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a b s t r a c t
In the circulating cooling water systems, scale formation and stabilization of suspensions are persistent 
problems, which can be overcome through the use of water-soluble polymers. In this work, a new 
double-hydrophilic block terpolymer AA-APES-H3PO3 was synthesized from the monomers of acrylic 
acid (AA), ammonium allylpolyethoxy sulfate (APES), and phosphorous acid (H3PO3) with water as 
solvent by the free-radical polymerization. This terpolymer AA-APES-H3PO3 was characterized by 
Fourier-transform infrared spectrometry (FT-IR) and nuclear magnetic resonance spectroscopy. The 
performances of AA-APES-H3PO3 on the inhibition of CaCO3 and CaSO4 and its dispersion ability on 
Fe2O3 were also studied. The results show that the inhibition efficiency of AA-APES-H3PO3 is close 
to 93% for CaCO3 with 8 mg/L inhibitor, and reach up to 100% for CaSO4 with 4 mg/L inhibitor. 
The best dispersion efficiency for ferric oxide is 19.4% when AA-APES-H3PO3 is 16 mg/L. Scanning 
electronic microscopy, X-ray powder diffraction analysis and FT-IR were used to investigate the 
effect on morphology of CaCO3 and CaSO4 scales, which were highly modified in the presence of 
AA-APES-H3PO3. The proposed inhibition mechanism suggests that sulfo groups improved inhibitory 
activity and dispersion ability and showed higher calcium ion tolerance, while terpolymer containing 
poly(ethylene glycol) segments, –COOH, increased its solubility in water.
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1. Introduction

In recent years, the formation of sparingly soluble salts 
in industrial circulating cooling water systems is a serious 
problem, often weakening the heat exchange, shortening 
the life of equipment and in all cases increasing the cost 
of production [1]. The commonly occurring scales, such as 
calcium carbonate, calcium sulfate, and calcium phosphate, 
have a strong appeal to the researchers and they have 

worked on various solutions to inhibit scale formation and 
precipitation for many years [2,3]. Among those strategies, 
chemical and physical methods are mainly used. While 
the addition of scale inhibitors is one of the most common 
applied chemical methods to prevent or control scale 
deposition [4,5].

Over the past years, more attention was paid to 
copolymer scale inhibitors because of their multi-functional 
groups (such as carboxylate, phosphonate, sulfonate, 
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etc.) and excellent inhibition and dispersity properties 
[6,7]. Poly(acrylic acid) (PAA), hydrolyzed poly(maleic 
anhydride) (HPMA), and poly(epoxysuccinic acid) (PESA) 
are usually used as carbonate scale inhibitors with good 
chelating ability and dispersability [8]. Also they can be 
safely used up to a high temperature and a high value of 
pH at a very low dosage level [5]. However, as they only 
contain carboxylic groups and lack more hydrophilic 
groups, the existing shortages are the poor comprehensive 
scale inhibition performance, a low calcium tolerance, and 
the formation of calcium micelles, which limit their use and 
decrease the efficiency [1,9]. Phosphorous scale inhibitors, 
such as 1, 2-diaminoethanetetrakis-methylene phosphonic 
acid (EDTMP) and 1-hydroxy ethylidine-1,1-diphosphonic 
acid (HEDP), have also been used satisfactorily because 
they can adsorb onto the metal surface strongly 
and prevent precipitation [10.]. Nevertheless, these 
phosphonate inhibitors are easy to hydrolyze and convert 
to orthophosphate, which will react with calcium ions to 
form indissolvable calcium phosphate scale. Furthermore, 
phosphorous will serve as nutrients for algae when 
discharging with wastewater [7,9]. Therefore, considering 
the environmental pollution and ecological imbalance in 
water, it is extremely urgent to develop ecologically benign 
scale and corrosion inhibitors, which will gradually replace 
the application of high levels of phosphonates in water 
treatment systems [11,12].

In the circulating cooling water systems, cooling water 
will be contaminated with various forms of oxidized iron due 
to the corrosion of steel equipment and/or its introduction 
with feedwater. Generally, Fe(II) ions have very high solu-
bility in an aqueous medium and pose no challenges for the 
system at low pH values from 3 to 4. However, when the pH 
value increases to 5 or above, Fe(II) ions, being oxidized to 
Fe(III) ions, will go through hydrolysis to form iron hydroxide 
(Fe(OH)3) or iron oxide (Fe2O3), which will deposit onto the 
surface of the pipe and reduce the heat transfer efficiency and 
cause corrosion scales [13]. So maintaining the oxidized iron 
in soluble or in dispersed forms can probably prevent heat 
exchanger surfaces fouling [14].

Due to its high electron density of oxygen atoms and high 
polarity, the sulfonic groups have strong adsorption capacity 
and high electrostatic repulsion, which means the polymer 
containing sulfonic groups can play a role in the inhibition 
and dispersion stability [15,16]. Therefore, the sulfonic 
groups have been introduced into the polymer.

In this work, we synthesized a new environmental 
friendly multi-functional scale inhibitor AA-APES-H3PO3 
terpolymer, containing carboxylic groups, poly(ethylene 
glycol) (PEG) segments, sulfonic groups, amide groups 
and phosphonyl. This terpolymer was prepared from the 
monomers of acrylic acid (AA), ammonium allylpolyethoxy 
sulfate (APES), and phosphorous acid (H3PO3) with water 
as solvent and redox system of hypophosphorous and 
ammonium persulfate as initiator by the free-radical 
polymerization. The method of energy-dispersive X-ray 
analysis was used to measure the content of phospho-
rous in the synthesized terpolymer. Results showed that 
the mass percentage of phosphorous was less than 1.5%, 
indicating AA-APES-H3PO3 is the low-phosphorous ter-
polymer. The chemical structure of the terpolymer was 

characterized by Fourier-transform infrared spectrometry 
(FT-IR) and 1H-NMR. The most important goal of this study 
is to determine the scale inhibition effect of AA-APES-H3PO3 
terpolymer against CaCO3 and CaSO4 scales through 
the method of static scale inhibition test and dispersing 
ability in the artificial cooling water. The influence of 
AA-APES-H3PO3 terpolymer on the morphology of CaCO3 
and CaSO4 precipitations was investigated through scanning 
electron microscopy (SEM), X-ray diffractometer (XRD), 
and FT-IR, respectively.

2. Experimental procedure

2.1. Reagents

APES was synthesized from allyloxy polyethoxy 
ether in our laboratory according to Du et al. [17,18]. The 
chemical reagents used were analytical grade AA, phos-
phorous acid (H3PO3), ammonium persulfate, calcium 
chloride, sodium bicarbonate, sodium sulfate, sodium 
borate, and ferrous sulfate, which were all obtained from 
Zhongdong Chemical Reagent Co., Ltd. (Nanjing, China). 
AA-APEM-H3PO3 was synthesized from APEM in our lab-
oratory according to our previous studies [13]. Commercial 
inhibitors of HPMA (600 MW), HEDP (206 MW), PESA 
(1,500 MW), and EDTMP (436 MW) were in technical 
grade and supplied by Jiangsu Jianghai Chemical Co., 
Ltd. (Changzhou, China). Deionized (DI) water was used 
throughout the experiments.

2.2. Synthesis of AA-APES-H3PO3 terpolymer

A 4-neck round bottom flask, equipped with a 
thermometer, a mechanical stirrer, and a reflux condenser, 
was charged with 40 mL of DI water and 0.5 mol of AA and 
heated to the reaction temperature 80°C over a period of time 
under nitrogen atmosphere. After that, a mixture of the raw 
materials APES and H3PO3 was added in 25 mL of DI water. 
In mixed conditions, the initiator ammonium persulfate was 
dropped at a constant flow rate separately for about 1 h. 
The reaction was then heated to 90°C and maintained at this 
temperature for an additional 1.5 h, eventually obtaining an 
aqueous polymer solution containing approximately 20.3% 
solid. The synthesis procedure of the terpolymer is given in 
Fig. 1.

2.3. Characterization of AA-APES-H3PO3 terpolymer

The structures of APES and AA-APES-H3PO3 were ana-
lyzed by FT-IR spectroscopy (VECTOR-22, Bruker Co., 
Germany) in the region of 4,000–500 cm–1. About 1 mg of 
dried samples was mixed with 100 mg of dried KBr pow-
der and then compressed into a disk for spectrum record-
ing. A Bruker nuclear magnetic resonance (NMR) analyzer 
(AVANCE AV-500, Bruker, Switzerland) was also used to 
explore the structures of samples, operating at 500 MHz. 
Thermogravimetric analysis (TGA) was performed on 
APES and AA-APES-H3PO3 at temperatures ranging from 
20°C to 700°C. Such signals were obtained at a heating rate 
of 20°C/min in a nitrogen atmosphere using a PerkinElmer 
Derivatograph instrument (PerkinElmer, USA).
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2.4. Evaluation of AA-APES-H3PO3 terpolymer

2.4.1. The efficiency of static scale inhibition against CaCO3 
scale and CaSO4 scale

The inhibition performance of AA-APES-H3PO3 
terpolymer for CaCO3 and CaSO4 scales is determined 
according to the China National Standard (GB/T16632-2008) 
by the static test method. The experimental conditions of 
CaCO3 were ρ(Ca2+) = 240 mg/L, ρ(HCO3

–) = 736 mg/L (as 
CaCO3), and the solutions were maintained at 80°C for 
10 h in water bath. The remaining Ca2+ in the supernatant 
was titrated by ethylene diamine tetraacetic acid standard 
solution and compared with blank test. 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 terpolymer inhibitor, and ρ2 (Ca2+) is the concentrations 
of Ca2+ (mg/L) in the absence of the terpolymer inhibitor.

Procedure of CaSO4 precipitation experiments was also 
carried out similarly to CaCO3 precipitation experiments, 
according to the national standard of China concerning the 
code for the design of industrial oil field–water treatments 
(SY/T 5673-93). CaSO4 was formed from supersaturated 
solutions prepared by mixing of 250 mL CaCl2 and Na2SO4 
solutions. Then the specimen was heated in a water bath at 
60°C for 6 h and the determination of Ca2+ was carried out by 
exactly same process.

2.4.2. The performance of dispersing ferric oxide

The iron-dispersing ability was tested through UV–visible 
studies. Confecting water for the experiment was 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 water, at room temperature under continuous 
stirring. The final concentration of Ca2+ was 150 mg/L, while 
Fe(II) ion concentration was 10 mg/L. The pH value of the 
solution was adjusted to 9.0 by using borax and then the 

solution was mixed with a known amount of the terpolymer 
AA-APES-H3PO3. Mixed solution was stirred for 15 min and 
maintained at 50°C for 5 h. The transmittance of the super-
natant was measured with 722-spectrophotometer under the 
wavelength of 420 nm. The lower the light transmittance is, 
the better is the terpolymer efficacy, as an iron (III) inhibitor.

2.4.3. Crystal characterization

The solids precipitated were characterized by SEM 
(S-3400N, HITECH) and powder XRD (Siemens D5000 dif-
fractometer). The samples examined by SEM were coated 
with a layer of gold. Precipitated phases were identified by 
XRD on a Rigaku D/max 2400 XRD with Cu Ka (k51.5406) 
radiation (40 kV, 120 mA). The FT-IR spectra of CaCO3 crystal 
over the wave number range 4,000–500 cm–1 were recorded 
using a FT-IR spectrometer.

3. Results and discussion

3.1. GPC analysis of AA-APES-H3PO3

It is well known that the structure of polymer is affected 
by the Mw, and Mw is an important parameter in the process 
of scale inhibition. The weight distribution of the polymer 
was measured by gel permeation chromatography (GPC, 
calibrated with PEG standards) at the 1.0 mL/min run 
flow rate. After analysis of the GPC results, we found that 
the weight-average molecular weight (Mw) was 1.70 × 104, 
whereas the number-average molecular weight (Mn) was 
1.63 × 104. Thus, we obtained a polydispersity index (PD) of 
1.04 (PD = Mw/Mn).

3.2. FT-IR and 1H-NMR analysis of AA-APES-H3PO3

To make sure that the terpolymer has been obtained, 
the FT-IR spectra of (a) APES and (b) AA-APES-H3PO3 were 
measured, the results are shown in Fig. 2. From the spectrum 
of APES, the absorption peak at 1,648 cm–1 is assigned to 
the stretching vibration of C = C; the peak at 1,352 cm–1 is 
assigned to the asymmetric stretching vibration of S = O; 
and the peak at 1,100 cm–1 is attributed to the asymmetric 
stretching vibration of C–O–C. While in the spectrum of 
AA-APES-H3PO3 terpolymer, the peak at 1,724 cm–1 is 
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Fig. 1. Synthesis procedure of AA-APES-H3PO3.
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assigned to the stretching vibration of C = O; the absorp-
tion peak at 1,402 cm–1 is attributed to the vibration of 
C–P [4]; the peak at 1,173 cm–1 is assigned to the stretching 
vibration of P=O; the peak at 1,027 cm–1 and 942 cm–1 are 
attributed to the stretching vibration of P–O. Meanwhile, the 
stretching vibration of N–H appears at 3,438 and 3,432 cm–1 

in both spectrum, and 2,880 and 2,896 cm–1 are characteris-
tic absorption peaks of saturated methane. The existence of 
C–P absorption peak at 1,402 cm–1 and the disappearance 
of C=C absorption at 1,648 cm–1 indicate that free radical 
polymerization of monomers is completed [19]. Based on all 
those facts, it can be sure that the terpolymer has carboxylic 
acid group, sulfonic acid group, amide group and phosphino 
group.

The structure of raw material and the synthesized 
terpolymer was characterized by 1H-NMR with deuterated 
dimethyl sulfoxide as the solvent and the corresponding 
spectra are exhibited in Fig. 3. According to the data, the peak 
at 2.50 is assigned to the solvent residual peak of (CD3)2SO. 
The chemical shifts in the region of 4–6 ppm are assigned to 
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propenyl protons (CH2=CH–CH2–) in Curve (a), and there 
are no peaks in this range in Curve (b), which is consistent 
with the results of FT-IR analysis. The double bond absorp-
tion peaks completely disappear, revealing that the free rad-
ical polymerization between AA and APES has occurred. 
Therefore, the terpolymer AA-APES-H3PO3 was synthesized 
successfully.

3.3. Characterization by TGA

TGA was used to investigate the thermal stability of the 
terpolymer and obtain further information on the structures 
of APES and AA-APES-H3PO3. The corresponding curves are 
depicted in Fig. 4. The data listed show that the degradation 
of APES and AA-APES-H3PO3 all proceeded in two or three 
stages. The first decomposition stage was assigned to the 
removal of volatile matter existing in these samples, such as 
entrapped moisture or extraction solvent. AA-APES-H3PO3 
undergoes about 80% of weight loss at up to 100°C, according 
with its solid content. The greatest percentage decomposition 
of APES occurred in the second stage (180°C–400°C), as 
indicated by the corresponding weight loss values. At high 
temperatures, it may be attributed to cracking, gasification or 
carbonization [20].

3.4. Influence of AA-APES-H3PO3 dosage on CaCO3 inhibition

The calcium carbonate scale inhibition performance of 
AA-APES-H3PO3 in simulated scale inhibition solution was 
tested at different concentrations, as shown in Fig. 5. First of 
all, as can be seen that the inhibition efficiency is strongly 
affected by the concentration of terpolymer. The increase of 
the inhibition efficiency is obvious with AA-APES-H3PO3 
concentration rising from 2 to 8 mg/L, after that the inhibition 
efficiency remains nearly unchanged with further increase in 
the concentration. It is also observed that there is a thresh-
old effect at a level of 8 mg/L. Because the carboxylic ion 
adsorbs on CaCO3 crystal at 80°C, the adsorption equilibrium 
(chemisorption) appears, usually strong and irreversible [21].

Furthermore, the ability of several copolymers contain-
ing different functional groups was also tested at the identi-
cal conditions, including AA-APEM-H3PO3, EDTMP, HEDP, 
PESA and PAA. It can be shown that the order of preventing 

the precipitation is AA-APES-H3PO3 > AA-APEM-H3PO3 > 
EDTMP > HEDP > PESA > PAA. Compared with AA-APEM-
H3PO3, AA-APES-H3PO3 performs much better in inhibiting 
CaCO3 formation as it contains additional sufonic group 
and amide group. It is evident that polymer performance 
strongly depends upon the functional groups present in the 
polymers. It is also worth mentioning that phosphonates, 
such as EDTMP and HEDP, effective inhibitors on calcium 
carbonate deposits, display significant ability to control cal-
cium carbonate scales and their inhibition is superior to that 
of the other investigated nonphosphorous inhibitors, PESA 
and PAA, which contain only carboxyl groups and can 
hardly control calcium carbonate scales even at high dos-
ages, as is apparent from Fig. 5. Therefore, it can be seen 
that the inhibitor AA-APES-H3PO3 displays the best ability 
to control calcium carbonate scales among those inhibitors 
investigated. These facts suggest that the side-chain PEG, 
sulfonic group (SO3) segments of APES and carboxyl groups 
of AA might play an important role during the control of 
CaCO3 scales.

3.5. Influence of AA-APES-H3PO3 dosage on CaSO4 inhibition

The inhibition efficiency of AA-APES-H3PO3, 
AA-APEM-H3PO3 and some commercial inhibitors against 
CaSO4 scale is shown in Table 1. As seen from Table 1, both 
two terpolymers show good inhibition effects on CaSO4 scale. 
Similarly, the inhibition efficiency increases with the increas-
ing concentration of inhibitors, and the inhibition efficiency 
increases dramatically with increasing concentration within 
a concentration range of 3–4 mg/L. The inhibitors, AA-APES-
H3PO3 and AA-APEM-H3PO3, have threshold dosage of 
4 mg/L, and the maximum inhibitory powers are different: 
99.5% and 98%. Moreover, the terpolymer AA-APES-H3PO3 
is extremely effective for preventing the precipitation of 
CaSO4 deposits, compared with commercial inhibitors.

3.6. Performance of dispersing ferric oxide

The results showing the performance of AA-APES-H3PO3 
as an iron oxide dispersant at varying dosages are presented 
in Fig. 6, compared with commercial polymers, PESA 
and HEDP. Fig. 6 shows that the terpolymer performance 
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strongly depends on polymer dosages. The best dispersion 
efficiency for ferric oxide is 19.4% when AA-APES-H3PO3 is 
16 mg/L, while HEDP is 48% and PESA is 63% at the same 
dosage. So it is obvious that the iron dispersancy of the ter-
polymer is much better than that of HEDP and PESA. This 
fact demonstrates that introducing the PEG groups into the 
structure of terpolymer could improve its dispersion prop-
erties on Fe2O3. Meanwhile, the photographs, showing the 
changes of solutions with addition of AA-APES-H3PO3, are 
also depicted in Fig. 7.

3.7. Characterization of CaCO3 scale

The morphology of collected CaCO3 crystals obtained 
in the absence and presence of 2, 5 and 8 mg/L of terpoly-
mer were characterized by SEM analysis, as shown in Fig. 8. 
A special feature of calcium carbonate crystal is polymor-
phism. It occurs in different crystalline forms in the order 
of decreasing stability: calcite, aragonite and vaterite [22]. 
As shown in Fig. 8(a), CaCO3 deposits present calcite struc-
ture, which is symmetry and like hexahedron particle with 
uniform size and glossy surface. Compared with the CaCO3 
scales of blank water, scale particles in the presence of 
AA-APES-H3PO3 have changed and oblate spherical shape 
particles are visible in the SEM image (Fig. 8(b)). When 
the AA-APES-H3PO3 concentration increases to 8 mg/L 

(Fig. 8(d)), schistose structure takes place of the oblate 
spherical shape particles, which can make hard scales 
transforming into soft dirt that can be easily washed away 
by water at certain water scouring velocity or temperature 
[9]. The terpolymer AA-APES-H3PO3 could dramatically 
change the morphology of CaCO3 crystals, probably due to 
the strong specific interaction between crystals and func-
tional groups, which are –P(O)(OH)2, –COOH, –SO3 and 
PEG groups.

Table 1
Comparison of CaSO4 inhibition

Inhibition on CaSO4 (%)
Inhibitor type Dosage (mg/L)

1 2 3 4 5 6 7 8 9

AA-APES-H3PO3 28.6 60.2 80.5 97.9 98.2 99 99.2 99.3 99.5
AA-APEM-H3PO3 23.4 48.8 70.3 95.3 96.5 97 97.1 98.3 98
EDTMP 15 21.7 39.2 33.1 38.7 40.5 56.5 55 58.8
HEDP 30.4 48 53.9 50 57.8 77.1 88.5 84.9 86.3
PESA 19.2 37.4 72.3 70.5 75.9 79.3 78.7 81.1 79.5
PAA 19.8 39 60.4 80.5 80.9 81.3 81.5 81.6 81.8
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Fig. 7. Photographs of iron solutions in the presence of 
AA-APES-H3PO3 at levels of (a) 0 mg/L and (b) 10 mg/L.
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The XRD pattern of CaCO3 crystals obtained in the 
absence and presence of terpolymer is given in Fig. 9. We 
can see that diffraction peaks of 23.05°, 29.46°, 31.44°, 36.00°, 
39.46°, 43.18°, 47.50° and 48.53° in Spectrum (a), which are 
characteristic peaks of calcite. This result demonstrates that 
the calcium carbonate scale of blank water is the mixture 
of calcite, which is the main crystal form, in the absence of 
AA-APES-H3PO3 [23]. In Spectrum (b), there are diffraction 
peaks of 21.05°, 24.88°, 27.10°, 32.78°, 43.85° and 50.06°, 
corresponding to vaterite, which is the main crystal form 
in the presence of AA-APES-H3PO3 [24]. These results indi-
cate that the synthesized AA-APES-H3PO3 contributes 
to distortion of CaCO3 crystals and induction of vaterite 
growth, which is harder to adhere to metal surface and easy 
to disperse in water solution [25].

FT-IR was also used to confirm the changes of CaCO3 
crystal forms, as shown in Fig. 10. The peak at 710 cm–1 is 
attributed to the vibrations of calcite in Curve (a), while the 
peak at 744 cm–1 reflects the feature of vaterite in Curve (b) 
[26]. These changes are in accord with the results in Figs. 8 
and 9.

3.8. Characterization of CaSO4 scale

The SEM photographs for CaSO4 scales with and 
without the presence of AA-APES-H3PO3 terpolymer are 
presented in Fig. 11. Among the three types of calcium 
sulfate crystals, calcium sulfate dihydrate crystal dominates 
at lower temperature. As shown in Fig. 11(a), calcium sulfate 
dihydrate crystals are thin tubular cells and needles exhibiting 

monoclinic symmetry [5,27]. When AA-APES-H3PO3 was 
added to the solution, the shapes of CaSO4 deposits become 
irregular (Fig. 11(b)). With the increasing of its concentration, 
the morphology is modified from a needle-shaped structure 
to smaller, spongy fragments, as seen from Fig. 11(d). The 
terpolymer causes changes in the original conformation 
of CaSO4 crystal thus reducing crystallinity and leading to 
crystal distortion. Such changes cause the calcium sulfate 
to become loose and prevent formation of fouling, which in 
turn prevents the deposition on the pipe surface.

(a) (b)

(c) (d)

Fig. 8. SEM photographs for (a) CaCO3, (b) with the presence of 2 mg/L, (c) 5 mg/L, and (d) 8 mg/L of AA-APES-H3PO3.
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Fig. 9. XRD images for (a) CaCO3 and (b) with the presence of 
5 mg/L of AA-APES-H3PO3.
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Fig. 12 is the XRD spectra for CaSO4 crystals in the (a) 
absence and in the (b) presence of AA-APES-H3PO3. In 
Spectrum (a), there are strong diffraction peaks at 11.66°, 
20.71°, 23.34° and 29.40°,which are characteristic peaks of 
CaSO4 crystals. Spectrum (b) shows that the addition of the 
terpolymer has no influence on the crystal structure, which 
implies that only the surface morphology and particle size 
are changed in the presence of AA-APES-H3PO3.

3.9. The mechanism of scale inhibition

The results reported above indicate that the inhibitor 
functional groups exhibit a significant impact on the 
inhibitory power. In one molecule, the terpolymer 
AA-APES-H3PO3 contains –P(O)(OH)2, –COOH, –SO3 and 
PEG groups, among which both carboxylate and PEG seg-
ments are hydrophilic blocks and exist randomly in water 
[28]. On the one hand, the initial step is surface complexation 

(a) (b)

(c) (d)

Fig. 11. SEM photographs for (a) CaSO4 (b) with the presence of 1 mg/L, (c) 2 mg/L, (d) and 3 mg/L of AA-APES-H3PO3.
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Fig. 10. FT-IR spectra of (a) CaCO3 and (b) with the presence of 
5 mg/L of AA-APES-H3PO3.
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Fig. 12. XRD images for (a) CaSO4 and (b) with the presence of 
2 mg/L of AA-APES-H3PO3.
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of the negatively charged polydentate ligand through its 
carboxylate or phosphonate moieties onto the positively 
charged Ca2+ lattice ions. In fact, the phosphonate group is 
doubly deprotonated so that the –P(O)(OH)2 moiety bridges 
two Ca2+ centers. A part of the phosphonate group and the 
neighboring carboxylate group oxygen atoms at the PAA 
segments form a seven-membered chelate with the Ca2+ cen-
ter, while the other part chelates Ca2+ with several carbonyl 
moieties in other molecule chains [13,29]. On the other hand, 
the terpolymer can strongly adsorb onto a CaCO3 crystalline 
substrate owing to –SO3

– interaction with electric charge in 
the surface of crystal nucleus, disturbing the crystal growth 
due to the adsorption of the polymeric species at the active 
sites of crystal nucleus. Meanwhile, the –SO3

– groups can 
strengthen polymer solubility and then improve the exten-
sion of molecular chain, which encapsulate crystal nucleus 
more easily and steadily [15]. As a consequence, the structure 
of crystals can be significantly distorted and weakened.

4. Conclusions

A novel double-hydrophilic block terpolymer AA-APES-
H3PO3 was prepared, and characterized by FT-IR and 
1H-NMR, which identifies that AA-APES-H3PO3 had the 
expected structure. The scale inhibition efficiency on CaCO3 
and CaSO4 was investigated by static scale inhibition experi-
ments. The results show that the AA-APES-H3PO3 terpolymer 
is effective in the calcium scales inhibition. The terpolymer 
exhibited 92.6% calcium carbonate inhibition at a threshold 
dosage of 8 mg/L, while it exhibited 97.9% calcium sulfate 
inhibition at a level of 4 mg/L. Moreover, the sharp falling in 
light transmittance from 100.0% to 19.4% was recorded and 
this revealed that AA-APES-H3PO3 was an effective disper-
sant. The morphology and crystal phase of CaCO3 and CaSO4 
was characterized by SEM, XRD and FT-IR.
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