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a b s t r a c t
Dynamic scale inhibition of epoxysuccinic acid/itaconic acid/2-acrylamido-2-methyl propanesulfonic 
acid (ESA/IA/AMPS) copolymer with electrostatic field was studied via a dynamic simulation device. 
CaCO3 morphology and crystal form were characterized by scanning electron microscope (SEM) and 
X-ray diffraction (XRD). The results show an obvious synergistic effect between the electrostatic field 
and ESA/IA/AMPS copolymer in a dynamic scale inhibition test. The synergism scale inhibition rate 
was 95.85%, which is 12.94% higher when compared with the copolymer alone. SEM and XRD analyses 
indicate that the electrostatic field facilitated the formation of aragonite CaCO3. CaCO3 scale formation 
in a blank water sample consisted of 83.8% calcite and 16.2% aragonite, while CaCO3 scale formation 
from a water sample treated with an electrostatic field consisted of 95.5% aragonite and 4.5% calcite. 
The CaCO3 scale formed in the presence of the copolymer and formed under the synergistic effect both 
consisted of 100% aragonite. However, CaCO3 crystal particles that formed under the synergistic effect 
were much smaller and more dispersed.
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1. Introduction

Various mineral salts are found in water used in indus-
trial circulating cooling water systems, especially calcium 
bicarbonate. Calcium bicarbonate is unstable and easily 
decomposes to carbonate. Carbonate is stable and easily 
adheres to the surface of heat exchangers, causing a decline 
in the heat conduction and influencing the heat transfer 
efficiency of the exchanger. Moreover, the heat exchanger 
cannot run normally. At present, the most effective method 
of inhibiting calcium carbonate scale formation is adding 
chemicals to the circulating water system. However, the 

addition of large amounts of chemicals has led to secondary 
pollution.

With the increase in human environmental awareness, 
recent water treatment research has been focused on green 
water treatment chemicals and clean technologies [1,2]. 
Physical water treatment methods, such as magnetism, 
ultrasound, and static electric field, offer advantages, such 
as ease of operation, low-cost maintenance, and nontoxic-
ity, compared with chemical treatments. However, these 
methods have some limitations. Electrostatic water treat-
ment was developed in recent decades as a type of physical 
water treatment technology, and it exhibits unique perfor-
mance characteristics in water treatment [3–10]. Electrostatic 
water treatment technology is appealing because of its low-
energy consumption (the power dissipation of an ESC-100 
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electrostatic water treatment device is 15  W) and ability to 
reduce pollution. However, it does not sufficiently inhibit 
CaCO3 scale formation when used as the sole water treatment 
technique.

Polyepoxysuccinic acid (PESA) is a nonphosphorus, 
nonnitrogen water treatment agent with good degradation 
properties [11–13]. However, the scale inhibition against 
CaCO3 formation is not sufficient when used in water 
with high hardness and alkalinity. PESA has little effect on 
Ca3(PO4)2 inhibition and Fe2O3 dispersal. PESA derivatives 
are synthesized by introducing specific functional groups to 
enhance their performance [14–17]. ESA/IA/AMPS copoly-
mer is one such derivative, in which sulfonic and carboxylic 
acid group are introduced into PESA [17]. In the application 
of the copolymer, the results showed that the scale inhibition 
rate was 80.9% against CaCO3 and 100% against Ca3(PO4)2 
at a dosage of 30  mg/L ESA/IA/AMPS copolymer. The 
copolymer exhibited good dispersion and biodegradation 
properties, but the dosage was high. To reduce the dosage 
of the water treatment agent, electrostatic water treatment 
and ESA/IA/AMPS copolymer were combined in this paper. 
The synergistic scale inhibition of the copolymer with an 
electrostatic field and the effect on CaCO3 crystal formation 
were studied.

2. Experimental

2.1. Chemicals and reagents

The chemicals used in this study included analytical 
grade calcium chloride dehydrate, sodium bicarbonate, 
and ethylenediamine tetraacetic acid. The water treatment 
agent ESA/IA/AMPS copolymer was synthesized using a 
previously published method [17].

2.2. Water samples

Underground water, which was collected from the resi-
dential subdistricts in the city of Shijiazhuang, was used to 
study synergistic scale inhibition. A simulated water sample 
containing 400  mg/L Ca2+ and 400  mg/L HCO3

− (as CaCO3) 
was made with analytical grade calcium chloride dehydrate 
and sodium bicarbonate, and this sample was used to study 
the crystal form of calcium carbonate.

2.3. Testing apparatus

2.3.1. Electrostatic water treatment device

As seen in Fig. 1, the electrostatic water treatment device 
consists of water treatment equipment (φ35 × 800 mm) and 
a high-voltage DC power supply. The electrostatic voltage 
range is 2–8  kV. The anode of the device is a conductive 
metal rod, and it is placed in a tetrafluoroethylene cylinder. 
The cathode is a seamless steel pipe. The anode and cathode 
are kept at a certain distance and form a cavity. The output 
of the high voltage power supply is connected to the metal 
rod of the water treatment equipment. The ground wire is 
connected to shell of the water treatment equipment. A high 
voltage electrostatic field is obtained by adjusting the power 
supply voltage, and the electrostatic field impacts the flow 
rate of the water in the cavity.

2.3.2. Dynamic simulation water treatment device

The electrostatic water treatment device was connected 
to a DGC-III dynamic simulation device in order to moni-
tor electrode fouling. A schematic of the device is shown in 
Fig. 2.

The heat exchanger consisted of glass bushing and a 
stainless steel heat pipe. Water samples flowed into the space 
between the drive pipe and heat transfer pipe. Water samples 
in the water channel below flowed through the electrostatic 
water treatment device and into the water channel above. 
Next, water samples flowed through the heat exchanger, 
and scale adhered to the surface of the heat transfer pipe. 
This resulted in fouling resistance, which led to a decrease 
in the heat transfer coefficient of the heat exchanger as well 
as a decrease in heat transfer performance. The dynamic 
synergistic scale inhibition performance was evaluated by 
studying the changes in fouling resistance.

2.4. Evaluation of dynamic scale inhibition

Underground water was used in the dynamic scale inhi-
bition experiments, and the composition of water samples 
was as follows: total hardness of 791 mg/L (as CaCO3), Ca2+ 
hardness of 585 mg/L (as CaCO3), total alkalinity of 317 mg/L 
(as CaCO3), and Cl− content of 244 mg/L.

Test conditions were as follows: the experiment tem-
perature was 40°C, experiment time was 10 h, and heating 

Fig. 1. Schematic of electrostatic water treatment system.

Fig. 2. Dynamic simulation of the electrostatic water treatment 
device.
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voltage was 5 V. According to the heat transfer rate equation, 
the thermal resistance was calculated in Eq. (1) as follows:

R A
Q

T Td = −( )∆ ∆md mc 	 (1)

where Rd (m2 K/W) is thermal resistance, A (m2) is heat trans-
fer area, Q (W) is heat transfer rate, ΔTmd (K) and ΔTmc (K) 
are the average temperature difference between the water 
and the heat exchanger after and before scale formation, 
respectively.

The dynamic scale inhibition rate was calculated in Eq. (2) 
as follows:
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where Rd′ (m2 K/W) is the fouling resistance, with the water 
treatment agent or with both the agent and an electrostatic 
field and Rd (m2  K/W) is the fouling resistance of a blank 
water sample.

2.5. Characterization of CaCO3 scale samples

A water sample containing 400 mg/L Ca2+ and 400 mg/L 
HCO3

− (as CaCO3) was made with analytical grade calcium 
chloride dehydrate and sodium bicarbonate. Four CaCO3 
samples to be prepared: CaCO3 sample from blank water, 
CaCO3 sample from water treated with an electrostatic field, 
CaCO3 sample from water treated with the ESA/IA/AMPS 
copolymer, and CaCO3 sample from water treated with 
an electrostatic field and the copolymer. A glass slide was 
placed in the water storage tank before the dynamic inhibi-
tion scale experiment. The experimental conditions were as 
follows: temperature of 55°C, electrostatic voltage of 5  kV, 
flow rate of 80 L/h, and experiment time of 10 h. When the 
experiment was completed, the glass slide was removed and 
dried at 40°C. The glass slide was fixed to the sample table 
by conductive adhesive tape, and the morphology of CaCO3 
scale precipitate was observed by scanning electron micro-
scope (SEM, Inspect S50, FEI). The accelerating voltage was 
20 kV, and the magnification was 2,000.

The crystal texture of CaCO3 was characterized by 
X-ray diffraction (XRD). The test conditions were as fol-
lows: Cu target, working voltage of 40 kV, scanning range 
of 20°–60°, step length of 0.02°, and scanning speed of 2°/s. 
Based on the adiabatic method of quantitative analysis, the 
mass fraction of every phase (WX) was calculated in Eq. (3) 
as follows:
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where IX is the maximum diffraction peak area of X phase; 
RIRC is the reference intensity of internal standard substance; 
and RIRX is the reference intensity of X phase. Ki

c is the ratio 
of the diffraction peak area of i phase to the peak area of the 
internal standard. 

3. Results and discussion

3.1. Dynamic synergistic scale inhibition of electrostatic field and 
ESA/IA/AMPS copolymer

3.1.1. Effect of ESA/IA/AMPS copolymer concentration on 
synergistic scale inhibition

The influence of ESA/IA/AMPS copolymer concentra-
tion on dynamic synergistic inhibition against CaCO3 scale 
was studied using the following conditions: electrostatic 
voltage of 5  kV and flow rate of 80  L/h. The analysis of 
the water samples is described in Section 2.4. Fig. 3 shows 
the changes in fouling resistance overtime. Table 1 shows the 
fouling resistance of different copolymer concentrations and 
Table 2 shows the dynamic scale inhibition rate of different 
copolymer concentrations.

As the copolymer concentration increased, the foul-
ing resistance decreased, and the scale inhibition rate was 
improved when using the agent alone or using the electrostatic 
field with the agent. The dynamic synergistic scale inhibition 
rate was higher than when the copolymer was used alone at 
any concentration in the experiment. When the concentra-
tion of the copolymer was 1.0 mg/L, the scale inhibition rate 
increased by 12.94%, which was the highest value achieved. 
This suggests that distinct synergistic scale inhibition exists 
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Fig. 3. The effects of different copolymer concentrations on 
dynamic fouling resistance.

Table 1
Dynamic fouling resistance of different copolymer concentrations

Concentration 
(mg/L)

Fouling resistance (×10−4 m2 K/W)

Blank Copolymer Electrostatic 
field + copolymer

0.5 17.85 6.29 4.26
1.0 3.05 0.74
1.5 1.48 0

Operating conditions: electrostatic voltage of 5  kV, flow rate of 
80 L/h, experiment temperature of 40°C, and experiment time of 10 h.
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between the electrostatic field and ESA/IA/AMPS copoly-
mer. When the concentration of the copolymer was 1.5 mg/L, 
the scale inhibition rate was 91.71%, for the copolymer alone. 
The dynamic synergistic scale inhibition rate was 95.85% at a 
copolymer concentration of 1.0 mg/L. The concentration was 
reduced by one-third when using the synergistic treatment 
of electrostatic field with ESA/IA/AMPS copolymer, and 
almost the same scale inhibition effect was achieved.

3.1.2. The effect of electrostatic voltage on synergistic 
scale inhibition

For this section, the experimental conditions were as 
follows: flow rate of 80 L/h and a copolymer concentration 
of 1.0 mg/L. The analysis of the water samples is described 
in Section 2.4. Fig. 4 shows the changes in fouling resistance 
with different electrostatic voltages overtime. Table 3 shows 
the dynamic fouling resistance at different voltages and 
Table 4 shows the dynamic scale inhibition rate at different 
voltages.

With increasing electrostatic voltage, the fouling 
resistance decreased, and the scale inhibition rate increased 
when the copolymer and the electrostatic field were used 

respectively or in combination. When the electrostatic field 
and the copolymer were used in combination, the increase 
in synergistic scale inhibition rate was greater than when the 
copolymer was used as the sole. When the static voltage was 
3 kV, the inhibition rate was 9.81% higher for the combined 
than for the copolymer alone. When the static voltage was 
5  kV, the increment of synergism scale inhibition rate was 
12.94%, and the synergism scale inhibition rate was 95.85%.

3.2. Influence of synergism on the morphology and crystal 
form of CaCO3

3.2.1. SEM analysis of CaCO3

CaCO3 scale samples were prepared according to the 
method and experimental conditions in Section 2.5.

Table 2
Dynamic scale inhibition rate of different copolymer 
concentrations

Concentration 
(mg/L)

Scale inhibition rate (%) Scale 
inhibition rate 
increment (%)

Copolymer Electrostatic 
field + copolymer

0.5 64.76 76.13 11.37
1.0 82.91 95.85 12.94
1.5 91.71 100 8.29

Operating conditions: electrostatic voltage of 5  kV, flow rate of 
80 L/h, experiment temperature of 40°C, and experiment time of 10 h.
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Fig. 4. The effect of electrostatic voltage on dynamic fouling 
resistance.

Table 3
Dynamic fouling resistance at different voltages

Electrostatic 
voltage (kV)

Fouling resistance (×10−4 m2 K/W)

Blank Electrostatic field Electrostatic field + copolymer Copolymer

3 17.85 12.40 1.30 3.05
5 11.10 0.74

Operating conditions: flow rate of 80 L/h, copolymer concentration of 1.0 mg/L, experiment temperature of 40°C, and experiment time of 10 h.

Table 4
Dynamic scale inhibition rate at different voltages

Electrostatic 
voltage (kV)

Scale inhibition rate (%) Scale inhibition 
rate increment (%)Electrostatic field Electrostatic field + copolymer Copolymer

3 30.53 92.72 82.91 9.81
5 37.82 95.85 12.94

Operating conditions: flow rate of 80 L/h, copolymer concentration of 1.0 mg/L, experiment temperature of 40°C, and experiment time of 10 h.
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As shown in Fig. 5, CaCO3 crystals from the blank water 
sample were rhombohedron calcite and small amounts of 
needle-shaped aragonite. When the blank water was treated 
with an electrostatic field, the amount of needlelike arago-
nite CaCO3 increased and the length of the aragonite parti-
cles decreased, and the amount of calcite CaCO3 decreased 
(in Fig. 6). The CaCO3 crystals from the blank water sample 
treated with the copolymer were completely transformed 
into needle-like aragonite (in Fig. 7), and the particles were 
densely packed. The synergism effect also transformed 
the CaCO3 crystals into needle-like aragonite (in Fig. 8). 
Compared with Fig. 7, the crystals shown in Fig. 8 were more 
dispersed, the particles were smaller, and they did not easily 

adhere to the surface of the heat exchanger. As a result, the 
fouling resistance decreased, and the scale inhibition rate 
increased. The synergism enhanced the chelating properties 
of the inhibitor for calcium ions upon application of the static 
electric field.

3.2.2. XRD analysis of CaCO3

The XRD pattern of CaCO3 scale from the blank water 
sample is shown in Fig. 9(a). The diffraction peaks at approx-
imately 23°, 29°, and 39° were characteristic peaks of calcite. 

Fig. 5. SEM image of CaCO3 in blank water.

Fig. 7. SEM image of CaCO3 with the copolymer.

 

Fig. 8. SEM image of CaCO3 with the copolymer and electrostatic 
field.

 

Fig. 6. SEM image of CaCO3 with the electrostatic field.
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The diffraction peaks at approximately 26°, 27°, 33°, 36°, 
45°, 48°, and 50° were the characteristic peaks of aragonite. 
It calculated that the content of calcite was 83.8% and the 
aragonite was 16.2%.

The XRD pattern of CaCO3 from the water sample treated 
with an electrostatic field is shown in Fig. 9(b). Compared 
with the pattern in (a), the calcite diffraction peak at 29.480° 
was weaker, and the aragonite peaks at approximately 26°, 
27°, 33°, 36°, 38°, 42°, 45°, 48°, and 50° were larger in pattern 
(b). It calculated that the content of calcite was 4.5%, and the 
content of aragonite was 95.5%. The electrostatic field facil-
itated the formation of aragonite. When water samples are 
treated with an electrostatic field, water molecules are acti-
vated, and the dipole moment and polarity increase [17–19]. 
Additionally, the hydration of positive and negative ions 
increases, therefore, Ca2+ and CO3

2− are less likely to knock 
against each other and form CaCO3 crystal. Meanwhile, 
electrostatic attraction between the Ca2+ and CO3

2− ions 
changes. This affects the nucleation rate of the crystal, alter-
ing the crystal structure. Moreover, the field energy changes 
the crystal face free energy of the crystal and affects the 
growth of the crystal nucleus.

As shown in Figs. 9(c) and (d), the diffraction peak of 
calcite disappeared, and the remaining peaks were charac-
teristic of aragonite. This suggests that the CaCO3 crystal was 
aragonite when the water sample was treated with the copo-
lymer or the copolymer and electrostatic field together. The 
results were in good agreement with SEM images. When an 
electrostatic field and copolymer were applied in combina-
tion, the activated water and copolymer molecules bonded to 
produce more dispersed CaCO3 particles.

4. Conclusions

A synergistic scale inhibition effect was observed when 
an electrostatic field and ESA/IA/AMPS copolymers were 

used in water treatment. The concentration of the copolymer 
and the applied electrostatic voltage affected the synergism. 
When the electrostatic voltage was 5 kV and the copolymer 
concentration was 1.0 mg/L, the synergistic scale inhibition 
rate was 95.85%, which increased by 12.94% when compared 
with that used the copolymer alone. This study provides a 
feasible water treatment method that reduces the dosage of 
chemical inhibitors and environmental pollution.

The SEM and XRD results show that the use of the elec-
trostatic field favored the formation of aragonite CaCO3. 
The synergistic effect between the electrostatic field and 
the copolymer resulted in looser scale that did not easily 
adhere to the heat exchanger surface. This was due to that 
CaCO3 crystal formation was hindered by the electrostatic 
field. Additionally, the CaCO3 microcrystals adsorbed to 
the copolymer and the normal growth of CaCO3 crystals is 
altered.
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