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ABSTRACT

The inhibition of calcite crystal growth by acrylic acid-allylpolyethoxy carboxylate-2-acry-
lamido-2-methyl-propanesulfonic acid (AA-APEY-AMPS, PAYS for short) was investigated
in the cooling-water system. The terpolymer was prepared via the copolymerization of
acrylic acid (AA), allylpolyethoxy carboxylate (APEY) and 2-acrylamido-2-methyl-propane-
sulfonic acid (AMPS), whose structures were characterized by FTIR and 'H NMR. In this
study, we have investigated the effect of the agent concentration and the ratio of the reac-
tant. The experimental results show that AA-APEY-AMPS is an effective chelating scale
inhibitor and it has high efficiency toward scales and nearly 90% for calcium carbonate and
100% for calcium sulfate. The produced crystals were characterized by using scanning elec-
tron microscopy and X-ray diffraction methods. It appears that the crystal shape, size, and
the morphology of scale have changed apparently at the dosage of 5 mg/L. Based on the
contrast experiment of the problem of scale formation, this paper analyses the mechanism
of scale formation and the advantage of PAYS. The supporting mechanism of scale
formation was also described and analyzed briefly.
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Mechanism

1. Introduction

The most protruding question of cooling water sys-
tems is equipment corrosion and begriming. In the
process of industrial water recovery in the cooling
water technology, scales offer an obstruction to the
heat flow when they crystallize on heat transfer
surfaces and then the efficiency in heat transmission is
greatly reduced, and the pipelines may become
clogged with these sparingly soluble mineral salts
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[1-3]. Eventually, massive precipitation of insoluble
salts accumulated to some extent facilitates the corro-
sion processes, and even causes catastrophic opera-
tional failures in some cases and then production has
to be stopped occasionally [4,5]. The most common
scales are calcium carbonate (CaCQOj), calcium sulfate
(CaSO,), barium sulfate (BaSO,4), calcium phosphate
(Caz(POy)»), calcium oxalate, silicate, etc. [6-9]. To con-
trol deposit formation and prevent the negative issues
and deleterious effect evoked by scale precipitation,
adding scale inhibitors to the circulating water system
is the most common and effective way [10-13]. On the
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whole, scale inhibitors added in industrial cooling
water are more economical than free antiscalant
because of high cost of removing deposition.

Considerable and effectual progress has been made
in the development of practical processes and prod-
ucts application. In the past decades, scale inhibitors
widely used in cooling water system are mainly poly
(phosphate) and organophosphonate (such as HEDP
(Hydroxy ethyly-dene-1,1-diphosphonate), EDTMP
(ethylene-diamine-tetrakis(methylene-phosphonate)),
and NTMP (nitrilo trimethylene phosphonate) [14-18].
However, the discharge of effluent that contains these
sorts of scale inhibitors are likely to accelerate water
eutrophication [19,20], and then to destroy the balance
of ecological environment and cause water pollution
even if they continue to be important for industry
production, at present. Besides, phosphonates are sup-
posed to form insoluble phosphonate scales when they
reverted to orthophosphates and are also likely to
serve potential nutrient to algae [21-23]. Thus, conven-
tional phosphate-generating antiscalants are thought
to be quite environmentally unfriendly. Increasing
concerns and discharge limitations have changed the
scale-inhibitor chemistry to green antiscalants that
phosphate-free and nitrogen-free polymer for assis-
tance. While there is a recent intense interest in
improving the performance of carboxylic polymers for
the inhibition of insoluble salt deposition, such as
acrylic acid polymers (PAA) and maleic acid polymers
(PMA) [24-27], these agents have significant properties
which contain low dosage effect, definite solubility
threshold effect, the synergetic effect with other
reagents, and high temperature endurance. Unfortu-
nately, they would not only react with calcium ions to
form insoluble calcium-polymer salts due to their low
calcium tolerance but also would limit the water solu-
bility due to the strong intermolecular and intra-
molecular hydrogen bonds between the hydroxyl
groups along the chain backbone [28,29].

A promising alternative for phosphonates is in the
application of copolymer, which may be found—PAYS
(poly(AA-APEY-AMPS)), whose structure contains
many active groups such as carbonyl, allyloxy, amide,
sulfonic acid, and ester had the advantage of chemical
modification, such as simple experimental methods,
low material costs, friendliness to environment and
high inhibition capacity, especially, many antiscalants
that based on the effect of sulfonic acid group and car-
bonyl group were reported in the literatures [30-32],
for example, SO3H groups in polymers can provide
advantage for inhibition on Caz(PO,), [33,34], which
lays the foundation for further research. And, then it
may influence the polymorph selection, growth mech-
anism, nucleation, shape, structure and size of the
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crystal. In this paper, we synthesized a new effective
non-phosphorus scale inhibitor, and investigated its
scale inhibition through the static scale-inhibiting
method.

2. Experimental
2.1. Materials and instruments

The allylpolyethoxy carboxylate (APEY) used in
the experiment was synthesized in our laboratory
according to K. Du’s procedure. Both acrylic acid
(AA), maleic anhydride (MA), CaCl,, NaHCO;,
Na,SO,, ethylenediaminetetraacetic acid disodium salt
(EDTA-2Na), and ammonium persulfate were analyti-
cally pure grade and supplied by Zhongdong Chemi-
cal Reagent Co., Ltd (Nanjing, China). The commercial
inhibitors of PAA (MW =1,800), HPMA (MW =600),
PESA (MW =1,500), HEDP (MW =206), APEG (MW =
300), and 2-acrylamido-2-methyl-propanesulfonic acid
(AMPS) were technical grade and were supplied by
Jiangsu Jianghai Chemical Co., Ltd. Deionized water
was used throughout the experiments.

The FTIR spectra were recorded for the synthe-
sized polymer to confirm the functional groups that
are responsible for the antiscaling property using a
Bruker FTIR analyzer (VECTOR-22, Bruker Co.,
Germany) in the pressed KBr pellets. '"H NMR spectra
were taken by a Mercury VX-500 spectrometer (Bruker
AMX500) with a tetramethylsilane internal reference
and deuterated dimethyl sulfoxide as the solvent. The
shapes of CaCO; and CaSO, were observed with scan-
ning electron microscopy (SEM; S-3400 N, HITECH,
Japan). The X-ray diffraction (XRD) studies were car-
ried out using a Rigaku D/max 2400 X-ray powder
diffractometer with Cu Ko radiation (1 =1.5406, 40 kV,
120 mA).

2.2. Synthesis of antiscalant

The synthesis procedure of APEY is shown in
Scheme 1. It was synthesized from allyloxy polyethoxy
ether (APEG) and MA at room temperature. A new
additive (acrylic acid-allylpolyethoxy carboxylate-2-ac-
rylamido-2-methyl-propanesulfonic acid, PAYS) was
prepared as following (Scheme 2) and the modified
conditions were based on our preparative experi-
ments. In brief, a 4-neck round bottom flask, equipped
with a thermometer and a magnetic stirrer, was filled
with 5 mL of deionized water and 2 g APEY and then
heated to 70°C with stirring under nitrogen atmo-
sphere. After that, 4g AA and 1g 2-acrylamido-2-
methyl-propanesulfonic acid (AMPS) was added in
20 mL distilled water and the initiator solution (0.21 g
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ammonium persulfate in 20 mL distilled water) was
injected into the flask separately at constant flow rates
over a period of 1.0 h. After that, the flask was then
heated to 80°C for 1.5-2.5h with stirring to finally
obtain the faint yellow liquid with an approximately
25% solid content.

2.3. Static scale inhibition methods

All inhibitor dosages given below were on a dry-
inhibitor basis. In this experiment, the effectiveness of
PAYS against calcium carbonate precipitation was
determined according to the national standard of P.R.
China concerning the code for the design of industrial
circulating cooling-water treatment (GB/T 16632-2008)
by the static scale inhibition test under different
conditions, taking CaCl, and NaHCO; solutions. The
final concentration of Ca®* and HCO; was 240 and
732 mg L™', respectively, with the solution pH 9
adjusting by borax buffer solution. Investigations with
inhibitors and without inhibitors were all carried out.
To avoid the concentration of the solution by evapora-
tion especially at a high temperature, we condensed the
vapor by means of a cooler. Deposition of these calcium
carbonate supersaturated solutions was filtered using
filter paper after these solutions were incubated at 80°C
for 10 h in water bath. During the experiment, the solu-
tion temperature and the flow velocity were all kept
constant. Then, they were cooled (about 4-5 h) to ambi-
ent temperature. The remaining Ca®" ions concentration
in the supernatant was titrated by EDTA standard solu-
tion according to the national standard of P.R. China
concerning the code for the design of industrial
circulating cooling water treatment (GB/T 15452-2009).
At the end point of titration, the color of the solution
changed from purple red into dark blue using calcon
carboxylic acid indicator. The copolymer inhibition
efficiency of PAYS against calcium carbonate scale was
calculated as Eq. (1) [2]:

G -G
C -G

Inhibition efficiency # (%) = 1

where C, (mg/L) was an original Ca** concentration
before the test, Cy was a final Ca?* concentration in
the absence of scale inhibitor PAYS, and C; was a final
Ca®" concentration in the presence of scale inhibitor
PAYS.

The procedure of calcium sulfate inhibition test
was alike to calcium carbonate experiments according
to the national standard of P.R. China concerning the
code for the design of industrial oilfield-water treat-
ment (SY/T 5673-93). Calcium sulfate precipitation
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and inhibition were studied in artificial cooling water
which was prepared by dissolving a certain quantity
of CaCl, and Na,SO, in deionized water. Two concen-
trations of CaCl, (6,800 mg/L Ca?") and Na,SO,
(7,100 mg/L SO37). The pH of the calcium sulfate
solutions were adjusted to 7.0 using hydrochloric acid
or sodium hydroxide. The artificial cooling water con-
taining different quantities of the PAYS copolymer
was thermo-stated at 60°C for 10 h in water bath, the
determination of Ca®" was exactly the same as
processed. The inhibition efficiency of PAYS against
calcium sulfate scale was calculated as Eq. (1).

3. Results and discussion
3.1. Characterization of inhibitor

The FTIR spectra was taken for APEG, APEY, and
the synthesized PAYS are depicted in Fig. 1. Func-
tional groups were assigned for the characteristic
peaks, a broad band at 3,440 cm™! corresponds to O-H
stretching vibrations of hydroxyl group. The strong
intensity absorption peak that appear at 1,728 cm™'
(-C=0) in curve b indicates that APEY has been syn-
thesized successfully when compared with curve (a).
The band at 1,643 cm ™! could be C=0 stretching vibra-
tions that appears in curve (a) and (b) but disappears
almost completely in curve (c), the residuary weak
peak could be C=O of amid group or the incomplete
reaction. Band at 1,543 cm™! reveal C-N stretching
vibrations and N-H flexural vibrations. The peak at
1,458 cm™! is due to the ~CH, scissoring deformation
vibration. The peaks that appear at 1,039 and
1,171 cm™" are assigned for aliphatic -5=O symmetry
and asymmetry stretching vibrations of sulfonic acid
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Fig. 1. FTIR spectrum of APEG (a), APEY (b), and PAYS (c).
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groups, respectively, and the S-O stretching peaks at
668 cm ™' [29,35]. The expected functional groups,
which are responsible for the inhibiting character of
the PAYS, are confirmed basically.

The 'H NMR spectra of APEG, APEY, AMPS, and
PAYS are presented in Fig. 2. The '"H NMR data were
acquired as the following and the chemical molecule
structures were deduced as expected.

APEG(a) ((CD3),S0, 6 ppm): 2.50 (solvent residual
peak of (CD;3),S0), 3.29-3.53 (-OCH,CH,-, ether
group), 3.94 (CH,=CH-CH,-, propenyl protons),
4.51-4.54 (-OH, active hydrogen in APEG), 5.12-5.92
(CH,=CH-CH,-, propenyl protons).

APEY(b) ((CD3),SO, 6 ppm): 2.50 (solvent residual
peak of (CD;),50), 3.49-3.84 (-OCH,CH,-, ether
group), 3.94 (CH,=CH-CH,-, propenyl protons), 4.2
(-CH=CH-, ethylene protons), 5.12-5.91 (CH,=CH-
CH,—, propenyl protons), 6.25-6.41 (-CH=CH-, ethylene
protons).

AMPS(c) ((CD3),S0O, ¢ ppm): 2.50 (solvent residual
peak of (CD;),S0), 1.24-1.43 (-CHj;, methyl proton),
2.73 (-(CONH-, acylamino), 4.74 (-CH,-, methylene
protons), 5.49-6.07 (CH,=CH-, ethylene protons).

PAYS(d) ((CD3),SO, ¢ ppm): 2.50 (solvent residual
peak of (CDs3),50), 1.23-1.75 (-CHj;, methyl proton),
2.20 (-CONH-, acylamino), 3.42 (-OCH,CH,—, ether
group), 4.15 (-CH,—, methylene protons).

The disappeared peak at 4.51-4.54 ppm (-OH) and
appeared peak at 4.2, 6.25-6.41 ppm (-CH=CH-) in
Fig. 2(b) demonstrates that active hydroxyl group in
APEG has reacted with MA. Meanwhile, it was obvi-
ous that the double bond absorption peaks (J = 5.12—
591, 549-6.07, 42, and 6.25-6.41 ppm) disappeared
completely in Fig. 2(d) when compared to Fig. 2(b)
and (c), all of these data have been able to suggest that
PAYS was synthesized successfully.

It can conclude from FTIR and 'H NMR analysis
that the presence of anticipated structure has been
identified.

3.2. Effect of inhibitor on calcium scales

Scale inhibitor concentration and mole ratio
greatly influence the performance of antiscalant PAYS.
Tables 1 and 2 show the relationship between the
inhibitor dosage and the inhibition capacity toward
the CaCO; and CaSO, scales. As can be seen, the
scale inhibition efficiency increased with the increas-
ing concentration of the trimer, and their protection
effect increased. It was obvious that when the dosage
was 10 ppm (=10 mg/L), PAYS had a maximum cal-
cium tolerance, with 85% CaCQj inhibition efficiencies
while the performance has declined more or less as
further increasing concentration, from Fig. 3. As
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shown in Fig. 4, the maximum inhibition efficiency
reached 100% when the dosage was only 7 ppm less
than the dosage of the great majority of inhibitor on
the market for CaSO,. However, higher range PAYS,
increasing trend of the inhibition efficiency was weak-
ening or even decreased growth alike for CaCOs. The
copolymer molecular chain contains carboxylate
(-COOH), carboxamide (-CONH), and sulfonate
(-SO;H) groups which have positive dispersion, excel-
lent chelation, superior compatibilization with Ca**
ion and lattice distortion ability. It is those active func-
tional groups that possess good properties for Ca
scale. For the same scale inhibitor, as the concentration
gradually increased, the interaction between the scale
inhibitor and Ca*' ion became increasingly stronger,
and the scale inhibitive performance of the polymer
also improved. When scale inhibitor PAYS at the dos-
age of 10 ppm and 3 ppm, the inhibition efficiency
reached 85% and 95% for CaCO; and CaSQO,,
respectively. However, with excessive amount of
multipolymer, the flocculation phenomenon was cre-
ated because of strong polar interaction of active
groups on the molecular chain, leading to the perfor-
mance of antisalant PAYS, which decreased slightly
for CaCOj3; and CaSO,. With the same concentration of
PAYS, the CaCOj scale inhibition efficiency value was
observed to decrease in the order: 2:0.3:0.5 (AA:APEY:
AMPS, mole ratio) > 2:0.5:0.5 > 2:1:0.5 > 2:1.5:0.5 >
2:1:1.5 > 2:1:1, whereas Tab.2 manifests that PAYS
(AA:APEY:AMPS = 2:1:0.5, mole ratio) show superior
efficiency in calcium sulfate inhibition than other
mole ratio.

3.3. Comparisons of inhibition efficiency

The ability of AA-APEY-AMPS (2:0.3:0.5 and
2:1:0.5) to control calcium deposits was compared with
HEDP(1-hydroxyethylidine 1,1-diphos-phonic acid),
PESA (poly(epoxysuccinic acid), PAA (poly(acrylic
acid)), and HPMA (hydrolytic poly(maleic anhydride)),
which are low-phosphorus and phosphorus polymers.
As can be seen in Fig. 3, the order of the capability
power on CaCQOs is as follows: PAYS > HEDP > PESA >
HPMA > PAA, it is worth mentioning that the thresh-
old dosage is 10 mg/L for PAYS as CaCO; antiscalant
and anti-scaling rate reached the highest which was
89.2%, however, HEDP has an advantage in the thresh-
old dosage (only 4 mg/L), but at which HEDP has only
63% calcium carbonate inhibition. As shown in Fig. 4, it
was indicated that the order of preventing the precipi-
tation of CaSO, was PAYS > PAA > HEDP > PESA >
HPMA, the ultimate inhibition efficiency values were
100, 95.2, 93.6, 93.6, and 89.6%, respectively, which is in
accordance with the results of assumption.
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Table 1
Influence of the dosage and mole ratio of PAYS on the inhibition tests of CaCOj;
Dosage of inhibitor (ppm) 2:1:1.5 (%) 2:1:1 (%) 2:1:0.5 (%) 2:1.5:0.5 (%) 2:0.5:0.5 (%) 2:0.3:0.5 (%)
2 37.7 36.6 47.8 443 32.0 434
4 422 424 48.9 51.6 47.4 57.3
6 44.8 45.5 57.3 54.4 52.9 65.1
8 534 57.8 65.7 58.7 57.6 774
10 55.7 60.4 72.3 63.5 63.9 84.5
12 61.2 64.1 78.4 68.8 69.2 87.6
14 67.7 69.8 82.3 75.3 74.7 89.2
16 65.8 66.3 80.6 732 78.9 86.1
Table 2
Influence of the dosage and mole ratio of PAYS on the inhibition tests of CaSO,
Dosage of inhibitor (ppm) 2:1:1.5 (%) 2:1:1 (%) 2:1:0.5 (%) 2:1.5:0.5 (%) 2:0.5:0.5 (%) 2:0.3:0.5 (%)
1 62.3 77.6 85.3 415 50.8 54.0
3 90.4 93.2 95.9 85.2 95.7 88.4
5 97.3 98.6 99.3 99.8 100 95.4
7 100 100 100 100 100 100
9 98.6 100 97.8 98.7 97.3 97.3
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Fig. 3. Comparison of inhibition efficiency for CaCO;3; on
calcium carbonate.

3.4. Characterization of scales
3.4.1. SEM studies

The SEM micrographs of CaCO; precipitate formed
in simulative cooling water are shown in Fig. 5. The
SEM image revealed the formation of well-regulated
cubic octahedral crystal shaped [3,9] particles with
average particle size about 10 pm in the absence of

Dosage of inhibitors (mg/L)

Fig. 4. Comparison of inhibition efficiency for CaSO, on
calcium sulfate.

PAYS polymer (Fig. 5(a)). However, on addition of
2 ppm of the additive, the SEM micrographs of parti-
cles are shown in Fig. 5(b), it has obvious changes at
the distribution and size. The grown crystals were
smaller in size about 5 pm and the shape edges disap-
peared, a cluster of grain-shaped particles. It appeared
that, in the presence of 6 ppm PAYS, the morphology
has been modified to flaky or lamella shape (Fig. 5(c)),
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Fig. 6. SEM photographs for the calcium sulfate: (a) with the presence of PAYS, (b) 1 ppm, (¢) 3 ppm, and (d) 5 ppm.

and silk-like shaped with hollow crystals (Fig. 5(d))
were obtained at the dosage of 10 ppm. The higher
the concentration of PAYS was, the greater the change
was, and the precipitates were amorphous, porous,
and irregular. All of these changes indicate that the
terpolymer affects the nucleation and morphology of
the CaCO; precipitate, and the influence strengthened
with increasing concentration of the PAYS.

The SEM pictures for calcium sulfate scale with the
absence and the presence of the polymer PAYS are

presented in Fig. 8. In the absence of the PAYS, the
precipitates which were deposited had the form as
shown in Fig. 6(a). As can be seen, calcium sulfate
crystals are regular thin tubular cells and rod-shaped
exhibiting monoclinic symmetry [9]. In the presence of
1 ppm PAYS, the crystal have roughened faces and
appeared mass cracks (Fig. 6(b)), and the loose and
rugged CaSO, precipitates was obtained (Fig. 6(c)).
With the continued increase in the additive dosage, the
crystal was destroyed and crumbled entirely (Fig. 6(d))
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at level of 5 ppm. After the inhibition period, sharp
edges and corners of the crystals disappeared almost
completely, the sharp edges and crystallinity were
changed, and the morphology of CaSO, was modified,
whereas spongy deposits were formed and could be
easily washed away by running water.

3.4.2. XRD studies

The XRD results for the carbonate and sulfate crys-
tals of calcium with and without the presence of the
polymer are presented in Figs. 7(a, b) and 8(a, b),
respectively. As we all know, CaCO; exists in three
types of crystal forms: calcite, aragonite, and vaterite.
Untreated CaCO; crystallizes as prismatic calcite,
which is the most thermodynamically stable crystal in
Fig. 7(a), and the diffraction peaks appear at 012, 104,
006, 110, 113, 202, 018, and 116. The peaks of the pre-
cipitates with 4 ppm PAYS added, appear at 110, 112,
114, and 300 corresponding to vaterite (the least ther-
modynamically stable), with the exception of calcite
peaks [3]. These results showed that, for a calcium
carbonate, both calcite and vaterite formed, revealed
that calcium carbonate would first nucleate and pre-
cipitate as calcite and then transited to a more unsta-
ble phase (vaterite) after 4 ppm PAYS was added [3].
These results are consistent with the SEM results, con-
firming the effect of PAYS. However, in the case of
calcium sulfate, the interplanar crystal spacing (d) and
angle of intersection (6) values conformed to the
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Fig. 7. XRD spectrum of CaCOj; precipitates: (a) in the
absence of an inhibitor and (b) in the presence of 4 ppm
PAYS, respectively.
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Fig. 8. XRD spectrum of CaSO, precipitates: (a) in the
absence of an inhibitor and (b) in the presence of 3 ppm
PAYS, respectively.

structure of gypsum (CaSO,42H,0, calcium sulfate
dihydrate) [9], there is no modification in their d and
0 values from Fig. 8, the addition of polymers did not
modify the crystal structure which would be con-
firmed but there were changes in the morphology, as
is evident from the SEM photographs.

3.5. The mechanism of calcium scale inhibition

The above results indicated that when using the
PAYS additives during the crystallization, the struc-
ture of calcium scales and crystal morphology were
modified. This modification was due to the alteration
of the crystal formation process, generation of crystal
nucleus, and crystal nucleus growth [36]. It was most
likely attributed to the carboxylic acid groups bind
multivalent cation with powerful affinities and possess
excellent chelate ability. First of all, PAYS could form
soluble complexes with Ca** through ~COOH, and the
sulfonic acid groups enhanced polymer solubility and
then make the molecular chain extension better, there-
upon, the molecular chain encapsulates Ca®* or crystal
nucleus more easily [29]. The specified function and
dispersion result from spatial repulsion was strength-
ened in water solution because of the strong hydrogen
bonding between the water molecules and the -COOR
groups. The polymer PAYS contained many —-COO-
groups in its molecules although the low concentra-
tion and the PAYS—Ca complexes could weaken the
free Ca®* activity and reduce the degree of supersatu-
ration, so that the generation of crystal nucleus
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CH,=CHCH,— O‘éCH2CH2 O)BH +
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Scheme 1. Synthesis of APEY.
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Scheme 2. Synthesis of AA/APEY/AMPS (PAYS).

processing was almost ruined. The higher the chelate
capability, stronger specific interaction with the inhibi-
tor increased below the threshold, more effective the
PAYS is. Otherwise, the inhibitor can tightly adsorb
onto calcium crystalline substrate owing to -COO- of
APEY segment and -SO;H interaction with electric
charge in the surface of crystal nucleus, the growth
inhibition is caused by polymer adsorption of the
active growth sites on crystal surfaces, and then
inhibiting the growth of the crystal of calcium scale
[3,37-39]. It is the strong interaction between the ter-
polymer and calcium carbonate and the adsorption
that disturb the formation of typical calcium scale
rhombohedra. It can be inferred that the terpolymer
presumably adsorping and chelating the scale nucleus,
and thus prevents further growth.

4. Conclusion

The terpolymer PAYS was synthesized successfully
by APEY (prepared in our laboratory before), AA, and
2-acrylamido-2-methyl-propanesulfonic acid, and the
structure was characterized by FTIR and '"H NMR. The
performance of CaCO; and CaSO, scale were

-4 CHy-CH )y—(gz— CH)-*

COOH CH;

0=C-NH- (,: —CH,SO3H

investigated by static scale inhibition method. The
results of the present study are summarized as follows:

(1) The percentage inhibition efficiency of PAYS
was observed to decrease in the following
order: 2:0.3:0.5 (AA:APEY:AMPS, mole ratio)
> 2:0.5:0.5 > 2:1:0.5 > 2:1.5:0.5 > 2:1:1.5 > 2:1:1,
and exhibited 85% inhibition efficiency at the
dosage of 10 ppm.

PAYS is an effective CaSO, inhibitor under
condition of pH 7, and about 5 ppm combina-
tion of PAYS provides almost 100% inhibition
efficiency.

)

Characterization of CaCO3; and CaSO, scales was
examined by scanning electron microscopy, the SEM
micrographs revealed that obvious change at the dis-
tribution, size, and morphology of scales occurred
under the effect of PAYS. The XRD study also showed
that the PAYS did not alter the crystallinity or the
crystal structure but changed the morphology and size
of the scales. These results indicate that PAYS is a
potentially effective green alternative in inhibiting
scales for circulating cooling water.
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