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a b s t r a c t
A novel modified polyepoxysuccinic acid polymer, epoxysuccinic acid-oxalic acid-allypolyethoxy car-
boxylate (ESA-co-APEM, PEM), was prepared through free-radical polymerization reaction of ESA 
and APEM and characterized by Fourier transform infrared spectroscopy. The polymer’s ability to 
inhibit calcium sulfate scale formation, disperse ferric oxide is investigated by static tests and its corro-
sion inhibition performance was studied via weight loss measurements. The scale inhibition efficiency 
of CaSO4 could reach 99% in the concentration of 4 mg/L, the best dispersion efficiency was reached to 
20% (transmittance) when 18 mg/L of PEM was used, and the corrosion inhibition efficiency increased 
to 70% when the concentration was 60 mg/L. Scanning electron microscopy was used to analyze the 
effects of PEM on morphology of calcium sulfate and corrosion inhibition of carbon steel. The results 
showed that PEM possessed outstanding ability of inhibition, dispersion and corrosion inhibition 
properties.
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1. Introduction

Recirculating cooling water systems are frequently uti-
lized in manufacturing facilities due to the severe shortage 
of the water resource supply. During circulation process, the 
substances present in the thermal fluid can accumulate and 
become concentrated with water evaporating and increasing 
temperature. This will cause the formation of scales, among 
which calcium sulfate is common in circulating system and 
always attach to the surface of equipment, causing heat trans-
fer blocking and the flow rate reducing [1–3]. Therefore, a 
technique is required for quick and effective scales elimina-
tion such as inhibitors added in recycling water treatment 
systems. 

In cooling water systems, iron-based compounds from 
feed water, such as FeCl3 and Fe2(SO4)3, are main sources of 
iron element. The ferric ion is unstable and will encounter 
hydrolysis to form insoluble hydroxides, which can precip-
itate on the surface of heat exchanger and lead to corrosion 
of pipes. Fe2+, lower valency of iron, is soluble and poses no 
threat to solutions. Thus, with the increasing of pH values 
and touching air, the ferrous ion will be oxidized to ferric 
ion. On the other hand, the existence of iron compounds can 
affect the inhibition performance of scale inhibitors, such 
as polymers of acrylic acids [4–6]. Supreme scale inhibitors 
should also be effective for dispersing the iron compounds 
accordingly.
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Corrosion is another problem resulting from using water 
as thermal fluids because the qualities of equipments and 
facilities are mainly carbon steels and stainless steels [7]. 
Carbon steel, as is known, is easy to corrode under many 
circumstances, especially the process of chemical cleaning 
with the use of acids. This process is both costly and dan-
gerous which will cause deterioration of metallic equipment 
at the external or internal surface of a material. Then the 
great economic loss and catastrophic accidents will hap-
pen. Corrosion inhibitor, a chemical substance, is useful to 
decrease the corrosion rate of metals. Hence, developing 
non-toxic, biodegradable, relatively cheap and completely 
soluble inhibitor for corrosion is imminent [8–10].

Phosphate groups, sulfonate groups and carboxylic groups 
are three groups of common polymeric scale inhibitors. 
Polymers containing phosphate groups can hydrolyze to 
useless orthophosphate and then form calcium phosphate 
scales in the presence of calcium ions, which will be pos-
sible to accelerate water eutrophication and run counter to 
the goal of environment protection [11,12]. Polymers with 
sulfonate groups display poor performance in certain con-
ditions, such as high temperature, high hardness and high 
pH. While polymers containing carboxylic groups also 
have disadvantages such as low calcium tolerance and can 
produce insolubilization of unexpected complexes with 
excessive amounts of calcium ions [13,14]. As a result, the 
development of biodegradable inhibitors being friendly to 
the environment that exhibit outstanding performance in 
water treatment can be promising.

Polyepoxysuccinic acid (PESA), which has carboxyl and 
ether groups in its molecular chain, is considered a biodegrad-
able and environmental friendly polymer. Polyepoxysuccinic 
acid is also a good substitute for conventional scale inhibi-
tors because it exhibits excellent dispersion performance of 
Fe2O3. As a result, PESA has been paid considerable attention 
from researchers all over the world [15–17]. According to lit-
erature, this polymer was proved to chelate Ca2+ by forming 
water-soluble complexes in water, so then the deposition of 
calcium salts could be reduced. And PESA has also exhib-
ited good corrosion inhibition ability of carbon steel in acid 
environment. For high-hardness systems, PESA is especially 
suitable, such as membrane separation, boiler water treat-
ment, circulating cooling water treatment [16]. However, its 
overall properties are poor, and this limits its use. Therefore, 
for the sake of enhancing its comprehensive performance, 
the introduction of functional groups on the side chains was 
conformed to be the most effective [18]. 

Herein, a modified and new polyepoxysuccinic acid 
inhibitor (PEM) was designed with epoxysuccinic acid (ESA) 

and oxalic acid-allypolyethoxy carboxylate (APEM), which 
was a new type of inhibitor to inhibit calcium sulfate scale, 
disperse ferric oxide and inhibit carbon steel corrosion. 
Fourier transform infrared spectroscopy (FT-IR) was used to 
characterize PEM. The scale inhibition performance and its 
ability to disperse Fe2O3 of PEM were studied by static scale 
inhibition test, while the corrosion inhibition performance 
by PEM was examined through weight loss measurements. 
To further study the scale and corrosion inhibition mech-
anism of PEM, the morphology and structure of calcium 
sulfate scale and carbon steel were observed by scanning 
electron microscopy (SEM).

2. Experimental

2.1. Reagents

Maleic anhydride, hydrogen peroxide, sodium tungstate, 
calcium chloride, sodium sulfate, ferric chloride, sodium 
hydrate, sodium bicarbonate, bitter salts, sodium chloride 
and hydrochloric acid were obtained from Zhongdong Che-
mical Reagent Co. Ltd. (Nanjing, Jiangsu, People’s Republic 
of China). All the above chemicals were in analytically pure 
grade without further purification, unless otherwise speci-
fied. Deionized water was used throughout the experiment.

2.2. Preparation of PEM

2.2.1. Synthesis of ESA

9.8 g (0.1 mol) of maleic anhydride was dissolved in 
20 mL deionized water in a three-neck flask under alkaline 
conditions. Then 20 mL of hydrogen peroxide was slowly 
added into it, and reacted at 50°C for 1.5 h with magnetic stir-
ring. After that, the solution was separated with ethyl alcohol 
and dried under nitrogen to 90°C. The synthesis procedure 
of ESA is shown in Fig. 1. 

2.2.2. Synthesis of APEM

APEM was synthesized in our laboratory according to 
our previous studies [19]. Allyloxy polyethoxy ether (APEG) 
was carboxylate terminated using oxalic acid with a molar 
ratio of 1:1. Synthesis procedure of APEM is shown in Fig. 2.

2.2.3. Synthesis of PEM

PEM was synthesized by ESA, APEM as monomers and 
ammonium persulfate as initiator. A definite proportion of 
ESA and APEM (the mole ratio of ESA to APEM was 2:1) 
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was dissolved in deionized water in a three-neck flask and 
heated to the reaction temperature 70°C over a period of 
time under nitrogen atmosphere. Then, a certain amount of 
the ammonium persulfate solution was slowly dropped into 
the three-neck flask mentioned above. At last, the modified 
biodegradable polymer PEM was obtained, containing about 
20.34% solid. The synthesis procedure of is shown in Fig. 3.

The products were characterized with IR spectra. About 
1 mg dried PEM was mixed with 100 mg dried KBr powder 
and then compressed into a disk for spectrum recording at 
room temperature. 

2.3. Methods for evaluation of calcium sulfate scale inhibition, ferric 
oxide dispersion and carbon steel corrosion inhibition by PEM

2.3.1. Static tests for CaSO4 scale inhibition

The scale inhibition performance of the prepared poly-
mer against calcium sulfate was investigated by static scale 
inhibition tests according to the Chinese National Standard 
concerning the code for the design of industrial oil field-
water treatments (SY/T 5673-93). The solution in calcium 
sulfate inhibition tests contained CaCl2 (6,800 mg/L Ca2+), 

Na2SO4 (7,100 mg/L of SO4
2–) and different concentration 

of polymers, which then was heated in a water bath at 
60°C for 6 h. The Ca2+ concentrations of all of those solu-
tions were titrated by 0.05 mg/L sodium ethylene diamine 
tetraacetate standard solution. The inhibition efficiency η 
was defined as follows:
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where ρ0 (Ca2+) is the total concentrations of Ca2+ (mg/L), 
ρ1 (Ca2+) is the concentrations of Ca2+ (mg/L) in the presence 
of the polymer inhibitor, ρ2 (Ca2+) is the concentrations of 
Ca2+ (mg/L) in the absence of the polymer inhibitor.

2.3.2. Static tests for ferric oxide dispersion

The iron dispersion properties of the polymer PEM was 
tested through UV-visible studies. Ferrous compounds for 
the experiment were prepared by adding a known volume 
of calcium stock solution and iron (II) stock solution to 
a beaker (1,000 mL) with a certain amount of deionized 
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Fig. 2. Preparation of APEM.

Fig. 3. (a) Preparation of PEM, (b) FT-IR spectra of APEM and (c) FT-IR spectra of PEM.
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water at room temperature under continuous stirring. 
The mixed solution contained 150 mg/L Ca2+ and 10 mg/L 
Fe2+. Then the pH value of the solution was adjusted to 
9.0 with borax and the solution was evenly mixed with a 
known amount of PEM polymer. Mixed solution was stirred 
for 15 min and heated at 50°C for 5 h before being cooled 
to room temperature. After that, the dispersion perfor-
mance was evaluated under the wavelength of 420 nm with 
722-spectrophotometer by light transmittance.

2.3.3. Weight loss measurement

According to the China National Standard GB/T 18175-
2000, the corrosion inhibition efficiency of PEM polymer 
was measured by weight loss measurement of rotating hung 
steel slices. The surface area of tested low carbon steel is 
28.00 cm2 and its chemical composition is listed as follows: 
0.17%–0.23% C, 0.17%–0.37% Si, 0.35%–0.65% Mn, ≤0.25% 
Cr, ≤0.3% Ni, ≤0.25% Cu, and balance Fe. The weight loss of 
steel coupons was evaluated after these were immersed in 
the prepared solutions which are open to the atmosphere at 
a constant temperature of 45°C for 72.0 h. Every 4 h, a cer-
tain amount of distilled water was added in the solutions. 
The corrosion efficiency was calculated by Eqs. (2) and (3) 
as follows:
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where m0 is the mass of carbon steel hung slices before test; 
m1 is the mass of carbon steel hung slices after test; Δm is the 
mass loss of carbon steel hung slices caused by washing in 
acid (20% HCl and 8 g/L of aminoform). s is the surface area 
of carbon steel hung slice (28 cm2). t is the testing time (72 h). 
ρ is the density of carbon steel hung slices. X0 is the annual 
corrosion rate in the absence of scale inhibitor (mm/year). 
X1 is the annual corrosion efficiency in the presence of scale 
inhibitor (mm/y). η is the corrosion inhibition efficiency (%).

2.4. Morphology characterization

The morphological change of the CaSO4 crystals and 
carbon steel on glass plates was examined through SEM, 
with the addition of the polymer PEM. The samples were 
coated with a layer of gold and observed in an S-3400N 
Hi-TECH (Taiwan, China) SEM. Also the crystal changes of 
CaSO4 were studied by X-ray diffraction (XRD).

3. Results and discussion

3.1. Characterizations

The FT-IR spectra of ESA, APEM and PEM are exhibited 
in Figs. 4, 3b and 3c. As can be seen from curve of ESA that 
the characteristic absorption peaks at 850, 945 and 1,230 cm−1 
are attributed to C–O–C closed loop, deformation vibration, 
symmetrical stretching vibration and asymmetric stretching 

vibration for each. The forming of C–O–C closed loop means 
the forming of designed targeted functional groups, a 
three-membered ring epoxy structure. Other characteris-
tic peaks of ESA have also appeared: 1,314; 1,405; 3,038 and 
3,348 cm−1, corresponding to vibration of C–H, O–H, C–H 
(methenyl) and O–H, respectively. In the curve of APEM, 
the C=C absorption peak appears at 1,650 cm−1, and there 
are no peaks between 1,620 and 1,680 cm−1 in curve of PEM. 
Meanwhile, the fact that the cycle C–O–C bond stretching 
vibration at 1,128 cm−1 appears but the absorption peaks at 
3,038; 1,230 and 945 cm−1 disappear completely reveals that 
the polymerization reaction has taken place between the 
reaction monomers and PEM has been synthesized.

3.2. Calcium sulfate scale inhibition performance by PEM

3.2.1. Effects of PEM dosages

Compared with commercial inhibitors, the effect of PEM 
with different dosages on scale inhibition efficiency against 
CaSO4 is researched in Fig. 5. For PEM, the results indicate 
that the scale inhibition efficiency obviously increases with 
increasing the concentration of PEM before the dosage of 
4 mg/L and slightly increases when the concentration is over 
4 mg/L, exhibiting an obvious threshold effect. And the scale 
inhibition efficiency can reach 99% in the concentration of 
4 mg/L, indicating that PEM has good ability against CaSO4.

On the other hand, PEM also shows much better inhibi-
tion efficiency than ATMP, PESA, PAA, HPMA and PBTCA. 
The best inhibition efficiency of PESA reached approx-
imately 86.8%; while the inhibition efficiencies of ATMP, 
PAA, HPMA and PBTCA reached 86.3%, 80.4%, 79.5% and 
67.4%, respectively. This may put down to the multifunc-
tional groups with negative charge in PEM molecule, which 
have strong adsorption to calcium sulfate microcrystal and 
occupy the active growth point of calcium sulfate crystal. 
At last, the normal growth may be ruined, and then prevent 
the generation of CaSO4 scale.

3.2.2. Influence of solution property

Specific effects, solution property, such as Ca2+ concen-
tration, change of pH and temperature have great influence 
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Fig. 4. FT-IR spectra of ESA.
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on scale inhibition performance. As shown in Fig. 6, effect 
of change in concentration of Ca2+ from 6,800 to 20,400 mg/L 
was tested. The data show that the scale inhibition efficiency 
against CaSO4 decreases with increasing Ca2+ concentration, 
while the efficiency is still close to 80% when Ca2+ concen-
tration increases to 20,400 mg/L, which means PEM could be 
used in high hardness water solution.

Temperature is another essential factor on scale inhi-
bition performance as shown in Fig. 7. The Ca2+ concentra-
tion is 6,800 mg/L, the concentration of PEM is 4 mg/L, the 
temperature is in the range of 50°C–90°C and pH value is 7. 
It is apparent that scale inhibition efficiency decreases with 
rising water temperature, and the scale inhibition efficiency 
is above 80% when it is 90°C, indicating that PEM is suitable 
for water in high temperature.

Fig. 8 displays the influence of solution pH values on 
calcium sulfate scale inhibition performance. The Ca2+ con-
centration is 6,800 mg/L, the concentration of PEM is 4 mg/L, 
the temperature is 60°C. When the pH increases from 7 to 
9, the scale inhibition efficiency decreases from 98.2% to 
82.4%. The increasing pH value will break up the equilib-
rium between Ca2+ and SO4

2–, and promote the formation of 
calcium sulfate.

3.2.3. SEM and XRD characterization of CaSO4

The scale inhibition mechanism of PEM was further 
investigated by directly observing the surface morphology 
of precipitated CaSO4 scales by using SEM, as shown in 
Fig. 9 (in the absence and presence of PEM). Fig. 9a shows 
the blank calcium sulfate crystals having regular shape 
similar to a slim needle and a smooth surface. When PEM 
is added, the original shape of the calcium sulfate crystals 
is destroyed and the crystals become more and more loose. 
Plate-shaped particles have appeared and are easily removed 
with flowing water.

Fig. 10 exhibits the XRD spectra of calcium sulfate crys-
tals without and with the addition of PEM. Without addi-
tion of inhibitor, diffraction peaks appeared at 11.66°, 20.71°, 
23.34° and 29.40° are characteristic peaks of calcium sulfate 
crystals, while the peaks have little changes with the addition 
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of PEM, as shown in spectrum (b). The results indicate that 
the presence of PEM can only change the surface morphol-
ogy and particle size.

3.3. Fe2O3 dispersion performance of PEM

The dispersion performance of PEM is shown in Fig. 11, 
comparing with HPMA (a commonly used polyacrylic acid 
derivative inhibitor) and PESA (having similar structure 
with PEM). HPMA and PESA exhibit hardly any ability 
to disperse ferric oxide, whereas PEM possesses excellent 
dispersion ability. In the experimental conditions, it is dis-
closed that the transmittance ratio to disperse ferric oxide 
reduces along with the increase of PEM dosage from 0 to 
18 mg/L and the best dispersion efficiency is reached to 20% 
(transmittance) when 18 mg/L of PEM is added into the 
tested solution. According to this result, the PEG groups 
on PEM matrix play an important role on dispersion to fer-
ric oxide. The mechanism is the adsorption of the lone pair 
electrons in the PEG groups to the surfaces of ferric oxide 

crystal particles through electrostatic interactions, which 
will lead to uniformly dispersed ferric oxide in water, as 
shown in Fig. 12. 

3.4. Corrosion inhibition performance of PEM

The effect of PEM dosages on corrosion inhibition per-
formance is shown in Fig. 13, comparing with EDTMP and 
PESA, commercial and commonly used corrosion inhibitors. 
According to the data, PEM has excellent ability on the cor-
rosion inhibition, because the efficiency increases to 70% 
when the concentration is 60 mg/L while the efficiency of 
EDTMP is only 35% at this concentration. Although PESA 
has superior ability to inhibit calcium carbonate, its corro-
sion ability for carbon steel is poor. When the concentration 
is 80 mg/L, its corrosion inhibition performance is only 25%.

The surface morphology of carbon steel in the absence 
and presence of PEM was observed by photos and SEM in 
Fig. 14. Figs. 14a and d show that carbon steel seems very 
rough on the surface and is considerably damaged without 
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Fig. 9. SEM images of CaSO4 (a) in the absence of PEM and (b) in the presence of 4 mg/L PEM.
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PEM, while the rough surface becomes better and better with 
the increase in concentration of inhibitor, as is apparent in 
Figs. 14b and c. The change can also be seen from Fig. 14e, 
as the surface gets smooth. These results illustrate that PEM 
has a good performance in protecting the carbon steel from 
corrosion.

4. Conclusion

The present work constructed a new modified poly-
epoxysuccinic acid scale and corrosion inhibitor (PEM) by 
the free-radical polymerization reaction. PEM is proven to 
be an effective inhibitor by performance tests with calcium 
sulfate scale inhibition efficiency of 99% in the concentration 
of 4 mg/L and dispersion efficiency of 20% for Fe2O3 at the 
dosage of 18 mg/L. Meanwhile, the corrosion inhibition effi-
ciency is 70% at the concentration of 60 mg/L. A certain theo-
retical and experimental support for PEM is provided and it 
will be a novel and potential material for inhibition of scale 
and corrosion, and dispersion.
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