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ABSTRACT: Mineral scales are formed in cooling water
systems and they cause heat transfer problems. Much re-
search has been carried out to reduce the carbonate and
sulphate scales of calcium. To inhibit the scale formation in
cooling water systems, vinyl acetate-acrylic acid (VA-AA)
and vinyl acetate— methacrylic acid (VA-MAA) copolymers
were synthesized, characterized, and the ability of the poly-
mers to mitigate the calcium carbonate and calcium sulphate
scale formation was tested through chemical screening, con-
stant potential electrolysis, and electrochemical impedance
techniques. XRD (X-ray diffraction) and SEM (scanning elec-
tron microscope) studies were performed to understand the

morphological changes of the scales in the presence of the
polymers. The biocidal, gelation, and iron dispersion ability
of the polymers were also noted. Among the two threshold
inhibitors, VA-AA shows slightly better antiscaling proper-
ties even at higher temperatures and pH for both CaCO; and
CaSO, scales compared to the methacrylic copolymer. © 2005
Wiley Periodicals, Inc. ] Appl Polym Sci 96: 1451-1459, 2005
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INTRODUCTION

Cooling towers and systems experience scaling on
metal surfaces. The scales are formed from carbonates
and sulphates of magnesium, calcium, and barium
together with iron oxide, silica, and biological contam-
inants. Deposition of these materials on heat exchange
surfaces can lead to loss of system efficiency, unsched-
uled shutdown, and ultimately to system failures or
clogging of filters, obstruction of fluid flow, reduction
in cooling efficiency, localized corrosion attack, wear
of metal parts, and loss of production and economy.'™
The scale formation depends on concentration of lat-
tice forming ions, dissolved and suspended solids,
pH, flow velocity, evaporation rate, pressure, etc.*”
Scales can be controlled by (1) altering the system
design and operating parameters, (2) altering the na-
ture of feed waters, and (3) using chemical treatment
methods. Naturally occurring polymers have been
used for scale control but their use is restricted as they
have been found to decompose at higher tempera-
tures.® When chelating agents are used, they form
soluble complexes with lattice forming ions. A stoichi-
ometric amount is needed and pH range must also be
precise with their use. Hence, their application is
costly and limited. One of the chemical methods to
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control scale is the use of threshold inhibitors. Water-
soluble low molecular weight homopolymers and co-
polymers deserve much attention in their class. The
present work deals with the synthesis and application
of some vinyl acetate polymers for cooling water sys-
tems.

EXPERIMENTAL PROCEDURE
Synthesis of vinyl acetates

Copolymers of vinyl acetate—acrylic acid and vinyl
acetate-methacylic acid were synthesized in aqueous
medium through free radical polymerization.”® The
polymerization was carried out in an inert atmo-
sphere. Diluted vinyl acetate monomer was copoly-
merized with diluted acrylic acid and methacrylic acid
with potassium peroxodisulphate as the initiator.

Characterization

The viscosity of the polymers was found with a Efflex
viscometer. The synthesized copolymers were charac-
terized through FT-IR spectra to confirm the func-
tional groups, which are responsible for the antiscal-
ing property of the antiscalant polymers using a Per-
kin-Elmer FT-IR spectrometer, PARAGON model 500.

Evaluation of antiscalants

Chemical screening test

The ability of the polymers to mitigate mineral salts
precipitation such as calcium carbonate and calcium
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sulphate was assessed through an EDTA titration
method as per NACE standard.” 300 ppm of hard
water was used as the test solution for the calcium
carbonate scale control and different dosage levels of
the polymers were added to the test solutions along
with the blank solution. The tests were carried out in
the temperature range 50—-80°C and in the pH range
7.0-8.5. The test cells were placed in a constant tem-
perature water bath to maintain the required temper-
atures for 12 h. After the test period, the cells were
allowed to cool for 12 h without disturbance to settle
the scale. The hardness of the test solution was then
estimated by titrimetric method. The same procedure
was adopted for the calcium sulphate brine, but the
hardness was fixed at 2,000 ppm.

Constant potential electrolysis

Constant potential electrolysis was performed using
EG & G Princeton Applied Research (PAR) VersaStat
II. A three-electrode cell assembly was used with two
1 X 1 cm platinum foils as working and counter elec-
trode and a saturated calomel electrode (SCE) as the
reference. The tests were carried out by applying —1.2
V Vs SCE to the working electrode dipped in 300 ppm
CaCQO; brine with different dosage levels of the poly-
mers. The change in current density with time was
recorded.'"!

AC Impedance technique

EG & G PAR model 398 Electrochemical Impedance
Analyzer with a three- electrode cell assembly as men-
tioned above was used. The CaCO; scale formation
was accelerated on the platinum electrode by applying
—1.2 V Vs SCE to the working electrode for 30 min.
After the scaling, impedance measurements were
made over a frequency range of 100 mHz-10 kHz with
5 mV ac amplitude being superimposed over the
steady-state potential of the systems.'!"'> The spectra
were recorded for the blank brine and the polymer-
treated samples.

SEM and XRD studies

The change of crystal habits by the addition of anti-
scalants was examined through SEM and XRD. Gold
coating was applied to the surface to make it conduc-
tive, if needed, using the JFC 100-E ion sputtering
device to take SEM photographs using a JOEL JSM
840A scanning microscope. X-ray diffraction studies
were also done for the scales in the presence and
absence of the scale inhibitors with a JOEL-8030 X-ray
diffractometer.
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Figure 1 FT-IR spectrum of vinyl acetate-acrylic acid co-
polymer (VA-AA).

Iron-dispersing ability and gelation test

The iron-dispersing ability of the polymers were
tested using synthetically prepared hydrated iron ox-
ide solution using 100 mg/L iron ion and sodium
bicarbonate. 20 ppm of the antiscalants was added to
the test solutions and allowed to stand for 24 h at 50°C
and pH 8.5. After the above period, the iron hydroxide
[Fe(OH);] was centrifuged and the supernatant solu-
tions were analyzed for iron ion retained in the solu-
tions using an UV-visible spectrometer.''*

The calcium—polymer bridging was tested using 20
ppm of the polymer dosage added to 300 ppm of
calcium ion solution. The test solutions were buffered
by adding 2 ml of borate buffer and the pH was
adjusted to 8.5, stirred for 1 h at 50°C. The absorbency
of the test solutions were measured by a UV-visible
spectrometer.14

Biocidal properties

The algae- and microorganism-killing properties of
the polymer were tested through a X45 microscope
and conventional agar diffusion and serial dilution
techniques, respectively. For the biocidal testing, the
culture was mixed and, for the algae-killing property,
water containing 14 different major algae was used.

RESULTS AND DISCUSSION
Characterization

The intrinsic viscosities of the polymers were deter-
mined using the Efflex viscometer. The viscosity for
water, VA-AA, and VA-MAA was 1.0, 1.7, and 4.8,
respectively. The values indicate the low molecular
weight of the polymers. Figures 1 and 2 show the FTIR
for the VA-AA and VA-MAA, respectively. In the
case of the polymer VA-AA, the peaks at 1610 and
1552 cm™ ' are for the asymmetric and symmetric
stretching vibration of the COO™. The peaks at 1727
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Figure 2 FT-IR spectrum of vinyl acetate-methacrylic acid
copolymer (VA-MAA).

and 1663, and 1466 cm ™' correspond to the stretching
vibration of COO™ in the ester group and the scissor-
ing deforming vibration of the methylene group.

In Figure 2, the peak at 1662 cm™ " is for the COO™
stretching vibration. Due to the inductive effect of
CH, the stretching vibration of COO™ appears at 1662
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cm ™', The peaks at 2950 and 1406 cm ™' are for the
C-CHj; band vibration and the C-CHj; bending vibra-
tion, respectively. The COO™ stretching vibration in
the ester group and the CH, scissoring deformation
vibration peaks appear at 1725 and 1460 cm ", respec-

tively.'>1¢

Evaluation of the antiscalant

The ability of the antiscalants in blocking the calcium
carbonate scale formation was evaluated through
chemical and electrochemical techniques. In the ab-
sence of any electrochemical method to accelerate the
calcium sulphate scale formation, the only available
chemical screening test was performed.

Chemical screening test

For the evaluation of the polymers, the solutions were
prepared as per NACE standard.” Table I presents the
results for VA-AA at 50-80°C in the pH range of
7.0-8.5 for 300 ppm CaCO; hardness brine. The anti-
scaling efficiency is increased with increasing polymer
dosage. Except for the very slight decrease in effi-
ciency at 70 and 80°C at pH 8.5 at the higher dosage
level of 20 ppm, 100% efficiency was noted. Table II
shows the results for the VA-MAA polymer on the
CaCO; scale mitigation. With 20 ppm dosage, 100%

TABLE 1
Antiscaling Efficiency of VA-AA Copolymer on Calcium Carbonate Scale (300 ppm as Calcium Hardness)
at Different Temperatures and pHs Through Chemical Screening Test

Percentage efficiency

Temperature Dosage level
SL No. (°O) (ppm) pH 7.0 pH 75 pH 8.0 pH 8.5
1 Blank o — — —
2 1 45 51 42 38
3 50 2 63 59 57 52
4 5 80 78 72 67
5 10 100 100 95 93
6 20 100 100 100 100
1 Blank — — — —
2 1 61 56 48 43
3 60 2 69 63 55 51
4 5 78 74 81 76
5 10 100 100 91 87
6 20 100 100 100 100
1 Blank — — — —
2 1 57 49 46 41
3 2 64 58 50 50
4 70 5 73 70 78 71
5 10 100 97 89 85
6 20 10 100 100 98
1 Blank — — — —
2 1 51 42 41 33
3 2 58 54 50 46
4 80 5 69 68 71 66
5 10 98 92 86 83
6 20 100 100 99 94
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TABLE 1I
Antiscaling Efficiency of VA-MAA Copolymer on Calcium Carbonate Scale (300 ppm as Calcium Hardness)
at Different Temperatures and pHs Through Chemical Screening Test

Percentage efficiency

Temperature Dosage level
SI. No. (°C) (ppm) pH?7.0 pH 7.5 pH 8.0 pH 8.5
1 Blank — — — —
2 1 43 40 38 36
3 50 2 55 53 49 48
4 5 91 87 85 82
5 10 98 95 95 90
6 20 100 100 98 95
1 Blank — — — —
2 1 40 39 35 33
3 60 2 53 50 48 45
4 5 90 86 83 80
5 10 95 94 91 87
6 20 97 97 93 90
1 Blank — — — —
2 1 40 37 35 31
3 2 50 50 49 47
4 70 5 89 87 81 78
5 10 93 90 89 85
6 20 97 92 90 86
1 Blank — — — —
2 1 38 37 32 30
3 2 50 45 43 35
4 80 5 85 84 81 81
5 10 90 88 85 80
6 20 95 91 89 81

efficiency is present only up to pH 7.5 at 50°C; at
higher temperatures and pHs, the efficiency falls to
nearly 80%.

The inhibition efficiency of the VA-AA and VA-
MAA on calcium sulphate scale inhibition are pre-
sented in Tables III and IV, respectively. In the case of
VA-AA polymer, with 10 ppm concentration, for all
the pHs at 50°C, there is 100% efficiency and also 100%
efficiency was noted at temperatures up to 7.5 pH. At
higher pHs and temperatures, the efficiency decreases.
With the 20 ppm dosage, there is 100% efficiency at all
pHs and temperatures except at the highest pH (8.5)
and temperature (80°C), where the efficiency is 97%.
In the case of VA-MAA polymer with the 10 ppm
dosage, a maximum efficiency of 95% was obtained at
pH 7.0 and 50°C. With increase in pH and tempera-
ture, the efficiency is reduced. At the 20 ppm dosage
with higher temperatures, pH, the efficiency is low-
ered to 94%.

Constant potential electrolysis

The scaling of CaCO; was accelerated on a platinum
electrode at a potential at which the electrochemical
reduction of the dissolved oxygen in the test brine is
realized. The current-time curve is obtained by apply-
ing —1.2 V Vs SCE to the working electrode for 30 min
in 300 ppm of hard water brine.

The pH is controlled by the carbon dioxide equilib-
rium in water,

CO, + H,0 — H,CO;, (1)
H,CO, — H * +HCO; (2)
HCO; — H " +CO2 (3)

The OH  ions on the metal electrode in neutral me-
dium are produced

H,O + 1/20, + 2¢” <> 20H"~ (4)
in a few cases:
2H,O + 2e” < H, + 20H"~ (5)

the production of OH™ ions enhances the buffering
reaction in solution:

OH™ + HCO; < H,0 + CO% (6)
COj Ca*" — CaCOs(ppt) (7)

The higher concentration of CO3~ ions increases the
precipitation of CaCOj;. The current-time curve pre-
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TABLE III
Antiscaling Efficiency of VA-AA Copolymer on Calcium Sulphate Scale (2,000 ppm as Calcium Hardness)
at Different Temperatures and pHs Through Chemical Screening Test

Percentage efficiency

Temperature Dosage level
SI. No. (°C) (ppm) pH?7.0 pH?75 pH 8.0 pH 8.5
1 Blank — — — —
2 1 55 53 49 45
3 50 2 72 70 63 63
4 5 97 90 86 85
5 10 100 100 100 98
6 20 100 100 100 100
1 Blank — — — —
2 1 56 55 48 45
3 60 2 71 68 69 65
4 5 97 92 85 79
5 10 100 100 89 96
6 20 100 100 100 100
1 Blank — — — —
2 1 53 50 47 46
3 2 70 67 67 60
4 70 5 94 90 83 78
5 10 100 100 98 93
6 20 100 100 100 100
1 Blank — — — —
2 1 52 50 45 43
3 2 72 68 65 60
4 80 5 91 85 79 74
5 10 100 99 92 79
6 20 100 100 100 97

TABLE IV
Antiscaling Efficiency of VA-MAA Copolymer on Calcium Sulphate Scale (2,000 ppm as Calcium Hardness)
at Different Temperatures and pHs Through Chemical Screening Test

Percentage efficiency

Temperature Dosage level
SL No. (°C) (ppm) pH 7.0 pH 75 pH 8.0 pH 8.5
1 Blank — — — —
2 1 40 38 35 35
3 50 2 50 50 47 46
4 5 70 68 65 60
5 10 95 91 86 81
6 20 100 100 100 95
1 Blank — — — —
2 1 39 38 36 34
3 60 2 48 45 44 42
4 5 70 66 62 60
5 10 91 88 85 81
6 20 100 100 98 95
1 Blank — — — —
2 1 34 32 33 30
3 2 45 42 40 39
4 70 5 68 65 64 56
5 10 89 85 80 73
6 20 100 100 95 89
1 Blank — — — —
2 1 33 31 29 27
3 2 42 42 40 39
4 80 5 85 84 83 52
5 10 92 90 79 68
6 20 100 100 94 77
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Figure 3 Characteristic current-time curve obtained
through constant potential electrolysis of hard water con-
taining 300 ppm of Ca*".

sented in Figure 3 consists of two distinct portions.
The calcareous deposits, isolate the metal from the
solution and consequently the rate of O, reduction is
reduced. The sudden decay part is due to the increas-
ing coverage of the CaCO; deposit on the electrode
surface. The scaling time is the time required for full
coverage of scale, and the residual current is related to
the morphology of the scale.'®'”!® If the insulating
layer is highly compact, the residual current is very
low.

The constant potential electrolysis was carried out
with 300 ppm hardness with the presence of VA-AA
and VA-MAA at pH 8.0 and the results are presented
in Table V. The residual current and scaling time for
the control are 34.43 A and 112 s, respectively. With
the addition of the polymer, the values are increased.
This indicates the retardation or modification of the
calcareous deposit formation in the presence of the
polymer.

Electrochemical impedance spectroscopy

The well-separated two time constant nyquist plots
were recorded during the scaling process on a plati-
num electrode immersed in a calcium ion—containing
solution.'””2° In one of the electrochemical tech-
niques, the CaCOj; scale deposition was detected by
the decrease of O, reduction limiting diffusion cur-
rents due to the coverage of scale on the electrode.

In the impedance plot, the loop at high frequency
range gives the pseudo high frequency resistance
(Ryzp) and pseudo high capacitance (Cyp), accounting
for the surface coverage and the rate of scaling on the
metal surface. The loop at the low frequency region
accounts for the oxygen diffusion in the bulk solution
and it is usually neglected. The values of Ry, Cyyp, the
blocking ratio (o), and the coverage rate at the surface
(6) by the calcareous scale are given as

SHAKKTHIVEL ET AL.

1+ 0y
Rur =~ R, R
14 0
R *
where
kI*
Oy g 1 + 3
and
Co = C
H 7+ o

where D is the diffusion coefficient and C is the change
of double layer capacity.

Cyp could be considered as a means to estimate
directly the blocking ratio o through the following
equation:

o= Cur(o = 0)—Cyr
Cur

and the coverage rate of the surface 6 by calcereous
scale, as:

Sz g

0251"’52:1"'0'

where S, is the free surface of metal electrode and S,
is the partially scaled area of the electrode, where 6
varies from 0 to 1 and o changes from 0 to a.

The performance of the polymer on scale inhibition
is presented in Figure 4—6. The C4; and R, values are
very much changed compared with those for the con-
trol. The nyquist plots were used to find the R, values

TABLE V
Scaling Time and Residual Current for Calcium
Carbonate Scaling (300 ppm of Hardness) Obtained from
Constant Potential Electrolysis at pH 8.0 with Different
Dosage Levels of VA-AA and VA-MAA Polymers

Dosage Residual Scaling
Name of level current time
S. No. antiscalant (ppm) (hA) (s)

1 VA-AA Blank 34.43 662
2 1 40.05 690
3 2 50.20 825
4 5 51.98 841
5 10 64.89 951
6 20 150.50 1,627
1 VA-MAA 1 45.75 695
2 2 47.33 701
3 5 61.90 896
4 10 70.14 1,039
5 20 149.20 1,616
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Figure 4 Nyquist plot obtained after calcium carbonate
scaling on the platinum electrode immersed in calcium car-
bonate brine containing 300 ppm of Ca®" ions.

and 27F , RCq = 1 expression for the capacitance
value. The insulating CaCO; made a definite resis-
tance value compared to the bare metal for the O,
reduction reaction and the capacity is related to the
dielectric nature of the scales. The percentage inhibi-
tion of the scale formation was calculated from

(Rt)control - (Rt)inhibitor
(Rt)control

% =

The R, value for the control is 1680 w/cm? and the Cy,
value is 0.0032 uF/cm?®. With the addition of the poly-
mer, the R, and Cy, values are drastically changed to
around 20 w/cm” and 3uF/cm?, respectively. This is
due to the free oxygen reduction at the electrode sur-
face that has become possible with the use of the
antiscalants. Thus, the results reiterate the effective-
ness of the polymers on the scale mitigation. This
conforms to the results obtained from the constant
potential electrolysis and chemical screening tests.

20F
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1 ! ! ] 1

50 80 70 80 S0
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Figure 5 Electrochemical impedance spectrum for calcium
carbonate scale in carbonate brine with different concentra-
tions of VA-AA copolymer: (1) 1 ppm, (2) 2 ppm, (3) 5 ppm,
(4) 10 ppm, and (5) 20 ppm.
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Figure 6 Electrochemical impedance spectrum for calcium
carbonate scale in carbonate brine with different concentra-
tions of VA-MAA copolymer: (1) 1 ppm, (2) 2 ppm, (3) 5
ppm, (4) 10 ppm, and (5) 20 ppm.

SEM and XRD studies

SEM is one of the widely used nondestructive surface
examination techniques. The effect of antiscaling poly-
mers on the morphology of the CaCO; and CaSO,
scale was examined.

The photographs for CaCO; without and with the
presence of the polymers are presented in Figure 7(a—
c). The presence of Mg®" ions showed the effect on the
crystal morphology of CaCO, phases.”’* The dis-
torted cubic structures of CaCQO;, calcite crystals have
been identified in the present study and no effect was
observed with Mg?*. With the presence of the poly-
mer, the nucleation rates are increased and the growth
rates are reduced. The crystallinity of the scale is not
affected much.

Figure 8(a—c) shows CaSO, scales without and with
the presence of the polymers. The crystal types of
CaSO, depend on the evaporation rate of water and
forms, dihydrate, hemihydrate, and anhydrate. Cal-
cium sulphate dihydrate crystals are reported as thin
tubular cells and needles exhibiting monoclinic sym-
metry.”> Amjad? has studied the effect of polyacrylate
on the formation of calcium sulphate dihydrate scales
and claims that the structure of the crystals are highly
modified. In the present study, the crystals formed
correspond to the dihydrate geometry. The change in

Figure 7 SEM photographs of calcium carbonate crystals at
X1000 magnification: (a) Blank; (b) with VA-AA polymer;
and (c) with VA-MAA polymer.
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Figure 8 SEM photographs of calcium sulphate crystals at
X1000 magnification: (a) Blank; (b) with VA-AA polymer;
and (c) with VA-MAA polymer.

the crystallinity and crystal habit is noted with the
presence of the polymer.

The XRD results for the carbonate and sulphate
crystals of calcium without and with the presence of
the polymer are presented in Figures 9 (a and b) and
10 (a and b), respectively. For calcium carbonate and
calcium sulphate scales, 4 and 6 values conform to
those for the calcite crystals** and CaSO,.2H,O crys-
tals.” In both cases, the addition of polymers did not
alter the crystal structure, as confirmed by no alter-
ation in their d and 0 values. Only the crystal habit or
morphology is changed, as is evident from the SEM
photographs.
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Figure 9 XRD spectrum: (a) for calcium carbonate and (b)
in presence of VA-AA.
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Figure 10 XRD spectrum: (a) for calcium sulphate and (b)
in presence of VA-AA.

Iron dispersing and gelating ability of the
polymers

Most of the cooling water pipe lines are made of iron
and, in this case, Fe?" ion may leach out as a corrosion
product. If the antiscalant retains the Fe** ion in so-
lution, the system can be saved from further corrosion.
The complexing ability of the polymers with iron ion
and with calcium ion were studied through UV-visible
spectroscopy and the results show that both the poly-
mers have the tendency to bridge with Fe*" ions. The
iron ion forms a complex with free carboxylate ions of
the polymers in the wave length region 270-275 nm.
The appearance was noted of opalescence or turbid-
ity when the polymeric antiscalant was added to cal-
cium containing water, this is called gelation or calci-
um-polymer gel formation.”® Among the two poly-
mers tested, only VA-MAA showed gelation
properties, through the bridging of Ca®" ions with the
carboxyl group resulting in slight turbid appearance
was noted. Hence, the polymer requirement for water
treatment may require a slightly increased dosage.

Microbiocidal property

Raw water containing various algae was used for this
study. The effect of the polymer on algae was tested
with 500 ppm of the antiscalants in 100 ml of the
sample. After a 3-h test period, the density of algae
present in the water was tested. Among 14 different
major algae present in test sample, only Anebaena,
Ulothrix, Chlorella, and Agmenellum are noted to be
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present. The biocidal properties of the polymers were
tested and showed no killing properties on noted mi-
croorganisms.

CONCLUSION

The copolymers VA-AA and VA-MAA have been
synthesized and characterized through FT-IR studies.
The viscosity of the polymer for VA-AA was found to
be very low compared to that for VA-MAA copoly-
mer. Still, both polymers are freely water soluble. The
polymer VA-AA gives around 100% efficiency even at
higher pH (8.5) and temperature (80°C) with a 20 ppm
dosage. Electrochemical studies such as constant po-
tential electrolysis and impedance measured and es-
tablished their good antiscaling property. SEM and
XRD studies show the crystal structures are not much
altered but the antiscalants bring about changes in
crystal habits or crystal morphology. The threshold
scale of inhibition of the polymers is due to their
adsorption on the growing crystal phases of the nuclei,
which results in the distortion and retardation of the
crystal growth.
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