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ABSTRACT

To inhibit calcium carbonate and sulfate scales in cooling water systems, a new antiscalant (acrylic acid-oxalic
acid-methallyl methoxy polyethylene glycol, [AA-HPEZ]) was synthesized via radical copolymerization, and
the structure of inhibitors was characterized by Fourier Transform infrared spectroscopy, hydrogen Nuclear
magnetic resonance, and carbon thirteen Nuclear magnetic resonance. The ability of the polymer to mitigate
the calcium carbonate and calcium sulfate scales formation was tested by static scale inhibition methods. The
inhibition efficiencies of AA-HPEZ toward CaCO, and CaSO, scales were 90.6% and 100%, with 8 and 4 mg/L,
respectively. The performance of copolymer on inhibition to CaCO, and CaSO, precipitation was better than
poly(acrylic acid), poly(epoxysuccinic acid), and hydrolytic poly(maleic anhydride). AA-HPEZ shows great
antiscaling properties for CaCO, scale even for the solution with higher temperature and higher hardness.
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1. Introduction

The deposition of calcium containing scales such as cal-
cium carbonate, calcium sulfate, and calcium phosphate has
become a significant problem in large commercial water
treatment processes with the wide application of circulating
cooling water systems [1-3]. The formation of scales mainly
depends on pH, temperature, pressure, and minerals con-
centration of the cooling water [4]. The formation of scales
causes great problems from both economic and technical
point of view, such as reduced efficiency of heat transfer and
increased frictional resistance between the water and equip-
ment surfaces [5-8].

* Corresponding author.

Currently, there are three main routes to mitigate the
problem of scaling: (1) use of water softening chemicals, (2)
mechanical cleaning, and (3) using chemical treatment meth-
ods [9,10]. The use of scale inhibitors is the most effective
and economical method which can achieve the purpose of
decreasing the rate of scale growth by absorbing at the active
growth sites on the crystal surface [11]. Polyphosphate types
inhibitors are most widely used to prevent minerals depo-
sition on pipes and heat exchanger surfaces in cooling sys-
tems [12,13]. However, polyphosphate inhibitors are likely to
decompose and form orthophosphate which can react with
calcium ions to form relatively insoluble calcium phosphate
scale due to the increase in temperature [14]. In addition,
they also cause secondary pollution and ecological imbalance
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in water [15]. The deposition of calcium is mainly constituted
of calcium carbonate and calcium sulfate [16,17]. Thus, envi-
ronmentally friendly green scale inhibitors have caught more
attention in recent years due to the major concern over global
ecological and environmental problems [18]. Polycarboxylate
is another widely used class of the scale inhibitors which usu-
ally contains a cyclic or linear structure [19]. Unfortunately,
most of polycarboxylate scale inhibitors show a low calcium
tolerance and can react with calcium ions to form insoluble
calcium—polymer salts [20]. Poly(aspartic acid) and anhy-
dride containing alternating copolymers have been evalu-
ated for its efficiency on scales inhibition in cooling water
systems due to their good biodegradability and chelating
ability [17,21]. However, they all show poor inhibition in a
high-temperature environment which markedly limits its
wide use [22]. As a result, an ideal antiscalant should be effec-
tive to prevent and inhibit the deposition of calcium carbon-
ate and calcium sulfate at high temperature.

Compared with allyloxy polyethoxy ether (APEG),
methallyl methoxy polyethylene glycol (HPEG) has a broader
choice of comonomer to synthesize copolymer as a scale
inhibitor [23]. In recent years, our group has prepared vari-
ous scale inhibitors based on APEG to control the depositions
of calcium carbonate and calcium sulfate [24-28]. However,
there have been no reports about polymer based on HPEG
used as a scale inhibitor for cooling water systems.

In this study, we prepared new effective non-phosphorus
scale inhibitors (acrylic acid—oxalic acid—methallyl methoxy
polyethylene glycol [AA-HPEZ]) to control the calcium
carbonate and calcium sulfate depositions in cooling water
systems. The new inhibitor is a kind of double-hydrophilic
block copolymer whose structure contains many functional
groups such as carboxyl, allyloxy, and ester. These functional
groups provide AA-HPEZ with a number of advantages, for
example, simple experimental methods, high reaction abil-
ity, friendly to environment, and high inhibition efficiency.
We also investigated the inhibition efficiencies of AA-HPEZ
to control CaCO, scale at higher temperatures and hardness
environment, respectively.

2. Experimental setup
2.1. Materials

Sodium hydroxide, acrylic acid (AA), oxalic acid,
hydrochloric acid, anhydrous calcium chloride, sodium
bicarbonate, ethylenediaminetetraacetic acid disodium salt
(EDTA-2Na), and ammonium persulfate of AR grade were
obtained from Zhongdong Chemical Reagent (Nanjing,
Jiangsu, China). Methallyl methoxy polyethylene glycol
(HPEG; molecular weight = 300), poly(acrylic acid) (PAA;
molecular weight = 1,800), poly(epoxysuccinic acid) (PESA;
molecular weight = 1,500), and hydrolytic poly(maleic anhy-
dride) (HPMA; molecular weight = 600) were obtained from
Jianghai Reagent (Changzhou, Jiangsu, China). Distilled
water was used for all the studies.

2.2. Synthesis of antiscalant

The synthesis procedure of HPEZ is shown in Fig. 1.
It was synthesized from methallyl methoxy polyethylene

glycol (HPEG) and oxalic acid at 80°C under nitrogen atmo-
sphere for 4.0 h.

The synthesis procedure of AA-HPEZ is shown in Fig. 2.
The copolymerization reaction was carried out in a 250 mL
round-bottom flask with a mechanical stirrer, thermometer.
About 0.15 mol (10.8 g) AA and 50 mL distilled water were
mixed continuously with stirring under nitrogen atmosphere.
Then, 0.05 mol (15 g) HPEZ and 50 mL distilled water were
added in and heated to the reaction temperature of 65°C for
about 0.5 h. In fixed conditions, the initiator ammonium per-
sulfate was dropped at a certain flow rate for more than 1.0 h.
Next, the reactant was heated with stirring at 80°C for 2.0 h
under nitrogen atmosphere. At last, a faint yellow liquid with
an approximately 28.0% solid content was obtained.

Antiscalant was synthesized at different mole ratio of
AA:APEZ (31, 2:1, 1:1, 1:2, 1:3) to investigate the effect of
mole ratio of AA:HPEZ on inhibition ability. The process was
the same as initial feed mole ratio of AA:HPEZ was 3:1 in
synthesis of antiscalant.

2.3. Measurements

The samples were analyzed by using an Fourier Transform
infrared spectroscopy (FTIR) spectroscopy (VECTOR-22,
Bruker Co., Germany) to confirm the functional groups in the
pressed KBr pellets. Structures of HPEZ and AA-HPEZ were
also explored by a Bruker NMR analyzer (AVANCE AV-500,
Bruker, Switzerland) with a tetramethylsilane internal refer-
ence and deuterated dimethyl sulfoxide as the solvent. The
shape of CaCO, and CaSO, scale was observed from a scan-
ning electron microscopy (SEM; S-3400 N, Hitachi, Japan).
Prior to imaging by SEM, the scale samples were sputtered
with a thin layer of gold. The X-ray diffraction (XRD) studies
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were carry out by a Rigaku D/Max 2400 X-ray powder dif-
fractometer with Cu Ka radiation (A = 1.5406, 40 kV, 120 mA).

2.4. Static scale inhibition methods

The ability of the AA-HPEZ copolymer to inhibit CaCO,
scale was compared with the blank test and all inhibitor
dosages are given on a basis of dried conditions. The exper-
iment was carried out in artificial cooling water, and the
concentrations of Ca* and HCO, were 240 and 732 mg/L,
respectively. The artificial cooling water used in experiment
was prepared by NaHCO, and CaCl, solution, with the solu-
tion pH 9 adjusting by borax buffer solution. According to
the national standard of People’s Republic of China (GB/T
16632-2008), every inhibition test was carried out in a 500 mL
flask immersed at 80°C for 10.0 h in water bath. Then, it was
cooled to room temperature. After that, the deposition of
calcium carbonate was filtered out using filter paper, the fil-
trate was collected. At last, the concentration of Ca? ions in
the supernatant was titrated by EDTA standard solution and
compared with blank test according to standard methods
(Water Treatment Reagent Unit of Standardization Research
Institute of Chemical Industry of China Chemical Industry
Press, 2003). At the end point of titration, the color of the solu-
tion changed from purple into blue by using calconcarboxylic
acid indicator. Inhibitor efficiency was calculated from the
following equation: [29]

Inhibition efficiency (%) = (o2 2 —(Ca )
(Cab )2 — (Cab )0

x100% (1)
where (Ca*), is the calcium ions concentration of uninhibited
sample; (Ca*), is the calcium ions concentration of inhibited
sample; and (Ca*), is the initial calcium ions concentration.

Procedure of calcium sulfate inhibition tests were carried
alike to calcium carbonate precipitation experiments accord-
ing to the national standard of People’s Republic of China
concerning the code for the design of industrial oilfield-water
treatment (SY/T 5673-93). Calcium sulfate precipitation
was studied in different artificial cooling water, and the
concentrations of Ca* and SO,* were 6,800 and 7,100 mg/L,
respectively. The calcium sulfate solutions were prepared by
dissolving a certain quantity of CaCl, and Na,SO, in deion-
ized water, and the pH of the solutions was adjusted to 7
using sodium hydroxide and hydrochloric acid. The artificial
cooling water containing different doses of the AA-HPEZ
was heated at 70°C for 6.0 h in a water bath. The determina-
tion of Ca*" was done by the same process.

The entire test was taken for three times at the same
experimental conditions. The scale inhibition data used in
results part were the average data of the repeated tests.

3. Results and discussion

3.1. FTIR analysis of synthesized products

The FTIR spectra of HPEG (a), HPEZ (b), and AA-HPEZ
(c) are exhibited in Fig. 3. Shallow and broad peak appeared
around 3,450 cm™ corresponds to —OH stretching vibrations
of hydroxyl group. The emerging 1,742 cm™ strong inten-
sity absorption peak (-C=0) in curve (b) clearly reveals that
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Fig. 3. FTIR spectra of: (a) HPEG, (b) HPEZ, and (c) AA-HPEZ.

HPEZ has been synthesized successfully [25]. The fact that
the (-C=C-) stretching vibration at 1,645 cm™ appears in curve
(b) but disappears completely in curve (c) reveals that radical
polymerization between AA and HPEZ has happened [14].

3.2. Hydrogen Nuclear magnetic resonance ("H NMR) analysis of
synthetic products

The 'H NMR spectra of HPEG, HPEZ, and AA-HPEZ are
presented in Fig. 4. HPEG (a) [(CD,),SO, d ppm]: 2.50 [solvent
residual peak of (CD,),SO], 3.30-3.60 (-OCH,CH,~, ether
groups), 1.66 and 3.82-4.95 (CH,=C (CH,)-CH,-, propenyl
protons), and 4.50-4.60 (-OH, active hydrogen in HPEG).

HPEZ (b) [(CD,),SO, d ppm): 2.50 [solvent residual peak
of (CD,),SO], 3.40-4.32 (-OCH,CH,~, ether groups), and 1.66
and 4.33-4.95 (CH,=C (CH,)-CH,-, methyl allyl protons).

AA-HPEZ (c) [(CD,),SO, d ppm]: 2.50 [solvent residual
peak of (CD,),SO], 1.45-1.78 (-CH,, methyl proton), and
3.30-3.90 (-OCH,CH,, ether groups).

The complete disappearance of 4.50-4.60 ppm (-OH)
active hydrogen in (a) proves that active hydroxyl group
in HPEG has reacted with oxalic acid [24]. Furthermore,
4.80-4.95 ppm in (b) double bond absorption peaks
completely disappeared in (c). This result reveals that free
radical polymerization among AA and HPEZ has hap-
pened. From FTIR and 'H NMR analysis, it can conclude
that synthesized AA-HPEZ has anticipated structure.

3.3. Carbon thirteen Nuclear magnetic resonance (“C NMR)
analysis of synthetic products

The method of ®C NMR was used to analyze the struc-
ture of oxalic acid, HPEG and HPEZ with deuterated
dimethyl sulfoxide as the solvent, as shown in Fig. 5. As can
be seen from Fig. 5, the peak appeared around 44.34 ppm
can be attributed to the solvent residual peak of (CD,),SO.
The unique peak at 166.03 ppm in curve (a) is assigned to
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Fig. 4. "H NMR spectra of: (a) HPEG, (b) HPEZ, and (c) AA-HPEZ.

the carbonyl carbons of oxalic acid. The peaks from 65 to 80
ppm are attributed to the ether groups (-CH,CH,0O-) in Figs.
5(b) and (c). However, compared with curve (b), there are two
peaks appeared at 164.50 and 166.00 ppm in curve (c), which
the former is assigned to the ester group near ethyl group
and the latter is assigned to the terminal carboxyl group of
HPEZ. The oxy-ethyl group is an electron donating group,
which will reduce the chemical shift value of the carbonyl
carbons. These results indicate that the hydroxyl group in
HPEZ has reacted with oxalic acid.

3.4. Effect of inhibitor on CaCO, and CaSO,

Concentration and mole ratio of AA and HPEZ greatly
influence the performance of antiscalant. The scale inhi-
bition performance of AA-HPEZ at different mole ratio of
AAHPEZ in simulated scale inhibition solution toward
CaCO, and CaSO, are shown in Tables 1 and 2, respectively.

Table 1 indicates that under the same experimental condi-
tions, the dosage of AA-HPEZ and the mole ratio of AA with
HPEZ have a strong effect on the formation of calcium car-
bonate precipitation. As can be seen, the scale inhibition effi-
ciency strengthened with the increasing concentration of the
inhibitors. The inhibition efficiency obtained from AA-HPEZ
(AA:HPEZ = 2:1) at a concentration of 8 mg/L is about 90.6%,
and it is about 79.8%, 67.8%, 59.8%, and 57.5% at different
mole ratio (3:1, 1:1, 1:2, and 1:3) at the same concentration.
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Fig. 5. ®C NMR spectra of: (a) oxalic acid, (b) HPEG, and
(c) HPEZ.

Table 1
Influences of the dosage and mole ratio on the inhibition tests
to CaCO,

Dosage of inhibitor

Inhibition efficiency (%)

(mg/L) 31 21 11 12 13

2 371 479 402 321 362
4 503 651 484 474 423
6 624 732 593 523 451
8 798 906 678 598 575
10 794 900 720 640 617
12 791 892 737 705 649
14 800 905 722 719 654
16 801 888 739 722 658
18 822 894 738 717 647

Influence of the dosage and mole ratio of AA-HPEZ
on the inhibition tests to calcium sulfate can be seen from
Table 2. The inhibition value is 100% at a level of 4 mg/L
(AA:HPEZ = 2:1), while it is 85.8%, 88.4%, 89.8%, and 82.5%
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Table 2
Influences of the dosage and mole ratio on the inhibition tests
to CaSO,

Dosage of inhibitor Inhibition efficiency (%)
(mg/L) 31 21 11 12 13
1 67.6 77.3 60.3 59.3 53.1
2 72.1 87.2 69.1 70.4 69.3
3 78.6 92.8 78.4 76.1 77.6
4 85.8 100 88.4 89.8 82.5
5 91.9 99.4 90.7 93.5 87.4
6 93.5 100 94.5 92.9 90.3
7 93.4 99.7 95.2 93.4 91.1
8 95.1 100 95.1 93.5 91.4
9 94.6 100 94.9 93.9 90.9
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Fig. 6. Comparison of scale inhibition efficiency on CaCO, (a)
and CaSO, (b) between AA-HPEZ and different commercial
inhibitor.

at the same dosage with different mole ratio of AA with
HPEZ (3:1, 1:1, 1:2, and 1:3), respectively.

The mole ratio (AA:HPEZ = 2:1) compared with the other
mole ratio exhibits superior performance to inhibit CaCO,
and CaSQO, scale. As a result, the best mole ratio of AA-HPEZ
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is 2:1 which can ensure the maximum effect for both CaCO,
and CaSO,. The inhibition efficiency reached 90.6% and 100%
for CaCO, and CaSO, at dose of 8 and 4 mg/L, respectively.

3.5. Comparisons of inhibition efficiency

To understand the performance of AA-HPEZ, the abil-
ity of AA-HPEZ (AA:HPEZ = 2:1) to control calcium depos-
its was compared with PAA, PESA, and HPMA at identical
conditions.

It can be seen from Fig. 6(a) that the order of the inhi-
bition efficiency of CaCO, is AA-HPEZ > PAA = PESA >
HPMA. Compared with commercial inhibitors, AA-HPEZ
shows superior ability in inhibiting CaCO, scale, and anti-
scaling rate reached the highest which is 90.6% at the thresh-
old dosage of 8 mg/L, whereas it is 55.7% for PAA at the
same dosage (the best inhibitor among them). As shown in
Fig. 6(b), it indicates that the order of preventing the precip-
itation of CaSO, is AA-HPEZ > PESA > HPMA > PAA, the
ultimate inhibition efficiency values are 100%, 91.3%, 86.6%,
and 81.2% at the threshold dosage of 4 mg/L, respectively.
The data in Fig. 6 indicate that AA-HPEZ can be used as an
efficient scale inhibitor for CaCO, and CaSO, in cooling water
systems. On the basis of the test results, AA-HPEZ (2:1) is
chosen in the following tests.

3.6. Effect of Ca* concentration on inhibition efficiency to CaCO,
scale

The inhibition efficiency of AA-HPEZ is investigated
under conditions of water with higher hardness. Fig. 7 rep-
resents the effect of Ca* concentration on the scale inhibition
efficiency of AA-HPEZ against CaCO,. With other conditions
remaining unchanged, the scale inhibition efficiency of copo-
lymers decreased with increasing Ca*. Even Ca?" reaches
a certain value the CaCO, scale could also be significantly
inhibited at relatively low inhibitor concentrations. The
results indicate that AA-HPEZ is an effective inhibitor which
can be used in a water system with higher hardness.

3.7. Effect of temperature on inhibition efficiency to CaCO, scale

The effects of temperature on the scale inhibition effi-
ciency for scaling CaCO, are shown in Fig. 8. As can be
seen from Fig. 8, AA-HPEZ copolymer shows superior
CaCO, inhibition efficiency at the usual temperature values
of industry cooling water systems (60°C-80°C). When the
solution temperature increased to 90°C, the inhibition effi-
ciency still exceeded 80.0% at the dosage of 8 mg/L. We infer
that AA-HPEZ copolymer possesses the advantage of good
thermal tolerance because of the side chain with functional
groups. Therefore, AA-HPEZ can also be used as an effective
inhibitor in cooling water systems at high temperature.

3.8. Morphology characterization of calcium scale
3.8.1. SEM analysis of CaCO, and CaSO, crystals

In order to better analyze the influence of scale inhibitor
on the growth and morphology of CaCO, and CaSO, crystal,
AA-HPEZ was used as an inhibitor in the experiment, and
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Fig. 9. SEM photographs for the calcium carbonate: (a) without
the presence of AA-HPEZ, (b) 2 mg/L, (c) 4 mg/L, and (d) 6 mg/L.

the collected CaCO, and CaSO, scales were characterized by
SEM analyses.

Fig. 9 exhibited the influence of the AA-HPEZ copo-
lymer on the morphologies of CaCO,. The CaCO, deposits
that formed in the absence of AA-HPEZ are symmetrical and
block like particles of cubic shape or rhombohedral (Fig. 9(a)).
In contrast, the well-regulated structure is damaged and it
has obvious changes at the distribution and size on addition
of 2 mg/L of the additive (Fig. 9(b)). Flower- and cascade-like
agglomerated CaCO, deposits are obtained with the increas-
ing dosage of AA-HPEZ (Figs. 9(c) and (d)). AA-HPEZ con-
tains functional groups like carboxyl which could effectively
adsorb at the surface of calcite and break the structure of cal-
cite [30]. In this case, the scales are hardly attached to the pipe
surface and could be easily removed with enough shear force
from flowing water.

The SEM photographs of CaSO, scale with and without
the presence of the AA-HPEZ are presented in Fig. 10. The
crystals of CaSO, are regular rod-shaped and look like thin
tubular cells exhibiting monoclinic symmetry (Fig. 10(a)) [6].
However, with the addition of AA-HPEZ, the sharp edges
and acute corners of the CaSO, crystals changed completely
into loose structure and defective rod (Fig. 10(b)). Therefore,
the soft scale could be easily washed away by water because
morphology of CaSO, was changed.

3.8.2. XRD analysis of CaCO, and CaSO, crystals

The XRD methods were used to monitor the structural
changes of the CaCO, precipitation (Fig. 11). It is generally
known that CaCO, have three types of crystal forms: calcite,
aragonite, and vaterite [22]. Fig. 11(a) demonstrates that the
diffraction peaks of the precipitates of CaCO, could be well
indexed to the calcite phase, which is the most thermody-
namically stable crystal. This result indicates that the crystal
of calcium carbonate is mainly an ingredient of calcite with-
out addition of AA-HPEZ. However, the intensity of calcite
phase peaks is lower than that of blank samples, and both the
intense peaks of calcite and vaterite have been observed in
Fig. 11(b). Thus, synthesized inhibitors could inhibit or dis-
turb the calcite growth and induce vaterite growth.

The XRD results for sulfate calcium crystals in the
absence of AA-HPEZ and in the presence of AA-HPEZ are
presented in Fig. 12. The interplanar crystal spacing and
angle of intersection values conformed to the structure of
gypsum (CaSO,2H,0O, calcium sulfate dehydrate, Fig. 12(a))
[31]. However, Fig. 12(b) shows that there is no modification
in the crystal structure. Modification of the morphology can
only be observed from the SEM photographs (Fig. 10(b)).

Fig. 10. SEM photographs for the calcium sulfate: (a) without the
presence of AA-HPEZ and (b) 2 mg/L.
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Fig. 12. XRD images of the CaSO, crystal formed (a) in the absence
of AA-HPEZ and (b) with the presence of AA-HPEZ.

3.8.3. FTIR analysis of CaCO, crystals

FTIR is another characterization technique used to iden-
tify the various polymorphs present in the crystals. The
FTIR spectra of the calcium carbonate precipitates obtained
in the absence and presence of the AA-HPEZ are shown in
Fig. 13. As shown by the curve (a), the peaks given at 874 and
712 cm™ could be attributed to the vibrations of calcite [32].
On the other hand, a new peak (745 cm™) is observed in curve
(b), which reflects the vibrations in the vaterite form. In addi-
tion, there is no intensity of the band at 712 cm™ in curve (b),
which means the portion of vaterite increased. The addition
of AA-HPEZ has a great influence on the FTIR observation.
All the data of the FTIR spectra demonstrate that the new
scale inhibitor can affect the polymorphs of the calcium car-
bonate crystals.
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Fig. 13. FTIR spectra of calcium carbonate precipitates formed (a)
in the absence of the AA-HPEZ and (b) in the presence of 6 mg/L
AA-HPEZ.

3.9. The mechanism of calcium scale inhibition

The above results indicate that with the presence of
AA-HPEZ, the structure of calcium scales and crystal
morphology are modified. Kinds of theories about the
mechanism of calcium scales inhibition were reported,
such as chelating solubilization and electrostatic repulsion
function [33].

AA-HPEZ is a structurally well-defined bi-block copoly-
mer consisting of a polyethylene glycol (PEG) matrix and a
large number of carboxyl groups (<COOH) which can eas-
ily ionize to -COO". Both the -COOH groups and the PEG
matrix play an important role in inhibiting the scale precip-
itation. The carboxyl groups in AA-HPEZ can encapsulate
or capture Ca* either in solutions or on the surface of inor-
ganic minerals [29,34]. Moreover, Ca* also interact with these
negatively charged ions (SO,> and CO,*) and form CaCO,
and CaSO, crystal embryos. As a consequence, these calcium
ions serving as bridges link AA-HPEZ by carboxyl groups
and SO, or CO,* ions by an electrostatic attractive force.
Simultaneously, the surfaces of CaCO, and CaSO, crystal
embryos are surrounded by long side chains of AA-HPEZ
(PEG segments), and toward stable aqueous phase because of
the strong hydrogen bonding between water molecules and
carboxyl groups. As a result, the aggregation of CaCO, and
CaS0O, solid particles is blocked. In addition, the long PEG
side chains in AA-HPEZ matrix result in steric and electro-
static repulsion. Therefore, the existing minerals do not pre-
cipitate in the presence of AA-HPEZ owing to its excellent
ability to disperse solid particles.

4. Conclusion

A novel effective antiscalant (AA-HPEZ) was success-
fully synthesized by free copolymerization, and the struc-
ture was characterized by FTIR and "H NMR. The inhibition
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efficiencies of AA-HPEZ toward CaCO, and CaSO, scales
were 90.6% and 100% at the dosage of 8 and 4 mg/L, respec-
tively. Compared with the commercial inhibitors of PAA,
PESA, and HPMA; AA-HPEZ shows an excellent inhibi-
tory efficiency both on calcium sulfate and calcium carbon-
ate precipitation. Meanwhile, the inhibition efficiency of
AA-HPEZ against CaCO, scales still exceeded 80.0% when
the temperature increased to 90°C. With the Ca*" concen-
tration increased to 1,200 mg/L the inhibition efficiency to
CaCO, scales obtained still exceeded 80.0%. These results
indicate that AA-HPEZ had good chemical stability at ele-
vated temperatures and can be used in a water system with
higher hardness. From the studies of SEM, XRD, and FTIR
on the deposition of calcium carbonate and calcium sulfate,
the copolymer had a great impact on the growth rate and the
morphology of calcium crystals. These results indicate that
AA-HPEZ can be used as an effective and environmentally
friendly scale inhibitor for circulating cooling water systems.
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