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ABSTRACT

In this paper, a new double hydrophilic and environment-friendly polyether copolymer
inhibitor, polyethylene glycol double-ester of maleic anhydride—acrylic acid (PEGDMA-
AA), was synthesized to inhibit the precipitation of calcium carbonate and Fe(IIl) scales.
Structures of PEG, PEGDMA, and PEGDMA-AA were characterized by Fourier transform
infrared spectrometer (FTIR) and 'H Nuclear Magnetic Resonance (‘HNMR). The influence
of PEGDMA-AA dosage and mass ratio (PEGDMA: AA) toward CaCO; and Fe scale were
tested through static jar scale inhibition and dispersion tests. The optimal mass ratio (PEG-
DMA: AA) was 1:1 for calcium carbonate inhibition and 1:2 for dispersing Fe(Ill), respec-
tively. Investigation of influence of solution properties on CaCOj inhibition was also carried
out and dispersion ability for Fe(Ill) was compared with commercial inhibitors. The effect
of PEGDMA-AA on the morphology, size, and crystal form of CaCOj; particles were
examined through scanning electron microscopic, transmission electron microscope, X-ray
powder diffraction, and FTIR. One supposed mechanism (core-shell structure) was also

described in detail.
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1. Introduction

The need for great amount of water in industrial
fields is increasing sharply. Limited by the lack of
water resources and to cut down the consumption, the
once-through cooling water system has been replaced
by the recycling circulate water system [1-6]. And in
this case severe phenomena of corrosion, scale precipi-
tation, and microbial propagation took place undesir-
ably, bringing about technical and economical

*Corresponding authors.

problems such as decreased system heat transfer
efficiency and increased cleaning frequency even
unexpected system shutdowns [7,8]. Caused by the
motivation to settle the problems, addition of effective
inhibitors consisting of strong complexation functional
groups, also with superior dispersion characteristic are
commonly used in the water system, including the
polycarboxylate and polyphosphate antiscalants, such
as PAA, HPMA, PBTC, PAPEMP, ATMP, HEDP
[9-12]. However, the performance of retarding scale
formation and deposition is not something delightful.
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Polycarboxylate inhibitors may form insoluble cal-
cium-polymer salts due to its low calcium tolerance
[13,14] and can exist for a certain period after emis-
sion, while the polyphosphate hydrolysis in water to
produce orthophosphate and form insoluble calcium
phosphate depositions with positive ions. Except for
the above-mentioned unfavorable disadvantages,
inhibitors which are made up of phosphorous element
gives rise to the water eutrophication after discharged,
which is also a great concern and challenge to envi-
ronment protection [15]. So phosphonates should be
limited to be used in water treatment.

Among all scales, calcium carbonate scale is the
most frequently generated scale in heat transfer sur-
face [8,16] depending on the saturation of the water
conditions. Temperature, pH, evaporation of the solu-
tion, dissolved gases, microorganisms, algae, etc. are
all the indeterminacy term affecting the formation of
super-saturation degree thus accelerating or retarding
the crystallization of scales [17]. Calcite, aragonite, and
vaterite are the typical three forms of calcium carbon-
ate [18,19]. Among the three crystal forms, less stable
aragonite and vaterite can transform into the greatest
thermodynamically calcite spontaneously, but in the
presence of inhibitors, the phase transformation pro-
cess to calcite is prohibited [12,19,20]. Plummer and
Busenberg studied the relation between the solubility
of CaCO; and temperature which is to be negative
correlation. In other words, the higher temperature is
advantageous to the deposition occurrence of CaCOj;
scale. Generally, acid picking is the mostly used
method to slacken the scale layer and then wash away
scales out by the flowing line [18]. But this method
can lead to metal tube corrosion, so design and use of
chelating chemicals and threshold inhibitors is becom-
ing more and more dominating [21]. The mechanism
of the behavior on the scale is attributed to the forma-
tion of soluble complex after chelating between posi-
tive ions and high polymers, in which carboxylate
anions play the role of binding sites related to the
binding energy [17,22]. Another mechanism is the
absorption on the surface of scale deposition, interfer-
ing or violating the growth tendency and crystalline,
so as to alter and change the morphology, pattern,
and size of the scales [23,24].

Iron-based compounds such as ferric chloride and
ferric sulfate in feed waters are the main sources of
iron in cooling towers [25]. Other sources of iron
include boiler condensate, corrosion products from
pumps and pipes, and biological activity (transforma-
tion of iron during bacterial processes) [26]. When the
valence state is lower (+2), ferrous iron can dissolve in
the solution, which has no severe influence at low pH
values of about 3-4, but as pH value increases,
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problems arise accordingly. Ferrous ions can be
oxidized by oxygen gas and other oxidizing agents
dissolved or suspended in recycling circulating water.
The produced ferric (Fe**) ions result in the equip-
ment corrosion depositing on heat-exchanger surfaces
in three forms of compounds, of which iron hydroxide
Fe(OH); and iron oxide Fe,Os are the main two forms
[7,8,27]. Fe(IIl) in circulation system can impact the an-
tiscaling performance of inhibitors such as poly acrylic
acid (AA) whose role is affected by the formation of
insoluble iron phosphate deposit. Meanwhile, fouling
brought by iron compounds threatens the efficient
operation of industrial recycling water systems [28].
Therefore, control toward the precipitation of com-
pounds consist of ferric such as iron oxide, iron sili-
cates, ferric phosphate and the like is of prime
importance to achieve the best performance for water
treatment industry. Excellent water treatments should
not only have the wonderful inhibition property but
also nice dispersion power for Fe(III).

In recent years, double hydrophilic block polymers
appeals to be of great interest to polymer researchers
for their advantageous structures. Because each block
can be designed in an optimum way for the desired
use, so different functions are included and separated
within one molecule [29]. In this study, a new type of
double hydrophilic polyethylene glycol (PEG)-based
block polymer for crystal modifier was synthesized
whose structure is different with the conventional che-
lating agents, in which the hydrophilic PEG segments
were incorporated whose function is to enhance the
water solubility of PEGDMA-AA-Ca®" and PEGDMA-
AA-Fe**, but still being linear polymer. The raw mate-
rials used for synthesis are economically efficienct and
the polymer is phosphor-free and nitrogen-free. The
designed copolymer polyethylene glycol double-ester
of maleic anhydride—acrylic acid (PEGDMA-AA) also
was first time synthesized in our laboratory.

2. Materials and methods
2.1. Materials and characterization

The PEG used in the experiment was reagent
grade and had an average molecular weight of 400.
AA, maleic acid (MA), and ammonium persulphate
employed were analytically pure grade and supplied
by Zhongdong Chemical Reagent Co., Ltd (Nanjing,
Jiangsu, P.R. China). Commercial inhibitors of PAA
(M,,=1,800), HPMA (M,,=600), PESA (M,,=1,500),
HEDP (M,, =206), and PBTC (M,, =270) were technical
grade and supplied by Jiangsu Jianghai Chemical Co.,
Ltd (Changzhou, Jiangsu, P.R. China). Distilled water
was used in all the studies.
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Fourier transform infrared (FTIR) spectra were
measured on a Bruker FI-IR analyzer (VECTOR-22,
Bruker Co., Germany) by using the KBr-pellet method
(compressed powder). "HNMR spectra were recorded
on a Mercury VX-500 spectrometer (Bruker AMX500)
using tetramethylsilane internal reference and deuter-
ated dimethyl sulfoxide (DMSO-d6) as the solvent.
The shapes of calcium carbonate scales were observed
with scanning electron microscope (SEM, S-3400N,
HITECH, Japan) and transmission electron microscope
(TEM, JEM-2100SX, Japan). The X-ray diffraction
(XRD) patterns of the CaCOj; crystals were recorded
on a Rigaku D/max 2400 X-ray powder diffractometer
with CuKa (1 =1.5406) radiation (40 kV, 120 mA). Light
transmittance of ferric solutions was measured spec-
trophotometrically at 420nm on an ultraviolet-visible
3100-PC spectrometer (Mapada, P.R. China).

2.2. Synthesis of macromonomer of PEGDMA

Transformation into the carboxylate-terminated
PEGDMA was performed by the esterification
between PEG and maleic anhydride (MA) with the
molar ratio 1:2. The yields exceeded 95% and the reac-
tion procedure is shown in Fig. 1.

2.3. Synthesis of PEG-based copolymer PEGDMA-AA

A six-neck round-bottom flask, equipped with a
thermometer, a mechanical agitation, and reflux con-
densing tube was charged with 5mL deionized water
and PEGDMA, and then heated to 80°C with fierce
stirring. Both AA and ammonium persulfate APS were
diluted before casting into the reaction unit. Certain
amount of AA in 20mL deionized water and the initi-
ator ammonium persulphate solution in 20 mL deion-
ized water were injected into the flask at constant flow
rates over a certain period of 1 and 1.5h, respectively.
After that, temperature was raised to 90°C and main-
tained for 2.5h to finally get the faint yellow liquid
with approximately 21% solid content. PEGDMA-AA
with different mass ratio was also synthesized. The
procedure for the synthesis of PEGDMA-AA was
given in Fig. 2.

HOH,C—-CH,0CH; JgCHo0H  + ﬂ 2,
0= 0 60°C, 1h
(0]

I Il
HOOCHC=HCCOH ZC+CHZOCH29§CHQOCCH=CHCOOH

Fig. 1. Synthesis of PEGDMA.
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2.4. Static scale inhibition and dispersion test

All deposit experiments were carried out in tripli-
cate and all inhibitor dosage given below were based
on a dry inhibitor. Analytical reagent, A grade glass-
ware and deionized water were used throughout. Cal-
cium carbonate scale was deposited by mixing a
certain amount of CaCl, and NaHCO; solutions
according to the national standard of P.R. China, con-
cerning the code for the design of industrial circulat-
ing cooling-water treatment (GB/T 16632-2008). The
final concentration of Ca** and HCO; was 240 mg/L
and 732mg/L, respectively, with the solution pH 9
adjusted by borax buffer solution. Investigation with
inhibitors and without inhibitors was carried out.
Deposition of these calcium carbonate supersaturated
solutions were filtered using filter paper after these
solutions were incubated at 80°C for 10h. The Ca**
ions concentration in the residual filtered fluid was
analyzed by EDTA complexometric titration method
according to the national standard of P.R. China con-
cerning the code for the design of industrial circulat-
ing cooling water treatment (GB/T 15452-2009). At the
end point of titration, the color of the solution chan-
ged from purple red into dark blue using calcon-
carboxylic acid indicator. The copolymer inhibition
efficiency for calcium carbonate was calculated with
the following equation:

[Ca2+]ﬁnal — [Ca2+]blank
[Ca2+] [Ca2+]blank

Inhibition efficiency (%) = (1)

initial

As the equation describes, [Ca**]fnar and [Ca® Tyank
was the concentration of Ca®* ions in the filtrate liquor
in the presence of inhibitor and without the presence
of inhibitor after calcium carbonate supersaturated
solutions were heated at 80°C for 10 h. And [Ca®*|initial
was the maximum concentration of Ca*" ions at the
beginning of the scale tests. Commercial scale inhibi-
tors with different molecular structures and molecular
weights such as PAA, HPMA, PBTC, PESA, etc. were
also tested to have a inhibition efficiency comparison.
The dispersive capacity test for Fe(IIl) experiments
was carried out by the following procedure. Ferrous
sulfate heptahydrate was employed to prepare the
fresh ferrous solutions, while the prepared calcium
chloride stock solution can be used for a long time. A
certain amount of calcium solution was added into a
beaker (500 mL) at room temperature with fierce stir.
Upon temperature equilibration, different amounts of
inhibitors were injected into the beaker just before the
addition of fresh ferrous solution. The solution value
of pH was adjusted to 9.0 by using borax buffer
solution ahead of the addition of Ca®" ions. The final
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(0] (0]
I I
HOOCHC=HCCOH,C~-CHa0CH, -CH,0CCH=CHCOOH +  H,C=CHCOOH
90°c COOH COOH
° | |
“CH—CHy )k CH—CHY ~CH——CH - CH,—CH-)g
2.5h COOH COCH

OZCOCH2+CHQOCH298—CHQOC=O

Fig. 2. Synthesis of PEGDMA-AA.

concentration for Ca”* and Fe** is 150 mg/L and
10 mg/L, respectively. The light transmittance of the
artificial solutions was measured by using UV spectro-
photometer after heated in thermostat water bath for
6 h at a temperature of 50°C. The lower the light trans-
mittance is, the more excellent the polymer dispersion
power is.

3. Result and characterization

3.1. FITR characterization of MA, PEG, PEGDMA, and
PEGDMA-AA

The FTIR spectra of MA, PEG, PEGDMA, and
PEGDMA-AA are presented in Fig. 3. The strong
intensity absorption peak (-C=0) in 1,728 and
1,640 cm ™' (-C=C-) in curve c proves that the carboxyl
functionalization has happened between PEG and
MA, so the PEGDMA is synthesized successfully. No
reflection peak for the (-C=C-) stretching vibration
appearing at 1,640 cm™" in curve d gives the fact that

free radical polymerization underwent between
PEGDMA and AA.
1640 a
9 1728
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Fig. 3. The FTIR spectra of MA (a), PEG (b), PEGDMA (c),
and PEGDMA-AA (d).

3.2. 'THNMR spectra of PEG, PEGDMA, and PEGDMA-AA

The 'HNMR spectra of PEG, PEGDMA, and PEG-
DMA-AA are presented in Fig. 4.

PEG ((CD3),S0, ¢ ppm): 2.50 (solvent residual peak
of (CD5),S0), 3.29-3.55 (-OCH,CH,>—, ether groups),
4.53 (-OH, active hydrogen in PEG) (Fig. 4(a)).

PEGDMA ((CD5),SO, ¢ ppm): 3.48-3.64 (-OCH,
CH,—, ether groups), 4.19-4.21 (-CH,OC=0O, protons
close neighbor to carbonyl group), 6.37 (-CH=CH-,
ethylene group) (Fig. 4(b)). It is obvious that hydro-
xyl group (-OH) ¢ 4.53 ppm in Fig. 4(a) has disap-
peared completely and -CH=CH- protons appear in
0 637ppm in Fig. 4(b). Meanwhile, ¢ 4.20 ppm
peaks give the information of the existence of
carbonyl group. The above fact suggest that -OH
groups in PEG has entirely transformed into —OC
(=0)CH=CHCOOH and PEGDMA is synthesized
successfully.

PEGDMA-AA ((CD3),SO, ¢ ppm): 2.50 (solvent
residual peak of (CDj3),SO), 3.30-3.51 (-OCHCH,-,
ether groups). § 6.37 ppm double bond adsorption
peaks in Fig. 4(b) completely disappears in Fig. 4(c),
giving the conclusion that free radical polymerization
between PEGDMA and AA has happened.

3.3. Scale inhibition test of CaCOj3

3.3.1. Influence of dosage and mass ratio (PEGDMA:
AA) on CaCOs; scale inhibition

Fig. 5 presents the relation between inhibitor dos-
age, mass ratio (PEGDMA: AA), and antiscaling abil-
ity towards CaCOs. It is obvious that PEGDMA-AA
has a lower calcium tolerance below a certain level of
dosage. As the dosage increases gradually, the inhibi-
tion efficiency improved substantially and maximum
inhibitory power is obtained at a certain dosage
named threshold value, except for PEGDMA-AA
(mass ratio 2:5). The threshold dosage is 10, 8, 10, and
8mg/L for PEGDMA-AA (mass ratio 1:2), PEGDMA-
AA (mass ratio 1:1), PEGDMA-AA (mass ratio 2:1),
and PEGDMA-AA (mass ratio 5:2), respectively, and
the corresponding maximum inhibition efficiency is
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Fig. 4. 'H NMR spectra of PEG (a), PEGsDMA (b), and PEGDMA-AA (c).

77.6, 89.0, 84.3, and 71.4%, respectively. For PEGDMA-
AA (mass ratio 2:5), the inhibition efficiency of CaCOj;
scale increases from 124 to 67.6% as the dosage
increase from 2 to 16 mg/L, being positive correlation
relationship and no maximum inhibitory efficiency is
observed. What also should be noted is that PEG-
DMA-AA with mass ratio 1:1 exhibits the best inhibi-
tion performance, which is attributed to the
appropriate -OCH,CH,/-COOH group ratio in the
copolymer. When the ratio is higher, the chelating
group —COOH is finite, not guaranteeing the combina-
tion with a great amount of Ca** ions, being lower
efficiency. Also when the ratio is lower, even though
there exists abundant -COOH groups, but the lower
content of -OCH,CH, (function is to enhance the solu-
bility of polymer-calcium in water) leads the deposi-
tion of polymer-calcium particles due to the wretched

water solubility of PEGDMA-AA—Ca®* complex.
Concluding these, the influence of PEG is significant
on scale inhibition which also has been studied in our
laboratory before [30].

3.3.2. Influence of solution property

As it is known that the inner environment of
industrial circulating water system is not invariable
throughout, aiding to optimize the parameters of the
recycling water process on the industrial scales,
investigation of the solution properties effect on
PEGDMA-AA inhibition power toward calcium
carbonate was carried out. From Fig. 6, we can
easily come to a conclusion that inhibition
performance on scales is closely related with the
solution properties.
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wide variation range of concentration of Ca®" is given
out. Surprisingly even in a higher hardness of water
condition, PEGDMA-AA still exhibited superior
inhibition efficiency exceeding 63.3%, which was
rather high to an extent. The reason may be owing to
the reaction between Ca®* ions and functional groups
-COOH and -OCH,CH,;, resulting the formation of
polyion complex (PIC) micelles and the outer PEG
chain segments surrounding the core of PIC in water.

Fig. 6(b) demonstrates that when the HCOj;
concentration (Ca®* keeping at 240 mg/L) is below
720 mg/L, PEGDMA-AA possess unexceptionable cal-
cium carbonate inhibition efficiency, but as the con-
centration keep increasing to higher concentration, the
inhibition efficiency is decreased sharply. Hydrolysis
of HCO; produces OH™ and COs;> ions which are
advantageous to the formation and precipitation of
calcium carbonate CaCO; due to the unceasing pH
elevation. Obviously, the influence of alkalinity is
€normous.

The higher the temperature is, the more likely the
formation of scale, the data in Fig. 6(c) obviously
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indicates that PEGDMA-AA is a greatly thermal sta-
bility polymer, when temperature increases from 65 to
80°C, only 7.4% loss in activity. In industrial practice,
the temperature of the warm cooling water returning
to cooling towers must be lower than 50°C to diminish
problems caused by scaling. From Fig. 6(c) the inhibi-
tion efficiency of calcium carbonate is more than 95%
when the temperature is 65°C. Thus, much higher
inhibition efficiency will be obtained when the temper-
ature is 50°C. The result indicates that the developed
inhibitor can allow higher temperatures for cooling
water and, consequently, reduce the consumption of
this important resource. Meanwhile, the result also
gives the information that higher temperature
demands higher concentration to keep the scale main-
tain ion valence in solution.

As it is well-known that the effectiveness may be
lessened for calcium carbonate in the presence of iron
ions in solution, so when studying the inhibiting prop-
erties, the favorable reaction must be taken into con-
sideration. In Fig. 6(d), we can see that the CaCOj;
inhibition efficiency decreased inconspicuously and
maintain relatively excellent scale inhibition function
until the dosage of Fe** ions exceed 13 mg/L. From 13
to 17mg/L, dramatically decreasing is observed.
However, the amount of iron ions in industrial water
systems are in the order of 1-5mg/L [26,31], that is to
say, PEGDMA-AA still acts as an excellent calcium
carbonate inhibitor.

3.3.3. Characterization of CaCOj scales

Fig. 7 presents the SEM and TEM photographs of
calcium carbonate scales. It is obviously that PEG-
DMA-AA has a great influence on the calcium carbon-
ate crystal morphology and size. Both the morphology
and size are greatly varied, the reason is that the mod-
ification of a developing crystal is controlled by poly-
meric through embedding or lattice binding means
[32]. In the absence of PEGDMA-AA, the observed
crystal display a regular shape of rhombohedra or
cubic and the particle size is about 10 um (Fig. 7(a)).
But in the presence of PEGDMA-AA, the regular
appearance disappeared and the size dimension
decreases to 0.5~1um (Fig. 7(b)). Fracturing into
smaller particles (major nucleating sites for scale crys-
tals) in the artificial water accelerate the ejectment of
scale deposition. Further research toward CaCO; crys-
tal was conducted by means of TEM. From Fig. 7(c),
integrated symmetrical monoclinic hexahedron calcite
crystal appears once more in accordance with SEM
image in Fig. 7(a) and a perfect monocrystal pattern is
observed. In the presence of PEGDMA-AA, the CaCOj;
scale loses its unabridged structure and the asystem-
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atic orbicular or circular pattern confirms the destruc-
tion of calcite in Fig. 7(d). It is worth mentioned that
the lacunose and inner loosened particles have a
nanometer order of magnitude diameters modified by
PEGDMA-AA, consisted of smaller microcrystal.

The CaCO; precipitated phases were also indenti-
fied by XRD and the corresponding spectra are given
out in Fig. 8. In Fig. 8(a), calcite is the only crystal
form, the d and 6 values conform to the calcite appear-
ing in (012), (104), (006), (110), (113), (202), (018), and
(116). And in the presence of PEGDMA-AA, except
for the calcite peaks with the same 6 angles and
decreased intensity, the (004), (110), (112), (114), (300),
and (118) peaks corresponding to vaterite also appears
(Fig. 8(b)), concluding that calcite and vaterite crystals
co-exist with PEGDMA-AA. Meanwhile, obvious dif-
ferences are discriminated that peaks for calcite at
(104), (202), and (116) become weaker accordingly,
while (012), (006), (110), 113), and (018) peaks are
weak to disappear in the spectra Fig. 8(b). Above all,
the crystal forms are altered in addition to the crystal-
lographic degree to an extent.

The crystal transformations were also investigated
by means of FTIR. In the Fig. 9(a) there are only cal-
cite absorption peaks in 872 and 710cm ™" [33]. Upon
the addition of PEGDMA-AA, new 741 cm™! peaks
emerged which further prove the calcite-vaterite trans-
formation as depicted in Fig. 9(b). The SEM, TEM,
XRD, and FTIR results strongly manifests the great
influence of PEGDMA-AA to the crystal size, shape,
and crystal form.

3.4. Dispersion test for Fe(IIl)

3.4.1. The influence of dosage and mass ratio
(PEGDMA: AA) on dispersion for Fe(III)

The influence of dosage and mass ratio (PEGDMA:
AA) on dispersion for Fe(Ill) is presented in Fig. 10.
The relation between dosage of PEGDMA-AA and
transmittance is negative correlation ahead of the
polymeric threshold dosage value, that is to say, as
the dosage goes up, the dispersion capacity for Fe(III)
becomes bigger and bigger until a constant value. The
smaller the transmittance is, the more excellent the
dispersion power is. The threshold value for PEG-
DMA-AA (mass ratio 2:5), PEGDMA-AA (mass ratio
1:2), PEGDMA-AA (mass ratio 1:1), PEGDMA-AA
(mass ratio 2:1), PEGDMA-AA (mass ratio 5:2) is 12, 6,
6, 8, 10mg/L, respectively, and the corresponding
minimum light transmittance is 22.0, 17.1, 19.7, 21.6,
24.7. Mass ratio 1:2 is the best reaction ratio for dis-
persing Fe(Ill), while the best ratio for inhibition
CaCOj; is 1:1. The difference may be due to the
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Fig. 7. The SEM and TEM photographs of CaCO; without inhibitor (a) and (c) and with 8 mg/L PEGDMA-AA (b) and
(d) (PEGDMA: AA =1:1).
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Fig. 8. The XRD pattern of CaCO; without inhibitor (a) and in the presence of 8 mg/L PEGDMAAA (b) (PEGDMA:
AA=1:1).

discriminative need for the -OCH,CH,-/-COOH pro- interactions between iron ions with -COOH groups
portion in the PEGDMA-AA structure. In other words, located at the side chains of PEGDMA-AA. -COOH
the appropriate molecule weight is different for the groups are capable of recognizing and encapsulating
CaCO; and Fe scales inhibition. The fundamental positively charged iron ions (Fe** or Fe**) thus form-
impetus of inhibition is supposed to arise from the ing complex micelles. The higher the molecule weight
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Fig. 9. The FTIR spectra of CaCOj; scales without inhibitor
(a) and with of 2mg/L (b), 4mg/L (c), 8mg/L (d) PEG-
DMA-AA (PEGDMA: AA =1:1).

is, the longer the molecule chain. After the adsorption
or bonding with Fe’* ions, the larger complex micelles
are easy to settle down. And while the molecule
weight is too low, the density of chelating charge is
not sufficient thus exhibit poor dispersion perfor-
mance. The PEG segments surround the complex
micelles surface and act the function of improving
dissolvability (Fig. 11).

3.4.2. Comparison with commercial inhibitors

Table 1 lists the comparison result of PEGDMA-
AA, PAA, PESA, HPMA, PBTC, and HEDP in the dis-
persion for Fe(Ill), and obviously the latter inhibitors
show approximately no dispersion ability when PEG-
DMA-AA demonstrate superior dispersion power,
contrarily only 6 mg/L dosage to get the transmittance
below 20. These inhibitors contain carboxyl groups,
hydroxyl, and/or phosphonic acid functional groups

Table 1
Transmittance of solution of different inhibitors

1317

Transmittance

10 T T T T T

T T
2 4 6 8 10 12 14 16 18 20
Dosage of PEGDMA-AA (mg/L)

Fig. 10. The influence of dosage and mass ratio (PEGDMA:
AA) on dispersion for Fe(III).

in their molecular structures that own strong affinity
to multivalent cations, such as Ca?*, Fe** and the like
[34]. Analyzing the data for iron scale and the struc-
tures of the used inhibitors, it is easy to end the con-
clusion that double hydrophilic block copolymer
PEGDMA-AA is more excellent than inhibitors which
only have one hydrophilic function group in dispers-
ing Fe(Ill), which is due to the water-soluble PEG in
the matrix of PEGDMA-AA [30].

3.5. Mechanism of PEGDMA-AA on scale inhibition and
dispersion

The calcium scale deposition from the saturation
solution obey the following two process: crystal
nucleus generation and crystal nucleus growth into
crystals [35], while the Fe scale form and deposit
immediately upon the collision between Fe**, Fe’ and
OH~, SO; , CO3". PEGDMA-AA molecules possess

Transmittance of solution

Dosage of scale inhibitors (mg/L) PEGDMA-AA PAA PESA HPMA PBTC HEDP
2 72.3 96.0 95.3 97.0 93.1 94.3
4 28.3 96.6 88.7 95.4 94.5 93.9
6 19.7 96.2 79.5 97.3 924 90.0
8 19.4 95.8 90.5 95.5 92.4 88.5
10 18.3 95.4 97.1 97.1 90.3 74.0
12 18.3 96.8 94.3 97.0 83.1 77.0
14 18.2 96.6 94.7 97.1 88.9 75.3
16 18.1 96.3 96.6 97.0 81.4 65.4
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Fig. 11. Scale inhibition and dispersion mechanism of PEGDMA-AA.

strong chelating capacity after ionizing into anionic
polymer due to the physical or chemical effect. Both
PEGDMA and AA contain -COOH groups, guarantee-
ing the strong chelating power. Once confronted with
Ca?*, Fe**, or Fe*" ions, -COOH immediately reacts or
bonds with them but not on the basis of stoichiometric
ratio, and the most part of oxygen atoms are shared
between calcium ions or ferric ions [36]. The spontane-
ous produced PEGDMA-AA-Ca or PEGDMA-AA-Fe
result in the core formation. Meanwhile, water
compatible PEG segments surround the core and serve
as the shell. The PEGDMA-AA-Ca** or PEGDMA-AA-
Fe’* solubility is enhanced by forming hydrogen
bonds, thus the depositon process of scales is
prevented. Such suspended solids are not easy to set-
tle down, not to speak of the mutual collision and
aggregation into larger particle, thereby dispersing
and washing out them throughout a fluid [37].

4. Conclusions

Double hydrophilic PEG-based block polymer
PEGDMA-AA was synthesized and confirmed by
FTIR and '"HNMR in this study. The static jar scale
inhibition test exhibited that the maximum calcium
carbonate inhibition efficiency is 89.0% using 8 mg/L
PEGDMA-AA (mass ratio 1:1). Investigation of influ-
ence of solution properties on CaCO; inhibition gave
the fact that PEGDMA-AA maintains most of their
activity with the calcium hardness of 240-720 mg/L,
alkalinity of 183-795mg/L, temperature of 65-85°C,
and at levels of 1-13mg/L iron ions in aqueous
solutions. SEM and TEM indicated that both the crys-
tal morphology and size took great place upon the
addition of PEGDMA-AA. XRD and FTIR manifested

the crystal form transfer. The optimal ratio was 1:2 for
Fe(Il) dispersion test with minimum transmittance
19.7 using 6mg/L PEGDMA-AA and comparison
with commercial inhibitors concluded that double
hydrophilic polymer is better than water treatment
agents, which have only one double hydrophilic che-
lating group (such PAA and HPMA). The inhibition
mechanism toward CaCOj; and iron scales is supposed
to be the formation of PEGDMA-AA-Ca®* and PEG-
DMA-AA-Fe®**, while the PEG segments enhance the
solubility of chelating complex.
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