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ABSTRACT

The aim of this work is to study the effect of a water-soluble copolymer, Acrylic acid—Oxalic
acid-Allypolyethoxy carboxylate-8-hydroxy-1,3,6-pyrene trisulfonic acid trisodium salt (pyr-
anine) (AA-APEM-APTA), APEM, and APTA were copolymerized with acrylic acid (AA) to
synthesize APTA-tagged no phosphate and nitrogen-free CaCOj; inhibitor, AA-APEM-APTA.
Structures of APTA, APEM, and AA-APEM-APTA were carried out by FT-IR. The observa-
tion shows that the dosage of AA-APEM-APTA plays an important role on CaCOj inhibition.
It can be concluded that the order of preventing the precipitation from flask tests was
AA-APEM > AA-APEM-APTA > HPMA >PAA~PESA. Relationship between AA-APEM-
APTA’s fluorescent intensity and its dosage was studied. Correlation coefficient r of
AA-APEM-APTA’s is 0.99672. The effect on the formation of CaCO; was investigated with
combination of scanning electronic microscopy, transmission electron microscope, and X-ray
powder diffraction analysis. AA-APEM-APTA can be used to accurately measure polymer
consumption on line besides providing excellent CaCO;.
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1. Introduction which could cause a total or partial obstruction of
pipes and decrease the heat transfer, and even make
the boiler burst [3-7]. The most common and effective
method of scale controlling is the use of chemical addi-
tives as scale inhibitors that retard or prevent scale for-
mation even in very small concentrations [8,9]. There
are many classes of chemicals used as scale inhibitors
to prevent scale formation. These are water-soluble
molecules or polymers with several functional groups;

Circulating cooling water system is widely used in
industrial processes because of its high water upkeep
efficiency and rejection of thermal pollution of receiv-
ing water compared to once through cooling water sys-
tem [1,2]. In this processes, scale problems occur on the
surface of the facilities, essentially made up of CaCOs;,
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the most common groups being phosphonate, carbox-
ylate, and sulfonate.

Although the phosphonate and sulfonate contain-
ing scale inhibitor are highly efficient as a scale inhibi-
tor, they have some fatal flaws such as difficult
biodegradation in the water and eutrophication of the
phosphorus-containing scale inhibitor. In addition,
phosphonates, when reverted to orthophosphates, are
potential nutrients for algae [10]. Recently, Kessler
reported a novel non-phosphorus scale inhibitor. It is
acrylic acid (AA)/ammonium allylpolyethoxy sulfate
(APES) copolymer [11-13]. However, it is quite diffi-
cult to test for AA-APES by traditional way because
there is no phosphate active component in it. Another
defect of AA-APES is that it still contains nitrogen
nutrition. Despite of low P level in lake water, N
becomes the limited factor of alga blooms when the
ratio of N to P in lake water is lower than in the alga
[14].

For the concentration determination, several ana-
lytical methods such as turbidimetric, potentiometric,
fluorescent tracer, and spectrometric methods are
available [15]. Fluorescence methods provide direct
measurement and control of a wide array of treatment
actives [16-18]. Presently, there are two methods to
prepare fluorescent polymers. One is the copolymeri-
zation of a monomer containing a fluorescent chromo-
phore and other monomer, the other is chemical
modification of polymers by fluorescent groups
[19,20]. There exist some reports about the fluorescent
scale inhibitor, generally focusing on polyacrylate and
poly (maleic acid) [21,22]. Moriarty performed 8-allyl-
oxy-1,3,6-pyrene trisulfonic acid trisodium salt (APTA)
fluorescent monomers. Hydrophilic of APTA is strong
because of sulfoacid hydrophilic groups [23].

In this paper, a new calcium carbonate scaling
inhibitor was studied. The purpose of the present
study presents the results of “green” chemicals study
that was undertaken to investigate the ability of new
inhibitors (Acrylic acid-Oxalic acid-Allypolyethoxy
carboxylate (AA-APEM)) to inhibit the scale problems
found in cooling water systems, and prepared fluores-
cent-tagged no phosphate and nitrogen-free inhibitor
AA-APEM-APTA by free copolymerization.
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2. Experimental
2.1. Materials

8-Hydroxy-1,3,6-pyrene trisulfonic acid trisodium
salt (pyranine) was purchased from Xuhua Chemical
(Shanghai, China). Allyloxy polyethoxy ether (APEG)
was purchased from Zhongshan Chemical (Nanjing,
Jiangsu, China). Other reagents such as acrylic acid,
oxalic acid, potassium peroxydisulfate, allyl chloride,
and ammonium persulfate of AR grade were obtained
from Zhongdong Chemical Reagent (Nanjing, Jiangsu,
China). Poly (acrylic acid) (PAA, 1800 MW), hydro-
lyzed polymaleic acid (HPMA, 600 MW), and poly-
epoxysuccinic acid (PESA, 1500 MW) were of technical
grade and supplied by Jiangsu Jianghai Chemical Co.
Ltd. Distilled water was used for all the studies.

2.2. Preparation of APEM, APTA, and AA-APEM-APTA

The carboxylic acid functionalization of the surface
hydroxyl groups was realized by reaction with oxalic
acid (OA). The synthesis procedure of APEM is shown
in Fig. 1.

APTA was synthesized according to Moriarty [23].
The product was light yellow in color. Synthesis pro-
cedure of APTA from pyranine and allyl chloride is
shown in Fig. 2.

Ninety gram (5 mol) distilled water, 7.2 g (0.1 mol)
AA, and 16 g (0.03 mol) APEM (the mole ratio of AA
and APEM was 4:1) were mixed together in a 250 mL
five-neck round-bottomed flask fitted with a thermom-
eter and a magnetic stirrer. The mixture was heated to
70°C with stirring under nitrogen atmosphere. Around
0.66 g, 1 mmol of APTA (the amount of APTA in the
tagged copolymers is 2.5 weight percent) in 20 g dis-
tilled water, 1.0 g ammonium persulfate in 20 g dis-
tilled water, and 1.0 g sodium metabisulfite in 20 g
distilled water were added dropwise in the 250 mL
round-bottomed flask over a period of 1.0 h at 70°C.
And then, the reactant was heated with stirring at 80°C
for 1.5 h under nitrogen atmosphere. The mixture was
subsequently cooled and the polymer was then isolated
by successive precipitations in a large volume of ace-
tone. The insoluble product was filtered, collected, and

o)
C—OH 70% I
CH,= CHCH,0+ CHzCHzO')‘gH + —3 > CH,= CHCH,0+ CH,CH,0} cl:
C—OH °
C—OH
o}

Fig. 1. Preparation of APEM.
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CHy= CHCH,CI +

Fig. 2. Preparation of APTA.

CH20H=CH2
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CH,=CHCH,0~+ CH,CH,0+,C— C— OH

+ CH,CHCOOH

Fig. 3. Preparation of AA-APEM-APTA.

extracted in a soxhlet extractor for 16.0 h to remove the
unused AA and APEM. The crude product was dried
in a vacuum oven until constant weight, and re-crystal-
lized from water-acetone mixture (3:7 V/V) to remove
the residual APTA and gain AA-APEM-APTA as a
white solid. The synthesis procedure of AA-APEM-
APTA from AA, APEM, and APTA is shown in Fig. 3.

2.3. Measurements

The samples were analyzed using a FI-IR spectros-
copy (VECTOR-22, Bruker Co., Germany) in the region
of 4,000-500 cm™!. Prior to the measurement, the
samples were dried under vacuum until reaching to a
constant weight. The dried samples were pressed into
the powder, mixed with KBr powder, and then
compressed to make a pellet for FT-IR characterization.

X-ray diffraction (XRD) patterns of the CaCO; crys-
tals were recorded on a Rigaku D/max 2400 X-ray
powder diffractometer with Cu Ko (41 = 1.5406)
radiation (40 kV, 120 mA).

Scanning electron microscopy (SEM) images were
recorded using a field emission scanning electron
microscope (S-3400 N HITECH SEM). Prior to imaging

1.5h

by SEM, the scale samples were sputtered with a thin
layer of gold. The shape of CaCOj; scale was observed
with a transmission electron microscope (TEM, JEM-
2100SX, Japan).

Fluorescence measurements were carried out on a
luminescence spectrometry (LS-55, Perkin—-Elmer, UK)
with a xenon lamp as a light.

2.4. Precipitation of calcium carbonate experiments

All precipitation experiments were carried out in
flask tests and all inhibitors dosages given below are
on a dry-inhibitor basis. Tests of the inhibitors were
carried out using supersaturated solutions of CaCOj;
at 80 °C. The solutions were prepared by dissolving
the reagent grade CaCl, and NaHCO; (Zhongdong
Chemical Reagent Co.) in distilled water at equivalent
concentrations of 24 milliequivalent/L (cooling water
code GB/T 16632-2008). The supersaturation level of
the solutions corresponded to a Langelier Index of 2.1.
Each inhibition test was carried out in a 500 mL flask
immersed in a temperature-controlled bath for 10 h.
Precipitation of CaCO; was monitored by analyzing
aliquots of the filtered (0.22 um) solution for Ca** ions
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using EDTA complexometry as specified in code
GB/T 15452-2009. Inhibitor efficiency was calculated
from the following equation:

[Ca2+] [CaH]

Ca']

final

blank . 100% M

Inhibition (%) =
Caz+] blank

initial — [

where [Ca**]na and [Ca®*lpank are final calcium con-
centrations with and without the presence of an inhib-
itors, respectively, and [Ca®*1initiar is the initial calcium
concentration.

2.5. Excitation and emission wavelength measurement of
APTA and AA-APEM-APTA

Excitation and emission wavelengths of APTA and
AA-APEM-APTA were all measured at fo, = 402 nm
(10 nm slid width) and fe, = 430 nm (5 nm slid
width), respectively. The excitation and emission wave-
lengths were chose the same as the excitation and emis-
sion wavelength of pyranine. Approximately, 5 x 107°
mol/L APTA distilled water solution was prepared
and AA-APEM-APTA was dissolve in quantum suffi-
cient distilled water and concentration of APTA in AA-
APEM-APTA solution was also 5 x 107 mol/L.

2.6. Detection of AA-APEM-APTA fluorescent intensity
with different concentration

Use of inert fluorescent tracers and on-line
fluorometer provides accurate control of treatment
dosage and immediate response to changes in treat-
ment dosage. Fluorescent light is emitted that ought to
directly proportional to the dosage of treatment in the
water, which translates into reliable control of treat-
ment dosage. A serial concentration of AA-APEM-
APTA sample should reflect a corresponding serial of
the fluorescence intensity. Prepared 2, 4, 6, 8, 10, 12,
14, 16, and 18 mg/L AA-APEM-APTA aqueous solu-
tion samples to estimate AA-APEM-APTA fluorescent
intensity response to their concentration.

3. Results and discussion
3.1. FT-IR measurements

The FT-IR spectra of APTA, APEM, and AA-APEM-
APTA are exhibited in Fig. 4. APTA (FT-IR, cm™):
660~880 (C-H plane deformation vibration of aromatic
compound), 1,047 (alkyl oxide characteristic absorption
of APTA), 1,276 (fragrant ether characteristic absorp-
tion), 1,450~1,630 (aromatic compound absorption
band), 1,657 (C=C stretching vibration), and 3,449
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Fig. 4. FT-IR spectra of (a) APTA, (b) APEM, and (0
AA-APEM-APTA.

(O-H stretching vibration). Presently, two bands exist
to prove the monomer structure which includes alkyl
aryl ether. The 1,743 cm™' strong intensity absorption
peak (-C=0) in curve b clearly reveals that APEM has
been synthesized successfully. The fact that the (-C=C-)
stretching vibration at 1,642 cm™ ' appears in curve b but
disappears completely in curve c reveals that free radi-
cal polymerization between AA, APEM, and APTA has
happened.

3.2. Excitation and emission properties of APTA and
AA-APEM-APTA

On the basis of the data presented in Figs. 5 and 6,
it can be achieved by the figure that excitation and
emission wavelengths of APTA and AA-APEM-APTA
are 402 and 430 nm, respectively. Excitation spectra

300

250 -

200

150

100 [~

Fluorescent intensity

50 F —=— Excitied spectrum

—o— Emitted spectrum

0
380 400 420 440 460 480 500
Wavelength/nm

Fig. 5. Excitation and emission wavelength of APTA.
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Fig. 6. Excitation and emission wavelength of AA-APEM-
APTA.

and emission spectra of AA-APEM-APTA show good
mirror image relationship as APTA. The fluorescence
intensity of AA-APEM-APTA increased compared
with APTA after copolymerization because of the for-
mation of hydrogen bonding. The lowest singlet
excited states of aromatic carbonyl compounds such
as APTA is (n, IT*). The excited state possess (1, ¢*)
character in non-polar and weakly hydrogen-bonding
solvents but they exhibit enhanced (¢*, ¢*) character
in very polar hydrogen-bonding solvents. (¢* ¢%)
states are, or become, the energetically lowest states
after copolymerization. Also Rusakowicz have cited
evidence that benzophenone and presumably other
normally (1, ¢*) aromatic carbonyl compounds possess
enhanced singlet (¢*, ¢*) character in very polar and
acidic media. The yields of fluorescence grow in
quantity in (¢*, ¢*) states than in (1, ¢*) states [24].

3.3. Response of fluorescent intensity over a range of
AA-APEM-APTA

The result of linearity testing between AA-APEM-
APTA fluorescence intensity and their concentration is
shown in Fig. 7. Fluorescence intensity was in linear
with AA-APEM-APTA concentration in the range 2-
18 mg/L which is common dosage scope to the inhibi-
tors. The relationship between AA-APEM-APTA
concentration and fluorescence intensity provided
exceptionally linear response [correlation coefficient r
= 0.99672]. This positive linear relationship can be
used to measure AA-APEM-APTA concentration accu-
rately. The detection limit of AA-APEM-APTA is
0.75 mg/L according to the detection limit formula:
D, = 3c0/k, where o is 11 times determination of blank
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Fig. 7. Linearity of the fluorescence intensity (Fi) with the
concentration (C) of AA-APEM-APTA.

solution’s standard deviation and k is the slope of
calibration curve [25].

3.4. Influence of AA-APEM and AA-APEM-APTA dosage
on CaCOs inhibition

The scale inhibition performance of AA-APEM
and AA-APEM-APTA in simulated scale inhibition
solution at different concentrations of inhibitor was
shown in Fig. 8. For CaCO; inhibition, AA-APEM-
APTA was weakly inferior to AA-APEM, but 70.2%
inhibition was obtained at the concentration of
8 mg/L. Compared to AA-APEM-APTA, a most
recent effective inhibitor, AA-APEM-APTA had
superior ability to inhibit the CaCOs; scale, with

80 -

60 -

50 - *

40 -

—=— AA-APEM

Inhibition on CaCOj3 (%)

30 - 4*— AA-APEM-APTA
—A— HPMA
20 —o— PAA
—— PESA
10 1 1 1 1 1 1 1 1
0 2 4 6 8 0 12 14 16 18
Dosage (mg/L)

Fig. 8. Scale inhibition of AA-APEM, AA-APEM-APTA,
and different commercial inhibitor on CaCQOj; at different
concentrations of copolymers, respectively.
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50.2% inhibition at a level of 6 mg/L, whereas it is
31.3% for HPMA at the same dosage (the best
inhibitor among them). So, when compared to these
non-phosphorus inhibitors, CaCOj; inhibition of AA-
APEM-APTA is much better than that of HPMA,
PAA, and PESA at the same dosage. It can be
shown that the order of preventing the precipitation
from flask tests was AA-APEM > AA-APEM-APTA >
HPMA >PAA~PESA.

Also, we can find that PAA and HPMA contain
carboxyl groups and possess molecular structure to
AA-APEM-APTA inhibitor but can hardly control
CaCOj; scale even at a high dosage. It may be that
the side-chain polyethylene (PEG) segments of
APEM and carboxyl groups of AA play an impor-
tant role during the control of calcium carbonate
scales. Carboxyl segments and PEG are important
parts on matrices of AA-APEM. Also, there are some
carboxyls in the molecular chains of the copolymer
which have the complexation function to Ca®* [26].
The functional groups of anti-scalant exhibit a signif-
icant impact on their inhibitory power in terms of
controlling the scale precipitation.
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3.5. Characterization of calcium carbonate scale

In order to better analyze the impact of
AA-APEM-APTA on the growth of CaCO; crystal, the
experiment used AA-APEM-APTA as scale inhibitor,
and the collected CaCO; crystal was characterized by
SEM and XRD analyses. The CaCOj collected from the
experiments without the addition of AA-APEM-APTA
showed the characteristic of regular shaped rhombo-
hedra, and the particles’ size was uniform (Fig. 9(a)).
When the AA-APEM-APTA concentration increased to
6 mg/L, sharp edges and acute corners of the crystals
disappeared completely (Fig. 9(b)). From a thermody-
namic point of view, the obtained crystal morphology
could minimize the free enthalpy of the crystal which
was the sum of the products of surface energy and
area of all exposed faces [27,28].

Fig. 10 showed the TEM images of the precipitates
after 24h crystallization and precipitation with
(Fig. 10(b)) or without (Fig. 10(a)) the addition of AA-
APEM-APTA. The precipitates collected from the
experiments without addition of AA-APEM-APTA
showed the characteristic regular shaped rhombohe-
dra and the particles’ size was uniform (Fig. 10(a)).

Fig. 9. SEM photographs for (a) the CaCO; and (b) with the presence of AA-APEM-APTA, 6 mg/L.

b

Fig. 10. (a) TEM photographs for the CaCO; and (b) with the presence of AA-APEM-APTA, 6 mg/L.
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Fig. 11. XRD image of the CaCOj; crystal formed (a) in the
absence of AA-APEM-APTA and (b) with the presence of
AA-APEM-APTA, 6 mg/L.

But when 6 mg/L AA-APEM-APTA concentration was
added, loose and soft particle was visible in the TEM
image (Fig. 10(b)). The mechanism of the shape pro-
cess is similar to the SEM.

In the absence of AA-APEM-APTA copolymer, cal-
cite is the main crystal form (Fig. 11(a)). Fig. 11(b)
shows the XRD spectrum for CaCOj; precipitate in the
presence of AA-APEM-APTA copolymer, while one
could clearly observe a series of quite strong diffrac-
tion peaks of 26 at 24.9°, 27.2°, 32.8°, 43.9°, 49.1° corre-
sponding to Miller indices (110), (112), (114), (300),
and (118), typical of vaterite (JCPDS No. 33-0286 in
space group P63/mmc) [29-31]. These results indicate
that in the presence of the AA-APEM-APTA copoly-
mer the CaCOj; precipitate is the mixture of calcite
and vaterite. It is well known that calcite is the most
thermodynamically stable, and vaterite is the least sta-
ble form in the three polymorphic forms of CaCO;
[32]. As a result, the impact on heat transfer can be
prevented and the scale inhibition effect can be
acquired.

4. Conclusions

In this study, the effect of a copolymer on the cal-
cium carbonate inhibition was investigated. Fluores-
cent-tagged no carbonate and nitrogen-free calcium
carbonate inhibitor AA-APEM-APTA was successfully
synthesized by free polymerization of AA, APEM, and
APTA. FT-IR identified that AA-APEM-APTA has the
expected structures. It can be concluded that the order

of preventing the precipitation from flask tests was
AA-APEM > AA-APEM-APTA > HPMA > PAA~PESA.
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Good relationship between AA-APEM-APTA fluo-
rescent intensity and its dosage (the correlation coeffi-
cient ¥ = 0.99672) ensures that AA-APEM-APTA is a
valuable indicator for cooling water system perfor-
mance. SEM images indicate that AA-APEM-APTA
changes highly the morphology and size of calcium
carbonate crystals during the inhibition process. The
TEM mechanism of the scale/shape effect process is
similar to the SEM. XRD analysis shows that some cal-
cite crystals are changed into another CaCOj structure,
formed in vaterite after adding AA-APEM-APTA.
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