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a b s t r a c t

A highly efficient and environment-friendly scale inhibitor (MA-VA-VS) was synthesized via free radical
solution polymerization method, where maleic anhydride (MA), vinyl acetate (VA) and vinyl sulfonate
(VS) acted as monomers, while ammonium persulfate was used as initiator. The inhibition performance
and the structure as well as properties was characterized using static jar measurement and dynamic test,
Fourier transform infrared spectroscopy and thermogravimetric analysis. The surface morphology and
composition of scale formed in the solution were examined using scanning electron microscopy and X-
ray diffraction, respectively. The binding energies of inhibitor with calcite (104) face were calculated
using Materials Studio 2017 (MS) at 323 K.

The results show that the inhibition efficiency gradually increases with increasing inhibitor concen-
tration. While as the Ca2þ concentration increases, the efficiency first increases and then decreases. With
the increase in temperature or pH, the efficiency generally decreases. It is confirmed that the inhibition
efficiency can reach 91.4% when 150 mg/L MA-VA-VS is used in a flow condition. Both the calculated
binding energy and inhibition performance evaluation results demonstrate that the scale inhibition
performance of MA-VA-VS is better than a commercial scale inhibitor (HPMA). The excellent inhibition
performance of this inhibitor is due to its chelation and dispersion properties.

© 2021 Southwest Petroleum University. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Scaling is one of the universal safety problems encountering in
the oil production and transportation industry. This is due to the
incompatibility of solutions for conveying various fluids or the
rapid changes in temperature and pressure in the pipelines [1].
Calcium carbonate has been thought to be one of the commonest
scales, especially during the production of oil and gas. It forms
precipitates with a strong bonding force on the inner surface of
pipelines, valves and other equipment, causing a total or partial

block of pipelines, decreasing the heat transfer, and even making
the pipelines burst. Eventually, scaling could result in an unpre-
dictable economic loss [2].

At present, the mainmethods used to prevent scale formation in
oil fields include the injection of scale inhibitor, the electromag-
netic anti-scaling technique and ultrasonic descaling technique, etc.
However, the most economic and efficient method is the injection
of scale inhibitor. The main prevention mechanisms of scale in-
hibitor comprise chelation, dispersion and causing lattice distortion
of scale.

Nowadays, major types of scale inhibitors involve inorganic
polyphosphates, organic phosphorus compounds, polymeric scale
inhibitors, blending scale inhibitors and green scale inhibitor [3e7].
The use of phosphorus-containing scale inhibitors has been grad-
ually reduced since these scale inhibitors could cause environ-
mental pollution [8]. In addition, the scale inhibitor with a single
functional group indeed shows scale inhibition ability to some
degree. However, its application is usually very limited, especially
under harsh conditions since its inhibition efficiency is relatively
poor. Nowadays, the development trend of scale inhibitor is the
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polymerization of monomers with multiple functional groups, and
at the same time, this copolymer is no-phosphorus and environ-
ment friendly. Compared with the single-functional scale in-
hibitors, the scale inhibitor with multiple functional groups not
only shows higher inhibition efficiency, but also broadens the range
of application [9e18].

In the synthesis of polymer scale inhibitors, maleic anhydride
(MA) is often used as a monomer because it has two carboxylic
functional groupswhich can result in the formationof a stable chelate
compounds with metal ions. Some studies reported that maleic an-
hydride polymers had excellent performance in preventing the for-
mation of inorganic scale. For example, Yang et al. reported that a
copolymer scale inhibitorwas synthesizedusingmaleic anhydride, 2-
acrylamido-2-methylpropanesulfonic acid and 3-allyloxy-2-
hydroxy-1-propanesulfonate [3]. With the addition of 22 mg/L this
inhibitor, the scale inhibition efficiency was up to 97.6% in the envi-
ronment containing 240 mg/L Ca2þ and 732 mg/L HCO3

�. Wang et al.
synthesized four maleic acid-based copolymers [hydrolyzed poly-
maleic anhydride (HPMA)-AEO] using different fatty alcohol poly-
oxyethylene ether and HPMA, these scale inhibition efficiency of the
prepared copolymers were above 95% for CaCO3 in the solutionwith
240mg/L Ca2þ and 360mg/L HCO3

� [7]. These cases have shown that
the synthesized scale inhibitors had excellent scale inhibition per-
formance in the environment with low Ca2þ concentration and low
salinity.However, theCa2þ concentrationand salinityareusually very
high in oil and gas fields and these scale inhibitors may not show a
high inhibition performance under such conditions. Therefore, it is
urgent to develop a scale inhibitor which is not only environment
friendly, but also shows an excellent performance in an environment
with high Ca2þ concentration and salinity.

In this work, a polymer scale inhibitor MA-VA-VS was synthe-
sized using MA, vinyl acetate (VA) and vinyl sulfonate (VS) as
monomers, and ammonium persulfate as an initiator via free
radical solution polymerization method. The molecular structure
and thermal stability of scale inhibitor MA-VA-VS were examined
by using Fourier transform infrared spectroscopy (FT-IR) and
thermogravimetric analysis (TGA), respectively. In order to get a
scale inhibitor with an excellent inhibition performance, the effects
of monomer ratio, initiator dosage, polymerization time and poly-
merization temperature on the inhibition performance were first
discussed to optimize the synthesis conditions, inwhich the time to
scaling test was employed. The inhibition efficiency of the syn-
thesized inhibitor under the optimized conditions was evaluated by
using the static jar measurement and dynamic measurement. The
binding energies of synthetic scale inhibitor (MA-VA-VS) and
commercial scale inhibitor (HPMA) on calcite (104) face were
investigated by molecular dynamics method in MS. The surface
morphology of scalewas observed by scanning electronmicroscopy
(SEM) and the crystal structure of CaCO3 scale was examined by X-
ray diffraction (XRD).

2. Experimental

2.1. Reagents

MA, ammonium persulfate, calcium chloride dihydrate, sodium

bicarbonate, magnesium chloride hexahydrate, sodium sulfate and
sodium chloride were purchased from Chengdu Kelong chemical
reagent Co. Ltd in Chengdu. While VA was supplied by Shanghai
Aladdin Biochemical Technology Co. Ltd in Shanghai. For compar-
ison, a commercial scale inhibitor HPMA (Hydrolyzed polymaleic
anhydride) was purchased from Shandong Yousuo Chemical
Technology Co. Ltd. All chemicals were reagent grade and were
used as received.

2.2. Synthesis of MA-VA-VS

The steps for the synthesis of MA-VA-VS are as follows.

(1) MA, VA and VS were dissolved into 30 ml deionized water in
a four-necked flask. The solutionwas heated and stirred with
intelligent magnetic stirring electric heating sleeve.

(2) When the temperature reached 60�C, the ammonium per-
sulfate initiator was added into this flask with constant
pressure dispensing funnel. The adding process lasted about
20 min.

(3) The reaction lasted for a set period at a set temperature, and
then a copolymer MA-VA-VS was obtained.

The amounts of reactants were optimized by single-factor
experiment including molar ratio, reaction time, reaction temper-
ature and initiator dosage. The synthesis reaction equation is
shown in Fig. 1.

2.3. Characterization

2.3.1. Molecular structure
The structure of MA-VA-VS copolymer was examined by FT-IR

spectrometer (WQF-520, Beijing Ruili Analytical Instrument,
China). The wave number range was 4000e400 cm�1 and a KBr
powder was used as a test holder. The minimum of 16 scans signal-
averaged with a resolution of 2 cm�1 was employed.

2.3.2. Thermal stability analysis
TGA (DSC823 TGA/SDTA85/e, Switzerland) was used to analyze

the thermal stability of copolymer. The measurements were con-
ducted in N2 gas environment in the temperature 40e800�C and
the heating rate was 20�C per minute. From the TGA curve and the
derivative curve, the completion temperature of decomposition
and the weigh percentage of the residue could be known.

2.3.3. Surface morphology and crystal structure of the scale
The surface morphology of scale was observed using SEM (ZEISS

EV0 MA15, Carl Zeiss Micrographics co. LTD in Germany) with a
0.2e30 kV accelerating voltage. The crystal structures of the scale
formed in the solutionwith and without inhibitor were detected by
using X-ray diffraction (XRD, DX-2700, Dandong haoyuan instru-
ment co. LTD in China). The scanning rate was 6� per minute and
the data were recorded in the 2q angle range from 20� to 70�.

Fig. 1. The reaction equation for synthesis of MA-VA-VS.
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2.4. Performance evaluation of scale inhibitor

2.4.1. The time to scaling test
To optimize the synthesis condition of the scale inhibitor, a

convenient and accurate assessment technique is required. Here a
technique used to measure the time to scaling is introduced. The
time to scaling is the time period from the time of inhibitor addition
to the time when the scale starts to form in the solution. The setup
used for the time to scaling test was first proposed by Yan et al.
[19e21]. The apparatus is composed of a 650 nm infrared laser
emitter, a silicon photodiode receiver, a square transparent glass
container, a magnetic stirring apparatus, a data acquisition
component and a computer. The principle of this method is that
when the light transmits through the solution and arrives on silicon
photodiode receiver where the light signal can be transformed to
current signal. This current signal can be recorded by a current
meter. The clearer the solution, the stronger the light signal can be
received on the diode, hence the higher the current. The scale in-
hibitor addition can extend the induction period of scaling. The
longer the induction period, the better the scale inhibitor perfor-
mance is. Therefore, the time to scaling is used as an index to
evaluate the inhibition performance of scale inhibitor. The optical
graph of the apparatus used in this work is shown in Fig. 2.

The current vs. time curve can be obtained for each condition in
the time to scaling test. According to the principle of this method, if
no scale is formed, the current will be maintained around a con-
stant and high value, however, once the scaling occurs, the current
will drop remarkably. Therefore, the longer time the current can be
maintained around a constant value, the better inhibition perfor-
mance is. Accordingly, the inhibition performance of the copolymer
prepared under different conditions can be evaluated simply by the
time to scaling.

The tests were carried out under 20�C and 0.1 MPa, and the
specific operations procedures of test are as follows. Firstly, scale
inhibitor and 50 ml NaHCO3 solution were added into the square
glass container, and then stirred for 5 minwith a stirring speed 500
r/min using a magnetic stirring apparatus. Afterwards, 50 ml
CaCl2$2H2O solution was added into the same glass container and
the current that induced by the data acquisition component was
recorded using a computer. All the experiments were carried out in
the darkroom in order to prevent the interference from natural
light. The solution compositions used in this test are listed in
Table 1.

2.4.2. Static jar measurement
The inhibitor was synthesized under the optimized conditions,

and then its scale inhibition efficiency was assessed using a static
jar measurement based on NACE Standard TM0374-2007 [22]. The
specific operations of test are as follows:

(1) Scale inhibitor and 50ml NaHCO3 solutionwere placed into a
flask, and 50 ml CaCl2-containing solution was put into
another flask.

(2) The two solutions were heated respectively at 70�C for 0.5 h.
(3) Mixed the two solutions and continued heating for 24 h at a

set temperature. During the heating, the scale would be
formed.

(4) After heating, the solution was filtered, and then the Ca2þ

concentration in the filtered solution was measured using
EDTA solution with a known concentration.

(5) For getting a reference, an experiment in the absence of scale
inhibitor was also carried out. The solutions used in this
experiment are listed in Table 1. The scale inhibition effi-
ciency h was calculated according to Eq. (1):

h¼V2 � V0

V1 � V0
� 100% (1)

where V0 is the EDTA volume consumed by Ca2þ-containing solu-
tion in the absence of inhibitor in the solution, V1 is the half of the
volume of EDTA solution consumed by the Ca2þ in the initial so-
lution, V2 represents the EDTA volume consumed by certain Ca2þ-
containing solution in the presence of scale inhibitor.

2.4.3. Dynamic measurement
The dynamic measurement was conducted in a home-made

setup which was similar to the study of Halvorsen et al. [23,24].
This apparatus consisted of an anion injection pump (A), a cation
injection pump (B), a double jacket reactor, a magnetic stirring
apparatus, a thermostat water bath, a hot water circulating pump, a
serpentine glass pipe, a mixed solution transport pump (C) and a
waste liquid collection tank. The schematic diagram of the setup is
shown in Fig. 3. The solutions of this experiment are listed in
Table 1. The specific steps of the experiment are as follows:

Fig. 2. The optical photo of the setup for the time to scaling measurement (1) infrared laser emitter, (2) magnetic stirring apparatus, (3) square transparent glass container, (4)
silicon photodiode receiver, (5) data acquisition component and (6) computer.

Table 1
Compositions of solution.

Anion solution NaCl 33 g/L NaHCO3 7.68 g/L Na2SO4 0.03 g/L

Cation solution NaCl 33 g/L CaCl2$2H2O 12.15 g/L MgCl2$6H2O 3.68 g/L
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(1) The cation solution and anion solution were prepared, and
the scale inhibitor was put into anion solution and stirred for
the uniformly dispersion of scale inhibitor in the anionic
solution.

(2) When the experiment started, the cation solution and anion
solution were transported to double jacket reactor with
pump. The solution in the double jacketed reactor was stir-
red with a magnetic stirrer with a speed of 1000 n/min and
heated to 50�C through the hot water circulation of the outer
layer.

(3) A mixed solution transport pump was used to transport the
solution in the double-layer jacketed reactor through a spiral
glass tube, and the solution was collected using the waste
liquid collection container.

During the experiment, the solution in this double jacketed
reactor was remained at 1 L and the spiral glass tube was immersed
into a water bath where the temperature can be maintained and
adjusted.

The scale inhibition efficiency was evaluated by observing the
degree of scale in the serpentine glass tube and increase in the
weight of the serpentine glass tube. The specific calculationmethod
of scale inhibition efficiency is as follows:

h¼m0 �m1

m0 �m
(2)

where m is original weight of serpentine glass tube, m0 is the
weight of the serpentine glass tube without the scale inhibitor after
the experiment, m1 is the weight of the serpentine glass tube with
the scale inhibitor after the experiment.

2.5. Molecular dynamics simulation

Calcite crystal belongs to the R3 (�)c space group with the lat-
tice parameters of a ¼ b ¼ 4.991 Å, c ¼ 17.061 Å, a ¼ b ¼ 90.0�, and
g ¼ 120.0� [25]. According to previous studies, calcite (104) face is
the most stable surface of the calcite crystal. The simulated calcite
supercells with (104) face are sized 32.38 Å � 34.93 Å � 56.73 Å,

with 1200 atoms in total (C: 336, O: 1008, Ca: 336). Interactions
between scale inhibitors and calcite (104) face are investigated
using the six-layered calcite model. To obtain a thermal equilibrium
calcite (104) surface, the five layers down of the calcite supercells
are fixed, while the top one layer is thermal-treated. These models
are heated from 273 K to 1098 K with a temperature elevation
gradient of 50 K and then are cooled to 273 K in the opposite di-
rection. At each temperature, these models are kept for 100 ps to
reach equilibrium.

A block polymer model built from MA, VA and VS monomers is
prepared in “Visualizer module”. According to the experimental
data, polymers with 17 monomer units are firstly constructed with
a total molar ratio of MA:VA:VS ¼ 5:3:0.5. Five typical polymeric
configurations, with torsion angles of 0�, 45�, 90�, 135�, and 180�

respectively, are optimized successively and those with lowest
energy are preferred for further calculations. Next, an aqueous scale
inhibitor layer is introduced through the “Amorphous cell” module
in MS. In the aqueous scale inhibitor layer, 1 polymer molecule and
500 water molecules are involved. In order to avoid the influence of
periodic conditions, a vacuum layer about 30 Å is added above the
aqueous scale inhibition layer.

Molecular dynamics simulations (MDs) are performed using
“Forcite module” in Materials Studio 2017 (MS) program with a
COMPASSII force field [25]. Both energy and geometrical optimi-
zation are well done, and a spherical cutoff value of 15.5 Å is chosen
to calculate the non-bond interaction. All calculations are carried
out at 323 K in NVT ensemble. Based on the convergence of po-
tential, kinetic, non-bond, and total energy, MD simulation firstly
run 1000 ps to relax and equilibrium the scale inhibition system
with the time step of 1 fs. The trajectory is recorded once in every 5
ps.

3. Results and discussion

3.1. The optimized conditions of preparing copolymer scale
inhibitor

The effects of different influencing factors on the inhibition
performance of the synthesized scale inhibitor were studied using
the time to scaling test in order to obtain the best efficient scale
inhibitor. The ratios of monomer, initiator content, polymerization
time and polymerization temperaturewill have a great influence on
the molecular weight and spatial structure of the polymer [7]. It is
generally suggested that if the molecular weight is too small, the
chelating ability of the polymer with calcium ions is poor, and thus
the scale inhibition effect is poor; if the molecular weight is too
large, the steric hindrance effect will occur, causing the phenom-
enon of poor scale inhibition effect [1].

According to the principle of single factor variables, twenty-one
groups of experiment were designed to optimize the conditions for
polymer synthesis, as listed in Table 2. The results are shown in
Fig. 4. The synthesis condition of the polymer with the longest scale
inhibition time is as follows: Monomer ratio MA:VA:VS ¼ 5:3:0.5,
initiator amount: 8%, polymerization temperature: 80�C, and
polymerization time: 4 h. Therefore, the polymer synthesized un-
der the condition of optimal scale inhibition performance was
selected to carry out a series of evaluation experiments and mo-
lecular dynamics calculations.

3.2. Characterization of MA-VA-VS inhibitor

3.2.1. FT-IR
The FT-IR spectrum of MA-VA-VS copolymer is shown in Fig. 5.

The carboxylic group in the MA-VA-VS copolymer is observed on a
broad peak at 3510 cm�1 (according with OeHmoiety of carboxylic

Fig. 3. The optical photo of the setup for dynamic measurement (1) cation, (2) anion
with or without inhibitor, (3) pump(A), (4) pump(B), (5) magnetic stirring apparatus,
(6) double-layer jacketed reactor, (7) constant temperature water bath, (8) spiral glass
tube, (9) pump(C), (10) pump(D), and (11) waste liquid recovery tank.
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group) and the carbonyl is represented by a stretching vibration
peak at 1731 cm�1 [9]. The ester group of copolymer is determined
through a stretching vibration peak at 1143 cm�1 and the sulfonic
acid group is certificated by a stretching vibration peak at
1049 cm�1 (corresponding to S]O bond of sulfonic acid group)
[26]. It means that the structure of the copolymer contains
carboxyl, sulfonic and ester groups. Therefore, it can be considered
that the synthesis of the inhibitor is successful.

3.2.2. TGA
TG is the ratio of the remaining solid mass to the initial mass as

the temperature increases, and DTG is the rate of decomposition of
a substance with changes in temperature. The TGA results of the
copolymer MA-VA-VS are shown in Fig. 6. It can be seen that the
polymer is decomposed in three temperature ranges. At less than
200�C, theweight reduction of the copolymer is small. It shows that
its weight is only reduced about 10% at 200�C, which could be
attributed to the volatilization of the solvent in the polymer. This
indicates that the structure of inhibitor is very stable at 200�C,
therefore, the copolymer shows a good thermal stability below
200�C. However, the weight of the copolymer dropped sharply
from 200 to 400�C, and its weight loss is as high as 55% at 400�C. It
should be due to the cleavage of the copolymer main chain during
this temperature range. Above 400�C, the quality of the polymer
does not change too much.

3.3. The effect of inhibitor concentration on scale inhibition
efficiency

The effect of scale inhibitor concentration on the inhibition of
formation of CaCO3 scale is shown in Fig. 7. It clearly shows that
with increasing inhibitor concentration, the scale inhibition effi-
ciency gradually increases. This is due to the presence of carboxyl
groups in MA-VA-VS copolymer, which can chelate with Ca2þ to
increase the solubility of Ca2þ in the solution, thereby the more

Table 2
Optimum conditions for polymer synthesis.

numbers molar ratio MA:VA:VS initiator (%) polymerization temperature (oC) polymerization time (h)

1 2:1:0.25 4 80 2
2 3:1:0.25 4 80 2
3 4:1:0.25 4 80 2
4 5:1:0.25 4 80 2
5 6:1:0.25 4 80 2
6 5:1:0.5 4 80 2
7 5:1:0.75 4 80 2
8 5:1:1 4 80 2
9 5:2:0.5 4 80 2
10 5:3:0.5 4 80 2
11 5:4:0.5 4 80 2
12 5:3:0.5 6 80 2
13 5:3:0.5 8 80 2
14 5:3:0.5 10 80 2
15 5:3:0.5 8 60 2
16 5:3:0.5 8 70 2
17 5:3:0.5 8 90 2
18 5:3:0.5 8 80 1
19 5:3:0.5 8 80 3
20 5:3:0.5 8 80 4
21 5:3:0.5 8 80 5

Fig. 4. The effects of different synthetic conditions on the time to scaling of the syn-
thesized polymer.

Fig. 5. FT-IR spectrum of the MA-VA-VS copolymer.

Fig. 6. TGA spectrum of MA-VA-VS copolymer.
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carboxyl groups, the less amount of calcium carbonate precipitates
is formed. The sulfonic acid group can also interact with calcium
carbonate to bring it with the negative charge. Because of the
electrostatic repulsion, the crystal nuclei are not easy to aggregate,
which slows down the crystal growth rate of CaCO3. If the con-
centration of scale inhibitor is too low, the solution contains
insufficient amount of carboxyl and sulfonic acid groups, leading to
a poor inhibitory effect. When the copolymer concentration in-
creases up to 450 mg/L, the scale inhibition efficiency is more than
80%.With the further increase in scale inhibitor concentration up to
800 mg/L, the scale inhibition efficiency could reach as high as
97.3%. However, considering cost efficiency, 450 mg/L copolymer is
used in the following study.

3.4. The effect of Ca2þ concentration

Fig. 8 shows the effect of Ca2þ concentration on the scale inhi-
bition performance. The scale inhibition efficiency increases first
and then decreases with increasing Ca2þ concentration. It is re-
ported that if Ca2þ concentration in the solution is too low and the
scale inhibitor content in the solution is relatively excessive, a
flocculation phenomenon could occur, which results in the
decrease of scale inhibition efficiency [7]. Therefore, scale inhibi-
tion efficiency is low at low concentration of Ca2þ. The maximum
inhibition efficiency (97.4%) can be obtained when the Ca2þ con-
centration increases up to 1400 mg/L. However, the Ca2þ concen-
tration exceeds 1400 mg/L, the scale inhibition efficiency will
decrease, which can be attributed to the insufficient amount of

scale inhibitor.

3.5. The effect of temperature on scale inhibition efficiency

The inhibition efficiency of the prepared inhibitor vs. tempera-
ture curve is plotted in Fig. 9. As the temperature increases, the
scale inhibition efficiency gradually decreases. This can be attrib-
uted to two aspects. On the one hand, the ion activity increases
with increasing temperature, and the collision speed between Ca2þ

and HCO3
� is increased [27]. On the other hand, high temperature

will lead to the decrease of calcium carbonate solubility [28].
Therefore, the scale inhibition performance decreases with the
increase in temperature. For the prepared inhibitor, although the
temperature is as high as 80�C, the scale inhibition efficiency can
still reach more than 70%, suggesting a good inhibition
performance.

3.6. The effect of solution pH

The inhibition efficiency at different solution pH is shown in
Fig. 10. As the pH of the solution increases from 3 to 7, and the scale
inhibition performance slightly decreases and then maintains
above 90%. These following chemical equations can explain the
reason for this phenomenon.

HCO3
� þ Hþ ! CO2[þ H2O

Fig. 7. The effect of the copolymer concentration on the inhibition efficiency in the
conditions of 70 �C heating temperature, 7.2 pH, 7.36 g/L NaHCO3 and 12.15 g/L
CaCl2$2H2O.

Fig. 8. The effect of the Ca2þ concentration on the inhibition efficiency in the condi-
tions of 70 �C heating temperature, 7.2 pH, 24 h heating time, 7.36 g/L NaHCO3 and
450 mg/L scale inhibitor.

Fig. 9. The effect of the reaction temperature on the inhibition efficiency in the con-
ditions of 450 mg/L scale inhibitor, 24 h heating time, 7.2 pH, 12.15 g/L CaCl2$2H2O and
7.36 g/L NaHCO3.

Fig. 10. The effect of the pH on the inhibition efficiency in the conditions of 450 mg/L
scale inhibitor, 70 �C heating temperature, 24 h heating time, 12.15 g/L CaCl2$2H2O and
7.36 g/L NaHCO3.
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Ca(HCO3)2 ! CaCO3 þ CO2[þ H2O

In an acid environment, bicarbonate will preferentially combine
with hydrogen ions to produce carbon dioxide, so that the content
of bicarbonate in the solution is reduced, and calcium ions cannot
easily combine with bicarbonate to form calcium carbonate. With
the increase of pH, the amount of bicarbonate that has not reacted
with the hydrogen ion increases, and the solubility product of
calcium carbonate in the solution is more easily reached, hence, it
can be considered that with the pH increases, the degree of
dissociation of bicarbonate to carbonate increases and the precip-
itation of calcium carbonate increases [29]. However, when the
solution pH > 7, the scale inhibition efficiency decreases sharply.
Ca(OH)2 precipitation will also be generated under alkaline condi-
tion, consequently the effectiveness of the scale inhibitor is
significantly reduced. Therefore, this scale inhibitor has excellent
scale inhibition performance in acidic environment.

3.7. Dynamic test

To further evaluate the inhibition performance, the dynamic test
was performed under the following conditions: temperature 50�C,
flow rate 30 ml/min, pH 7.2 and test time 8 h. The composition of
solutions is listed in Table 1. Fig. 11a shows the optical photo of a

serpentine glass tube which was installed in a loop system to
observe the scale formation without scale inhibitor. It can be seen
that the inner surface of the serpentine glass tube is covered by
continuous, dense and white scale. With the addition of 150 mg/L
MA-VA-VS scale inhibitor, there is almost no scale deposits on the
internal surface of serpentine glass tube and the entire glass tube is
still transparent and clear (Fig. 11b). Simultaneously, the scale in-
hibition efficiency can reach as high as 91.4%. For comparison, the
inhibition effect of a commercial inhibitor (HPMA) with the same
concentration with MA-VA-VS was also evaluated using the same
setup at the same condition. As is shown in Fig. 11c, a small amount
of white and incomplete scale deposits in the glass tube can still be
observed and the scale inhibition efficiency is 83.3% which is lower
than MA-VA-VS scale inhibitor. Thus, it can be confirmed that the
MA-VA-VS scale inhibitor has an outstanding scale inhibition effi-
ciency in the flow condition.

3.8. Molecular dynamics calculation

The optimized MA-VA-VS and HPMA configurations (torsion
angled 0� and 180� respectively) and temperature and energy
fluctuations curves in the process of inhibitor binding with the
calcite (104) plane were shown in Fig. 12. Whether the system
reaches equilibrium is judged by the simultaneous stability of

Fig. 11. The dynamic test: without inhibitor (a), with 150 mg/L MA-VA-VS inhibitor (b) and with 150 mg/L HPMA inhibitor (c).

Fig. 12. Optimized configurations of MA-VA-VS (135�), HPMA (180�) molecules and the curves of temperature and energy vs. relaxing time.
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temperature and energy, that is, temperature and energy fluctua-
tions should be controlled at 5e10% [30,31]. For the last 400 ps
during the equilibration phase of inhibitor on the calcite (104)
plane, the temperature fluctuated during 310 K and 330 K (the
temperature was set at 323 K) and the energy fluctuated
between�1770 eV and�1780 eVwithin the range of 5e10%. At this
time, the two systems can be considered to be in equilibrium, and
the next analysis result was reliable. The distances between oxygen
atoms in the polymer and calcium atoms in the calcite (104) were
measuredminimum3.112 Å forMA-VA-VS and 3.000 Å for HPMA in
Fig. 13, indicating that oxygen atoms in MA-VA-VS and HPMA
molecules were closely bound to calcium atoms in the calcite.

The binding energy (Ebind) reflects the binding ability of scale
inhibitor molecules to calcite crystal surface. Inhibitor system with
higher binding energy often has a better scale inhibitor effect
[32,33]. It is defined as the inverse of interaction energy (Eads), and
computed using the following equations:

Eads ¼ Etotal-Ecalcite þ Einhibitor (3)

Ebind ¼ -Eads (4)

where Etotal is the total energy scale inhibitor and calcite in the scale
inhibition system, Ecalcite represents the single point energy of the
structure when calcite coexist, Einhibitor is the single point energy of
the structure in the presence of scale inhibitor.

The interaction energy between the scale inhibitor and the
calcite crystal surface is negative, indicating that the scale inhibitor
and calcite are exothermic during the bonding process. The more
negative the interaction energy, the more favorable the combina-
tion of scale inhibitor and calcite crystal plane, and the better the
scale inhibitor will be in the application process. Table 3 lists the

binding energies of scale inhibitor molecules to calcite (104) face in
the scale inhibition system. Comparison of the binding energy, E
(MA-VA-VS)> E (HPMA), suggested that the scale inhibition perfor-
mance of MA-VS-VS was better than HPMA under the same con-
ditions, which was consistent with our experiment results.

Aforementioned results indicated that both scale inhibitors MA-
VA-VS and HPMA could adsorb on the surface of calcite crystals.
Because of the adsorption, the growth of the calcite surface was
hindered, and the regular growth of the crystal slowed down;
moreover, the scale inhibitor would bind to calcium ions, occupy
the active growth site of carbonate, and cause the crystal to twist
and deform. It changed from a regular crystal and dense calcite
shape to irregular, loose and porous [34,35].

3.9. Scale inhibition mechanism

The SEM image of the formed scale in the solutionwithout scale
inhibitor is shown in Fig. 14a. The scale is a regular oblique hexa-
hedron, which is similar to the commonest calcite crystal of calcium
carbonate [36]. The SEM image of the formed scale in the solution
with scale inhibitor is shown in Fig. 14b. The scale is in irregular
shape and the surface of scale is very loose, which indicates that the
addition of scale inhibitor causes obvious change in form of scale.

Fig. 15 displays XRD patterns of the scale formed in the solution
with and without inhibitor.

The results show that regardless of with or without MA-VA-VS,
the components for both scale are mainly calcium carbonate, and
the crystal structure of the calcium carbonate scale is mainly calcite.
Although the scale inhibitor is added, the crystal structure of calcite
has not been changed.

From the SEM images, it can be seen that MA-VA-VS has a sig-
nificant inhibiting effect on the accumulation and growth of cal-
cium carbonate scale, while the XRD test results show that the
crystal shape of calcite has not changed, indicating that the scale
inhibitor has not caused crystal lattice distortion of calcium
carbonate.

The scale inhibition mechanism is schematically shown in
Fig. 16. On the one hand, carboxyl groups can chelate with Ca2þ,
resulting in that Ca2þ cannot combine with carbonate to form

Fig. 13. The distance between the oxygen atom in the inhibitor and the calcium atom in the calcite crystal plane at 323 K.

Table 3
Binding energies of inhibitor with crystal surfaces (unit: eV).

inhibitor Etotal Ecalcite Einhibitor Eads Ebind

MA-VA-VS �1894.68 �1879.23 �13.08 �2.37 2.37
HPMA �1888.36 1879.04 �7.56 �1.76 1.76
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precipitates, thus increasing the solubility of Ca2þ in the solution.
On the other hand, this inhibitor with long chains can wrap the
generated calcium carbonate crystal nuclei, which will make it
difficult for the crystal core to grow. Meanwhile, the outer layer of
the crystal nuclei will have the same negative charge. Owing to
electrostatic repulsion function, the crystal nuclei will not be easy
to aggregate [37,38]. That is why the scaling of CaCO3 can be
inhibited using MA-VA-VS inhibitor.

4. Conclusions

(1) According to results of the time to scaling tests, the prepa-
ration condition of inhibitor is optimized as follows: the
molar ratio MA:VA:VS ¼ 5:3:0.5, 8% initiator, 80�C of poly-
merization temperature and the 4 h of polymerization time.

(2) The inhibition performance increases with the increasing
inhibitor concentration, while as the Ca2þ concentration in-
creases, the inhibition efficiency first increases and then
decreases. With the increase in temperature or pH, the in-
hibition efficiency generally decreases.

(3) It is confirmed that through dynamic testing the MA-VA-VS
scale inhibitor has excellent scale inhibition efficiency in a
flow condition. The scale inhibition efficiency can reach 91.4%
at 150 mg/L MA-VA-VS scale inhibitor.

(4) The interaction energies of MA-VA-VS and HPMA to calcite
(104) were calculated by molecular dynamics, and the
binding energy of MA-VA-VS to calcite (104) is larger than
that of HPMA.

(5) The excellent inhibition performance of this inhibitor is due
to its chelation and dispersion properties.
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Fig. 14. SEM images of CaCO3 in the without (a) and with (b) MA-VA-VS copolymer.

Fig. 15. XRD image of the CaCO3 crystal formed without (a) and with (b) MA-VA-VS
scale inhibitor.

Fig. 16. The mechanism of MA-VA-VS scale inhibitor.
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