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The anti-scaling agent poly(aspartic acidic) (PASP) polymers had became a hot research topic based on its
peptide bond structures with degradation characteristics. However, it was difficult to control the chain length
distributions of the synthesized products, which led to difficulty in determining the scaling mechanism for the
peptide bond products. In this paper, PASP/8AC graft modified polymers with a narrow dispersity (P) and
controllable chain lengths was synthesized via a simple two-step method, and 8-aminooctanoic acid (8AC) was
introduced into the peptide bond structure of PASP with main chain lengths of 12. The effects of the side-chain
lengths and functional groups on the scale inhibition mechanism were determined. The static scale inhibition
results showed that the grafted products had significantly improved scale inhibition efficiencies at low con-
centrations and good temperature and time stabilities. The inhibition rate for CaSO4 scaling was increased by
almost 60 % at a concentration of 3 mg/L. At 5 mg/L, the inhibition rate for CaCOj3 scaling was increased by 36
%. X-ray photoelectron spectroscopy (XPS) and density functional theory (DFT) showed that side chain length
extensions improved calcium ion chelation by the PASP and increased calcium scale lattice distortion. This study
verified the effects of side chains on PASP scale inhibition and its mechanism. This is of great importance in

designing new green water treatment agents.

1. Introduction

In industrial production processes, physical and chemical methods
are usually used to reduce the safety risks and economic losses due to
scaling by the circulating cooling water, corrosion of pipelines, micro-
bial growth, etc (Lin et al., 2020, Piyadasa et al., 2017). Due to their
economic efficiencies, chemical methods are favored in industry.
Chemical methods usually involve adding chemicals to control water
quality parameters such as the pH and dissolved oxygen level (Khormali
et al., 2018, Jafar Mazumder et al. 2020). The addition of scale and
corrosion inhibitors is currently the most widely used and most prom-
ising method.

The common commercial scale and corrosion inhibitors are phos-
phates, phosphonates, polymethacrylic acids, polysulfonic acids, poly-
carboxylic acids and their derivates, which are inexpensive and highly
effective (Yan et al., 2020, Du et al., 2018). However, phosphorus-
containing scale inhibitors tend to cause water eutrophication, so their
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use has been limited (Glibert et al. 2017). Polysulfonic acids and poly-
carboxylic acids are nonphosphorus-scale inhibitors and exhibit high
scale inhibition efficiencies and dispersion but poor biodegradation
performance (Wallace et al., 2013, Ji et al., 2017). In recent years, green
corrosion and scale inhibitors have been developed to respond to envi-
ronmental protection policies (Ansari et al., 2023, Eichinger et al., 2022,
Zhang et al. 2018). Polyglutamic and polyaspartic acid have become the
focus of research because of their excellent resistance to calcium car-
bonate scale, nontoxicity and good biodegradability (Syeda et al., 2023,
Zhang et al., 2017, Zhao et al., 2022). At present, the literature describes
the use of PASP as a water treatment agent (Cai et al., 2022, Zeino et al.,
2018). To further corrosion inhibition, calcium sulfate scale inhibition
and calcium phosphate properties, many functional groups were intro-
duced to provide polyaspartic acid derivatives, such as PASPTU, Arg-SA-
PASP, and PASP/ASA (Zhang et al. 2018, Chen et al., 2020, Zhao et al.,
2021). Some polar functional groups, such as COOH, OH, NH,, and
SOsH, were shown to play active roles in scale inhibition, dispersion and
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corrosion inhibition (Li et al., 2023, Qiang et al., 2021, Rbaa et al.,
2020). Complexation solubilization, lattice distortion, ion exchange,
etc., are also recognized as the mechanisms for water treatment agents
(Wang et al., 2023, Liu et al. 2020). Nevertheless, direct evidence on the
mechanism of action for water treatment agents is still scarce.

It’s worth noting that scale and corrosion inhibition properties are
significantly affected by the molecular weight (Xiang et al., 2018,
Whitfield et al., 2021). In particular, the distribution range for the mo-
lecular weight and the type of modification groups in the polymer play
decisive roles in the corrosion and scale inhibition performance (Li et al.,
2021, Liu et al.,, 2023). However, the precise synthetic conditions
required to determine the molecular weight distributions of polymer
products and small molecule modifications are difficult to control,
which hinders research and development efficiency and the use in
polymer water treatment. (Wang et al., 2003, Nomura et al. 2005, Ali
et al., 2015). In addition, the methods and mechanisms for corrosion
inhibition and scale inhibition are fuzzy and superficial due to the lack of
a convincing and detailed scientific basis. The research and development
of new high-efficiency water treatment agents has been seriously hin-
dered. Accordingly, there is an urgent need to explore the precise syn-
thesis conditions for the polymers and the anti-scale and corrosion
pathways and mechanisms of the related functional groups, which have
important potential significance.

To reveal the scale inhibition mechanism of the green water treat-
ment agent based on the previous work of our group, 8-aminooctanoic
acid-modified polyaspartic acid polymers (PASP/8AC) were prepared
via a molecular weight-controlled reaction. The structure was charac-
terized by Fourier transform infrared (FTIR) spectroscopy, gel perme-
ation chromatography (GPC) and nuclear magnetic resonance
spectrometry (NMR). The morphology and processes of calcium car-
bonate and calcium sulfate scale formation in the absence and presence
of PASP/8AC at suitable concentrations were analyzed with the static
scale inhibition method, scanning electronic microscopy/X-ray diffrac-
tion (SEM/XRD), and X-ray photoelectron spectroscopy (XPS). Finally,
the mechanism of the PASP/8AC scale inhibitor was analyzed at the
molecular and atomic levels with density functional theory (DFT).

2. Experimental
2.1. Reagents and instruments

B-Benzyl-L-aspartate N-carboxy-anhydride (BLA-NCA) was pur-
chased from Adamas Chemical Reagent Co. Ltd. (Shanghai, China). 8-
Aminooctanoic  acid (8AC), tetrahydrofuran (THF), N,N-
dimethylformamide (DMF), NaOH and NaHCO3 were purchased from
Tianjin De’en Chemical Reagents Co. Ltd. (Tianjin, China). Anhydrous
sodium sulfate, sodium carbonate and potassium hydroxide were pur-
chased from Tianjin Komi Chemical Reagent Co. Ltd. (Tianjin, China).
Dichloromethane, anhydrous borax, calcium chloride, potassium chlo-
ride and sodium chloride were purchased from Shanghai Shaoyuan
Chemical Reagent Co. Ltd. (Shanghai, China). Ethylenediaminetetra-
acetic acid disodium salt dihydrate (EDTA) was provided by Shanghai
Energy Chemical Reagent Co. Ltd. (Shanghai, China). Absolute ethanol
was provided by Anhui Ante Food Co. Ltd. (Anhui, China). Hydrochloric
acid (36%) was provided by China Pingmei Shenma Group Kaifeng
Dongda Chemical Co. Ltd. (Kaifeng, China). Deionized water (DI) was
prepared in the laboratory and used for rinsing.

The instruments used in this paper included an HH-601 constant-
temperature water tank (China), a VERTEX 70 Fourier transform
infrared spectrometer (Germany), an AVANCE 400 nuclear magnetic
resonance spectrometer (Germany), an ESCALAB 250Xi X-ray photo-
electron spectrometer (UK), a JSM-7610F SEM (Japan), a Nano ZS
particle size and zeta potential analyzer (England), a D8 Advance X-ray
powder diffractometer (Germany), and a TDAmax gel permeation
chromatograph (UK).
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2.2. Synthesis of PASP/8AC

Based on ring-opening polymerization of a-amino acid-n-carboxylic
acid anhydride (NCA) for the preparation of polypeptide polymers,
following the controllable polymer synthetic method of Cao et al.
(Zhang et al., 2024), the PASP/8AC polymer was synthesized by ring-
opening polymerization of NCA by optimizing the reaction conditions
(Nakanishi et al., 2007, Uchida et al., 2011). The synthetic route to the
PASP/8AC scale inhibitor is shown in Fig. 1. The detailed steps are
described below.

PASP was prepared by conventional ammonia-induced NCA-
controlled polymerization. A mixture containing BLA-NCA (2.0 mmol)
and DMF (1 mL) in a Schlenk flask was diluted with 10 mL of CH5Cl5. 8-
Aminooctanoic acid (0.30 mmol) was then added to the above solution.
The reaction was stirred under a dry argon atmosphere at 35 °C for 72h.
The lower organic phase was extracted three times with distilled water
and vacuum dried to give the PBLA/8AC product (0.31 g, 54%).

PBLA/8AC (0.09 g, 0.45 mmol) was dissolved in THF (5 mL) with
stirring at 0°C. The mixture containing NaOH (0.016 g, 0.40 mmol) was
then added dropwise to the above solution, and the reaction was allowed
to continue for 24h. After vacuum drying, the solution was extracted
with ethyl acetate and purified with a 500 molecular weight dialysis bag
to give PASP/8AC (0.06 g, 78%).

2.3. Characterization of PASP/8AC

The zeta potential of PASP/8AC was measured with a nanoparticle
size and zeta potential analyzer (Nano ZS Malvern Instruments Co., Ltd.,
England). The molecular weight of the prepared PASP/8AC was deter-
mined by gel permeation chromatography (PL-GPC50, Agilent, UK). The
structure of PASP/8AC was characterized with a VERTEX 70 FTIR
spectrometer (Bruker Optics, Germany) and 'H nuclear magnetic reso-
nance spectrometer (H NMR; AVANCE 400 MHz NMR spectrometer,
Bruker Optics, Germany).

2.4. Static scale inhibition test

To evaluate CaCO3 and CaSO4 scale inhibition by PASP/8AC, a static
test was carried out according to the National Standard method (GB/T
16632-2008). For CaCOs, solutions of scale inhibitor (1 mg/mL), so-
dium tetraborate decahydrate (0.010 mol/L), CaCly (0.15 mol/L) and
NaHCO3 (0.30 mol/L) were prepared in advance. Then an appropriate
volume of distilled water, a certain volume of scale inhibitor, 10 mL of
sodium tetraborate decahydrate solution, 10 mL of CaCl, solution and
10 mL of NaHCOj3 solution were added successively to the 250 mL
Erlenmeyer flask. Finally, the above test solution containing Ca" (240
mg/L, 6.0 mmol/L) and HCO3 (732 mg/L, 12 mmol/L) with different
concentrations of antiscalants was heated at 80 °C for 10h. Finally, after
cooling the above solution to room temperature, 25 mL of filtrate was
taken and calibrated with standard EDTA solution (0.010 mol/L) for
CaCOs.

In contrast to calcium carbonate, a CaSQO4 scale inhibitor solution (1
mg/mL) was prepared containing 0.026 mol/L sodium tetraborate
decahydrate solution, 0.25 mol/L CaCly solution and 0.50 mol/L
NasSOy4. Distilled water, scale inhibitor, 25 mL sodium tetraborate
decahydrate, 50 mL CaCl; and 25 mL NaySO4 were added to a 250 mL
Erlenmeyer flask and the above solutions containing Ca%* (2000 mg/L,
50 mmol/L) and SO?{ (4800 mg/L, 50 mmol/L) and different concen-
trations of inhibitor were heated at 70 °C for 6 h. The test solution
containing Cat (2000 mg/1, 50 mmol/1) and SO%’ (4800 mg/1, 50
mmol/1) and different concentrations of scale inhibitors as described
above was heated at 70 °C for 6 h. The relevant experimental methods
and calculations were also described in previous work (Cai et al., 2022).
The scale inhibition efficiencies (1, %) for CaCO3 and CaSO4 were
calculated with Formula (1).
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Fig. 1. Synthetic route to PASP/8AC.
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where Vj is the volume of EDTA consumed before reactions in the
absence of the scale inhibitor, mL. V, and V; are the volumes of EDTA
consumed after reactions in the presence and absence of the scale in-
hibitor, respectively. Each test was repeated three times, and the
average data were used to minimize the data scattering.

2.5. XRD, XPS, and SEM analyses

Calcium scale deposition in static scale inhibition experiments was
analysed. The surface morphologies of the scale samples used in the
static test were observed by field emission scanning electron microscopy
(SEM JSM-7610F, Japan). The crystalline form of the calcium scale was
investigated with an X-ray powder diffractometer (XRD D8 Advance
Bruker, Germany). The Ca 2p binding energies of the calcium scale
crystals formed in the presence and absence of the scale inhibitor were
analyzed to determine chelation of the scale inhibitor and Ca®" with X-
ray photoelectron spectroscopy (XPS ESCALAB 250Xi Thermo Fisher
Technologies LTD, UK).

2.6. Induction time for scale formation

The formation process of CaCOj3 is shown in reaction Equation I. To
investigate the effect of the inhibitor on scale formation, the pH of the
solution was determined. The induction time (t;,q) of the CaCO3 solution
was considered to be the point at which the pH of the solution dropped
significantly (Stamatakis et al., 2005, Liu et al. 2020), and S are the
supersaturation ratios for different solution concentrations. Based on the
relationship between tjnq and 1/(Ln S)AZ, the tijnq of the CaCOg crystals
was calculated according to the classical homogeneous nucleation the-
ory (Formula 2) (Chien et al., 1999, Giuseppe et al., 2017). Specifically,
solutions A, B, C and D, which had different concentrations (0.015, 0.02,
0.025 and 0.03 mol/L, respectively), were obtained by mixing equal
molar concentrations of CaCly and NaHCOg solutions. The correspond-
ing S values of solutions A, B, C and D were 93.325, 144.524, 204.174
and 269.153, respectively. Then, appropriate amounts of the scale in-
hibitor were added to the premixed solution. It is worth noting that the
solution temperature was kept constant at 25.0+0.1°C. CaCOj3 crystal-
lization released H', resulting in a change in the pH, thus indicating the
induction time. The CaSO4 content was determined by measuring elec-
trical conductivity.

Ca®"+HCO03~CaCO3)+H" (1)

3.2
In,, =B w o)
R’T?(LnS)

where B is the constant, § is a geometrical factor of 16x/3 for spherical
nuclei, y is the surface energy (J -mfz), Up, is the molar volume of phase
formation, N, is Avogadro’s constant (mol™1), f(6) is the correction
factor, which is equal to 1 for homogeneous nucleation and less than 1
for heterogeneous nucleation, R is the gas constant (J -mol_l-K_l), T is
the absolute temperature (K), Each value was tested three times, and the
average value was cited to minimize data scattering.

2.7. Scale inhibition mechanism

The molecular structure of PASP/8AC was optimized with the
Gaussian 09 software package at the B3LYP/6-31 G level, and scale
inhibition by PASP/8AC was analyzed by density functional theory
(DFT).

3. Results and discussion
3.1. Chemical characterization of PASP/8AC

The FTIR spectra is shown in Fig. 2a. The FTIR spectra of PASP
showed the stretching vibrations of the amide C=0 bonds and the ab-

sorption peak for the C-N amide stretching vibration at 1620 cm ™' and
~1400 cm ™, respectively. In addition, the peaks for the C-N stretching

(a)
s PASP
e PASP/SAC
/ AN
1400
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3393 3064 1625 =— \1402
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Wavenumber (cm™)
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Fig. 2. FTIR spectra (a) and 'H NMR spectra (b) of PASP and PASP/8AC.
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vibration and the N-H bending vibration overlapped. The stretching
vibration of the N-H bonds in the PASP amide appeared at 3500 em L.
The absorption peaks at 2930 cm ™! and 2890 cm ™! were caused by
stretching vibrations of the —CHj- and —~CH- groups in the PASP back-
bone, respectively. In the PASP/8AC FTIR spectra, in addition to the
characteristic absorption peaks of PASP, stretching vibration absorption
peaks at ~2950 cm !, ~2870 cm ! and ~2850 cm ! were attributed to
—-CH,CH,CHCHCH2CHCH»- in 8-aminooctane acid. Additionally, the
peak for the N-H bond in -CONH- was affected by the branched chain,
which reduced the dipole distance. The above evidence indicated that 8-
aminocaprylic acid participated in the ring-opening reaction and suc-
cessfully modified the PASP.

Fig. 2b presents the 'H NMR spectra of PASP and PASP/8AC in D,0.
The signals for the -CH- and —CHj- groups in the PASP main chain were
located at 4.3 ppm and 2.6 ppm (with an integrated ratio of 1:2),
respectively. The spectra of PASP/8AC showed new signals at &y = 2.20
ppm and 8y = 3.10 ppm that were attributed to the -CH,- groups (with
an integrated ratio of 1:1) of the side chains in 8-aminooctane acid. In
addition, the signals at 1.16 ppm—1.45 ppm were assigned the
—-CH,CH,CH3CHoCHo- groups of the 8-aminooctane acid. Unfortunately,
since PASP and PASP/8AC were only dissolved in D20, the signals for
—COOH and -NH- were not present due to polarization. Nevertheless,
the above results proved the successful synthesis of PASP/8AC.

The molecular weights of PASP and PASP/8AC were measured with
the GPC method (Table 1). The weight average molecular weight (M,,)
and number average molecular weight (M,) of PASP/8AC were 13,572
and 11,891 Da, respectively. The dispersity (P = M,,/M,) of PASP/8AC
was 1.141. These data indicated that the prepared PASP/8AC had a
narrow molecular weight distribution. It has been proven that the mo-
lecular weights and molecular weight distributions of polymers have
important effects on their properties (Younes et al., 2015, Cozikova
et al., 2017). Additionally, these reports revealed that overly large or
small polymer molecular weights affect scale inhibition, and the
appropriate molecular weight is required for the optimal effect (Yan
et al., 2020, Cao et al. 2024). Moreover, the zeta potentials of PASP
(-4.77 mV) and PASP/8AC (-10.56 mV) were obtained. Both PASP and
PASP/8AC scale inhibitors carry a negative charge and can interact
electrostatically with positively charged Ca?' ions. Compared with
PASP, PASP/8AC with more negative charge can adsorb more positively
charged Ca®" ions, thus reducing the deposition of calcium scale. These
results indicated that PASP/8AC carried a higher negative charge, which
enabled complexation of more Ca?* and inhibit the formation of scale
crystals.

3.2. Scale inhibition performance of PASP/8AC

3.2.1. Inhibition of CaCO3

To investigate the inhibition effect of PASP/8AC on calcium car-
bonate scale formation, the CaCOs inhibition efficiencies of PASP and
PASP/8AC were measured with the static scale inhibition method. The
relationships among the concentration, temperature and time and re-
agent resistance to calcium carbonate scaling are shown in Fig. 3. Fig. 3
shows that with increases in the concentration of the agent, the scale
inhibition efficiency also increased gradually. When the concentration
was 5 mg/L, the scale inhibition efficiency of PASP/8AC reached 42%,
while the scale inhibition performance of PASP at the same concentra-
tion was only 6% (Fig. 3a). However, the scale inhibition efficiencies of

Table 1
Molecular weights and distribution of the PASP and PASP/8AC grafted
copolymer.

Samples Parameters

M, M,, b
PASP 1778 2039 1.147
PASP/8AC 11,891 13,572 1.141
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the agents were close to the maximum at 30 mg/L, and those of PASP
and PASP/8AC were approximately 47% and 63%, respectively.
Nevertheless, the scale inhibition efficiency of PASP/8AC was always
better than that of PASP in this concentration range. This may be
because, compared with PASP, PASP/8AC contained more -OH and
—COOH groups, which chelated more Ca®" ions, thus inhibiting the
formation and growth of calcium carbonate crystals. When the con-
centration exceeded 50 mg/L, the scale inhibition efficiency of the agent
showed a slight decrease. The inbibitor itself contains a large number of
—COOH and -OH, with increasing concentration, due to the role of van
der Waals forces such as H-bonds, resulting in agglomeration between
the inbibitor, the effective functional groups are wrapped, the number of
functional groups chelating the Ca2+ ions in solution is reduced, thus
showing a tendency to reduce the scaling inhibition efficiency of the
agent.

In addition, the influence of temperature on the scale inhibition ef-
ficiencies of the agents with 30 mg/L were also monitored, as shown in
Fig. 3b. In the test temperature range, the scale inhibition efficiency of
PASP/8AC is higher than that of PASP. At 80°C, the scale inhibition
efficiency of PASP/8AC can still reach 63%, which indicates that PASP/
8AC has wider temperature range. However, both PASP and PASP/8AC
showed decreasing trends in the inhibition efficiency of CaCOj3 scale
with increasing temperature. At low temperature, the solubility of cal-
cium scale is relatively low, the number of scale inhibitor molecules is
relatively large, and the structure is stretched, the effective functional
groups can effectively bind the Ca®" ions in solution, scale inhibition
efficiency is high. With the increase in temperature, the solubility of
CaCOg also gradually increases, the concentration of calcium ions in the
solution becomes greater while the concentration of the agent does not
change, the adsorption of the agent on the Ca?' reaches saturation,
resulting in the dissolved part of the calcium ions combining with the
inorganic salts in the water to form a deposit, and ultimately showing a
decrease in the scale inhibiting efficiency of the agent.

In order to determine the time validity of the scale inhibition effi-
ciency of PASP/8AC, the trend of the scale inhibition efficiency of PASP/
8AC versus the test time was tested at a concentration of 30 mg/L, as
shown in Fig. 3c. The inhibition of CaCO3 by PASP and PASP/8AC was
basically stable in the measured time range and the inhibition rate
remained close to 62%. This result shows that PASP/8AC has a good
time effectiveness on the scale inhibition efficiency of calcium carbonate
scale.

3.2.2. Inhibition of CaSO4

Many studies have shown that PASP had an undesirable effect on
CaS0O4 scale, and many researchers have attempted to improve its per-
formance with various modification methods (Nayunigari et al., 2014,
Liu et al., 2011). Accordingly, the CaSO4 scale inhibition efficiencies of
PASP and PASP/8AC were also investigated, and the results are
exhibited in Fig. 4. Similar to the scale inhibition efficiency curve for
CaCOg3 scale, with increases in the concentration of the agents, the
CaSOy scale inhibition efficiencies also increased. As shown in Fig. 4a,
the CaSO4 scale inhibition efficiency of PASP/8AC reached 90% at 3
mg/L, while the scale inhibition performance of PASP was only 27%.
When the concentration was 4 mg/L, the scale inhibition performance of
PASP/8AC reached 99%. Compared with PASP, the inhibition efficiency
of CaSO4 scale was increased by nearly 58%. This indicated that PASP/
AC was more likely to be adsorbed on the CaSOj4 crystals to chelate the
Ca2* ions and inhibit the formation of sediments.

Fig. 4b presents the relationship between the test temperatures and
scale inhibition performance at the optimal dose of 6 mg/L. It is clear
from Fig. 4b that PASP/8AC has a wider temperature applicability range
than PASP over the test range. When the temperature was below 80°C,
similar to the principle of CaCOg scale, the agent is more efficient in
preventing calcium sulphate scale, basically maintaining more than
99%. However, the scale inhibition efficiency of PASP decreased sharply
at temperatures above 70°C. Although the scale inhibition efficiency of
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PASP/8AC also shows a decreasing trend at 80°C, the scale inhibition
efficiency is still 52% higher than that of PASP, showing better tem-
perature adaptability. In addition, the relationship between the scale
resistance and the test time was also monitored, as shown in Fig. 4c
(with the optimal dose of 6 mg/L). In contrast to CaCOs scale inhibition,
scale inhibition by PASP began to decline when the test time reached
10h. When PASP/8AC was tested for 15h, the scale inhibition efficiency
also gradually decreased. The above results showed that compared with
PASP, the time-efficiency of PASP/8AC was better than that of PASP
because PASP/8AC had branched chains and contained more -COOH
groups.

3.3. Surface analyses of CaCO3 and CaSOy4 scale

3.3.1. Scanning electron microscopy (SEM) characterization

To further reveal the action mechanism of PASP/8AC on calcium
scale, the surfaces the CaCO3 and CaSO4 scale were analyzed with
scanning electron microscopy (SEM) to observe the morphological dif-
ferences between scales formed without and with the inhibitor. The SEM
images of the CaCOs scale were obtained without inhibitor addition and
in the presence of 10 mg/L and 50 mg/L inhibitor, and the results are
displayed in Fig. 5. According to the SEM images, the CaCOs3 scale
differed for the sample without added inhibitor (Fig. 5(a)) and the
sample with added inhibitor (Fig. 5(b-e)). The morphology of the CaCO3
flakes shows that in the absence of inhibitors, the calcium carbonate
flakes formed have smooth surfaces and regular shapes typical of calcite
morphology (Fig. 5(a)). However, after the addition of PASP, the surface

10 ;
Hm E

(@)

Fig. 5. SEM images of CaCO3 (a-e)and CaSOy4 crystals (a’-€’); (a) (a’) without inhibitor, (b) with 10 mg/L PASP, (c) with 10 mg/L PASP/8AC, (d) with 50 mg/L PASP,
(e) with 50 mg/L PASP/8AC. (b’) with 1 mg/L PASP, (c¢’) with 1 mg/L PASP/8AC, (d’) with 3 mg/L PASP, (e’) with 3 mg/L PASP/8AC.
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morphology of the CaCOg3 scales was significantly changed, showing
fish-scale-like, rough and loose, and the typical calcite morphology was
destroyed (Fig. 5(b, d)). With the addition of PASP/8AC, the structure of
the CaCOs scales was severely damaged and the regular cubes became
spherical or fusiform particles, i.e. spherical aragonite morphology
(Fig. 5(c, €)). Aragonite is the most unstable crystalline form of CaCOg3
flakes. Because of the long side chains, the PASP/AC polymer easily
curled and intertwined and then formed a curved structure. Moreover,
the surface contained many polar groups, which induced Ca?* crystal-
lization and finally led to formation of the spheroidal crystals. Herein,
the CaCOj3 scale inhibition capacity of PASP/AC was stronger than that
of PASP.

In addition, SEM was also used to observe the surface morphologies
of the CaSO4 scale in the absence and presence of the inhibitor, and the
results are shown in Fig. 5. The CaSO4 formed colorless and transparent
needle-like or prismatic crystals in the absence of inhibitors (Fig. 5(a’)).
After the addition of 1 mg/L inhibitors, the surfaces of the CaSO,4 crystal
became rougher, replacing the previously smooth forms, and the regular
CaSOy4 crystals were destroyed, especially with the addition of PASP/
8AC (Fig. 5(c’)). When the PASP concentration was increased to 3 mg/L,
the previously smooth needle-like CaSO4 crystals were transformed into
a layered, dispersed form (Fig. 5 (d’)). Nevertheless, the presence of 3
mg/L PASP/8AC directly caused the crystals of CaSOj4 to be sharp, finely
fragmented and dispersed, similar to flocculation (Fig. 5(e’)). The PASP/
8AC graft polymer increased the length of PASP side chains with car-
boxylic groups through the introduction of 8-aminooctanoic acid.
Compared with PASP, the extended side chain of PASP with -COOH
functional group damaged the formation of CaSO4 crystals more
severely, indicating that the extended side chain of PASP effectively
participated in the formation of CaSO4 scale, thus destroying the original
morphology of CaSO4 crystals, and the introduction of 8-aminooctanoic
acid further improved the scale inhibition efficiency of PASP on CaSOj4.

3.3.2. X-ray diffraction (XRD) characterization

X-ray diffraction (XRD) is commonly used to analyze crystal prop-
erties (Li et al., 2019). The XRD patterns were identified with HighScore
Plus software and the JCPDS library, which identified the phase of the
scale. To explore the effect of PASP/8AC on the formation of calcium
scale crystals, the phases of the crystals formed in the presence and
absence of inhibitors were observed with diffraction analyses. The XRD
patterns of the CaSO4 and CaCOs scales are exhibited in Fig. 6a and 6b,
respectively.

(a)
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Compared with the peaks in the XRD pattern of CaSO4 scale formed
without the inhibitors, the peaks became weaker and wider with PASP
or PASP/8AC (Fig. 6a). The literature shows that weak diffraction peaks
mean lower crystallinity of the sample, and the layers were more
separated. Compared with the narrower peaks, the wider peaks reflected
smaller crystalline particles (Liang, 2023). These results indicated that
the addition of PASP and PASP/8AC did not change the composition of
CaSO0y crystals, but inhibited the formation of CaSOj4 scale and produced
a lattice distortion effect, resulting in smaller particles and thus lower
crystallinity. PASP/8AC contains many functional groups, such as
—COOH, -OH and C=O0, which were adsorbed on the crystal surfaces. It
is hypothesised that, in addition to the chelating effect of its own
—COOH, the extended side-chain to side-chain, perhaps for some as yet
unknown reason, is also involved in the formation of CaSO4 crystals,
affecting the growth of CaSO4 crystals and resulting in smaller calcium
CaSO0y particles.

Fig. 6b shows that the CaCOs3 scale formed without inhibitor was
mainly calcite. The 20 peaks in the XRD pattern occurred at 23.045°,
29.526°, 34.974°, 44.165°, 49.813° and 57.442°, which correspond to
the JCPDS data for calcite (-). After the addition of 50 mg/L PASP,
although calcite was still the main morphology of the CaCOs scale, it is
obvious that some calcite had been transformed into vaterite (o) based
on the peaks at 31.152°, 37.889°, 41.263°, and 50.252° for vaterite.
When 50 mg/L PASP/8AC was present, the data showed that vaterite
generated peaks at 20 values of 24.376°, 31.124°, 36.173°, 40.985°,
44.968°, 48.455°, 50.162°, 59.351°, and 60.247°. These results were
consistent with the SEM surface morphologies of the CaCOj scale,
indicating that the CaCOs scale was mainly composed of calcite crystals,
and the crystals generated with the PASP inhibitor were mainly vaterite
with a small amount of calcite. However, the CaCO3 scale formed with
the PASP/8AC inhibitor was basically vaterite. Calcite is the most stable
form of CaCOs3 scale, and it is difficult to remove when formed and
deposited in pipes. Vaterite is a soft scale that is relatively easy to clean
when attached to the inner walls of a pipe. Both PASP and PASP/8AC
can transform scale from hard scale to soft scale, but PASP/8AC had the
better effect. It may be that the PASP/8AC carrying more carboxyl
groups slowed the rate of crystal growth and hindered the growth more
effectively.

3.3.3. XPS characterization
To confirm the scale inhibition effects of PASP and PASP/8AC, X-ray
photoelectron spectroscopy (XPS) was applied to the CaCO3 and CaSO4

(b) .

*
= Blank
=3 mg/L. PASP
=3 mg/L. PASP/8AC
*
* &
- o
*
*
N
A A
x * *
|1
i P ~ e

10 20 30 40 50 60

2 0 (degree)

o Calcite —Blank
AVaterite —50 mg/L PASP
== S0mg/L. PASP/8AC
° o P o n &
e .“ A\
Ade A A
o o & A
A A A A A
_*—M L Y N 4A~_ aoafons
20 30 40 50 60

2 0 (degree)

Fig. 6. XRD patterns of scale; (a) CaSO4 scale sample, (b) CaCO3 scale sample.
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scales formed during the static scale inhibition tests, and the high-
resolution Ca 2p XPS data for the CaCO3 and CaSO4 scales formed
without and with the scale inhibitors are shown in Fig. 7 and Fig. 8.
When the scale inhibitor was absent, the Ca 2p; 2 and Ca 2p3,2 peaks for
the CaCOs scale were at 347.62 eV and 343.94 eV, respectively (Fig. 7).
When 50 mg/L PASP was added, the Ca 2p;,» and Ca 2ps,» binding
energies decreased by 0.28 eV and 0.30 eV, respectively. After the
addition of 50 mg/L PASP/8AC, the Ca 2p; /» binding energies increased
by 0.10 eV, and the Ca 2p3,, binding energies decreased by 0.79 eV.
These results showed that PASP or PASP/8AC affected the chemical
environments around Ca?* ions, changed the crystal type of the CaCOs,
and then participated in the formation of CaCOs crystals. Compared
with PASP, the change caused by PASP/8AC were more obvious.
Similarly, the Ca 2p peaks for the CaSO4 scale were also shifted by
the addition of PASP or PASP/8AC (Fig. 8). The difference was that the
addition of PASP or PASP/8AC resulted in 0.16 eV and 0.62 eV increases
in the Ca 2p;,» binding energies, respectively. The Ca 2ps,, binding
energies were increased by 0.18 eV with the addition of PASP, and the
Ca 2p3/» binding energies were decreased by 0.36 eV. These results
showed that the electronegative groups in PASP and PASP/8AC bound
Ca?*, which prevented the formation and growth of crystal nuclei for the
CaSOy4 scale and delayed the formation of scale in the aqueous solution.
In addition, because PASP/8AC contained longer side chains and more
—COOH groups, it had a higher Ca®*-binding capacity than PASP.

3.4. Scale inhibition mechanism

3.4.1. Induction time measurements of CaCO3 scale

The nucleation induction time (tq) is an important parameter used
to measure the properties of CaCOj3 solutions, which reflects the rate and
sizes of CaCOj3 crystal nuclei formation. Therefore, to study the scale
inhibition mechanism, the tj,q values of CaCO3 solutions with four
different supersaturated concentrations (0.015 mol/L, 0.020 mol/L,
0.025 mol/L, 0.030 mol/L) in the presence and absence of agents were
observed, as shown in Fig. 9 and Table 2. The supersaturated solution of
CaCO3 was prepared by adjusting the ratio of Ca?* ions to CO3 ions. As
shown in Table 2, with increases in the CaCO3 supersaturation ratio in
the absence of inhibitor, the scale formation rate decreased, which was
consistent with classical nucleation theory. The nucleation time of
CaCO3 was prolonged to some extent by addition of the PASP inhibitor.
However, addition of the PASP/8AC inhibitor greatly extended the tjng
of the CaCOs crystals. Compared with the blank control, when the
concentration of CaCO3 solution was 0.015 mol/L, the nucleation in-
duction time was extended from 1.5 min to 151.13 min, and even when
the concentration was 0.03 mol/L, the nucleation induction time was
extended by 14.9 min. These results were consistent with the SEM re-
sults above. Both the elongated chains and the increased number of
carboxyl groups in the PASP/8AC polymer improved its ability to bond
with Ca®" ions, reduced the local supersaturation, and inhibited the
formation of crystal nuclei.
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In addition, according to the tj,q values, the surface energies of
CaCOs in the presence and absence of scale inhibitors were calculated
with Formula 2. The surface energy of CaCOs in the absence of a scale
inhibitor was 39.6 mJ-m % After addition of the PASP and the PASP/
8AC scale inhibitors, the surface energies of CaCO5 were 45.1 mJ-m™2
and 50.9 mJ-m 2, respectively. The increased surface energy was due to
additional interactions among the cations, scale inhibitors and micro-
crystals, which reduced the nucleation rate of the calcium carbonate
crystals and delayed agglomeration of the crystals. Compared with
PASP, the surface energy of CaCO3 was only increased by 5 mJ-m~2 in
the presence of PASP/8AC. Combined with the nucleation induction
time tinq, these results suggested that PASP/8AC did not interfere with
the formation of CaCOg scale through typical lattice distortion. Along
these lines, we speculated that PASP/8AC reduced the binding rate of
Ca?* ions and CO% ions mainly through chelation of the Ca" ions.
Another possibility is that although both PASP and PASP/8AC were
adsorbed on the CaCO3 surface, PASP/8AC was more likely to bind to
the active sites of Ca?" ions, thus inhibiting the growth of CaCOs
crystals.

3.4.2. Optimization of the PASP/8AC structure

To deeply unravel the scale inhibition mechanism of PASP/8AC
polymer, the optimized structure and Mulliken charge distribution of
PASP/8AC based on quantum chemistry calculations are conducted and
exhibited in Fig. 10 and Table 3, respectively. The electronegativities of
the atoms are key factors in chemical reactions, affecting the ability to
interact with other atoms and the structures of molecules, which in turn
affect the stabilities and solubilities of molecules. The two N atoms in
PASP/8AC carried negative charges of —0.670205 and —0.56224, and
the four O atoms had negative charges of —0.36739, —0.38665,
—0.43108 and —0.5643. The highly negative charges of the N and O
atoms meant that more sites were available to bind more Ca®" ions,
which in turn hindered the growth of CaCOs crystals and inhibited the
formation of calcium scale. In addition, the compounds formed by atoms
with greater electronegativity combined with ions have higher stabil-
ities. During long-term operation of industrial circulating water, large
amounts of calcium scale are formed and attached to the pipe walls,
reducing the heat transfer efficiency of the pipeline and so on. After
adding the PAPS/8AC scale inhibitor with many NH, and -COOH groups
on the longer side chains, it combined with the positively charged cal-
cium ions, reduced the concentration of Ca®* ions, and restrained the
generation of calcium scale. PASP/8AC contains many negatively
charged nitrogen and oxygen atoms, which combined with calcium ions
to form a stable and soluble substance that was not easily deposited.
Therefore, the PASP/8AC scale inhibitor controlled the deposition of
calcium scale, which provides a basis for the development of green and
efficient water treatment chemicals.
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Table 2
The t;,q of CaCO3 solution without antiscalant and in the presence of PASP and
PASP/8AC.

Inhibitors CaCOj5 solutions with different concentrations (mol/L)
0.015 0.020 0.0250 0.030
ting(min) Blank 1.50 0.75 0.54 0.40
PASP 2.25 1.25 0.75 0.50
PASP/8AC 151.13 79.08 62.2 15.3

4. Conclusions

A new scale inhibitor, the 8-aminocaprylic acid-modified PASP de-
rivative (named PASP/8AC), was synthesized by open loop modification
with polysuccinimide (PSI) and 8-aminooctanoic acid (8AC). The static
scale inhibition test results showed that when the concentration of
PASP/8AC was 3 mg/L, the scale inhibition efficiency of CaSO4 was
close to 100%. The scale inhibition efficiency of CaCO3 was increased by

36% at a dosage of 5 mg/L. Moreover, compared with PASP, PASP/8AC
had better thermal stability.

Mechanistic studies showed that PASP/8AC carried more O and N
atoms with negative charges, which interacted with the Ca?" ions and
then participated in the formation of calcium scale, changed the crystal
shapes of the calcium scale, and inhibited or delayed the formation of
calcium scale. In addition, due to the longer PASP/8AC side chains, after
interacting with Ca?", a three-dimensional NBO-type structure was
formed to improve the heat resistance and scale inhibition efficiency,
which provides a new idea for research and development on new water
treatment agents.

Data availability
Data generated and analyzed during this study are included in the

present paper. The raw datasets that support the findings of this study
are available from the corresponding author upon reasonable request.



L. Zhao et al.

Arabian Journal of Chemistry 17 (2024) 105717

Fig. 10. Optimized structure of PASP/8AC.

Table 3
Mulliken charge distribution of PASP/8AC.

Mulliken atomic charges: Mulliken atomic charges:

1 N —0.670205 21 H 0.12747

2 H 0.295478 22 C —0.25863
3 H 0.29332 23 H 0.125689
4 C 0.382345 24 H 0.123778
5 (0] —0.36739 25 C —0.2373

6 C —0.27909 26 H 0.128747
7 H 0.148818 27 H 0.127568
8 H 0.206325 28 C —0.24846
9 C —0.33143 29 H 0.122168
10 H 0.170051 30 H 0.122298
11 H 0.1927 31 C —0.23549
12 C 0.407296 32 H 0.146723
13 (0] —0.38665 33 H 0.146814
14 N —0.56224 34 C —0.30957
15 H 0.301002 35 H 0.180929
16 C —0.1479 36 H 0.181125
17 H 0.156347 37 C 0.494755
18 H 0.149185 38 (0] —0.43108
19 C —0.23699 39 (0] —0.5643

20 H 0.151286 40 H 0.384494
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