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a b s t r a c t
In order to improve the scale inhibition efficiency of polyepoxysuccinic acid (PESA), this study 
optimizing, modifying the synthetic steps of scale inhibitor PESA, and obtained a novel scale inhib-
itor PESA-ESA-AMPS by using a mixture compounds of modified PESA and ESA-AMPS. When 
the dosage of PESA-ESA-AMPS was 1% (m/M), the scale inhibition rate of PESA-ESA-AMPS to 
Ca2+ and Mg2+ in the actual circulating cooling water exceeded 80% and 70%, respectively. It was 
calculated that 10 g PESA-ESA-AMPS could achieve better scale inhibition effect in 1t circulat-
ing cooling water. Scanning electron microscopy observation shown that when PESA-ESA-AMPS 
was added into the circulating cooling water, the scale was dispersed into a soft and amorphous 
form, without obvious hexagonal shape, mainly in granular and small spheres, well dispersed 
and the volume was also greatly reduced. PESA-ESA-AMPS was an environmental-friendly 
and low-cost scale inhibitor for circulating cooling water system, it is hoped that this research 
could promote the application of scale inhibitor PESA-ESA-AMPS in the field of water treatment 
such as circulating cooling water systems.
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1. Introduction

Scaling is one of the main problems in water treat-
ment fields such as circulating cooling water systems 
[1–5], boiler heating supply systems, seawater desalina-
tion systems, and petroleum well pipeline systems [6–8]. 
Especially with the continuous improvement of industrial 
circulating cooling water concentration ratio, scaling and 
corrosion problems have seriously affected the industry 
development [9–12]. Adding corrosion and scale inhibitors 
to industrial circulating cooling water is an important and 
economical effective method to solve scaling and corrosion 

[13–16]. Thus, the research on new type corrosion and 
scale inhibitors has become an important focus in water 
treatment field [17,18].

Polyepoxysuccinic acid (PESA) is a kind of novel scale 
inhibitor characterized by high scale inhibiting efficiency 
[19], non-phosphorus, non-nitrogenous [20], good thermal 
stability and biodegradability [21], and could better adapt 
to high alkali, high hardness water system, it is a repre-
sentative of environmental friendly efficient scale inhibi-
tor [22,23] and it has received extensive attention from the 
water treatment industry [24–26]. Some scientific reports 
have proved that PESA has good inhibitory performance on 
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CaCO3 scale and poor dispersing performance on Ca3(PO4)2 
scale, CaSiO3 scale and Zn2+ [27–29]. Because the molecu-
lar structure of PESA is mainly –COOH and the functional 
group is single, which limits the further applications of 
PESA. Mixing PESA with other polymers could optimize the 
scale inhibition performance of PESA theoretically, however, 
it has attracted relatively little attention.

Here, we optimizing, modifying the synthetic steps of 
scale inhibitor PESA, and a scale inhibitor PESA-ESA-AMPS 
was obtained by using a mixtured compounds of modified 
PESA and ESA (epoxysuccinic acid, ESA)-AMPS (2-acryl-
amide-2-methylpropanesulfonic acid, AMPS). In this study, 
the scale inhibition performance of PESA-ESA-AMPS was 
explored and verified with actual circulating cooling water, 
and characterized the scale by scanning electron micro-
scope (SEM). Through this research, we hope it could pro-
mote the application of scale inhibitor PESA-ESA-AMPS 
in the field of water treatment fields.

2. Materials and methods

2.1. Synthesis of the PESA

Fig. 1 is the reaction process, and the preparation steps 
of PESA are as follows [19,29]: 9.8 g maleic anhydride and 
30 mL deionized water was added into a three-necked 
flask equipped with a thermometer, a condenser, a coni-
cal dropping funnel and a constant-speed stirring device. 
7~8 mL 50% sodium hydroxide solution was added drop-
wise under stirring. Heated and added 0.34 g sodium tung-
state catalyst when the temperature rised to 55°C, then 
dropped 10~12 mL hydrogen peroxide in 30 min, reacted 
for about 1 h at 75°C~95°C to generate epoxysuccinic 
acid (ESA). Then solid sodium hydroxide was used as a 

polymerization agent to polymerize for 1.5~3.5 h under 
alkaline conditions, and light-yellow viscous liquid was 
obtained which is PESA after the reaction over. All chemi-
cal reagents are A.R. grade.

2.2. Modified of the PESA

In this study, sulfonic acid groups were introduced to 
carboxylic acid polymers, epoxysuccinic acid (ESA) and 
2-acrylamide-2-methylpropanesulfonic acid (AMPS) were 
copolymerized to modify PESA. The modification method 
is shown in Fig. 2. The recrystallized ESA, AMPS and dis-
tilled water was added into a three-necked flask equipped 
with a condenser and thermometer. The solution was 
heated to a certain temperature and adjust the pH to alka-
line with 50% NaOH solution, then the initiator ammo-
nium persulfate was added and reacted for a period of 
time, and the white crystals precipitated are ESA-AMPS.

2.3. Analysis of actual circulating cooling water quality

The elemental analysis results of the actual circulat-
ing cooling water quality used in this research is shown in 
Table 1.

2.4. SEM observation

In this study, scanning electron microscopy (SEM, 
Quanta 250FEG, FEI) was used to observe [30] and ana-
lyze the morphology of scale samples. Add the scale inhib-
itor or not into the scaling actual circulating cooling water 
samples respectively, dry the scale particles at 105°C and 
observe the scale samples by SEM after gold spraying.
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Fig. 1. Reaction process during the preparation of PESA.
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Fig. 2. Reaction process during the modified of PESA.
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3. Results and discussion

3.1. Research on the influencing factors of PESA yield and scale 
inhibition performance

PESA was prepared in the experiment, an orange-yel-
low viscous liquid. To further optimize the preparation 

steps of PESA, the polymerization temperature, polymer-
ization time and H2O2 dosage were selected as the investi-
gating factors, and carried out a single factor experiment. 
The best conditions for the synthesis of PESA were explored 
by measuring the yield of PESA and the scale inhibition 
rate of PESA to CaCO3.

The study investigated the effect of temperature, 
polymerization time and H2O2 dosage on the yield of 
PESA and the scale inhibition performance of CaCO3. As 
Fig. 3a shows, the yield of PESA decreases with tempera-
ture increasing, and the yield decreases sharply when 
the temperature is higher than 85°C. This is because the 
decomposition of H2O2 and the generation of side reac-
tions will be accelerated when the temperature is higher, 
resulting in a decrease of yield. It can be seen from Fig. 
3 that PESA has the best scale inhibition effect on CaCO3 
at 85°C, lower or higher temperature will affect the scale 
inhibition performance, because the scale inhibition effect 
is related to the PESA degree of polymerization. ESA is a 
free radical polymerization and the free radical activity is 
poor when the temperature is too low, and the polymer-
ization degree of polymer is low due to the low collision 
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Fig. 3. The influence on the yield and scale inhibition rate of PESA, (a) temperature, (b) time and (c) H2O2 dosage.

Table 1
Water quality analysis of the circulating cooling water

Test index Contents (mg/L) Test index Contents (mg/L)

Na 291.6300 B 0.4901
S 93.4190 Sr 0.3735
K 65.7510 Fe 0.0245
Ca 85.4700 Li 0.0882
Mg 15.7550 Al 0.0727
Si 5.2104 Mo 0.0673
P 0.6362 Ba 0.0397
Nd 0.6121 Zn 0.0534
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probability. Simultaneously, the polymerization degree of 
the polymer is too high at higher temperature, which will 
affect the scale inhibition performance. Fig. 3b shows the 
effect of time on PESA yield and CaCO3 inhibition rate. The 
yield of PESA and CaCO3 inhibition rate increases with 
time increase within 3 h, and it reaches the maximum when 
time is 3 h. The scale inhibition rate of PESA reaches 92.3% 
at 3 h, and the yield and CaCO3 inhibition rate decreased 
after 3 h. The reaction is incomplete when the reaction time 
is less than 3 h, and the PESA yield and inhibition rate 
on CaCO3 is low. The polymerization of PESA is too high 
when the reaction time exceeds 3 h, which will affect the 
scale inhibition performance. It can be seen from Fig. 3c 
that the PESA yield increases at first and then decreases 
with increasing of H2O2 dosage, while the scale inhibition 
performance of PESA decreases at first and then increases. 
The scale inhibition rate of PESA is the lowest and the yield 
reaches the maximum when the H2O2 dosage is 11 mL. 
The best preparation conditions of PESA and the best scale 
inhibition conditions of PESA for CaCO3 are obtained 
through the single factor experiments, the scale inhibition 
rate of PESA for CaCO3 exceeds 92% under the following 
conditions: the reaction time is 3~3.5 h with 85°C and the  
dosage of H2O2 is 10 mL.

3.2. Modification of the PESA

The functional group of PESA is mainly single carboxyl 
functional group, its effect in inhibiting calcium phosphate 
scale is not significant, and PESA is easy to produce insol-
uble polymer calcium gel when calcium concentration is 
higher, so PESA needs to be modified. Introducing sulfon-
ate groups into carboxylic acid polymers could effectively 
improve the ability of inhibiting calcium phosphate [25].

Epoxysuccinic acid (ESA) and 2-acrylamide-2-methyl-
propanesulfonic acid (AMPS) were copolymerized to mod-
ify PESA in this study. PESA and ESA-AMPS were applied 
to inhibiting CaCO3, Ca3(PO4)2, and stabilizing zinc salt, 
and compared their scale inhibition and stability perfor-
mance. It can be seen from Fig. 4 that the Ca3(PO4)2 scale 
inhibition performance and Zn2+ stability performance 
has been significantly improved after the introduction of 
sulfonic acid groups in PESA. The scale inhibition rate of 
ESA-AMPS to Ca3(PO4)2 reached 77%, which is higher than 
PESA by 2~5 times, the stability rate of ESA-AMPS to Zn2+ 
reached 75%, which is 1.5~3 times than PESA. However, 
the scale inhibition performance of ESA-AMPS on CaCO3 
is lower than PESA. Therefore, the modified PESA needs 
further modification to optimize its performance.
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Fig. 4. The scale inhibition performance of modified PESA on (a) CaCO3, (b) Ca3(PO4)2 and (c) Zn2+.
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PESA has a better anti-scaling effect on CaCO3, and 
ESA-AMPS has better anti-scaling performance against 
Ca3(PO4)2 and stable Zn2+ performance, so PESA and ESA-
AMPS were mixtured, and a novel type of scale inhibitor 

with better scale inhibition performance was obtained in 
this study. The research explored the best ratio of PESA 
and ESA-AMPS. Table 2 shows the scale inhibition effect 
of the PESA copolymer under various ratios, and the ratio 
shown in the table is the mass ratio of PESA:ESA-AMPS. It 
can be seen from Fig. 5 that the mixtured compound has a 
good scale inhibition performance on CaCO3 and Ca3(PO4)2 
when the ratio of PESA:ESA-AMPS was 1:2. Therefore, 
the mixtured compounds of PESA and ESA-AMPS with 
the mass ratio 1:2 was used to form a novel scale inhibitor 
which labeled PESA-ESA-AMPS.

2:1 1:1 1:2 1:3 1:4
50

60

70

80

90

S
ca

le
 i

n
h
ib

it
io

n
 r

at
e 

(%
)

PESA: ESA-AMPS ratio

 CaCO3

 Ca3(PO4)2

Fig. 5. The scale inhibition performance of PESA and ESA-AMPS 
at different ratios.

0 5 10 15 20 25 30 35
0

20

40

60

80

100

S
ca

le
 i

n
h

ib
it

io
n

 r
at

e(
%

)

Dosing amount of scale inhibitor(ml/L)

 PESA-CaCO3  ESA-AMPS-CaCO3

 PESA-ESA-AMPS-CaCO3

0 5 10 15 20 25 30 35
0

20

40

60

80

100

S
ca

le
 i

n
h

ib
it

io
n

 r
at

e(
%

)

Dosing amount of scale inhibitor(ml/L)

 PESA-Ca3(PO4)2

 ESA-Ca3(PO4)2

 PESA-ESA-AMPS-Ca3(PO4)2

0 5 10 15 20 25 30 35
0

20

40

60

80

100

S
ca

le
 i

n
h

ib
it

io
n

 r
at

e(
%

)

Dosing amount of scale inhibitor(ml/L)

 PESA- MgCO3

 ESA- MgCO3

 PESA-ESA-AMPS-MgCO3

(a) (b)

(c)

Fig. 6. The scale inhibition performance of copolymer inhibitor on (a) CaCO3, (b) Ca3(PO4)2 and (c) MgCO3.

Table 2
Scale inhibition effect of PESA physical compounding under 
different ratio

PESA:ESA-AMPS 
ratio

CaCO3 inhibition 
rate (%)

Ca3(PO4)2 inhibition 
rate (%)

2:1 86.9 51.7
1:1 82.4 58.7
1:2 80.2 74.3
1:3 76.3 77.1
1:4 72.1 79.1



L.-g. Hou et al. / Desalination and Water Treatment 259 (2022) 37–4442

According to the analysis results of water quality ele-
ments, the circulating cooling water samples used in the 
research mainly contains calcium and magnesium, so PESA-
ESA-AMPS was used to conduct further research on calcium 
scale and magnesium scale. It can be seen from Fig. 6 that 
the PESA-ESA-AMPS has better scale inhibition perfor-
mance on CaCO3 and MgCO3 than ESA-AMPS, and the scale 
inhibition effect to Ca3(PO4)2 was better than unmodified 
PESA. That is to say, PESA-ESA-AMPS has better scale inhi-
bition effects on carbonates and phosphates, and the scale 
inhibitors performance of PESA has been improved.

3.3. Application research of the modified PESA

Actual circulating cooling water was used to verify the 
application performance of the novel scale inhibitor PESA-
ESA-AMPS. It can be seen from Table 1 that the main ele-
ments which could produce scale in the circulating cooling 
water was calcium and magnesium ions. Therefore, PESA-
ESA-AMPS was mainly to prevents the formation of cal-
cium and magnesium in actual circulating cooling water.

The PESA-ESA-AMPS was applied to actual circulat-
ing cooling water sample, Fig. 7a and b are the morphology 

(a) (b)

(c) (d)

(e)

Fig. 7. SEM image and performance comparison photos of PESA-ESA-AMPS in actual cooling water scale when added or not.
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photos of scale formed with no scale inhibitor added while 
(c and d) with scale inhibitor added. Fig. 7e is the compari-
son performance photo of PESA-ESA-AMPS in actual cool-
ing water scale with added or not. According to the SEM 
photos, the scale particles present a regular hexagonal crys-
tal system with no PESA-ESA-AMPS added, indicating the 
crystal form of scale in this environment is mainly calcite, 
the crystal size is large, and most of them were clustered 
together which was easier to form dense hard scale. When 
a certain amount of PESA-ESA-AMPS was added to the 
circulating cooling water, the scale was dispersed into soft 
and amorphous shape, without obvious hexagonal shape, 
mainly in granular and small spheres, well dispersed and 
the volume was also greatly reduced.

The scale inhibition performance on calcium ions and 
magnesium ions is shown in Fig. 8. When adding different 
amounts of PESA-ESA-AMPS to 200 mL actual water sam-
ple. As can be seen from Fig. 8, adding 1.5~2.5 mg scale 
inhibitor into 200 mL actual circulating cooling water has 
better scale inhibition performance. When the dosage was 
1% (m/M, 200 mL water sample with 2 mL scale inhibitor), 
the scale inhibition rate of PESA-ESA-AMPS to Ca2+ and 
Mg2+ in the circulating cooling water exceeded 80% and 
70%, respectively. In other words, 10 g PESA-ESA-AMPS 
could achieve better scale inhibition effect in 1t circulating 
cooling water. Therefore, PESA-ESA-AMPS was an environ-
mental-friendly and low-cost scale inhibitor for circulating 
cooling water system.

4. Conclusions

It optimizing, modifying the synthetic steps of scale 
inhibitor PESA, and obtained a novel scale inhibitor PESA-
ESA-AMPS by using a mixtured compounds of modified 
PESA and ESA-AMPS in this study. When the dosage was 
1% (m/M), the scale inhibition rate of PESA-ESA-AMPS to 
calcium and magnesium ions in the actual circulating cool-
ing water exceeds 80% and 70%, respectively. 10 g PESA-
ESA-AMPS could achieve better scale inhibition effect 
in 1t circulating cooling water. PESA-ESA-AMPS was an 

environmental-friendly and low-cost scale inhibitor for 
circulating cooling water system, and it is hoped that this 
research could promote the application of scale inhibitor 
PESA-ESA-AMPS in the field of water treatment.
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