–250 ◦C, which may be caused by the 
volatilizing of water or other volatile substances, and the weight loss 
rate was about 10 %–12 %.The weight loss rate was about 28 % at 
250 ◦C–300 ◦C, which may be due to the fracture of the branch chain of 
Gly-PESA. Subsequently, the weight loss was gentle between 300 ◦C and 
500 ◦C, and further gentler between 500 ◦C and 700 ◦C, which may be 
due to the further increase of temperature leading to the break of the 
main chain of a few Gly-PESA molecules. At 700  ◦C-800  ◦C, weight loss 
was rapid, probably because the temperature was too high to cause 
many Gly-PESA molecules to decompose faster (Liu et al., 2023). In 
summary, Gly-PESA had excellent thermal stability in the range of 0 ◦C- 
250 ◦C, and could meet the needs of industrial production.

3.2. Gly-PESA scale inhibition performance analysis

3.2.1. Influence of the dosage of Gly-PESA on the scale inhibition 
performance to CaCO3 and CaSO4

By changing the dosage of Gly-PESA, the scale inhibition effect to 
CaCO3 was shown in Fig. 3(a). When the dosage of Gly-PESA was 2 mg/ 
L, the scale inhibition efficiency was 45.7 %. Moreover, with the in-
crease of the dosage of Gly-PESA (2 mg/L–12 mg/L), the scale inhibition 
efficiency was continuously improved, and the scale inhibition perfor-
mance of Gly-PESA was obviously better than that of PESA. When the 
dosage of Gly-PESA was 8 mg/L and 10 mg/L, respectively, the scale 

inhibition efficiency reached 90.3 % and 98.0 %, respectively. In 
contrast, the scale inhibition efficiency of Gly-PESA was increased by 
10.8 % and 7.7 % over that of PESA, respectively. This was due to the 
existence of polar groups in Gly-PESA, which enhanced its electrostatic 
attraction and chelation with calcium ions in water, thus forming a 
stable calcium ion complex in water, reducing the formation of sedi-
ments, and further improving the scale inhibition efficiency (Yan et al., 
2020; Zhang et al., 2021; Wang et al., 2017).

By changing the dosage of Gly-PESA, the scale inhibition efficiency 
to CaSO4 was shown in Fig. 3(b). It can be seen from Fig. 3(b) that the 
scale inhibition efficiency of Gly-PESA increased with increasing dosage. 
When the dosage of Gly-PESA was 10 mg/L, the scale inhibition effi-
ciency of Gly-PESA was 92.6 %, and the scale inhibition efficiency of 
Gly-PESA was 13.8 % higher than that of PESA. When the dosage 
exceeded 10 mg/L, the scale inhibition efficiency of Gly-PESA increased 
little. In conclusion, the inhibition effect of Gly-PESA to CaSO4 was 
better than that of PESA.

3.2.2. Effect of temperature on the scale inhibition of Gly-PESA to CaCO3 
and CaSO4

The test temperature would affect the formation rate and solubility 
of CaCO3 and CaSO4 in the system. Therefore, in this work, the con-
centration of PESA and Gly-PESA was 10 mg/L respectively to study the 
influence of temperature on the scale inhibition ability of Gly-PESA, and 
the test results were shown in Fig. 4. Fig. 4 showed that the scale inhi-
bition ability of PESA and Gly-PESA on CaCO3 [Fig. 4(a)] and CaSO4 
[Fig. 4(b)] both decreased with the increase of test temperature, but the 
decrease of Gly-PESA was very small. Moreover, the scale inhibition 
efficiency of Gly-PESA was always greater than that of PESA for both 
CaCO3 and CaSO4. This may be because PESA and Gly-PESA adsorb 

Fig. 1. Synthesis of ESA(a), PESA(b) and Gly-PESA(c).
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small crystals of calcium scale to release heat, so the increase of system 
temperature would affect the adsorption amount of PESA and Gly-PESA 
on small crystals (Liu et al., 2018). In addition, with the increase of 
system temperature, the velocity of the ion in the system also acceler-
ated, making it easier for forming scale crystals. However, when the 
temperature was 80 ◦C, the scale inhibition efficiency of Gly-PESA on 
CaCO3 and CaSO4 could reach 88.3 % and 85.7 %, respectively. This 
indicated that Gly-PESA could maintain a good scale inhibition effect at 
high system temperature.

3.2.3. Effect of Ca2+ concentration on the resistance of Gly-PESA to CaCO3 
and CaSO4

With the extension of the use of industrial circulating cooling water, 
the Ca2+ concentration in water will increase. Based on national stan-
dard (GB/T16632-2019) in China and the literature (Htet and Zeng, 
2022; Zhang et al., 2017; Liu et al., 2023), the concentration range of 
Ca2+ was selected 200 mg/L-600 mg/L(for CaCO3) and 2000 mg/L- 
6000 mg/L(for CaSO4) in this work. Therefore, this work studied the 
effects of Gly-PESA (10 mg/L) on the scale inhibition properties to 
CaCO3 and CaSO4 at different Ca2+ concentrations, as shown in Fig. 5. 
As couuld be seen from the curve in Fig. 5, with the increase of Ca2+

concentration, the scale inhibition efficiency of Gly-PESA on CaCO3 

Fig. 2. The FTIR(a),1H NMR(b) and TGA(c) of PESA and Gly-PESA.

Fig. 3. Scale inhibition performance of with different dosage of PESA and Gly-PESA to CaCO3(a) and CaSO4(b).
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[Fig. 5(a)] and CaSO4 [Fig. 5(b)] gradually decreased, but the scale in-
hibition capacity of Gly-PESA was always stronger than that of PESA. 
According to the data of CaCO3 in Fig. 5(a), when the Ca2+ concentra-
tion reached 500 mg/L, the scale inhibition efficiency of Gly-PESA could 
still reach 83.2 %, while the PESA could only reach 59.6 %. According to 
the data of CaSO4 in Fig. 5(b), when the Ca2+ concentration reached 
5000 mg/L, the scale inhibition efficiency of Gly-PESA could still reach 
82.2 %, while the PESA could only reach 43.8 %. Therefore, it could be 
concluded that the scale inhibition capacity of PESA and Gly-PESA on 
CaCO3 and CaSO4 were closely related to the concentration of Ca2+ in 
the system, but the tolerance of Gly-PESA to calcium ions was always 
better than that of PESA.

3.3. Structural characterization of calcium scale

In order to further demonstrate the scale inhibition performance of 
Gly-PESA, SEM, FTIR and XPS were used to characterize the changes of 
crystal structure of CaCO3 and CaSO4.

3.3.1. SEM characterization of CaCO3 and CaSO4
CaCO3 crystals were prepared in blank system, systems with PESA 

and Gly-PESA, respectively. The SEM of CaCO3 crystals was shown in 
Fig. 6. As can be seen from Fig. 6(a) and Fig. 6(b), CaCO3 in the blank 
group was mainly composed of hexahedral calcite, with a smooth sur-
face and hard texture. Although the crystal pattern of calcium scale 
added with PESA and Gly-PESA both changed greatly, the crystal 
distortion of calcium scale with Gly-PESA was more obvious, the crystal 
growth rule was destroyed, the particles became fine, and showed a 
good dispersion state, which indicated that Gly-PESA had a stronger 
interference on the formation of CaCO3 (Liu et al., 2023).

The SEM of CaSO4 in the blank system and the scale inhibition sys-
tem with PESA and Gly-PESA was shown in Fig. 7. As shown in Fig. 7(a) 
and Fig. 7(b), the crystals in the blank group were regular columnar 
structures with smooth surfaces. When PESA was added, the crystals in 
Fig. 7(c) and Fig. 7(d) became small, irregular shapes. When Gly-PESA 
was added, the crystal in Fig. 7(e) and Fig. 7(f) had no fixed shape, 
and the crystal structure was more loose. More specifically, CaSO4 
crystals were completely broken into a small and unstable powder state.

After the addition of scale inhibitor, SEM shows that the crystal 
structure of CaCO3 and CaSO4 changes. Probably mainly because (i) the 
complex of scale inhibitor molecules and Ca2+ ions in water formed a 
stable water-soluble chelate, thereby reducing the concentration of free 

Fig. 4. Effects of PESA(Dosage of 10 mg/L) and Gly-PESA(Dosage of 10 mg/L) on the scale inhibition properties of (a) CaCO3 and (b) CaSO4 at different 
temperatures.

Fig. 5. Effects of PESA(Dosage of 10 mg/L) and Gly-PESA(Dosage of 10 mg/L) on the scale inhibition properties of (a) CaCO3 and (b) CaSO4 at different Ca2+

concentrations.
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calcium ions in water. (ii) the scale inhibitor molecules were adsorbed 
on the active growth point of microcrystals, which led to distortion of 
calcium scale crystals and increased of internal stress, preventing crystal 
aggregation and deposition (Liu et al., 2023; Htet T. T. et al., 2022).

3.3.2. FTIR result of CaCO3 and CaSO4
FTIR analysis was performed in this work in order to further confirm 

the crystal structures of CaCO3 and CaSO4.

The crystal types of CaCO3 were different when different scale in-
hibitors are added to the scale inhibition system. The FTIR spectrum of 
CaCO3 crystals were shown in Fig. 8(a), where the adsorption peaks at 
711 cm− 1 and 873 cm− 1 represented the stable calcite and unstable 
aragonite crystal states of CaCO3, respectively (Meng et al., 2007, Naka, 
2003). It was obvious from Fig. 8(a) that CaCO3 in the blank group was 
mainly calcite (only a small amount of aragonite), while the CaCO3 
added with PESA and Gly-PESA was mainly aragonite (only a small 

Fig. 6. SEM of CaCO3 crystals. [Blank system: (a)/(b); System with PESA(10 mg/L): (c)/(d); System with Gly-PESA(10 mg/L): (e)/(f)].
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amount of calcite). This was because the scale inhibitor molecules 
interfered with the process which aragonite formed calcite (Meng et al., 
2007). In addition, it could be further seen from Fig. 8(a) that the peak of 
aragonite with Gly-PESA was significantly larger than that of adding 
PESA, indicating that Gly-PESA had a better scale inhibition effect. This 
phenomenon could be explained that the adsorption capacity of Gly- 
PESA on the surface of CaCO3 was obviously stronger than that of 

PESA, which showed strong lattice distortion. Fig. 8(b) showed that the 
peaks of CaSO4 scale obtained in different systems were consistent, 
indicating that the crystal type of CaSO4 did not change, but the strength 
of the peaks changed, and the peaks with Gly-PESA were smaller than 
those with PESA, indicating that the crystallinity of CaSO4 in the system 
with Gly-PESA was worse. This showed that Gly-PESA had better scale 
inhibition effect on CaSO4 (Zhang et al., 2017, Nan et al., 2022).

Fig. 7. SEM of CaSO4 crystals. [Blank system: (a)/(b); System with PESA(10 mg/L): (c)/(d); System with Gly-PESA(10 mg/L):(e)/(f)].
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3.3.3. XPS characterization of CaCO3 and CaSO4 scale
In order to further explore the adsorption properties of Gly-PESA, we 

performed XPS analysis of O1s and Ca2p of CaCO3 and CaSO4 formed in 
different systems.

Fig. 9 showed the O1s XPS spectra of CaCO3 and CaSO4. In addition 
to the main O peaks of CaCO3 and CaSO4 at 529 eV (Fig. 9(a), (d)) in 
blank system, peaks of C− O(527 eV) and C––O(529.91 eV, 530.56 eV) 
appeared in Fig. 9(b)/(c)/(e)/(f) after the addition of PESA and Gly- 
PESA. This again proved that PESA and Gly-PESA adsorbed active 
sites on the surface of CaCO3 and CaSO4 and interfered with their growth 
(Zhang et al., 2021). Fig. 10 showed the Ca2p XPS spectra of CaCO3 and 
CaSO4 scale. In the blank system, the Ca2p spectra of CaCO3 had sig-
nificant characteristic peaks at 344.38 eV and 347.99 eV respectively. In 
the system with PESA, the peak displacement of Ca2p spectra was 
343.82 eV and 347.47 eV, which might be the change of Ca2+ chemical 
environment causing the variation of scale crystal pattern. In the system 
with Gly-PESA, the peak displacement of Ca2p spectra was 345.18 eV 
and 348.72 eV, which further proved that Gly-PESA changed the crystal 
structure of CaCO3 (Zhang et al., 2023). The addition of PESA caused the 
Ca2p peak of CaSO4 to move by 0.18 eV relative to the blank Ca2p peak, 
while the addition of Gly-PESA caused the Ca2p peak to move by 0.20 eV 
and 0.17 eV relative to the blank Ca2p peak, respectively, as shown in 
Fig. 10(e) and Fig. 10(f). These results showed that the addition of Gly- 

PESA could cause changes of the chemical environment around Ca2+, 
and the effective groups of Gly-PESA could chelate with Ca2+, increase 
the electron density around Ca2+, and make the calcium peak migrate 
(Zhang et al., 2023). The above SEM, FTIR and XPS data results showed 
that Gly-PESA could be adsorbed on the surface of CaCO3 and CaSO4, 
affecting the surface morphology and transformation path of crystals, 
thus effectively inhibiting their formation and deposition in solution.

3.4. Study on corrosion inhibition performance of Gly-PESA

In this section, weight-loss method, SEM, FTIR, CA and XPS were 
used to evaluate the corrosion inhibition performance of Gly-PESA.

3.4.1. Weight-loss method
In this section, the corrosion inhibition efficiency of Gly-PESA and 

PESA with different dosage was measured by weight loss method. The 
experimental results were shown in Table 1. It can be seen that with the 
increase of the dosage of Gly-PESA and PESA, the corrosion rate 
decreased and the corrosion inhibition efficiency increased. When the 
concentration of Gly-PESA and PESA was 400 mg/L, ƞmax reached 78.17 
% and 67.05 %, respectively. This was because the steel surface area 
covered by Gly-PESA with branched chains was larger, and the chem-
isorbed effect was stronger.

Fig. 8. FTIR of CaCO3 (a) and CaSO4 (b) in different systems without or with PESA(10 mg/L) or Gly-PESA(10 mg/L).

Fig. 9. O1s XPS of CaCO3 (a-c)and CaSO4(d-f). [(a)/(d) Blank system, (b)/(e) System with PESA(10 mg/L), (c)/(f) System with Gly-PESA(10 mg/L)].

X. Liu et al.                                                                                                                                                                                                                                      Arabian Journal of Chemistry 17 (2024) 106033 

8 



Firstly, from the point of view of scale and corrosion inhibition: the 
scale inhibition performance of Gly-PESA synthesized in this work was 
better than that of arginine-modified PESA[Arg-PESA] in the literature 
(Zhang et al., 2021), especially in terms of being affected by different 
temperature and calcium ion concentration. Second, the corrosion in-
hibition efficiency of Gly-PESA for Q235 steel could reach 78.17 %. the 
corrosion inhibition performance of Gly-PESA was basically equivalent 
to that of Arg-PESA (Zhang et al., 2021). The corrosion inhibition effi-
ciency also reached a medium level.Therefore, the Gly-PESA synthesized 
in this work had the dual function of scale inhibition and corrosion in-
hibition. In the following research work, in order to further enhance the 
corrosion inhibition performance of GLY-PESA, this research group will 
further carry out the compounding work of GLY-PESA.

3.4.2. Surface analysis of the steel test pieces
The surface analysis technique was used to describe the surface state 

of Q235 steel and to prove the adsorption performance of Gly-PESA. The 
surface analysis methods we used were SEM, FTIR, AFM, XPS and CA. 

1) SEM and FTIR

Fig. 11(a–c) showed the SEM images of the surface of the steel test 
pieces before corrosion, in the blank system and in the Gly-PESA system 
added 400 mg/L. The surface of the steel test piece (before corrosion) 

had obvious grinding marks and was smooth; The surface of the steel test 
piece (soaked in the blank solution) was covered with corrosion prod-
ucts. After the addition of Gly-PESA, the damage of the test piece was 
significantly reduced, the surface became smooth, and the corrosion 
products were less, which could be inferred that Gly-PESA played a 
protective role on the surface of the test piece.

The FTIR spectra of Gly-PESA and the surface of the test piece 
(soaked in Gly-PESA solution) were shown in Fig. 11(d). As shown in 
Fig. 11(d), there were O–H stretching vibration absorption peaks in 
carboxyl group (3435 cm− 1), − CH2 − functional group absorption peaks 
(2932 cm− 1, 2859 cm− 1), C––O stretching and deformation vibration 
absorption peaks in carboxyl group (1627 cm− 1, 1388 cm− 1) and 
C− O− C tensile vibration absorption peak (1051 cm− 1) in the FTIR 
spectrum of the surface of the test piece. Compared with the FTIR dia-
gram of Gly-PESA, it could be inferred that the functional groups of Gly- 
PESA acted on the metal surface to prevent corrosion reactions due to its 
adsorption. 

2) AFM

AFM was used to study the surface morphology of the test pieces 
before corrosion, in blank solution and in solution with Gly-PESA, as 
shown in Fig. 12. It could be clearly seen from Fig. 12 that the steel 
surface (before corrosion) was the smoothest, and its average surface 
roughness was 1.88 nm, as shown in Fig. 12(a, b). In the blank system, 
the height of the steel surface fluctuated greatly, forming the shape of 
mountains and hills, whose average surface roughness was 12.79 nm, as 
shown in Fig. 12(c, d). The surface height fluctuation of the steel pro-
tected by Gly-PESA was gentler than that of the blank system, and the 
damage degree was lower, and the average surface roughness was 5.11 
nm, as shown in Fig. 12(e, f). In Fig. 12(g), the fluctuation amplitude of 
the corresponding height profile of the steel surface: steel sheet before 
corrosion < steel surface in the system with Gly-PESA<steel surface in 
blank system. The height fluctuation amplitude of the steel surface in the 
system with Gly-PESA was significantly lower than that of the blank 

Fig. 10. Ca2p XPS of CaCO3(a-d) and CaSO4(d-f). [(a)/(d) Blank system, (b)/(e) System with PESA(10 mg/L), (c)/(f) System with Gly-PESA(10 mg/L)].

Table 1 
Corrosion inhibition performance of Gly-PESA and PESA.

Gly-PESA PESA

CInhi X (g/cm2.h) ƞ (%) X (g/cm2.h) ƞ (%)

0 2.96 × 10− 5 / 2.96 × 10− 5 /
50 1.74 × 10− 5 41.31 1.88 × 10− 5 36.56
100 1.39 × 10− 5 53.03 1.54 × 10− 5 48.01
200 1.06 × 10− 5 64.18 1.33 × 10− 5 55.12
300 8.40 × 10− 6 71.63 1.15 × 10− 5 61.14
400 6.46 × 10− 6 78.17 9.75 × 10− 6 67.05
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system, indicating that the corrosion rate of the steel was significantly 
reduced. In summary, the micromorphology of AFM confirmed the re-
sults of gravimetric analysis (Gly-PESA has good corrosion inhibition 
performance), and it could be inferred that Gly-PESA formed a protec-
tive film on the steel surface, which had low permeability to corrosive 
ions and had a good protection ability against steel corrosion. 

3) CA

CA is an angle formed when the liquid was droped onto a metal 
surface and can be used to characterize the wettability of a metal sur-
face. In this work, the wettability of metal surface before and after 
corrosion was expressed by measurement of CA, which the corrosion 
inhibition performance of Gly-PESA was verified. For the test pieces, the 
values of CA were 118◦(before corrosion), 55.5◦(blank) and 92.0◦(with 
Gly-PESA) respectively, as shown in Fig. 13. From the value of CA, it 
could be concluded that the hydrophobicity of the metal surface in the 
presence of Gly-PESA was somewhat weakened compared with the 
metal surface (before corrosion), but it was much enhanced compared 
with the metal surface (in the blank solution). This was due to the fact 
that the Gly-PESA molecules adsorbed and formed a protective layer on 
the steel surface. Therefore, the presence of Gly-PESA slowed down the 
corrosion of steel and improved the corrosion inhibition efficiency. 

4) XPS

XPS was a powerful technique for detecting the bonding information 
of corrosion inhibitors on metal surfaces. Therefore, XPS measurements 
were performed on the steel test piece immersed in solution with Gly- 

PESA. Fig. 14 showed the XPS scanning full spectrum and high resolu-
tion spectrum of the steel surface. As shown in Fig. 14a, Fe, C and O 
elements existed on the surface of the steel test piece. In Fig. 14b, the 
Fe2p3/2 spectrum had three main peaks. The peak at 705.21 eV was 
attributed to metallic iron (Qiang et al., 2021). The peak value of 708.91 
eV was related to FeCl2 and FeOOH (Qiang et al., 2021). In addition, the 
peak of 724.22 eV was attributed to Fe2O3 and FeCl3 (Wan et al., 2022). 
The spectrum of C1s (Fig. 14c) had three peaks. 284.70 eV was C− C or 
C− H, 285.80 eV was C− O or C− O− C, and 288.30 eV was C––O (Wan 
et al., 2022, Aah et al., 2020). The O1s spectrum (Fig. 14d) was 
decomposed into three peaks. The peak at 526.50 eV corresponded to 
the oxide of iron, the peak at 528.80 eV corresponded to C− O− C, 
forming a hydrated iron oxide (i.e. FeOOH), and the peak at 530.5 eV 
was C− OH, the corresponding compound was a complex of water and 
iron salts (Qiang et al., 2021, Aah et al., 2020, Gu et al., 2023). XPS 
further demonstrated that Gly-PESA formed a protective film on the 
steel surface and prevented the steel from being corroded.

3.5. Analysis of corrosion inhibition mechanism

In order to investigate the inhibition mechanism of Gly-PESA, 
adsorption isothermal equation was used for further analysis. In addi-
tion, the whole corrosion inhibition process was explained in detail.

3.5.1. Adsorption isotherm
The corrosion inhibition performance of the organic corrosion in-

hibitor mainly depended on its adsorption effect on the metal surface. 
Therefore, in order to explain the corrosion inhibition mechanism, the 
uses of adsorption isotherms such as Langmuir, Floy-Huggin, Bockris- 

Fig. 11. SEM (a-c) and FTIR (d) on Q235 steel surface [(a) before corrosion; (b) blank system (c) System with Gly-PESA(400 mg/L); (d) System with Gly-PESA(400 
mg/L)].
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Swinkels, Frumkin and Temkin isotherms were an effective method (Liu 
et al., 2023). More specifically, we chose the Langmuir formula for the 
experiment because it had the best degree of fitting. Therefore, other 
isotherms weren’t considered. 

Cinh

θ
=

1
Kads

+Cinh (3) 

where, Cinh was the concentration of Gly-PESA (g/L), Kads was the 
equilibrium constant of the adsorption process (L/g), θ was the surface 

Fig. 12. AFM of Q235 steel surface [(a/b) before corrosion; (c/d) blank system; (e/f) System with Gly-PESA(400 mg/L); (g) corresponding height distribution on 
Q235 steel surface of new sppecimen and without or with Gly-PESA(400 mg/L)].
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coverage of Gly-PESA molecules on the steel surface, which was equal to 
the value of corrosion inhibition efficiency obtained by the weight loss 
method.

According to equation (3), Fig. 15 depicted the relationship between 
Cinh/θ and Cinh, and the discrete points were fitted into a straight line, 
with the correlation coefficient R2 = 0.99417. This indicated that the 
adsorption behavior of Gly-PESA molecules conformed to Langmuir 
formula, indicating that the interaction between molecules can be 
ignored. The following further used Kads to calculate the adsorption free 
energy ΔGads

0 : 

ΔG0
ads = − RTln(1 × 103Kads) (4) 

where R=8.314 J/ (mol⋅K), T=303 K, and CH2O=1 × 103 g/L. The 
calculated results of Kads and ΔGads

0 were 13.2398 L/g and − 23.9091 kJ/ 
mol, respectively.

|ΔG0
ads|≤20 kJ /mol and |ΔG0

ads|≥40 kJ/mol were the physical 
adsorption and chemical adsorption of corrosion inhibitor molecules on 
metal surface, respectively (Liu et al., 2023; Belkheiri et al., 2024). 
Based on the above data, it could be concluded that the adsorption 
behavior of Gly-PESA on the steel surface includes physical adsorption 
and chemical adsorption. More specifically, in terms of physical 
adsorption, there was electrostatic attraction when the Gly-PESA 
molecule was close to the steel surface. In terms of chemisorption, the 

Fig. 13. CA of Q235 steel surface [(a) before corrosion; (b) blank system; (c) System with Gly-PESA(400 mg/L)].

Fig. 14. XPS diagram of Q235 steel after soaking in solution with Gly-PESA(400 mg/L) [(a) XPS survey; (b)Fe2p3/2; (c)C1s; (d)O1s].
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transferring and sharing of electrons between Gly-PESA molecules and 
empty d orbitals of iron atoms formed a complex covalent bond.

3.5.2. Corrosion inhibition process
The corrosion inhibition system mainly involved the oxidation of 

iron atoms in the anode metal and the reduction of oxygen in the 
cathode. The reactions were as follows (Chen et al., 2019): 

Fe→Fe2+ +2e− (5) 

O2 +2H2O+4e− →4OH− (6) 

According to formulas (5) and (6), it could be found that in the blank 
corrosion system: (i) the dissolution of the steel test piece was acceler-
ated, corrosion products were formed on the surface (such as compounds 
of Fe2+ and Fe3+), and (ii) the reduction reaction of oxygen produced 
OH–, which changed the pH value of the steel surface. When Gly-PESA 
was added, the corrosion process would be changed. First, due to 
static electricity, the Gly-PESA molecules were adsorbed on the surface 
of the steel. The adsorption process could be explained by the 
displacement reaction of water molecules with Gly-PESA. The substi-
tution reaction equation was as follows (Chen et al., 2019): 

Gly − PESA(so) +mH2O(ad)→Gly − PESA(ad) +H2O(ad) (7) 

where, Gly-PESA(so) and Gly-PESA(ad) represented the Gly-PESA mole-
cules in solution and adsorbed on steel surface, respectively, and m 
represented the number of water molecules replaced by Gly-PESA. 
Secondly, the chemisorbed process of Gly-PESA occured in the anode 
region, which could be explained by the combination of the lone elec-
tron pair of the heteroatom (oxygen atom) in Gly-PESA with the empty 
d orbital of the iron atom to form a complex. The reaction in the anode 
region changed from equation (3) to equation (8): 

Fe2+ +Gly − PESA(ad)→[Fe⋅⋅⋅Gly − PESA]2+ad (8) 

[Fe… Gly-PESA]2+
(ad) represented the complex on the steel surface. It 

could also be found from equation (8) that when the concentration of 
Gly-PESA was low, a dense and uniform protective film cannot be 
formed. Therefore, in practical applications, the dosage of Gly-PESA was 
increased so that the Gly-PESA molecules combined with iron ions to 
form enough complexes to protect carbon steel.

Therefore, in the absence of Gly-PESA, the surface of the steel piece 
was covered with water molecules and a corrosive medium (such as 
chloride ions and a small amount of oxygen molecules). After the 
addition of Gly-PESA, its molecules would adsorb on the surface of the 
steel, separating the carbon steel from the corrosive medium. In 

addition, due to the many polar groups of Gly-PESA, a dense protective 
film could be formed on the surface of carbon steel (such as SEM, AFM, 
XPS analysis), which increased the resistance to erosion, thereby pro-
tecting the steel test piece to slow down corrosion.

4. Conclusion

A new scale and corrosion inhibitor (GLY-PESA) was synthesized 
with PESA and Gly, and characterized by FTIR, 1H NMR and TGA. The 
scale inhibition efficiency of CaCO3 and CaSO4 was 98.06 % and 92.6 %, 
respectively and the scale inhibition effect of Gly-PESA was obviously 
better than that of PESA under the same experimental conditions. SEM, 
FTIR and XPS experiments showed that Gly-PESA could effectively 
inhibit the growth of CaCO3 and CaSO4 crystals and cause their crystal 
lattice distortion or crystal dispersion. As a green corrosion inhibitor, the 
inhibition efficiency of Gly-PESA on carbon steel reached 78.17 % and 
the adsorption of Gly-PESA followed Langmuir adsorption isotherm. In 
addition, through SEM, FTIR, AFM, XPS and CA, it was proved that Gly- 
PESA formed a protective film on the surface of carbon steel, which 
increased the corrosion resistance of carbon steel, and effectively pro-
tected the surface of the steel. In summary, Gly-PESA was a kind of 
environment-friendly non-phosphorus scale and corrosion inhibitor, 
which had good scale and corrosion inhibition performance in industrial 
circulating cooling water, and broadened the application range of PESA, 
providing a new idea for the development of industrial scale and 
corrosion inhibitor.
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