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A B S T R A C T

Scale formation is a bottleneck of most industrial and domestic water equipment, in particular, of oilfield water
systems. Therefore, high-performance and environmentally-benign chemical scale inhibitors are highly needed.
Phosphino-polycarboxylic acid (PPCA) is a low-in-phosphorous scale inhibitor with high inhibition efficiency, but
its synthesis and performance analyses have been rarely disclosed. In this work for the first time, a PPCA
copolymer is synthesized by a simple method based on free radical polymerization of acrylic acid and phosphinic
acid monomers and directly employed for gypsum scale inhibition. The formation of PPCA was verified by FTIR
and 31PNMR spectroscopies, and then its inhibition performance was evaluated by the complexometric deter-
mination of the Ca2þ concentration. The PPCA (2.5 ppm) showed 100% inhibition efficiency at a saturation index
of 0.31 at the room temperature and without pH regulation after 24 h with practically no detectable gypsum
crystallites even after two months, while the commercial ATMP showed a low inhibition efficiency of 30%. The
Field Emission Scanning Microscopy (FESEM) images of the PPCA-inhibited and uninhibited samples revealed
that the typical gypsum microfibers are distorted and reduced in size significantly in the inhibited sample. At a
still higher saturation index of 1.47 (saturation ratio of 10), the inhibition efficiency of PPCA reduced to 16% and
24% for two dosages of 2.5 and 10 ppm which was attributed to the higher ion activity coefficients at the
extremely high ionic strength, and hence, a much higher thermodynamic driving force. The rate constants for
these two high supersaturation conditions and low PPCA dosages were also calculated and discussed.
1. Introduction

Scale deposition or the precipitation of inorganic salts is a serious
problem in industrial and domestic waters. It could lead to the blockage
of pipelines and equipment, energy leak, or even increased corrosion [1,
2]; therefore, it incurs extra budgets on companies to prevent or remove
the scale in order to maintain the efficient flow of water systems. In oil
production, scale formation can occur during different processes
including water injection, oil extraction, transportation, and thermal (or
chemical) treatments [3]. Scale deposition is also a bottleneck of current
reverse-osmosis water purification filters [4], heat exchangers [5, 6],
boilers [7], and other equipment.

Scale deposition is the direct consequence of the thermodynamic
conditions of the system; in other words, when the amount of a cation
and anion raise above their saturation level due to various causes, they
ultimately deposit on the equipment surfaces. Sparingly soluble salts
such as calcium carbonate, calcium sulfate, barium sulfate, strontium
sulfate, and other sediments constitute the common scales. Among them,
i).

rm 22 October 2020; Accepted 1
evier Ltd. This is an open access a
though calcium sulfate (i.e., anhydrite (CaSO4) or gypsum
(CaSO4.2H2O)) has the highest solubility, it is widely occurring due to
the high crustal abundance of calcium and sulfate ions [8, 9] as well as its
pH-independent low solubility that make gypsum scale inhibition highly
challenging [13].

Currently, the problem of scale formation is generally tackled by the
traditional physical methods or a combination of physical and chemical
methods. For example, the water purification filters or oilfield water
equipment are regularly dismantled to physically remove the scale. Other
methods include acid treatment, thermal or magnetic radiation, as well
as the addition of chelating agents such as ethylenediamine-tetraacetic
acid (EDTA). However, none of these methods have acceptable effi-
ciency at a reasonable cost. For instance, EDTA is a very good chelating
agent for alkaline earth metal cations, and an equivalent amount would
practically chelate all the cations and prevent scaling, but for industrial
processes it is a costly method; it also requires specific conditions such as
regulated pH and water hardness, and also it may increase corrosion rate
[10, 11].
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Scheme 1. Phosphino-polycarboxylic acid (PPCA).
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The most efficient and economic method of scale prevention is
treating the water with chemical scale inhibitors such as (poly) phos-
phonates, polyacrylamide, polymaleic acid, and polycarboxylates [10].
They are also called threshold scale inhibition agents, because they are
only required at micro-molar amounts far below the stoichiometric level
to exhibit their highest effect. Generally, their effect is correlated with an
increase in the crystal/solution interfacial tension. For instance, the
HDTMP and HEDP inhibitors increase the interfacial tension and prolong
the nucleation induction period for calcium sulfate [11]. Mechanistically,
the inhibition is assumed to occur either at nucleation stage based on
re-dissolving the early crystal nuclei by the endothermic adsorption (or
interaction) of the inhibitor, or at growth stage through adsorption of
inhibitor on the active growth sites; However, in reality scale inhibitors
may work based on both mechanisms. The effectiveness of the polymeric
inhibitors depends on their functional groups, molar mass, and charge
density, in addition to the experimental conditions such as temperature,
pH, ionic strength, degree of supersaturation, and cation/anion molar
ratio [12, 13].

(Poly) phosphonates have a good inhibition efficiency and are widely
studied for gypsum scale inhibition. However, they are susceptible to
hydrolysis and may increase the orthophosphates and other phosphorous
compounds that react with calcium ions to produce other insoluble salts.
Besides, the release of these phosphorous compounds can cause aquatic
eutrophication that distorts the environment. More environmentally-
benign and yet efficient chemical inhibitors are based on the co-
polymers of acrylate such as acrylic acid-maleic acid or acrylamide-
maleic acid [8, 14]. A well-known inhibitor, phosphino-polycarboxylic
acid (PPCA, Scheme 1) is based on acrylate and phosphonate mono-
mers and combines the advantages of both units. Besides, phosphonates
are usually growth inhibitors and polyacrylates are nucleation inhibitors,
and therefore, their combination can create a synergistic effect.

Nevertheless, the PPCA has not gained a wide application for the
inhibition of gypsum and other scales since their introduction three de-
cades ago, which could be attributed to the lack of enough information
on their preparation methods and performance analysis that is limited to
several communications [15, 16, 17, 18]. The synthesis procedures for
PPCA-based inhibitors are stored exclusively in several patents [19] and
companies’ repositories. Furthermore, the previous studies have focused
on the effect of temperature/pressure [20], squeeze treatment modes
[15], polymer molecular weight [16, 21], chemical modification [22,
23], as well as its chemical analogues (phosphono/phosphoryl carboxylic
acid polymers [24, 25]), while, to the best of our knowledge, there is no
report on the chemical synthesis and performance analysis of the PPCA
copolymer under normal environmental conditions and high
supersaturations.

This study was conducted to evaluate the scale inhibition efficiency of
a PPCA copolymer, synthesized by a free radical polymerization, under
normal conditions (25 �C, 1 atm, and initial pH of ~7) but at high
saturation indexes of SI ¼ 0.31 and SI ¼ 1.47. The results for gypsum
inhibition by the as-synthesized PPCA indicate that although PPCA
perform excellent with an inhibition efficiency of 100% compared to
30% for commercial ATMP in 24 h, gypsum inhibition becomes highly
challenging under the extreme supersaturation condition of SI ¼ 1.45
even with PPCA. This decrease of efficiency was attributed to the
curving-up of the ionic activity coefficient-ionic strength that creates a
high thermodynamic driving force for gypsum formation.

2. Experimental

2.1. Reagents

Acrylic acid (99%), hypophosphorous acid (also called phosphinic
acid) solution (50%), benzoyl peroxide (75%)were obtained from Sigma-
Aldrich and used as precursors for the synthesis of PPCA. Calcium chlo-
ride (CaCl2.2H2O, 99%), sodium sulfate (Na2SO4, %99),
ethylenediamine-tetraacetic acid (EDTA), murexide (C8H8N6O6), and the
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reference inhibitor Amino Trimethylene Phosphinic Acid (ATMP, 50 wt.
% in H2O) were also obtained from Sigma-Aldrich. Sodium chloride
(NaCl, >98%) was purchased from the Tehran Bazar and used for
maintaining the ionic strength of the solutions. Filter papers (Whatman
paper 42, pore size � 2.5 μm) were obtained from Whatman Company.
2.2. Synthesis of PPCA copolymer

The PPCA inhibitor was synthesized by a simple chemical method
based on the free radical polymerization of monomers. For this purpose,
the acrylic acid and phosphinic acid monomers with a molar ratio of 8:1
were used. This molar ratio was selected after repeating the synthesis
experiments in order to obtain a complete reaction between the mono-
mers. In a typical process, first 58.22 g acrylic acid and 13.2 g phosphinic
acid were added to 50 mL of deionized water under stirring in a three-
neck round bottom flask connected to a condenser. Next, 0.25 g ben-
zoyl peroxide as initiator was added slowly, and then, the temperature
was slowly raised to 96 �C and kept at this temperature for 5 h. Finally,
the flask was slowly cooled to room temperature, and a clear and rela-
tively viscous solution was obtained. The as-obtained PPCA solution was
directly used for the next analyses.
2.3. Preparation of supersaturated samples

For the preparation of supersaturated samples, first the reference
brine solutions of calcium chloride and sodium sulfate were prepared
separately each containing excessive amounts of sodium chloride added
as supporting electrolyte. Then, they were filtered to remove possible
undissolved particles. 50 mL of calcium-containing brines were trans-
ferred to different bottles which had been cleansed carefully. Then,
specified amounts of diluted inhibitor samples were spiked in each bottle
except the bottle denoted as the blank (or control). Finally, equal vol-
umes of sulfate-containing brines were added into each bottle, and after
sealing and shaking, they were immediately transferred into a water bath
kept at a temperature of 25 (�0.5) �C. No pH-buffering compounds were
used in order to avoid their interference with the performance of the
inhibitors.
2.4. Characterization methods and instruments

All the kinetic studies and performance analysis of the scale inhibition
were carried out by following the concentration of calcium ion in the
solution using conventional complexometric titration with EDTA in the
presence of murexide as indicator. For the measurements, the supersat-
uration solutions were sampled at different time intervals, and immedi-
ately filtered and titrated.

The gypsum phase structure was analyzed by X-ray diffraction (XRD)
on a Philips PW-1730 X-ray diffractometer using Cu Kα radiation (λ ¼
1.5405 Å). Surface morphology of the gypsum was characterized by field
emission scanning electron microscopy (FESEM) on a Zeiss SIGMA VP.
The PPCA was characterized by Fourier Transform Infrared (FTIR)
spectrometer (Tensor 27, Bruker Co.) and phosphorus-31 nuclear mag-
netic resonance (D2O-PNMR, Bruker Co.).



Figure 1. Spectroscopic characterization of the as-synthesized PPCA. (a) IR and (b) 31P NMR spectra. (c) and (d) are the magnified views of the same 31P
NMR spectrum.
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2.5. Inhibition performance analysis

The following relationships were used for calculating the saturation
indexes (SI, Eq. (1)) and the Gibbs free energies of gypsum crystallization
(ΔG, Eq. (2)) [11]:

SI¼Log ðIAP
Ksp

Þ (1)
Figure 2. IR absorption spectrum of phosphinic acid in water. (Adapte
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ΔG¼ � RT
ν lnðIAP

Ksp
Þ (2)
In the above relationships, IAP is ion activity product, ν is number of
ions per formula unit of the electrolyte, and the other symbols have their
usual meanings.

The rate constants (k) of gypsum crystallization when the Ca2þ/SO4
3─

is 1 can be calculated through the integrated form of the following
relationship (Eqs. (3) and (4)) that is based on the equimolar reactants
d from ref. [27] Copyright 2020, with permission from Elsevier).



Figure 3. (a) XRD of gypsum precipitated from the uninhibited blank sample and (b) a schematic illustration of its crystal structure.
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approaching equilibrium by a second order reaction, proposed first by
Nancolas et al. for gypsum crystallization [26]:

Differential form: � dC
dt

¼ kðC� CeqÞ2 (3)

Integrated form:
1

ðC� CeqÞ¼ ktþ Const (4)

where C and Ceq are the total calcium concentration and solubility at
reaction temperature.

The inhibition efficiency (IE, eq. 5) of the inhibitors are calculated via
the following relationship:

%IE¼Cinh � Cun

C0 � Cun
� 100 (5)

Here, the Cinh, Cun, and C0 are the total concentrations of calcium in
the inhibited sample, uninhibited sample, and in the sample before
crystallization (i.e., t ¼ 0).

All inhibition efficiencies were calculated 24 h after creating the su-
persaturation condition and adding the inhibitor simultaneously. All
calcium and sulfate brines were filtered with the Whatman paper to
ensure best condition for homogeneous nucleation. Likewise, all super-
saturated samples were filtered immediately before registering calcium
concentration to minimize error. Besides, all the induction times are re-
ported in an approximate way by visual detection of first crystallites, and
Figure 4. Calcium ion concentration at different times (a) and the corresponding rate
the blank sample (SI ¼ 0.31, CCaSO4/solubility ¼ 4.1, and CNaCl ¼ 0.25 M).
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therefore, are not comparable with induction times from the literature
that are usually measured by some instrument for critical nuclei forma-
tion. Furthermore, all tests were carried out two times at least, and the
results were expressed as the average of these two values. The error was
below 7%, typically.

3. Results

3.1. Characterization of the PPCA

Figure 1a shows the IR spectrum of the as-synthesized PPCA, and
Figure 2 shows the IR spectrum of the phosphinic acid reported in the
literature for comparison. The IR bands that belong to (poly)carboxylic
acid are always easily detectable due to their very intense appearance at
2400–3400, 1700–1725 cm─1 and ~1260 cm─1.

Here, the strong bands at 1708 cm─1 and 1256 cm─1 are due to C¼O
and C─O stretching vibrations in the polycarboxylic acid, respectively.
The broad peak that covers the area from 2300 to 3700 cm─1 belongs to
the O─H stretching vibration from three different origins: the hydroxyls
in the polycarboxylic acid and the phosphinic acid, as well as the water
content of the sample. The bands at 1405, 1168, and 970 cm─1 are due to,
P–CH2, P¼O, P–OH stretching vibrations [27]. Furthermore, the IR
spectrum of the phosphinic acid monomer (Figure 2) shows a peak at
~2408 cm─1 due to the PH2 stretching vibration which is absent in the IR
spectrum of the PPCA product, confirming successful formation of the
constants (b) for supersaturated samples containing 2.5 ppm PPCA or ATMP and



Figure 5. (a) Photograph of the supersaturated calcium sulfate sample with a saturation index of 0.31 containing 2.5 ppm PPCA two month after creating the su-
persaturation by mixing sulfate and calcium brines. (b) Calcium Concentration measured in different times after mixing the calcium and sulfate brines containing PPCA
inhibitor at different concentrations (CCaSO4/solubility ¼ 10, CNaCl ¼ 0.5 M).
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product. The band at 2948 cm─1 is due to CH2 stretching vibrations in the
alkane chain of the PPCA copolymer.

Figure 1b shows the 31P NMR spectrum of the PPCA (Figure 1 c and
d display magnified views of the same spectrum at different areas). Ac-
cording to previous works [28], the 31P NMR of the phosphinic acid
monomer exhibits one triplet, in which two symmetric peaks due to the
coupling of P–H groups appear at the sides of the central peak due to the
P atom. This characteristic triplet is absent in the spectrum of the PPCA
product, which is a proof of successful formation of the product. The
doublet peaks in the spectrum of the PPCA located at the chemical shift of
10–14 ppm correspond to the CH2 groups directly bonded to the 31P
element, and the doublet located at 53–54 correspond to the next CH2
group located two bonds away from the 31P element. The peak at around
35 ppm can be assigned to the shielding effect of the P¼O group [29].
Therefore, the IR and 31P NMR spectra verify the formation of the PPCA
compound.

In addition to structural characterizations, the molar mass of poly-
meric inhibitors is also an important parameter. Here, the determination
of the molar mass was not possible using the gel permeation chroma-
tography unfortunately, due to the highly acidic nature of the as-obtained
PPCA sample [30]. However, based on previous reports the molar mass of
the present PPCA copolymer should be in the range of 3500–4500 Da
[31, 32].
Figure 6. Calcium ion concentration at different times (a) and the corresponding rate
(SI ¼ 1.47, CCaSO4/solubility ¼ 10, and CNaCl ¼ 3 M).
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3.2. Inhibition performance of PPCA

Before testing the performance of the as-synthesized PPCA inhibitor,
the formation of the gypsum scale is verified by XRD. Figure 3 (a and b)
shows the XRD pattern and the corresponding illustration of the crystal
lattice for the gypsum precipitated from the uninhibited supersaturated
solution at 25 �C. All the XRD peaks are attributed to the gypsum phase
(CaSO4.2H2O, pdf number 033–0311) in accordance with previous XRD
patterns for gypsum [33]. The very intense and narrow peaks indicate
very large crystallite sizes.

Figure 4a shows the changes in the calcium ion concentration in 24 h
for the samples containing 2.5 ppm PPCA, 2.5 ppm ATMP, and the blank
sample. Figure 4b shows their associated curves based on Eq. (4), in
which the slopes denote rate constants. The initial concentration of Ca2þ

¼ SO4
3- ¼ 75.5 mM is 4.1 times its solubility (18.3 mM) at 25 �C and the

NaCl concentration is 0.25 M. In the blank sample after an induction time
of about 1.5 h the first crystallites appear, and subsequently, the calcium
concentration drops with a high rate to decrease the initial high ther-
modynamic driving force (-0.9 kJ/mol). Then, the curve approaches
equilibrium very slowly, as the initial driving force has now decreased
considerably. For the sample containing ATMP, a similar behavior is
observed but with an increased induction time (5 h) and decreased re-
action rate.
constants (b) for samples containing 2.5 and 10 ppm PPCA and the blank sample
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Under the same condition (SI ¼ 0.31, CCaSO4/solubility ¼ 4.1, and
CNaCl ¼ 0.25 M), the sample containing PPCA (2.5 ppm) does not show
any measurable drop in calcium ion concentration over 24 h. Interest-
ingly, when this sample was sealed and kept under room temperature for
two months, still no drop of concentration is measured and no crystallites
were visually detected (Figure 5a).

In another experiment, when calcium sulfate concentration raised to
10 times its solubility (i.e., solubility ¼ 0.0183 M, CCaSO4/solubility ¼
10), but the concentration ratio of NaCl vs. CaSO4 kept constant, the
PPCA samples underwent a severe drop in the calcium concentration and
performed only slightly better than the blank sample in the first 3.5 h
(Figure 5b).

However, under the same conditionwith CCaSO4/solubility¼ 10when
the added NaCl concentration increased from 0.5 M to 3 M the PPCA
inhibitor showed improved performance. Figure 6a shows the C-t curves
for the samples containing 10 ppm, 2.5 ppm, and 0 ppm (blank) PPCA at
CCaSO4/solubility of 10 during 4.5 h. Figure 6b displays the
Table 1. Thermodynamic and kinetic data for gypsum crystallization at 25 �C in the

Sample (ppm) NaCl Concentration Saturation index ─ΔG (kJmol─1)

PPCA (2.5) 0.25 M 0.31 0.9

ATMP (2.5) 0.25 M 0.31 0.9

Blank 0.25 M 0.31 0.9

PPCA (2.5) 3 M 1.47 4.2

PPCA (10) 3 M 1.47 4.2

Blank 3 M 1.47 4.2

* Very small that it could not be measured by our method within the timescale of

Table 2. Species distribution in the supersaturated solution (SI ¼ 0.31) for gypsum f

Species Molality Activity Log

Mo

OH� 5.669e-06 2.694e-06 -5.2

Hþ 4.474e-09 3.162e-09 -8.3

H2O 5.551eþ01 8.416e-01 1.7

CaHCO3
þ 2.452e-05 1.503e-05 -4.6

CaCO3 8.375e-06 2.935e-05 -5.0

HCO3
� 4.888e-06 2.868e-06 -5.3

NaHCO3 2.821e-06 9.884e-06 -5.5

NaCO3
� 1.621e-06 4.854e-06 -5.7

CO3
2� 3.589e-07 4.253e-08 -6.4

CO2 6.914e-09 2.423e-08 -8.1

(CO2)2 3.074e-18 1.077e-17 -17

Ca2þ 5.014e-01 4.108e-01 -0.3

CaSO4 5.561e-02 1.948e-01 -1.2

CaHCO3
þ 2.452e-05 1.503e-05 -4.6

CaCO3 8.375e-06 2.935e-05 -5.0

CaOHþ 6.061e-06 1.814e-05 -5.2

CaHSO4
þ 1.353e-09 4.050e-09 -8.8

Cl� 4.317eþ00 2.589eþ00 0.6

Naþ 4.258eþ00 6.129eþ00 0.6

NaSO4
� 1.397e-01 8.194e-02 -0.8

NaHCO3 2.821e-06 9.884e-06 -5.5

NaCO3
� 1.621e-06 4.854e-06 -5.7

NaOH 4.712e-16 1.651e-15 -15

NaSO4
� 1.397e-01 8.194e-02 -0.8

CaSO4 5.561e-02 1.948e-01 -1.2

SO4
2� 4.256e-02 2.668e-03 -1.3

CaHSO4
þ 1.353e-09 4.050e-09 -8.8

HSO4
� 2.740e-10 8.201e-10 -9.5
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corresponding rate constants. The 10 ppm, 2.5 ppm, and 0 ppm PPCA
samples show induction times of 1 h, 34 min, and 2 min, and the rate
constants of 0.035, 0.058, and 0.080 L mol─1 min─1, respectively. The
higher dosages of PPCA had an inferior performance compared to the 10
ppm probably because at high dosages the highly acidic PPCA leads to a
drop of pH to 4–5, while it is widely known that for polymeric inhibitors
the optimum pH is 8–9.

Table 1 presents the performance of the PPCA (2.5 and 10 ppm) and
its comparison with the ATMP and the blank sample. Here, in order to
calculate the ion activities and the saturation indexes, the initial solution
compositions were calculated using solution speciation in the PhreeqC
program for the two different saturation indexes and the calculated data
is outlined in Tables 2 and 3. Then, the initial Gibbs free energies were
calculated based on Eq. (2). The inhibition efficiencies were calculated
based on Eq. (5). For the saturation index of 0.31 the inhibition effi-
ciencies are 100 % and 30.5 % for the 2.5 ppm PPCA and 2.5 ppm ATMP
samples. For the saturation index of 1.47 the inhibition efficiencies are 24
presence of NaCl supporting electrolyte at the starting pH of 8 (�0.5).

Induction time Inhibition efficiency (%) Rate constant (k, L mol─1 min─1)

>24 h 100% ~0*

5 h 30% 0.015

1.5 h - 0.10

15 min 16% 0.058

1 h 24% 0.035

2 min - 0.080

the experiment.

ormation obtained by PhreeqC program (error ¼ 9%).

Log Log mole V

lality Activity Gamma cm3/mol

46 -5.570 -0.323 4.00

49 -8.500 -0.151 0.00

44 -0.075 0.000 18.07

11 -4.823 -0.213 10.07

77 -4.532 0.545 -14.60

11 -5.542 -0.232 39.39

50 -5.005 0.545 1.80

90 -5.314 0.476 26.74

45 -7.371 -0.926 6.00

60 -7.616 0.545 34.43

.512 -16.968 0.545 68.87

00 -0.386 -0.087 -14.49

55 -0.710 0.545 7.50

11 -4.823 -0.213 10.07

77 -4.532 0.545 -14.60

17 -4.741 0.476 (0)

69 -8.393 0.476 (0)

35 0.413 -0.222 20.01

29 0.787 0.158 1.13

55 -1.086 -0.232 36.70

50 -5.005 0.545 1.80

90 -5.314 0.476 26.74

.327 -14.782 0.545 (0)

55 -1.086 -0.232 36.70

55 -0.710 0.545 7.50

71 -2.574 -1.203 23.20

69 -8.393 0.476 (0)

62 -9.086 0.476 41.98



t = 16 min

t = 0 min t = 2 min

t = 34 min

t = 1 hr. t = 2 hrs.

Figure 7. Photographs of the supersaturated samples containing 10 ppm PPCA (left bottle), 2.5 ppm PPCA (middle bottle) and 0 ppm PPCA (right bottle) with SI ¼
1.47 and the added NaCl concentration of 3 M at different times. (the arrows indicate gypsum).

Figure 8. FESEM images of the gypsum precipitated from a) supersaturated blank sample after 1 day and (b) the sample containing 2.5 ppm PPCA after two months.
(SI ¼ 0.31 and CNaCl ¼ 0.25 M).
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% and 16 % for the 10 ppm and 2.5 ppm PPCA samples. The photographs
in Figure 7 exhibit the evolution of the gypsum crystallites for these
samples over the time of 4.5 h at the saturation index of 1.47.

In order to investigate the effect of the PPCA inhibitor on the crystal
morphology of the formed gypsum, FESEM images were also recorded.
Figure 8 (a and b) shows the FESEM images of the gypsum precipitated
under same condition from the blank sample and the sample containing
2.5 ppm PPCA at an SI of 0.31 (CCaSO4/solubility¼ 4.1), respectively. For
the blank sample, the gypsum crystals have grown in their regular fiber-
shaped morphology with diameter of about 5 μm, but for the inhibited
7

sample the gypsum crystals have grown quite irregularly with smaller
particle dimension of about 2 μm.

4. Discussion

The mechanism of scale inhibition by chemical inhibitors is an open
subject that is widely debated [34]. Generally, induction times are
associated with nucleation kinetics, and the calculated rate constants are
associated with growth rates. Since, here the PPCA has caused an in-
crease in the induction times and a reduction in the rate constants, it is



Table 3. Species distribution in the supersaturated solution (SI ¼ 1.47) for gypsum formation obtained by PhreeqC (error ¼ 7%).

Species Molality Activity Log Log Log mole V

Molality Activity Gamma cm3/mol

OH� 5.148e-06 3.146e-06 -5.288 -5.502 -0.214 -2.66

Hþ 4.185e-09 3.162e-09 -8.378 -8.500 -0.122 0.00

H2O 5.551eþ01 9.831e-01 1.744 -0.007 0.000 18.07

HCO3
� 1.816e-05 1.229e-05 -4.741 -4.910 -0.169 26.92

CaCO3 6.269e-06 7.291e-06 -5.203 -5.137 0.066 -14.60

CaHCO3
þ 5.385e-06 3.734e-06 -5.269 -5.428 -0.159 9.96

NaHCO3 1.747e-06 2.032e-06 -5.758 -5.692 0.066 1.80

NaCO3
� 1.340e-06 9.979e-07 -5.873 -6.001 -0.128 2.78

CO3
2� 8.685e-07 1.823e-07 -6.061 -6.739 -0.678 -2.03

CO2 7.645e-08 8.891e-08 -7.117 -7.051 0.066 34.43

(CO2)2 1.248e-16 1.451e-16 -15.904 -15.838 0.066 68.87

Ca2þ 9.495e-02 2.381e-02 -1.023 -1.623 -0.601 -16.71

CaSO4 8.362e-03 9.725e-03 -2.078 -2.012 0.066 7.50

CaCO3 6.269e-06 7.291e-06 -5.203 -5.137 0.066 -14.60

CaHCO3
þ 5.385e-06 3.734e-06 -5.269 -5.428 -0.159 9.96

CaOHþ 1.649e-06 1.228e-06 -5.783 -5.911 -0.128 (0)

CaHSO4
þ 2.714e-10 2.021e-10 -9.566 -9.694 -0.128 (0)

Cl� 4.663e-01 2.949e-01 -0.331 -0.530 -0.199 18.78

Naþ 4.098e-01 2.940e-01 -0.387 -0.532 -0.144 -0.52

NaSO4
� 5.000e-03 3.384e-03 -2.301 -2.471 -0.169 21.09

NaHCO3 1.747e-06 2.032e-06 -5.758 -5.692 0.066 1.80

NaCO3
� 1.340e-06 9.979e-07 -5.873 -6.001 -0.128 2.78

NaOH 7.954e-17 9.249e-17 -16.099 -16.034 0.066 (0)

SO4
2� 1.248e-02 2.297e-03 -1.904 -2.639 -0.735 17.45

CaSO4 8.362e-03 9.725e-03 -2.078 -2.012 0.066 7.50

NaSO4
� 5.000e-03 3.384e-03 -2.301 -2.471 -0.169 21.09

HSO4
� 9.481e-10 7.063e-10 -9.023 -9.151 -0.128 40.95

CaHSO4
þ 2.714e-10 2.021e-10 -9.566 -9.694 -0.128 (0)
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implied that it acts based on inhibiting both the nucleation and growth
processes, as it is expected for polymer-based inhibitors. On a molecular
level, it has been reported that polymer inhibitors are principally
nucleation inhibitors through their reaction with newly-formed ionic
clusters and causing them re-dissolve [12].

Besides, the experiments at different sodium chloride concentrations
here show the obvious impact of this salt on the scaling tendency and the
inhibition properties of the PPCA copolymer. This effect could be through
changing the ionic strength of the oilfield produced water and the
properties of the inhibitor. With increasing the concentration of NaCl
from 0.25 M to 3 M and increasing the concentration of calcium sulfate
ions (1:1) from 0.075 M to 0.183 M, the calculated ionic strength in-
creases from 0.65 mol/kgw to 5.44 mol/kgw (in molality unit). However,
interestingly, the calculated activity coefficient (and the activity) in-
crease from 0.25 to 0.8, leading to an increase in the saturation index
from 0.31 to 1.47. Therefore, the reason behind such a loss of perfor-
mance for the PPCA inhibitor at the high calcium sulfate concentration of
0.183 M is the curving up of the activity coefficient-ionic strength which
leads to an extremely high saturation index and thermodynamic driving
force (Tables 1,2, and 3). Nevertheless, most studies are focused on the
bulk solution with conventional concentrations, while for high saturation
indexes scaling tendency would be highly enhanced as shown here [35].

5. Conclusion

Sulfate-based scales are a bottleneck of many industrial water
equipment including the Siri Island oil production fields in the south of
Iran. Here, the synthesis and performance analyses of a phosphino-
8

polycarboxylic acid (PPCA) copolymer were presented as an efficient
scale inhibitor that is more environmentally benign compared to (poly)
phosphonates for application under normal conditions. The analyses
showed that the as-synthesized PPCA without any pH and temperature
regulations can completely prevent gypsum scaling at an SI of 0.31, and
in conjunction with the NaCl supporting electrolyte it still shows an in-
hibition efficiency of 24% at an extremely high SI of 1.47.
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