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ABSTRACT

Scale formation, e.g. precipitation of calcium carbonate and calcium sulfate, is a significant
problem in cooling water system. For the control of calcium scale and in response to envi-
ronmental guidelines, the novel low-phosphorus terpolymer was prepared through free rad-
ical polymerization reaction of acrylic acid (AA), oxalic acid-allypolyethoxy carboxylate
(APEM), and phosphorous acid (H3PO3) in water with redox system of hypophosphorous
and ammonium persulfate as initiator. The synthesized AA–APEM–H3PO3 terpolymer was
characterized by Fourier transform infrared spectrometer (FT-IR) and 1H NMR. The inhibi-
tion property of the low-phosphorus terpolymer towards CaCO3 and CaSO4 in the artificial
cooling water was studied through static scale inhibition tests, and the effect on morphol-
ogy of CaCO3 and CaSO4 was investigated with combination of scanning electron micros-
copy and X-ray powder diffraction analysis, respectively. FT-IR was also used to study the
effect on morphology of CaCO3. It was shown that AA–APEM–H3PO3 exhibited excellent
ability to control calcium scale, with approximately 90.16% CaCO3 inhibition and 96.94%
CaSO4 inhibition at levels of 8 and 4mg/L AA–APEM–H3PO3, respectively. AA–APEM–
H3PO3 also displayed ability to change the morphologies and crystal structures of CaCO3

and CaSO4 precipitates. The proposed inhibition mechanism suggests the surface complexa-
tion and chelation between the functional groups –P(O) (OH)2, –COOH, and Ca2+, with
polyethylene glycol segments increasing its solubility in water.

Keywords: Low-phosphorous; Terpolymer; Scale inhibition; Calcium carbonate; Calcium
sulfate

1. Introduction

One of the main problems of water cooling sys-
tems is scaling phenomenon, which has a great impact

on economy and technology. Deposit formation may
cause severe corrosion, deteriorate conditions of the
heat exchange, decreased efficiency, and increased fre-
quency of chemical cleaning [1–4]. The clogging of
pipes is the consequence of the scale formation, which
leads to the shutdown of an industrial plant in the*Corresponding authors.
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worst cases. Commonly, scales consist of calcium car-
bonate, calcium sulfate, magnesium hydroxide, barium
sulfate, calcium phosphate, calcium oxalate, etc.,
among which carbonate and sulfate of calcium are
considered most frequent in cooling water systems
[2,5,6]. Precipitation of these two scales from hard
water has been studied for a long time because, in
addition of its fundamental interest, it is a very impor-
tant problem from a practical point of view [1,7].

To mitigate the problem of scale deposition, a
number of inhibitors which affect the nucleation rate,
crystal growth, precipitated variety, and crystal habit
have been widely used in industries to treat cooling
water. Akyol et al. and Oner et al. showed that phos-
phonate additives, polyacrylate, and acidic acrylate
(methacrylate) polymers once added in solution in
small quantities, delay the precipitation onset and
decrease the growth rate. The authors explained the
inhibitory power by the adsorption of these additives
onto crystal growth sites of nascent crystals, altering
their surface properties [8,9]. The main scale inhibitors
now applied are phosphates and polycarboxylates
[10]. Phosphates, 1-hydroxy ethylidine-1-diphosphonic
acid, nitrilotris methylene phosphonic acid, and 1,2-di-
aminoethanetetrakis-methylene phosphonic acid are
potent scale inhibitors, poisoning the crystal growth at
concentrations far below stoichiometric amounts of the
reactive cations [11–14]. However, these inhibitors con-
tain high phosphorus, which can serve as nutrients
leading to eutrophication difficulties. On the other
hand, high-phosphonate concentration can create
severe problems such as insolubility of phosphonate
complexes and increase the potential of formation of
calcium–phosphate deposits in the presence of exces-
sive amounts of calcium [15,16]. Polycarboxylic acid,
such as polyacrylic acid (PAA), a well-known scale
inhibitor, has relatively good performances on calcium
carbonate or calcium sulfate scale under conditions of
certain range pH, while it can create insolubilization
of polymer complexes in the presence of excessive
amounts of calcium. Increasing environmental
concerns and discharge limitations have caused
scale-inhibitor chemistry to move towards “green anti-
scalant” that readily biodegrade and has low mobility
for minimum environmental impact [10,17–19]. As a
result, the current trend for inhibitor usage is to
develop low phosphorous and phosphorus-free poly-
mers, with wider range of pH and higher calcium tol-
erance.

In the present study, AA–APEM–H3PO3 terpoly-
mer containing low phosphorous was prepared with
water as solvent and redox system of hypophospho-
rous and ammonium persulfate as initiator by the free
radical polymerization. The elemental composition of

the low-phosphorus terpolymer by energy dispersive
X-ray analysis (EDX) showed that phosphorus content
was less than 1.5% (mass percentage), so the low-
phosphorus terpolymer is a new environmentally safe
cooling water treatment agent. The structure of AA–
APEM–H3PO3 was characterized by Fourier transform
infrared (FT-IR) and 1H NMR. The antiscale property
of the low-phosphorus terpolymer towards CaCO3

and CaSO4 in the artificial cooling water was studied
through static scale inhibition tests, and the mecha-
nism was investigated through determining the mor-
phology and crystal structure by scanning electron
microcopy (SEM), X-ray diffractometer (XRD), and FT-
IR spectrometer.

There are few reports of low-phosphorus terpoly-
mer of AA–APEM–H3PO3 used as a scale inhibitor in
cooling water. Because of its low phosphorus and
decreasing eutrophication, it is believed to represent a
potentially new environmentally safe scale inhibitor
suitable for cooling water systems.

2. Experimental section

2.1. Materials

2.1.1. Chemicals and reagents

Calcium chloride, sodium bicarbonate, AA, sodium
sulfate, phosphorous acid (H3PO3), and ammonium
persulfate used were obtained from Zhongdong
Chemical Reagent Co., Ltd (Nanjing, Jiangsu, People’s
Republic of China). All the above chemicals were in
analytically pure grade without further purification,
unless otherwise specified. Commercial inhibitor of
poly (acrylic acid) (1800 MW) was in technical grade
and supplied by Jiangsu Jianghai Chemical Co., Ltd.
Deionized water (DI water) was used throughout the
experiment.

2.1.2. Preparation of AA–APEM–H3PO3 terpolymer

The synthesis procedure of APEM is shown in
Fig. 1. APEM was synthesized from allyloxy polyeth-
oxy ether (APEGn) in our laboratory according to H.C.
Wang’s procedure [20]. AA was copolymerized with
APEM and phosphorous acid (H3PO3) in aqueous
medium. The copolymerization reaction was carried
out in a 250mL round-bottom flask with a mechanical
stirrer, thermometer, and reflux condenser. A total of
0.5 mol AA and 40mL DI water were mixed stirring
continuously under nitrogen atmosphere. A definite
proportion of APEM and H3PO3 were added in 20mL
DI water and heated to the reaction temperature 80˚C
over a period of time. In fixed conditions, the initiator
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ammonium persulfate was dropped at a certain flow
rate separately for more than 1 h. Finally, the low-
phosphorus terpolymer AA–APEM–H3PO3 was
obtained, containing about 23.48% solid. The synthesis
procedure of the terpolymer is displayed in Fig. 2.

2.2. Methods

2.2.1. Characterization of the synthesized AA–APEM–
H3PO3

Molecular weight determinations were performed
by gel permeation chromatography (GPC, calibrated
with polyethylene glycol [PEG] standards) with water
as the mobile phase at a flow rate of 1.0 mL/min. The
structure of AA–APEM–H3PO3 terpolymer was ana-
lyzed by FT-IR spectroscopy (VECTOR-22, Bruker Co.,
Germany) between 4,500 and 0 cm−1, which was used
to confirm the presence of expected functional groups
responsible for the scale inhibition property. One mil-
ligram dried AA–APEM–H3PO3 was mixed with 100
mg dried KBr powder and then compressed into a
disk for spectrum recording. A Bruker NMR analyzer
(AVANCE AV-500, Bruker, Switzerland) was also
used to explore the structures of APEG, APEM, and
AA–APEM–H3PO3, operating at 500MHz. Thermo-
gravimetric analysis (TGA) was performed using a
thermal gravimetric analysis apparatus at a heating
rate of 10 K/min in a nitrogen atmosphere with a sam-
ple size of 50mg.

2.2.2. Static scale inhibition tests

The inhibition ability of the low-phosphorus AA–
APEM–H3PO3 terpolymer for calcium carbonate scale
was compared with that of the free inhibitor in flask
tests and all inhibitor dosages given below are on a
basis of dried conditions [21]. The experiment was car-
ried out in artificial cooling water which was prepared
by mixing aqueous solutions of two soluble salts, such
as CaCl2 and NaHCO3. Two concentrations of Ca2+

and HCO3
− were 750mg L−1, according to the national

standard of People’s Republic of China (GB/T 16632–
2008). The artificial cooling water containing different
quantities of the low-phosphorus terpolymer was
heated at 80˚C for 10 h in water bath. After that, it
was cooled to room temperature. The remaining Ca2+

in the supernatant was titrated by EDTA standard
solution and compared with blank test. The inhibition
efficiency η was defined as:

g ¼ q1ðCa2þÞ � q1ðCa2þÞ
q0ðCa2þÞ � q2ðCa2þÞ

� 100%

where ρ0 (Ca
2+) was the total concentrations of Ca2+ (mg

L−1), ρ1 (Ca
2+) was the concentrations of Ca2+ (mg L−1) in

the presence of the terpolymer inhibitor, and ρ2 (Ca2+)
was the concentrations of Ca2+ (mg L−1) in the absence of
the terpolymer inhibitor.

Procedure of calcium sulfate precipitation
experiments was also carried out similarly to calcium

Fig. 1. Synthesis procedure of APEM (n = 5, 8, and 12).

Fig. 2. Synthesis procedure of AA–APEM–H3PO3 (n = 5, 8, and 12).
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carbonate precipitation experiments, according to the
national standard of People’s Republic of China con-
cerning the code for the design of industrial oil field–
water treatments (SY/T 5673-93). Calcium sulfate was
formed from supersaturated solutions prepared by mix-
ing of CaCl2 and Na2SO4 solutions, with 2,500mg L−1

Ca2+ and SO2�
4 . Then the solution was evenly reacted in

a water bath at 60˚C for 10 h and the determination of
Ca2+ was done by exactly same process.

2.2.3. Morphology characterization

The morphological change of the CaCO3 and
CaSO4 crystals on glass plates was examined through
SEM, XRD, and FT-IR with the addition of the terpoly-
mer. The samples were coated with a layer of gold
and observed in a S-3400N HITECH SEM. Precipitated
phases were identified by XRD on a Rigaku D/max
2400 X-ray powder diffractometer with Cu Kα
(λ = 1.5406) radiation (40 kV, 120mA) and an FT-IR
spectrophotometer.

3. Results and discussion

3.1. Molecular weight determination

The molecular weight is an important parameter in
the process of scale inhibition. The weight distribution
of the polymers was investigated with GPC (calibrated
with PEG standards) with the 1.0 mL/min run flow
rate and the results are listed in Table 1.

3.2. Structure analysis of AA–APEM–H3PO3

EDX was performed to get information about the
elemental composition of the low-phosphorus AA–
APEM–H3PO3 terpolymer, including C, O, and P.
Above all, the phosphorus content is less than 1.5% in
weight, which carried the points of low-phosphorus
content and environment friendly.

The FT-IR spectra were taken for the synthesized
terpolymer (a), raw materials AA (b), and APEM (c),
which are presented in Fig. 3. It is shown that there
are characteristic absorption peaks of 2,308, 1,144,
1,012, and 766 cm−1, among which the vibration at
2,308 cm−1 is attributed to P–Ostr, 1,144 and 1,012 cm−1

is attributed to P=Ostr, and most importantly, 766 cm−1

is attributed to P–Cdef [3,10]. The peaks that appear at
1,650 and 1,652 cm−1 are for the C=O stretching vibra-
tion, while there are no peaks between 1,620 and
1,680 cm−1 in curve (a). This appearance reveals clearly
that free radical polymerization among AA, APEM,
and H3PO3 has happened successfully.

The H1 NMR spectrum of raw material APEM (a)
and the low-phosphorus AA–APEM–H3PO3 terpoly-
mer (b) are shown in Fig. 4. The peaks between 4 and
6 ppm are assigned to propenyl protons (CH2=CH–
CH2–) in curve (a), while there are no peaks in this
range in Fig. 4(b). In this case, the double bond
absorption peaks completely disappear, revealing that
the free radical polymerization among AA and APEM
has occurred.

After the analysis from FT-IR and H1 NMR above,
the low-phosphorus terpolymer AA–APEM–H3PO3

has been synthesized as expected.

3.3. Thermal stability analysis of the terpolymer

TGA was used to investigate the thermal stability
of the terpolymer. The corresponding TGA curve for
this polymer is depicted in Fig. 5. The data listed
show that degradation of the polymer proceeds in

Table 1
Molecular weight of the polymers

Polymer AA–APEM–H3PO3 (n = 5) AA–APEM–H3PO3 (n = 8) AA–APEM–H3PO3 (n = 12)

Molecular weight (g/mol) 10,397 13,768 17,525
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Fig. 3. The FT-IR spectrum of (a) AA–APEM–H3PO3 (b)
AA (c) APEM.
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three stages. It undergoes about 18% weight loss at up
to 100˚C, which is assigned to the decomposition of
active hydroxyl groups (–OH) and evaporation of
some water in the polymer. A second stage occurs at
100–400˚C, corresponding to the decomposition of car-
bon–carbon bond, carbon–carbon double bond, and
the end-capped carboxylic groups (–COOH) in AA.
The last part is attributed to the carbonization of this
polymer [22].

3.4. Inhibition property of AA–APEM–H3PO3 (n = 5, 8,
and 12) towards CaCO3 and CaSO4

The inhibitory power of the polymer AA–APEM–
H3PO3, with different molecular weight, on the
formation of calcium carbonate and calcium sulfate
precipitation, was compared and shown in Figs. 6 and
7. The data in Fig. 6 show that under the same experi-
mental conditions, and 8mg/L polymers, the inhibi-
tion efficiency obtained for AA–APEM–H3PO3 (n = 12)

Fig. 4. The H1 NMR spectrum of (a) APEM and (b) AA–APEM–H3PO3.
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is about 90.16%, while it is about 80.5 and 84.7% for
AA–APEM–H3PO3 (n = 5, 8). Fig. 7 illustrates the abil-
ity of the terpolymer with different molecular weight
to inhibit calcium sulfate under identical conditions.
At a level of 4mg/L, the inhibition value is 96.94% in
the presence of AA–APEM–H3PO3 (n = 12), and it is
86.62 and 90.5% in the presence of AA–APEM–H3PO3

(n = 5, 8), respectively. Compared to the terpolymer of
AA–APEM–H3PO3 (n = 5) or AA–APEM–H3PO3

(n = 8), the terpolymer of AA–APEM–H3PO3 (n = 12) is
superior against calcium carbonate and calcium sulfate
scale. Therefore, there is a best molecular weight of
the terpolymer to obtain the maximum effect for
CaCO3 and CaSO4, that is 17,525 (n = 12).

The effect of the polymer AA–APEM–H3PO3

(n = 12), as an inhibitor for calcium carbonate, was
compared with that of a conventional polymer, PAA,
as shown in Fig. 8. When the terpolymer concentration
changes, the inhibition effect also changes correspond-
ingly. That is, scale inhibition effect increases with the
increasing concentration of the terpolymer. There is a
sudden increase of inhibition efficiency as the concen-
tration increases from 2 to 8mg/L, which reaches
90.16% at 8mg/L, from 25.72% at 2mg/L. Then the
terpolymer exhibits an obvious “threshold effect”,
namely after the concentration exceeds about 8mg/L,
the inhibition efficiency does not obviously increase
with the increasing dosages [5]. It is also worth men-
tioning that PAA, only containing carboxyl groups,
can hardly control calcium carbonate scales even at a
high dosage, as is apparent from Fig. 8. This fact sug-
gests that the phosphonate groups of phosphorous
acid, the side-chain PEG segments of APEM and car-
boxyl groups of AA might play an important role dur-
ing the control of calcium carbonate deposits.

Another common precipitation in cooling water
system is calcium sulfate, which has caught much
attention of academic and industrial researchers [18].
The ability of the low-phosphorus terpolymer to con-
trol calcium sulfate deposits, displayed in Fig. 9, was
compared with that of PAA, a conventional inhibitor.
Different quantities of the low-phosphorus terpolymer
and PAA ranging from 1 to 9mg/L were heated at
60˚C for 10 h. Fig. 9 illustrates the ability of the low-
phosphorus terpolymer and PAA under identical con-
ditions. At a level of no more than 2mg/L, PAA
seemed more effective than AA–APEM–H3PO3 for cal-
cium sulfate inhibition. However, when the dosage
exceeds 2mg/L, the terpolymer shows great inhibition
ability than PAA. The trend is like that of the inhibi-
tion property for CaCO3, while the difference is that
the inhibition efficiency of CaSO4 reaches 96.94% at a
much lower dosage of 4mg/L.
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3.5. Morphology characterization of calcium scale

3.5.1. SEM analysis of CaCO3 and CaSO4 crystals

SEM is one of the widely used nondestructive sur-
face examination techniques. The change of crystal
size and modifications, brought about by the low-
phosphorus terpolymer AA–APEM–H3PO3 addition,
was examined through SEM.

The morphology of the calcium carbonate particles
obtained in the absence and presence of 2, 6, and 8mg/L
terpolymer are presented in Fig. 10. Three occurring
mineral phases, calcite, aragonite, and vaterite, could be
clearly distinguished by their characteristic morpholo-
gies [23]. Fig. 10(a) reveals that calcium carbonate scales
are mainly calcite scales, which are symmetrical and
block like particles of cubic shape or rhombohedral.
Variations in the calcite crystal morphology and the
crystal sizes are observed in the presence of the low-
phosphorus terpolymer AA–APEM–H3PO3. Fig. 10(b)
illustrates that the well-regulated structure is damaged
and it seems that the crystal is split into a great many
needles, which is the primary shape feature of aragonite.
When the concentration increases to 6mg/L, oblate
spherical shape particles are visible in the SEM image
(Fig. 10(c)). There are lots of vaterite phases being more

dispersive, which are broken into pieces and set into the
bunch crystal with higher concentration. In this case, the
deposition will be easily removed with enough shear
force from flowing water [24].

The SEM photographs for calcium sulfate scale
with and without the presence of the low-phosphorus
terpolymer are presented in Fig. 11. It can be seen that
the application of the terpolymer in the system
(Fig. 11(b)) is an effective way to control the morphol-
ogy of the calcium sulfate. In Fig. 11(a), regular
rod-shaped calcium sulfate tight particles are obtained
and look like thin tubular cells and needles exhibiting
monoclinic symmetry [5]. With the addition of
AA–APEM–H3PO3, loose structure, like spongy, with
reduced crystallinity is formed. When the concentra-
tion of the terpolymer is 2mg/L, the loose particles
became the main part of calcium sulfate. Previously,
Amjad [25] studied the effect of polyacrylate on the
formation of calcium sulfate scales and claimed that
the structure of the crystals is highly modified.

3.5.2. XRD analysis of CaCO3 and CaSO4 crystals

To examine the scale structural changes in calcium
carbonate and calcium sulfate in the presence and

Fig. 10. SEM images for the calcium carbonate (a), with the presence of 2mg/L (b), 6 mg/L (c), and 8mg/L
(d) AA–APEM–H3PO3.
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absence of the low-phosphorus terpolymer, the means
of XRD was used. Figs. 12 and 13 are the XRD pat-
terns for the control as well as for a representative ter-
polymer system AA–APEM–H3PO3 of CaCO3 and
CaSO4 scales, respectively.

It is well known that calcite is the most thermody-
namically stable and vaterite the least stable form in
the three polymorphic forms of CaCO3 [26]. Fig. 12(a)
displays that the diffraction peaks of the precipitates
could be well indexed to the calcite phase of CaCO3

without AA–APEM–H3PO3 added, including the crys-
tal faces of (012), (104), (006), (110), (113), (202), (018),
and (016). In the presence of the low-phosphorus ter-
polymer, the mixture of calcite, aragonite, and vaterite
could be seen in Fig. 12(b), showing an agreement to
that of the SEM images (Fig. 10). The crystal faces of
(111), (003), and (221) are attributed to aragonite [27].

There are the (004), (110), (112), (114), (300), and (118)
strong peaks corresponding to vaterite, also weak
peaks for calcite in Fig. 12(c). These results indicate
that the synthesized AA–APEM–H3PO3 could inhibit
or disturb the calcite growth and induce vaterite
growth, which is harder to adhere to metal surface
and easy to disperse in water solution [28].

The XRD results for sulfate crystals of calcium
without and with the presence of the low-phosphorus
terpolymer are presented in Fig. 13. For calcium
sulfate scale, the d and θ values conform to the struc-
ture of CaSO4·2H2O (gypsum, calcium sulfate dihy-
drate, Fig. 13(a)) [5,29,30]. Fig. 13(b) illustrates that
there is no change in the crystal parameters, indicating
that the crystal structure is not altered with the addi-
tion of the terpolymer. Only the crystal habit or mor-
phology is changed as evident from SEM studies.

Fig. 11. SEM images for the calcium sulfate (a) and with the presence of 2mg/L AA–APEM–H3PO3 (b).
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3.5.3. FT-IR analysis of CaCO3 crystals

FT-IR was used as another characterization tech-
nique to identify the various polymorphs present in
the crystals. The FT-IR spectra of the calcium carbon-
ate precipitates obtained in the absence and presence
of the terpolymer are shown in Fig. 14. As shown by
the curve (a), the peaks given at 874 and 712 cm−1

could be attributed to the vibrations of calcite [31]. In
the presence of the low-phosphorus terpolymer with
different concentrations, new peaks at 745 cm−1, which
reflect the vibrations in the vaterite form, are observed
in the samples (curve (b) and (c) in Fig. 14). On the
other hand, the absorption peak at 712 cm−1 does not
disappear in the curve (b), indicating the coexistence
of vaterite and calcite forms [32]. The low-phosphorus
terpolymer concentration has a great influence on the
FT-IR observation. As can be seen in the curve (c),
there is almost no intensity of the band at 712 cm−1,
which means the portion of vaterite increased. All the
data of the FT-IR spectra demonstrate that the terpoly-
mer affects the polymorph of the calcium carbonate
crystals.

3.6. Inhibition mechanism towards CaCO3 and CaSO4

The inhibitor functional groups exhibit a significant
impact on the inhibitory power in terms of controlling
the scale precipitation [33]. The low-phosphorus ter-
polymer AA–APEM–H3PO3 dramatically changed the
morphology of the calcite and sulfate crystals, proba-
bly due to the strong specific interaction between
functional groups and the crystals. In one molecule
the low-phosphorus terpolymer contains –P(O)(OH)2,

–COOH, and PEG groups, among which both carbox-
ylate and PEG segments are hydrophilic blocks and
exist randomly in water [34]. Although CaCO3 and
CaSO4 have limited solubility in water, they dissolve
readily as they react with AA–APEM–H3PO3. The ini-
tial step is surface complexation 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+ center, while the other part che-
lates Ca2+ with several carbonyl moieties in other mol-
ecule chains [35]. As a consequence, the structure of
crystals can be significantly distorted and weakened,
which seems to fit the SEM images of the calcite and
sulfate crystals in Figs. 8 and 9. To our knowledge,
there are no structures reported of Ca2+ complexes
that contain phosphonate/polycarboxylate/PEG
ligands, indicating that the terpolymer AA–APEM–
H3PO3 is a newly low phosphorus water treat agent.

4. Conclusions

In the present work, the low-phosphorus
terpolymer AA–APEM–H3PO3 has been synthesized,
characterized, and evaluated. Based on the earlier
discussions, we reach the following conclusions:

(1) The phosphorus content was less than 1.5% in
weight; carboxyl group, PEG group, and phos-
phorus group were obtained in one molecule.

(2) The results of static scale inhibition tests
showed that the terpolymer is effective in the
calcium scales inhibition. The terpolymer
exhibited 90.16% calcium carbonate inhibition
at a threshold dosage of 8mg/L, while it
exhibited 96.94% calcium sulfate inhibition at
a level of 4mg/L.

(3) The studies on calcium crystals with SEM,
XRD, and FT-IR indicated that great changes
in the size, morphology, and formation of the
calcium scales took place under the influence
of AA–APEM–H3PO3.

(4) The inhibition mechanism towards CaCO3 and
CaSO4 deposits was proposed that the strong
specific interaction has happened between
functional groups and the calcium crystals.

No reference to the low-phosphorus terpolymer
AA–APEM–H3PO3 used as calcium scales inhibitor in
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Fig. 14. FT-IR spectra of calcium carbonate precipitates. (a)
In the absence of the low-phosphorus terpolymer, in the
presence of (b) 2mg/L and (c) 6mg/L the low-phospho-
rus terpolymer.
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cooling water has been found in the literature, it is
believed to represent a potentially new environmental
water treatment agent.
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