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For the control of calcium carbonate scales, a novel environmentally friendly type of scale inhibitor MLn was
synthesized. The structure and thermal property of ML15 were characterized and measured by FT-IR, *H-
NMR, TGA and GPC. The anti-scale property of the MLn copolymer towards CaCOsz in the artificial
cooling water was studied through static scale inhibition tests, the observation shows that CaCOs

inhibition increase with increasing the degree of polymerization of MLn from 5 to 15, and the dosage of
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with combination of scanning electronic microscopy (SEM) and X-ray powder diffraction (XRD) analysis.

DOI: 10.1035/c7ra03330c Inhibition mechanism is proposed that the interactions between calcium and polyethylene glycol (PEG)
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1. Introduction

Open recirculating cooling water systems are frequently used
because they not only provide economical heat removal but
also recirculation of water conservation is accomplished with
substantial cost reductions. The cooling water circulates to
operating units where it picks up heat and the resulting warm
water is cooled through vaporization by returning to the
cooling tower. Dissolved and suspended matter contained in
the water is concentrated in cooling water recirculation. The
precipitation of calcium carbonate and calcium sulphate
scale on heat transfer surfaces widely occurs, which involves
the deposition of an insulating layer onto the internal walls
owing to its inverse temperature-solubility characteristics.">
Deposits formation may cause severe corrosion and deterio-
ration of heat exchange. The study of the mechanism of
calcium carbonate crystal growth inhibition is an important
theme for developing an effective technique to prevent scale
formation. The most common and effective method of scale
controlling is the use of chemical additives as scale inhibitors
that retard or prevent scale formation even in very small
concentrations.® Several studies about calcium carbonate
scale formation in the absence and presence of inhibitors
have been carried out.*”®
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are the fundamental impetus to restrain the formation of the scale in cooling water systems.

Copolymer has been used satisfactorily as a specific scale
inhibitor in the circulating cooling water systems is devel-
oped in the late 1970s because of its strong complexation of
multifunctional groups and superior dispersion character-
istic of macromolecule.’ This kind of chemical inhibitors
is applied widely in circulating cooling water treatment
contribute to their excellent performances such as inhibiting
formation of calcium carbonate, calcium sulphate, calcium
phosphate scale. In addition, some of them can perform as
a metal corrosion inhibitor. With the improvement of envi-
ronmental consciousness, the content of phosphorus in water
treatment agent has been of rigorous control. Concerning
over accelerated aquatic eutrophication, the popularity of
inhibitors containing high phosphorus is diminishing.
As a result, the current trend for inhibitor usage is toward
more environmentally friendly “green” chemicals. On the
other hand, the design or optimization of the recycling-water
process on an industrial scale demands a thorough under-
standing of all the fundamental parameters that govern the
various operations involved. Therefore, the inhibition varying
with the solution pH, Ca®', HCO;  and Fe®' concentration
should be tested.

In the present work, we try to discover and explore the
effectiveness of a structurally well-defined calcium carbonate
antiscalant which is phosphorus free and has a superior
calcium tolerance. Inhibitor employed in this paper is double-
hydrophilic block copolymer of maleic anhydride (MA)-allyl-
polyethoxy carboxylate (APELn).
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2. Materials and methods

2.1. Materials

APELn was synthesized from allyloxy polyethoxy ether (APEGn)
in our laboratory according to L.Ling.'* MA is analytically pure
grade and was supplied by Zhongdong Chemical Reagent Co.
(Nanjing, Jiangsu, China). Distilled water was used for all the
studies.

Fourier-transform infrared (FT-IR) spectra were taken on
a Bruker FT-IR analyzer (VECTOR-22, Bruker Co., Germany) by
using the KBr-pellet method (compressed powder). '"H NMR
spectra were recorded on a Mercury VX-500 spectrometer
(Bruker AMX500) using tetramethylsilane (TMS) internal refer-
ence and deuterated dimethyl sulfoxide (DMSO-d6) as a solvent.
Thermogravimetric analysis (TGA) was performed on samples at
temperatures ranging from 25 °C to 600 °C. Such signals were
obtained at a heating rate of 20 °C min ™" in air using a Perkin-
Elmer Derivatograph instrument. Molecular weight of the
polymers was investigated through gel permeation chromatog-
raphy (GPC-Waters-2410). The X-ray diffraction (XRD) patterns
of the CaCO; crystals were recorded on a Rigaku D/max 2400 X-
ray powder diffractometer with Cu Ko (A = 1.5406) radiation (40
kv, 120 mA). Powder samples were mounted on a sample holder
and scanned at a scanning speed 2° min~" between 20 = 20-60°.
The shape of calcium carbonate scale was observed with
a scanning electron microscope (S-3400N, HITECH, Japan).

2.2. Synthesis of MA-APELn

A 5-neck round bottom flask, equipped with a thermometer and
a magnetic stirrer, was charged with 90 mL distilled water and
0.1 mol APEL5 and heated to 70 °C with stirring under nitrogen
atmosphere. After that, 1.0 mol MA in 18 mL distilled water (the
mole ratio of APEL and MA was 1 : 10) and the initiator solution
(1.0 g ammonium persulfate in 18 mL distilled water) were added
separately at constant flow rates over a period of 1.5 h. The reac-
tion was then heated to 80 °C and maintained at this temperature
for an additional 2.5 h, ultimately affording an aqueous polymer
solution containing approximately 35% solid. Only 0.1 mol APEL5
was changed to 0.1 mol APEL10 or APEL15, and the rest of the
synthesis experiment of MA-APEL5 was invariable, the product of
MA-APEL10 or MA-APEL15 was obtained, respectively. MA-
APEL5, MA-APEL10 and MA-APEL15 collectively called MLz (n =
5,10, 15). The synthesis of MLn (n = 5, 10, 15) is given in Scheme 1.

0
I}
CH2=CHCH20~< CH,CH,0 <)—CCH,CH?COOH +
n (n=5,10,15)

80°C
o ‘{'CH, CHH H—CH;]>
HOOC COOH
—6@47&1Z A)—c CH, CH, COOH
(n=5,10,15)

Scheme 1 Synthesis of MLn (n = 5, 10, 15).
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2.3. Precipitation conditions

The ability of the MLn copolymer to inhibit calcium carbonate
scale was compared with that of the free-inhibitor in flask tests.
The inhibitor dosages given are on dry-inhibitor basis. Calcium
carbonate precipitation and inhibition were studied in artificial
cooling water which was prepared by dissolving a certain
quantity of CaCl, and NaHCO; in deionized water. Two
concentrations of Ca** and HCO;~ were 250 mg L. The arti-
ficial cooling water containing different quantities of the MLn
copolymer was thermostated at 60 °C for 10 h. Calcium chloride
and sodium bicarbonate used to prepare the scaling test solu-
tion were of analytical reagent grade. The phosphorous free and
non-nitrogen had been synthesized in the
laboratory.

Solution was analyzed after every set of experiments with
respect to soluble calcium ions using a standard solution of
EDTA according to standard methods.*” Inhibitor efficiency as
a calcium carbonate inhibitor was calculated by using the
following equation:

copolymer

[Ca™]

final [ +]blank 100%
[Ca2 +] X 0

Inhibition (%) = [C zﬂ
— |Ca

initial
where [Ca2+]ﬁnal is concentration of Ca** ions in the filtrate in
the presence of inhibitor after calcium carbonate supersatu-
rated solutions were heated for 10.0 h at 60 °C, [Ca® Jyjank is
concentration of Ca®>" ions in the filtrate in the absence of
inhibitor after calcium carbonate supersaturated solutions were
heated for 10.0 h at 60 °C, and [Ca®Jiniqar iS concentration of
Ca”" ions at the beginning of the experiment.

3. Results and discussion

3.1. Characterization of copolymer

The FT-IR spectra of APEG15, APEL15, and ML15 are exhibited
in Fig. 1. The 1736 cm™ ' strong intensity absorption peak (-C=
0) in curve b reveals clearly that APEL15 has been synthesized
successfully. The fact that the (-C=C-) stretching vibration at
1646 cm ™' appears in curve b but disappears completely in
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Fig. 1 The FT-IR spectra of APEG15 (a), APEL15 (b) and ML15 (c).
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curve c reveals that free radical polymerization between APEL15
and MA has happened.

APEG15 ((CD3),SO, 6 ppm): 2.50 (solvent residual peak of
(CD;),S0), 3.00-3.80 (-OCH,CH,-, ether groups), 3.80-6.00
(CH,=CH-CH,-, propenyl protons), 4.40-4.60 (-OH, active
hydrogen in APEG). [Fig. 2(a)].

APEL15 ((CD3),SO, 6 ppm): 2.25-2.55 (-CH,CH,-, protons in
-COCH,CH,COOH), 2.50 (solvent residual peak of (CD3),SO),
3.00-3.80 (-OCH,CH,-, ether groups), 3.80-4.10 and 5.00-6.00
(CH,=CH-CH,-, propenyl protons). [Fig. 2(b)].

The 6 4.40-4.60 ppm (-OH) active hydrogen in (a) dis-
appeared completely and (-CH,CH,-) protons in -COCH,CH,-
COOH appears obviously in ¢ 2.25-2.55 ppm in (b). It
proves that -OH in APEG15 has been entirely replaced by
-COCH,CH,COOH.

ML15 ((CD3),SO, 6 ppm): 2.50 (solvent residual peak of
(CD3),S0), 3.00-3.80 (-OCH,CH,-, ether groups). [Fig. 2(c)].

6 3.80-6.00 ppm in (b) double bond absorption peaks
completely disappeared in (c). This reveals that free radical
polymerization among APEL15 and MA has happened. From
FT-IR and "H-NMR analysis, it can conclude that synthesized
ML15 has anticipated structure.

Thermogravimetric analysis (TGA) was used to obtain further
information on the structures of APEG15, APEL15 and ML15.
The corresponding TGA are depicted in Fig. 3. The figure shows
that degradation of APEG15, APEL15 and ML15 all proceeded in
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Fig. 2 'H-NMR spectra of APEG15 (a), APEL15 (b) and ML15 (c).
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three or four stages. The first decomposition stage was assigned
in the removal of the volatile matter present in these samples,
such as entrapped moisture or extraction solvent. The greatest
percentage decomposition of APEG15 and APEL15 occurred in
the second stage (150-430 °C), as indicated by the correspond-
ing weight loss values (Fig. 3a and b). It may be attributed to
cracking and gasification at high temperatures. It is indicated
that free radical polymerization can effectively enhance thermal
stability of copolymer (Fig. 3c).

Molecular weight of the copolymers was investigated
through gel permeation chromatography and the results are
listed in Table 1. Their molecular weights are less than 1 x 10°.
Low molecular weight is an essential parameter for efficient
scale inhibition which is achieved through careful control of
reaction rate and timely termination of chain propagation. The
polydispersity index (PDI) was in range from 1.07 to 1.25, which
strongly suggests that the monomers satisfactorily undergo
copolymerization to produce uniform copolymers.

3.2. Influence of MLn (n = 5, 10, 15) dosage on calcium
carbonate inhibition

The dosage of MLn (n = 5, 10, 15) has a strong effect on the
formation of calcium carbonate precipitation, which was inves-
tigated and shown in Fig. 4. For example at 2 mg L™ " dosage, the
polymers show poor calcium carbonate inhibition (10.6, 12.0 and
14.3% for ML5, ML10, ML15, respectively). However, at § mg L™,
the performance of the polymers is substantially improved and
maximum inhibitory power is obtained. It should be noted that
the similar tendency of the dosage on the performance behavior
has been reported in earlier studies by polymeric threshold
inhibitors."** The data in Fig. 4 show that MLn (n = 5, 10, 15) are
extremely effective in preventing the precipitation of calcium
carbonate from aqueous solutions. Compared to the copolymer
of ML5 or ML10, the copolymer of ML15 is superior against
calcium carbonate scale. The reason can be attributed to ML15
copolymer containing longer polyethylene glycol (PEG) chain.
Another reason is ML5 or ML10 has low molar mass (10 365 and
14 227 for ML5 and ML10, respectively); but ML15 has high
molar mass (M,, = 21 879).The results come to the conclusion
that ML15 copolymer have the optimum molecular weight range.
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Fig. 3 TGA thermograms of APEG15 (a), APEL15 (b) and ML15 (c).
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Table 1 Molecular weight and polydispersity index (PDI) of the

polymers

Copolymers ML5 ML10 ML15
M,, 10 365 14 227 21 879
PDI 1.19 1.25 1.07
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Fig. 4 Inhibition rate on calcium carbonate precipitation in the
presence of varying dosages of MLn (n = 5, 10, 15).

3.3. Influence of solution property

Solution properties have a great influence on the precipitation
of calcium carbonate. In order to optimize parameters of the
recycling water process on an industrial scale, we investigated
the effect of the solution parameters on the calcium carbonate
inhibition of ML15. The results are shown in Fig. 5 as follows:
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Fig. 5a indicates ML15 provides unexceptionable calcium
carbonate inhibition under conditions of water with a much
higher hardness (HCO;  concentration kept constant and at
732 mg L™ level). Fig. 5b clearly demonstrates that with HCO;~
concentration increased (Ca*" concentration kept constant and
at 240 mg L™ level), ML15 polymers also possess excellent
calcium carbonate inhibition. As illustrated in Fig. 5c, calcium
carbonate inhibitory power drops 29.1% with increasing the
solution pH from 7 to 12. The reason is probably that the
solubility of calcium carbonate decreases when increasing the
pH. At a pH of 8.0-9.5, the usual pH values of the industry
recycling water, ML15 still shows superior calcium carbonate
inhibition. Thus, the incorporation of the high performance
scale inhibitor ML15 into recycling water ensures a better
overall system performance.

In consideration of the favorable reaction with iron ions,
some antiscalants, such as PMA, would lose most of their
effectiveness against calcium carbonate scale in the presence of
traceamounts of iron in solutions.* The results in Fig. 5d show
ML15 still has excellent calcium carbonate inhibition at levels
of 2-10 mg L™ iron ions in supersaturated solutions of calcium
carbonate. However, the calcium carbonate inhibition of ML15
decreases dramatically at levels of 12-14 mg L™ " iron ions, and
ML15 is totally ineffective against the calcium carbonate scale
when the concentrations of iron ions in solutions are 14 mg L™ ".
The trace amounts of iron are usually on the order of 1-5 mg L™"
in industrial recycling water systems, hence, the copolymer of
ML15 is still a excellent antiscalant for calcium carbonate
inhibition, even in the presence of trace amounts iron ions in
aqueous solutions.
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Water cooling systems contains several ions, in order to take
into account the interaction of these ions. We investigated the
effect of Ca®>*, Mg>*, CO,>~, SO, and PO,>” ions on the calcium
scales inhibition of ML15. The data in Table 2 show that, under
the experimental conditions of 240 mg L™ Ca**, 732 mg L™
CO;>7, pH 9.0, 80 °C, and 8 mg L' antiscalants, when the
concentrations of Mg>*, PO,*>~ and SO,>~ ions in solutions are
below 50 mg L', 50 mg L™ " and 500 mg L™ ", respectively. The
inhibition of scale formation was above 90%. When the
concentrations of Mg**, PO,*~ and SO,>~ ions in solutions are
60 mg L', 60 mg L' and 1000 mg L', respectively. The
inhibitory value obtained for ML15 is 89.2%. The results indicate
that the interaction of these ions have the ability to affect the
inhibition of scale formation to an extent. However, the inhibi-
tion of scale formation was still above 80% when the concen-
trations of Mg>*, PO,*>~ and SO,>~ ions in solutions are 100 mg
L', 100 mg L' and 2000 mg L™ ", respectively.

3.4. Comparisons of inhibition efficiency

Furthermore, to understand the performance of ML15 copol-
ymer scale inhibitor, some inhibition experiments were con-
ducted with commercial inhibitors (T-225, HPMA, PAA, PESA)
which was supplied by Zhongdong Chemical Reagent Co.
(Nanjing, Jiangsu, China). Compared to these “green” inhibi-
tors (Table 3), ML15 had superior ability to inhibitor the CaCO;
scale, with 97.8% inhibition at a level of 8 mg L™, whereas it is
74.5% for PESA at the same dosage (the best inhibitor among
them). So when compared to these nonphosphorus inhibitors,
CaCQOg; inhibition of ML15 is much better than that of PESA, T-
225, HPMA, PAA at the same dosage. It can be shown that the
order of preventing the precipitation from flask tests was ML15
> PESA > T-225 > PAA = HPMA.

Also, we can found that PAA and HPMA containing carboxyl
groups and possessing molecular structure to ML15 inhibitor
but can hardly control CaCO; scale even at a high dosage. It may
be that the side-chain polyethylene (PEG) segments of APELn
and carboxyl groups of MA might play an important role during
the control of calcium carbonate scales. Taking Table 3 into
account, it can conclude that the studied copolymer ML15 not
only to solve the water eutrophication problems caused by
phosphorus but also because of its significant inhibition effi-
ciency in cooling water systems.

We had compared with other non-phosphorus CaCO;
inhibitor in cooling water systems. Ling et al. had been reported
a green CaCOj; inhibitor (PAA/APEG-PG-COOH), but PAA/
APEG-PG-COOH only showing approximately 80% inhibition.*

Table 2 The inhibition of scale formation of ML15 (8 mg L™}

View Article Online
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Table 3 Comparison of CaCOs inhibition (%)
Dosage (mg L™ %)

Scale inhibitors 2 4 6 8 10 12 14 16
ML15 14.3 42.1 75.8 97.8 98.1 98.5 97.8 99.1
T-225 12.5 35.2 55.2 679 75.7 77.3 82.2 80.9
HPMA 10.3 185 319 46.7 63.3 66.8 68.7 67.5
PAA 14.0 33.6 45.2 58.6 61.1 639 71.6 69.8
PESA 13.8 37.9 61.5 74.5 79.3 82.6 85.8 84.7

MA-APEM-APTA was also weakly inferior to ML15, only 79.6%
inhibition were obtained at the concentration of 6 mg L™".°

3.5. MLn copolymer modify the formation of CaCO;

The presence of antiscalants influences not only the growth but
also morphology of calcium carbonate crystals. Fig. 8 shows the
SEM images of calcium carbonate crystals in the absence and in
the presence of 4 mg L' MLn (n = 5, 10, 15). It can be seen that
in the absence of inhibitor, CaCO; exhibits regular rhombohe-
dron shape with average particle size of about 10-30 um (Fig. 6a).
They also had a glossy surface and compact structure. This
indicated that the CaCO; crystals in the blank sample without
scale inhibitor were mainly composed of calcite, which was the
most thermodynamically stable form of CaCO; crystal. And in the
presence of MLz (n = 5, 10, 15) (Fig. 6b-d), the CaCO; crystals
loses its sharp edges, and the morphology has been modified
from rhombohedron forms to the smaller fragments with rela-
tively loose accumulation. Furthermore, the bigger n is, the
stronger the influence is on calcium carbonate crystal
morphology and size. The reason can be attributed to MLn
copolymer containing long polyethylene glycol (PEG) chain,
except for the effect of lattice distortion, MLn can enclose the
grain and retard the outgrowth of CaCO; crystal to form the
smooth scale.” So the bigger n is, the longer PEG chain can easier
enclose the grain and retard the outgrowth of CaCO; crystal.
The CaCO; precipitated phases are identified by XRD, and
the spectra are shown in Fig. 7. In the absence of the MLn
copolymer, calcite is the main crystal form [Fig. 7(a)]. As indi-
cated in Fig. 7(b-d), in the presence of the MLn (n = 5, 10, 15)
copolymer, there are a number of vaterite crystals interlarding.
It is well known that calcite is the most thermodynamically
stable, and vaterite is the least stable form in the three poly-
morphic forms of CaCO;."*® Vaterite is the initial phase formed
when CaCO; supersaturated; calcite can be formed from the
transformation of aragonite or vaterite in the absence of

Tons Concentration (mg L")

Cca* 240 240 240 240 240 240 240 240
Mg 10 20 30 40 50 60 80 100
PO437 10 20 30 40 50 60 80 100
SO~ 100 200 300 400 500 1000 1500 2000
COz>~ 732 732 732 732 732 732 732 732
Inhibition of scale formation (%) 98.3 96.7 94.8 93.2 91.1 89.2 85.7 80.5

This journal is © The Royal Society of Chemistry 2017
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Fig.6 SEM images of calcium carbonate crystals (a) in the absence of MLn copolymer; (b—d) in the presence of MLn copolymer; (b)n =5, (c)n =
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Fig.7 The XRD pattern of the CaCOs crystals (a) in the absence of MLn
copolymer; (b—d) in the presence of MLn copolymer; (b)n =5, (c)n =
10, (d) n = 15.

inhibitors."” Although calcite has the greatest thermodynamic
stability under ambient conditions, the thermodynamically less
stable aragonite and/or vaterite phase may be stabilized under
certain conditions of temperature or in the presence of inhibi-
tors.'® Furthermore, with the increase of n value, the diffraction
peaks of calcite and vaterite were decreased. The crystallinity of
calcium carbonate decreased significantly. The results of XRD
also gave consistent results as SEM.

3.6. The mechanism of calcium carbonate inhibition

MLn is a structurally well-defined biblock copolymer, depicted
in Fig. 8a, one block is PMA, and the other is PEG segments.
Both PMA and PEG segments are hydrophilic blocks and exist

24728 | RSC Adv., 2017, 7, 24723-24729
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Fig. 8 Encapsulation calcium irons route via carboxyl groups.

randomly in water (Fig. 6b). When calcium ions are added into
MLn solutions, carboxyl groups in MLz matrixes can recognize
and encapsulate or react with positively charged calcium ions
either in solutions or on the surface of inorganic minerals,
such as CaCO;."?*° Encapsulation between calcium ions and
carboxyl groups, leads to the spontaneous formation of MLn-
Ca complexes (Fig. 6¢). At the same time, water-compatible
PEG segments, surrounding the surfaces of CaCO; crystal
embryos, are stable toward aqueous phase because of their
high hydrophilic properties (Fig. 6d).>*>* Thus, CaCO;
embryos incorporate into the polymer matrix of MLz, and they
are coated with double layers of PMA (inner layer) and PEG
(outer layer). As a consequence, the aggregation of CaCO; solid
particles is blocked.

This journal is © The Royal Society of Chemistry 2017
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4. Conclusions

A novel phosphorous free and non-nitrogen antiscalant for
calcium carbonate inhibition, denoted as MLn, was synthe-
sized. It is believed to represent a potentially new environ-
mentally safe water treatment agent suitable for cooling water
systems.

ML15, ML10 and ML5 possess excellent calcium carbonate
inhibition, approximately 98, 91 and 82% at threshold dosage of
8 mg L™, respectively. ML15 has the best inhibition because of
possessing the greatest degree of polymerization among MLz (n =
5, 10, 15). ML15 maintains most of its calcium carbonate inhibi-
tion under the conditions of solution pH 7-10, HCO;  concen-
tration (732-1647 mg L") and at levels of 0-10 mg L™" iron ions
in aqueous solutions. ML15 provides unexceptionable calcium
carbonate inhibition under conditions of water with a much
higher hardness. The inhibition of ML15 was still above 80%
when the concentrations of Mg>*, PO,*>~ and SO,*” ions in solu-
tions are 100 mg L™, 100 mg L™ " and 2000 mg L™, respectively.

Compared to PAA, HPMA, PESA and T-225, ML15 possessing
PEG, shows a superior inhibitory efficiency. The inhibition
mechanism is proposed that encapsulation or interaction
happened between PEG and Ca”* and the core-shell structure is
formed.

SEM and XRD images indicate that ML15 changes highly the
morphology and size of calcium carbonate crystals during the
inhibition process. The crystallization of CaCO; in the absence
of MLn was rhombohedral calcite crystal, whereas a mixture of
calcite with vaterite crystals was found in the presence of the
copolymer.
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