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Abstract

Corrosion and scale formation are crucial issues in the petroleum industry.
They can inflict metal or other materials breakdown, leading to environ-
mental pollution. Applying scale and corrosion inhibitors is a cost-effective
and efficient way of controlling corrosion and scale formation in a fluid
system. Much research has been conducted to obtain cheap and safe corro-
sion or scale inhibitors. Modified polysuccinimides (PSI) are among the or-
ganic compounds reported as effective and environmentally friendly corro-
sion as well as scale inhibitors. The use of various novel green corrosion
and scale inhibitors from modified PSI for controlling corrosion reactions
or scale formation has not been extensively reviewed. Hence, this review
highlights recent studies on preparing PSI/OSI,
analyzing their performance as corrosion and scale inhibitors. Adsorption
study, biodegradation performance, computational quantum study, limita-
tions, and prospects of the inhibitors are also discussed. Therefore, this
work provides an overview of novel modified PSI as effective and safe
corrosion or scale inhibitors in different media, for various metals, and on
a different scale.

Key findings

e Various methods of synthesizing polysuccinimide are outlined.

e Several modified PSI used as corrosion and scale inhibitors in 2015-2022 are reported.
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1. Introduction

Inorganic scale deposition is a general problem in water
cooling and oil wells systems [1-3]. There are several or-
dinary types of scales,
(CaS0Q,), barium sulfate (BaSQO,), calcium carbonate (Ca-

for instance, calcium sulfate
C0O3), and calcium phosphate (Ca3(PO4)2). These scales
precipitate on several parts of the pipeline surface as well
as the water cooling system, generating pipeline blockage
and a reduction in the heat exchanger's performance [4].
Thus, scaling increases energy consumption and leads to
unscheduled shutdown time, reduction of heat transfer,

and some plant accidents [5-7]. The other scale formation

consequences are disruptions in water treatment instal-
lation. Besides scales, another common problem is metal
corrosion. It corresponds to the degradation of the pipe-
line due to electrochemical reactions during oil-gas
transportation from the oil wells to the processing and
storage facilities. In the system of cooling water, corro-
sion occurs through the utilization of water coolant for
heating control during the production process. In
addition, the presence of scales generates a more aggres-
sive corrosion process on the pipeline than the main cor-
rosive species, such as inorganic salts, dissolved gas, or
microorganisms [8, 9]. Scales cause pitting corrosion
that inflicts pipeline leakage and oil spills.
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Several techniques have been applied to control corro-
sion and scale formation. Corrosion reaction on metal can
be controlled by using corrosion-resistance material [10,
11], coating/painting [12-14], and corrosion inhibitors
[15-17]. Meanwhile, scaling can be solved physically, by
the ultrasonic wave and magnetic field, or chemically, by
pickling, acidification, and scale inhibitors [18-20]. Corro-
sion (CI) and scale inhibitors (SI) were reported as cost-
effective and efficient techniques for solving those prob-
lems. Nowadays, water-soluble and biodegradable poly-
mers and oligomers are attracting the attention of many
researchers in the field of corrosion and scale inhibitors
[21-23]. Various studies have been conducted to obtain
good polymer-based corrosion and scale inhibitors. Be-
sides the effectiveness, the environmental factor must be
concerned when choosing polymer as a potential inhibitor.
Polysuccinimide (PSI) is an example of a polymer that is
usually used as CI and SI. The molecular structure of PSI
consists of N-heterocyclics with five-member rings. The
presence of heteroatoms like nitrogen and oxygen affects
the interaction strength between PSI with metal or metal
ions through ionic chelation reactions [24, 25]. These het-
eroatoms lie in carbonyl/amide functional groups in the
PSI molecular structure.

PSI is a biodegradable and non-toxic compound, safe
for the environment. Lysosomal enzymes, for example, can
PSI [26].
microorganisms can also degrade them to produce safe

degrade and its derivatives Fungi and
compounds [27]. Phosphorus element, which plays a role
in the eutrophication process causing water environmen-
tal problems, is not present in these compounds [28].
However, PSI is rarely applied in various fields because of
its water-insoluble nature. PSI needs to be modified first
to change its solubility properties. These modifications can
be in the form of an initial synthesis method from the pre-
cursors. The reactions of PSI with other substances will
open its rings or form a copolymer/composite.
polyaspartic acid
many applications.

Several review articles discuss
(PASP)
However, the exposure of PSI as an initial compound of
PASP and the focus of its application as the corrosion and
inhibitor have not been sufficiently reviewed.
Therefore, this review focuses on a discussion of the
synthesis method of PSI, modifications of PSI, and its utili-
zation as corrosion and scale inhibitor. Besides that, the
oligomer form of polisuccinimide or oligosuccinimide
(0SI) is also mentioned. Research results are summarized

and its derivatives for

scale

and reorganized to provide information about the
developments of modified PSI as corrosion and scale
inhibitors, adsorption study, biodegradation performance,
computational quantum study, limitations, and prospects.
The reviewed studies were obtained from the articles pub-
lished in 2015-2022. Most PSI derivations are CaCOs,
CaS0,4, BaSO4, and CazPO, scale inhibitors. Moreover, the

others were used as corrosion inhibitors in various met-
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als/alloys and media. Then, there are modified PSI with
dual functions applied as corrosion and scale inhibitors.

2. Preparation of polysuccinimide

PSI or OSI is mainly synthesized from various starting ma-
terials through chemical reactions. Figure 1 displays sev-
eral ways to synthesize PSI/OSI. Some studies reported
reactions between maleic anhydride and ammonium car-
bonate [29, 30], maleic anhydride and urea [20, 27, 31,
32], maleic anhydride and ammonia [31], maleic anhy-
dride and ammonium hydroxide [33], L-aspartic acid and
liquid 1-ethyl-3-methylimidazol dihydrogen phosphate
[34], and the mixture of maleic anhydride, ethanol, am-
monia, N-methyl pyrrolidone and sulfolane [35]. Besides
that, PSI can also be synthesized through thermal poly-
condensation of L-aspartic acid [36].

Baari et al. [41] reported the presence of more end
groups of OSI after condensation reactions between maleic
anhydride and ammonium carbonate. The succinimide,
amino, and maleimide end groups were based on NMR
spectroscopy. The previous study also revealed that
synthesis of PSI  through
polycondensation of L-Aspartic Acid produces PSI with
for

microwave-enhanced
several end groups and main chains, instance,
maleimide end group, amino end group, succinimide end
group, fumaramic end group, alanyl, and fumaramide
units in the main chain [37]. This can be called irregular
structures of PSI. Hence, precursor types and synthesis
methods affect the molecular structures of synthesized
PSI.

Sun et al. [31] reported different performances of
modified PSI in the form of poly(aspartic acid)-tryptophan
grafted copolymer from two synthesis routes [31]. Both
copolymer or PASP with maleic anhydride and urea as
precursors have better scale inhibition performance than
copolymer and PASP from PSI synthesized by maleic
anhydride and ammonia. Irregular structures in the PASP
and copolymer may determine their chelating capability.
However, the production of PSI from maleic anhydride and
urea needs additional chemicals like sulfuric acid and
phosphoric acid. It will slightly increase chemical waste
and cost.

Meanwhile, the utilization of L-aspartic acid and liquid
1-ethyl-3-methyl imidazole dihydrogen phosphate to form
PSI contains phosphorus elements. This element is quite
dangerous for the environment due to the risk of
secondary pollution [28, 38]. PSI could be synthesized
from a starting material,
polycondensation. It is a more straightforward process,
but more expensive, because it requires the L-aspartic acid
provision.

L-aspartic acid, through

Some PSI or OSI were synthesized through thermal
condensation without an organic solvent. Hence, the pro-
duction process tends to be safe for the environment
because it does not generate more chemical waste.
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3. Modification of polysuccinimide

PSI, as the main compound, should usually be converted to
polyaspartic acid (PASP) owing to low water solubility, thus
limiting its utilization. PASP is a reddish-brown solid
compound. It has opening ring structures that are more
reactive than PSI. PASP is an intermediate compound to
synthesize modified PSI with target properties. The synthe-
sis process occurs through chemical reactions among PASP
and other substances under certain conditions [39].
Different procedures have been carried out to directly mix
PSI and other substances or form an oligomer form of PSI
(oligosuccinimide). Polyaspartic acid/diethylenetriamine
graft copolymer, dopamine-modified polyaspartic acid, and
cysteamine-modified polyaspartic acid are examples of
modified PSI without forming PASP first [3, 32, 40].
Synthesis schemes of various modified PSI are displayed in
Figure 2-6. Meanwhile, oligosuccinimide (OSI) has better
water solubility than PSI. Hence, it can be directly used as a
corrosion and scale inhibitor without modification [29, 41].

Characterizations are conducted to observe structure,
crystallinity, thermal stability, etc. OSI and PSI have
similar peaks in their 'H NMR spectra based on [35, 41]
studies. The differences were in solvent peaks, chemical
shifts of the peaks, and irregular structure in the primary
or end groups. Peaks from residual solvent often appear
on 'H NMR spectra. OSI used D.O as a solvent in NMR
characterization, while PSI often used (CD3).SO. The
discrepancy can also originate from chain length or
molecular weight. In addition, FTIR spectra also displayed
similar peaks between OSI and PSI [29]. It is obtained
from vibrations of identical functional groups. Then, the
use of OSI and modified PSI as corrosion and scale inhibi-
tors must be noticed. It is related relates to these com-
pounds' biodegradation capability and toxicity based on
the international regulations.

4. Utilizations of oligosuccinimide and
modified polysuccinimide as corrosion
and scale inhibitors

4.1. Corrosion inhibitor

This section discusses the performance of modified PSI as

corrosion inhibitors in variegated methods. Several
analysis methods were applied: weight loss, potentiody-
namic polarization (PDP), and electrochemical impedance
spectroscopy (EIS).

sive/electrolyte solutions in the use of modified PSI as

There are three types of corro-

corrosion inhibitors, for example, NaCl, H.SO,4, and artifi-
cial seawater solutions. NaCl and artificial seawater solu-
tions were used for conforming to general conditions in
petroleum transportation through a pipeline. Then, using
an H.SO, solution correlates to acidification in the system
to overcome scale formation. These types of corrosive so-
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lutions may influence the ability of the inhibitor to reduce
the corrosion rate.

A summary of oligomer form and modified PSI as cor-
rosion inhibitors is listed in Table 1. The corrosion inhibi-
tion ability of PASP in each study is also mentioned in
comparison. Table 1 shows that advanced modified PSI is a
better corrosion inhibitor than PASP. Most of the modified
PSI have inhibition efficiencies >90%, whereas inhibition
efficiency of PASP is below 90%. Additional heteroatoms,
functional groups, and double bonds in modified PSI miti-
gate electrochemical reactions efficiently on the metal
surface as a trigger for the corrosion process [40].

The presence of Zn ions in the modified PSI increases
corrosion inhibition efficiency. If modified PSI tends to
prevent oxidation reactions on the anodic site, Zn ions can
slow electrochemical reactions in the cathodic area [36].
Besides that, Zn ions can also accelerate protective film
formation on the metal surface. Therefore, the synergy of
Zn ions and modified PSI achieves higher inhibition effi-
ciency. Modified PSI can be fabricated from two types of
polymers. Polyaspartic acid/chitosan complex and polyas-
partic acid/chitosan graft copolymer are some of the ex-
amples [39, 45]. They are formed from PASP and chitosan,
which are biodegradable compounds. However, polyaspar-
that
generates a multicomponent system, while polyaspartic

tic acid/chitosan complex forms a composite
acid/chitosan graft copolymer is a single-phase substance.
Compared to chitosan and PASP, poly aspartic ac-
id/chitosan complex and polyaspartic acid/chitosan graft
copolymer show higher corrosion inhibition efficiency for
carbon steel in NaCl solution. The presence of more polar
functional groups like hydroxyls, carbonyls, and amines in
one copolymer/composite molecule enhances the adsorp-
tion of inhibitors on the metal surface. Then, hydrophobic
parts of inhibitor molecules are on the outer side to pre-
vent contact between dissolved oxygen, corrosive ions,
and water with tested metal [47]. Meanwhile, the compo-
site has a slightly better corrosion inhibition than the co-
polymer form. It may be related to additional double
bonds from glutaraldehyde as cross-linker, whereas the
copolymer form is also effective as CaCOs; and Ca3(POg4)-
scale inhibitor. A significant difference between copolymer
and composites forms of chitosan-PASP is in the pH effect.
The inhibition efficiency of polyaspartic acid/chitosan
composite increases with increasing pH. On the contrary,
polyaspartic acid/chitosan graft copolymer is more effec-
tive in lower pH.

Dopamine-modified polyaspartic acid shows high cor-
rosion inhibition efficiency (>90%) [40]. Besides hydrox-
yl, carbonyl, and amine groups, this modified PSI also con-
tains aromatic rings in its molecular structure. The pres-
ence of these aromatic rings contributes to enhancing the
inhibition performance of corrosion inhibitors. Additional
electron donors augment the number of inhibitor mole-
cules interacting/bonding with Fe atoms.
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Both weight loss and electrochemical methods (poten-
tiodynamic polarization and EIS) are used to determine
corrosion rate and inhibition efficiency. The weight loss
method investigates the inhibition efficiency by the
difference in metal mass before and after tests. Traces of
corrosion on the metal surface can be observed through
this method. It is often combined with the scanning elec-
tron microscope for more detailed information. Electro-
chemical impedance spectroscopy (EIS) is conducted to
obtain information about kinetics and inhibitor adsorption
through charge transfer and double-layer thickness at the
metal-inhibitor interface [48, 49]. The increase in inhibi-
tion efficiency is caused by increasing charge transfer re-
sistance and decreasing electric double-layer capacitance.
Charge transfer resistance reflects electrons, Fe ions, and
corrosive ion movements in the corroded system. Greater
charge transfer resistance decreases the motions of elec-
trons, Fe ions, and corrosive ions in the solution phase.
Therefore, the corrosion rate is slowed down. At the same
time, electric double-layer capacitance corresponds to the
thickness of the electric double-layer after water mole-
cules are replaced by inhibitors [49]. The presence of
modified PSI on the metal surface reduces the dielectric
constant of the corroded system. It is followed by the re-
duction of electric double-layer capacitance. Then, the po-
tentiodynamic polarization test is carried out to determine
the type of inhibitor or inhibition mechanism, such as ca-
thodic, anodic, or mixed-type inhibitor.
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The increase in immersion time can increase or de-
crease corrosion inhibition efficiency. It depends on the
protective film properties from modified PSI formed on
the metal surface. This film formation is affected by ad-
sorption and chemical reaction rates between metal and
inhibitors. This film's breaking down and
reestablishing can also occur during immersion [44]. Pol-
yaspartic acid + Zn ion was found to be a good corrosion
inhibitor for long-time protection. It can maintain steel

corrosion

inhibition performance near 100% after 168 hours of
exposure.

Inhibition efficiency is also influenced by temperature.
Modified PSI that is physically adsorbed on the metal sur-
face can be released from the surface at higher tempera-
tures [50]. Besides that, electrochemical reactions in the
corroded metal will be accelerated. From the literature
study, the highest inhibition efficiency of modified PSI was
achieved at 25 or 35 °C. It shows that the interactions
between inhibitor molecules and metals are dominated by
physical adsorption. Corrosion inhibitors do not directly
participate in electrochemical reactions on the metal sur-
face. However, their existence in the metal/solution inter-
face affects all electrochemical reactions, including the
diffusion of corrosive species from the solution phase to
the metal surface. Increasing inhibitor concentration
would expand the inhibitor's surface coverage, forming a
thin protective film on the metal surface and improving
the corrosion inhibition efficiency.
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Table 1 Corrosion inhibition performance of PASP, oligomer form, and modified PSI.

REVIEW

No.

Metal/alloy and corrosive

Inhibitor name .
media

Optimum condition and maximum efficiency

Ref.

1a

Polyaspartic acid + Zn
ion

Mild steel in aerated NacCl
3.0% solution

1b

Polyaspartic acid

Weight loss
1000.0 mg-L™* for PASP + 10 mg-L™'Zn ion; 25, 30,
35 °C; 168 hours
IE = 100.0%
PDP
1000.0 mg-L™* for PASP + 10 mg-L™* for Zn ion; 35 °C;
stirring speed = 650 rpm.
1IE = 99.0%
EIS
1000.0 mg-L™* for PASP + 10 mg-L™ for Zn ion; 35 °C;
stirring speed = 650 rpm.
IE = 95.2%

Weight loss
2000.0 mg-L™; 25 °C; 168 hours
IE = 61.0%
PDP
2000.0 mg-L™; 35 °C; stirring speed = 650 rpm.
IE = 63.0%
EIS
2000.0 mg-L™; 35 °C; stirring speed = 650 rpm.
IE = 86.40%

[36]

2a

Polyaspartic ac-
id/chitosan complex
A3 carbon steel in NaCl
3.5% solution

2b

Polyaspartic acid

Weight loss
8 mg-L™; 45+1 °C; 72 hours,
rotating speed = 75 rpm
IE = 83.50%
PDP
20 mg-L™7; 25 °C
IE = 87.56%
EIS
20 mg-L™7; 25 °C
IE = 86.01%

Weight loss
8 mg-L™; 45+1 °C; 72 hours,
rotating speed = 75 rpm
IE = 58.80%

[45]

3a

Cysteamine modified
polyaspartic acid
Mild steel in 0.5 M H,SO,

3b

Polyaspartic acid

Weight loss
100 mg-L™%; 25 °C; 12 hours
IE = 93.90%
PDP
100 mg-L™%; 25 °C; 1 hour
IE = 96.50%
EIS
100 mg-L™%; 25 °C ; 1 hour
IE = 92.90%

Weight loss
100 mg-L™%; 25 °C; 12 hours
IE = 67.50%

[3]

4a

Dopamine-modified pol-
yaspartic acid

Mild steel in 0.5 M H,SO,

4b

Polyaspartic acid

Weight loss
200 mg-L™; 25 °C; 12 hours
IE = 91.20%
PDP
200 mg-L™; 25 °C; 1 hour
IE = 92.90%
EIS
200 mg-L™; 25 °C ; 1 hour
IE = 88.40%

PDP
200 mg-L™; 25 °C; 1 hour
IE = 77.50%
EIS
200 mg-L™; 25 °C ; 1 hour
IE = 79.30%

[40]
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Table 2 Performance of PASP and modified PSI as scale inhibitors.
No. Inhibitor name Scale types Experimental condition and efficiency Ref.
Polyaspartic acid/ diethylenetri- - CaCO;: 6 mg-L™, <80 °C, pH 5-9, IE = 99.9%);
! amine graft copolymer CaCo; and Ca;(PO,). - Ca,y(PO,).: 15 mg-L™, <80 °C, pH 5-9, IE = 99.9%; (32]
- CaCO;5: 5 mg-L™, 80 °C, pH 9, 10 hours, IE ~ 100%;
5 Polyaspartic acid-serine grafted CaCO;, Ca;(P0O,),, and - CaS0O,4: 5 mg-L™, 80 °C, pH 9, 10 hours, IE =~ 100%); [51]
copolymer CaSo, - Ca;z(P0O,),: 22 mg-L™, 80 °C, pH 9, 10 hours, >
IE =~ 100%);
Poly(aspartic acid)-tryptophan - CaCOs;: 4 mg-L™, 80 °C, 8 hours, IE = 96%
3 grafted copolymer CaCo; and Caso, - CaS0,: 0.4 mg-L™, 70 °C, 8 hours, IE = 90% [31]
- CaCOs5: 10 mg-L™, 80 °C, pH 9, 8 hours, IE = 93%;
a Polyaspartic acid/urea graft - CaS0O,: 4 mg-L%, 80 °C, pH 9, 8 hours, IE = 97%;
4 copolymer - Cay(P0O,),: 12 mg-L™, 80 °C, pH 9, 8 hours,
CaCoO,, Ca;z(PO,),, and IE =~ 100%; [35]
CaS0, - CaCO;: 10 mg-L™, 80 °C, pH 9, 8 hours, IE = 63%); 35
. . - CaS0,: 4 mg-L™*, 80 °C, pH 9, 8 hours, IE =~ 82%);
4b Polyaspartic acid - Ca;y(PO,),: 12 mg-L™, 80 °C, pH 9, 8 hours,
IE = 72%);
Poly(aspartic acid-citric acid) _ 5 o o A0
5 copolymer Ca;(PO,)- 8 mg-L™, 80 °C, 10 hours, pH 9, IE = 63%); [52]
Tyrosine-sulfamic acid- _ » o QO
6a polyaspartic acid (Tyr-SA-PASP) 4.0 mg-L™, 80 °C, 10 hours, pH 7, IE = 98%;
Tryptophan-sulfamic acid- poly- Caso, _ o o ~ QR0+ [38]
6b aspartic acid (Trp-SA-PASP) 5.0 mg-L™, 80 °C, 10 hours, pH 7, IE =~ 98%;
6¢c Polyaspartic acid - 5.0 mg-L, 80 °C, 10 hours, pH 7, IE = 90%;
Polyaspartic acid-capped ami- - CaCOs: 2 ppm, 130 °C, 7 days, pH 4-6, IE = -;
7a nomethylene phosphonic acid CaCo0; and Baso, - BaSO,: 20 ppm, 130 °C, 7 days, pH 4-6, IE = -;
Polyaspartic acid-capped - CaCOs: 2 ppm, 130 °C, 7 days, pH 4-6, IE = -;
70 bisphosphonic acid Caco; and Baso, - BaSO,: 20 ppm, 130 °C, 7 days, pH 4-6, IE = —;
Polyaspartic acid-capped ami- - CaCOs: 5 ppm, 130 °C, 7 days, pH 4-6, IE = -; 1
7 nomethanesulfonic acid Caco; and Baso, - BaSO,: 20 ppm, 130 °C, 7 days, pH 4-6, IE = —; =
Polyaspartic acid-capped ami- - CaCOs: 5 ppm, 130 °C, 7 days, pH 4-6, IE = -;
7d noethanesulfonic acid Caco; and Baso, - BaSO,: 20 ppm, 130 °C, 7 days, pH 4-6, IE = -;
. . - CaCOs: 100 ppm, 130 °C, 7 days, pH 4-6, IE = -;
7e Polyaspartic acid CaCO; and BaSO, - BaSO,: 50 ppm, 130 °C, 7 days, pH 4-6, IE = —;
3a Polyaspartic acid/ oxidized - CaCO;: 8 mg-L™, 80 °C, 10 hours, pH 7, IE 100%;
starch copolymer - CaS0,: 10 mg-L™, 70 °C, 10 hours, IE =~ 100%);
CaCO; and CaSO, [20]
. . - CaCO,: 8 mg-L™, 80 °C, 10 hours, pH 7, IE = 97.1%;
Pol 3 ’ ] > ’ 3’
8b olyaspartic acid - CaSO,: 16 mg-L™, 70 °C, 10 hours, IE = 100%);
a Nanosilica modified with poly- - CaCO;: 50 mg-L™, 80 °C, 10 hours, IE = 70%;
9 aspartic acid - CaSO,: 6 mg-L™, 70 °C, 10-25 hours, IE = 100%;
CaCO; and CaSO, [42]
. . - CaCOs5: 50 mg-L™, 80 °C, 8 hours, IE = 50%);
9b Polyaspartic acid - CaS0,4: 6 mg-L™, 70 °C, <5 hours, IE = 100%;
R1ng—oglcen:)Tgagsrzf;t?;c;(i;gcatlon - CaCO;: 4 mg-L™, 80 °C, 10 hours, pH 9, IE = 100%;
10a . P .y p X . CaCO; and Ca;(PO,). - Ca(PO),: 4 mg-L™, 80 °C, 10 hours, pH 9,
(Poliaspartic acid- aspartic acid,
. IE = 100%;
and monoethanolamine) [34]
- CaCOs: 4 mg-L™, 80 °C, 10 hours, pH 9, IE = 93%;
10b Poliaspartic acid CaCO; and Ca;(PO,). - Ca(PO),: 4 mg-L™, 80 °C, 10 hours, pH 9,
IE = 80%;
2,2’-((2-aminoethyl) -
NN - : -L™, 70 °C, 8 hours, IE ~ 70%;
11 azanediyl)diacetic acid- CaCO; and CaSO, €aCo,: 50 mg 70 °C, 8 hours 70% [46]

polyaspartic acid

- CaS0O,: 5 mg-L™, 70 °C, 10-24 hours, IE ~ 100%.

* - : not mentioned.
4.2. Scale inhibitor

Static scale inhibition tests generally analyze the
performance of modified PSI as scale inhibitors. Actually,
PASP can decrease scale formation in all experimental
conditions. However, advanced modifications of PSI exhib-

it better scale inhibition ability in several concentrations,
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scale types, pH, temperatures, and testing times. It corre-
sponds to the extra-functional groups, for instance, hy-
droxyl, amine, amides, ether, acylamino, amino sulfonic
acid, aromatic ring, or carboxyl, forming coordination
bonds with calcium or barium cations. Thereby, interac-
tions of those cations with anions (COs%7, SO4%7, and PO437)
will be inhibited. Meanwhile, different synthesis routes of
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PSI lead to disparity in the scale inhibition performance of
PASP and other modified PSI [31]. The inhibition efficiency
of modified PSI could reach 100% in small concentrations.

The scale types show different inhibition efficiency of
modified PSI, although the experiment is carried out at the
same concentration, temperature, pH, and testing time.
The increase in inhibitor concentration can increase scale
inhibition efficiency. It is related to the presence of more
crystal nucleation barriers in the solution. On the contra-
ry, the increase of calcium/barium ion concentrations will
decrease the efficiency of the inhibitor because collision
probability among calcium or barium ions and CO3>7, SO4>"
, or PO43~ will increase [35].

The performance of scale inhibitors depends on the
supports
decreasing the crystal nucleus's adsorption capacity to

system temperature. Higher temperature
accelerate scale nucleation [53, 54]. Dispersion of scales
will reduce when the temperature is higher than room
temperature [35]. Besides that, the reduction of inhibition
efficiency at higher temperatures is also caused by the
gradual degradation of inhibitor compounds that are not
heat resistant [32]. Thus, the performance of inhibitors
be restricted. However,

polyaspartic acid still has high CaSO, scale inhibition

will tyrosine-sulfamic acid-
efficiency at increased temperatures [38]. This indicates
its resilience toward the temperature effect.

Testing time also influences the scale inhibitor perfor-
mance. It corresponds to the crystal formation, which will
rise over time. Great endurance scale inhibitors have long-
term interaction/bond stability between functional groups
of inhibitor and earth-alkaline ions (Ca2?* or Ba?*) [42].
Scale inhibition of 2,2'-((2-aminoethyl) azanediyl) diacetic
acid toward CaSO,4 could be maintained near 100% at a
range of 1-24 hours [46].

The increase of pH>10 causes a reduction of inhibition
efficiency due to increasing hydroxyl ion concentration in
the solution [55]. Consequently, scales are more easily
deposited [20]. Typically, for the Ca3(PO,4)- scale, polyas-
partic acid/diethylenetriamine graft copolymer's inhibi-
tion efficiency decreases with rising pH. More phosphate
ions are available to form Ca3(PO4). precipitate at higher
PH. H(PO4)?>  and H.(PO4)” are formed at low pH. These
ions can dissolve better in water [32].

In the same concentration and conditions, a combina-
tion of grafted copolymers and Ca?* ions is easier to ad-
sorb on the scale crystal surface than a non-grafted poly-
mer [56]. Adsorbed inhibitors on the scale crystals/crystal
nuclei can enlarge crystal damage resulting the irregular
shapes [32]. Meanwhile, intramolecular hydrogen bonding
in heterocyclic compounds increases the ability of the in-
hibitor to inhibit Ca3z(PO4)- scale formation [32].

4.3. Corrosion and scale inhibitor

Table 3 displayed the performance of OSI and modified PSI
as corrosion and scale inhibitors. Seawater was used as a
testing solution because it contains many ions like Na*, Cl-,
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Ca?*, HCO3~, and SO4*" as corrosive species and triggers of
scale formation. CO.-saturated NaCl solution can also be
applied as an alternative solution. The usability expansion
of this compound is an advantage. Good scale and corro-
sion inhibitors afford high inhibition efficiency to prevent
corrosion reaction and scale formation. OSI and modified
PSI perform better as corrosion and scale inhibitors than
PASP. The increase in concentration generally increases
inhibition efficiency (IE).

Moreover, the inhibition efficiency of several modified
PSI reached 100%.
efficiency decreases with increasing temperature. Mean-

However, the relative inhibition
while, oligosuccinimide has moderate corrosion and scale
inhibition efficiency [29, 41]. OSI is not combined with
other substances to form copolymers or composites. Thus,
no additional functional groups and multiple bonds can
upgrade its performance. However, OSI does not require
advanced modification because it already has good water
solubility. Economically, this inhibitor is more efficient in
the fabricating process.

PASP is the simplest form of modified PSI. The pres-
ence of the carboxylic groups in a PASP molecule acts as
a chelating and dispersing agent for scales [57]. How-
ever, PASP needs modifications to increase its perfor-
mance by adding functional groups such as hydroxyl,
amino, sulfonic, or extra carboxylic groups. Those
groups affect adsorption and the complexation ability of
PSI to Ca?®* ions owing to the abundance of lone pair
electrons. Thereby,
growth will be reduced [31]. Then, modified PSI can
deform the crystal lattice of scale sources. Besides that,
it can fix the utilization of PSI as corrosion and scale
inhibitors at higher temperatures and more extended
contact periods [31, 51]. Meanwhile, the polymerization
time and molecular weight of a PSI/PASP also influence

the nucleation rate of crystal

scale inhibition [58].

Classification of inhibitor type (anodic, cathodic, or
mixed type) is summarized in Table 4. Various types of
inhibitors are based on corrosion potential shifts toward
blank potential. Corrosion potential is determined from
Tafel extrapolation. The increase in polarization curves
slope also increases polarization resistance as well as the
inhibition ability of the inhibitor [45]. PASP was generally
categorized as a mixed-type inhibitor, predominantly as
an anodic inhibitor under certain conditions [44, 59]. As
the anodic inhibitor, the slope anode curve changes signif-
icantly more than the cathode curve.

5. Scale-inhibition mechanism

There are several general stages of scale formation: (1)
formation and pairing of alkaline earth cations and anions
(CO3?7, SO4*7, PO437); (2) formation of micro-aggregates;
(3) nucleation to form microcrystals; (4) crystal growth to
form macro crystals; and (5) incorporation of macrocrys-
tal to form deposits/scales [60].
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Table 3 Performance of OSI and modified PSI as corrosion and scale inhibitors.

REVIEW

s Metal/ all(')y Optimum condition and effi- Optimum condition and
No. Inhibitor name and corrosive . R Scale types .. e3erl. Ref.
media ciency (corrosion inhibition) efficiency (scale inhibition)
Modified PSI - 100 m, YL\.[’e:ghc: }’OCS'S 2 hours;
from PSI, 2- stirrirgl s ’e4ed p 7 pm ’ Seawater
) aminoethanesul- A3 carbon steel }I;E Iz ;0/75 pm, with 14 mg-L™, 80 °C, [44]
fonic acid, and in seawater _P?)? ° calcium IE = 100% 44
aspartic acid - 100 mg-L%; 72 hours; ions
PASP-SEA-ASP ’ ’
(PASP-S SP) IE = 43.98%
Weight loss - CaCO,: 8 mg-L, 80 °C,
- 25 mg-L™; 45 °C; 75 rpm,
10 hours, pH 9,
. 72 hours, IE = 82%
Polyaspartic ac- IE = 92%
. . PDP CaCO;, and
2a id/chitosan graft o o - Ca(PO),:
3 - 30 mg-L; 25 °C, Ca;(PO,). o o
copolymer Carbon steel in IE = 82.57% 8 mg-L™, 80 °C,
3.5% NacCl so- EIS 10 hours, pH 9, [39]
R ~ 800
lution - 30 mg-L?; 25 °C, IE = - IE =~ 89%
. - CaCO;3: 8 mg:-L™, 80 °C,
2b Polyaspartic acid - m Y\I/:.ngt 10055 rpm CaCo,, and 10 hours, pH 9, IE ~ 68%
yasp > 2 lfour,s ISE ~,67c-)50/p ' Cay(PO,)- - Ca(P0O),: 8 mg-L™, 80 °C,
7 P ° 10 hours, pH 9, IE =~ 46%
PDP
. X - 65 type - 250 mg-L™; 25 °C,
Glycine .Of pc?ly carbon steel in IE = 83.1% 125 mg-L™, 90 °C, 24 hours,
3 aspartic acid e CaSo, [33]
(Gly-PASP) artificial EIS IE = 90.2%
y seawater - 250 mg-L™; 25 °C,
IE = 83.8%
Polyaspartic ac- - CaC0;: 1 mg:L7, 80 °C,
- yasp . Weight loss 6-16 hours, IE = 100%
id/2-amino-2- - 24 mg-L; 4541 °C; 75 rpm cacos, - CaSO,: 4 mg-L™, 80 °C
4a methyl-1- Carbon steel &% 5 45t L5 75 TP, CaSO,, and 4* 4 8% ’
ropanol graft 72 hours Ca.(PO,) 6 hours, IE = 100%
P C(f’ o nfer IE = 28% 3Ee2 _ ca(po),: 14 mg-L, 80 °C,
poly 10 hours, IE = 100% [27]
- CaC0O;: 1 mg-L™, 80 °C, 7
Weight loss 6-16 hours, IE = 100%
- 24 mg-L%; 4541 °C; 75 rpm Caco,, - CaSO,: 4 mg-L™, 80 °C
4b Polyaspartic acid Carbon steel g ’ ’ CaSO0,, and & ? ’
72 hours Ca,(PO,) 6 hours, IE ~ 90%
IE = 21% 3\ a2 - Cay(PO),: 14 mg-L7, 80 °C,
10 hours, IE = 30%
PDP
Valine of polyas- - 250 mg-L™; room tem-
. 'p y petaure; 1 hour, IE = 86.94% 125 mg-L™, 90 °C,
5a partic acid (Val-
PASP) EIS 24 hours, IE = 92.3%
. - 250 mg-L™; room tem-
Carbon steel in
petaure; 1 hour, IE = 87.0%
seawater PDP CaSo, [43]
Leucine of poly- - 250 mg:L™; room tem-
. p' y petaure; 1 hour, IE = 88.62% 125 mg-L™, 90 °C, 24 hours,
5b aspartic acid EIS IE = 104
(Leu-PASP) - =94.1%
- 250 mg-L™; room tem-
petaure; 1 hour, IE = 88.69%
Weight loss
Pol i i - L7t ° 2h
olyaspartic acid N80.carb9n. 800 mg-L™*, 60 °C, 72 hours caco,, - Caco,: IE ~ 77.4%
6 grafted - steel in artifi- IE = 68.4% Caso — CaSO.: IE ~ 69 [23]
cyclodextrin cial seawater PDP 4 4t 18~ 94.0%0
- 25 °C; 1 hour, IE = -
Chitosan-acrylic
acid- % NaCl EIS Caco 125 mg-L™, IE = 87.96% [22]
7 polysuccinimide 3-5% - 500 mg-LY, IE = 71.17% 3 5mg-L, 15 = 67.96%
terpolymer
Weight loss
- 100 mg-L™; 35 °C; 48 hours,
. 1IE = 45.379
Carbon steel in I;LDSP37 % - CaCO;: 10 mg-L?, 80 °C,
. c . CO,-Saturated . o, . CaCo,, 24 hours, IE = 73.2% [29,
8 Oligosuccinimide o "\o 01 solu- 92.5 mg-L 25 °C; 30 min, Caso, - CaSO,: 10 mg-L™, 80 °C, 41]
. IE = 62.73%
tion EIS 24 hours, IE = 55.3%

- 92.5 mg-L™; 25 °C;
30 minutes, IE = 62.71%

: not mentioned.
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Stages 1-2 are related to the supersaturation events that
temperature and pressure influence [61]. Nucleation is
marked by the formation of microparticles after random
cation-anion collision [62]. The scale inhibitors in the brine
solution system can interfere with one or more stages of
scale formation. Meanwhile, modified PSI is more amor-
phous than pure PASP [34]. Thus, the crystallinity of scales
reduces with time [38]. In other words, scale crystals tend
to be amorphous. Coordination bonds between calcium ions
(Ca?*) and heteroatoms in functional groups of scale inhibi-
tors induce morphology changes due to defects of micro-
crystalline structures [5]. The functional groups and lone
pair electrons act as adsorption agents on scale crystals to
prevent crystal growth [20].

Furthermore, functional groups with similar charges
cover the microcrystals and create the repulsion phenome-
non between two or more covered microcrystals [52].
Thereby, crystal solubilization is maintained in the brine
solution. Besides that, the change in microcrystal morphol-
ogy changes the shape of the macrocrystal to prevent the
build-up of regular crystalline lattice [60].

6. Adsorption study oligosuccinimide and
modified PSI

The adsorption isotherm describes the interactions of metal
surfaces with OSI and modified PSI as corrosion inhibitors.
Several types of adsorption isotherms, such as Temkin,
Frumkin, and Langmuir adsorption isotherms, are generally
tested to get information about the behavior-suitability of
molecular inhibitors on the metal surface. These isotherms
correlate surface coverage and inhibitor concentration. The
conclusion depends on the linear correlation coefficient
value (close to 100). From this review, oligosuccinimide,
dopamine-modified polyaspartic acid, and cysteamine-
modified polyaspartic acid obeyed Langmuir adsorption
isotherm. It means those modified PSI occupy specific sites,
then form a protective monolayer on the surface area.
Substitution of functional groups in the PSI/PASP also
affects adsorption on the scales and inhibition efficiency
[63].

Furthermore, there are adsorption energy and adsorp-
tion type to clarify the inhibition mechanism of modified
PSI as corrosion inhibitors. Adsorption energy leads to the
ease of inhibitor molecules to adsorb on the metal surface.
A corrosion inhibitor that is readily adsorbed has a more
negative adsorption energy value. This adsorption energy
is usually represented by the standard Gibbs free energy
of the adsorption (AG°as). Then, the adsorption type of
(physisorption, chemisorption, or
physisorption/chemisorption) is determined by a value of
released energy (AG°ads). The chemisorption of an inhibi-

inhibitor semi-

tor to a metal surface depends on the polarity of function-
al groups. These groups provide electron pairs to form
complexes with metal [64].

—  AG°ags < 20 kJ.mol™ is physisorption;
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— 20 < AG®ads < 40 kJ.mol™ is semi chemisorption;
—  AG®ads > 40 kJ.mol™ is chemisorption [65].

7. Biodegradation performance of
modified PSI

According to the Convention for the Protection of the Ma-
rine Environment of the North-East Atlantic, a scale inhib-
itor is categorized as a green scale inhibitor if the biodeg-
radation rate is more than 60% within 28 days [66]. It is
based on the Biochemical Oxygen Demand (BOD) parame-
ter. Not only that, LCso and ECso must be greater than
10 mg-L™ from a toxicity test [1]. Table 5 displays the bio-
degradation performance of three modified PSI. It shows
that polyaspartic acid has a faster biodegradation rate
(>80%). Larger molecules in modified PSI affect this
condition. However, biodegradation rates of modified PSI
are still conform to the international standards for green
corrosion and scale inhibitors.

8. Computational quantum study of
modified PSI

A computational chemistry study of modified PSI was con-
ducted to get the information about their theoretical activ-
ity as corrosion and scale inhibitors. Molecular structure
influences the chemical reactivity of inhibitors. Quantum
chemical calculations are applied to obtain the appropriate
results. Because of huge molecules, a computational chem-
ical method to calculate the parameters of modified PSI
generally is semi-empirical. Another method was carried
out by density functional theory (DFT), for example, for
the cysteamine-modified polyaspartic acid. Important pa-
rameters that specify corrosion inhibition capability are
HOMO and LUMO orbitals energy [67, 68]. These parame-
ters are used to determine theoretical parameters such as
energy gap (AE), hardness (n), electronegativity (x), and
the fraction of transferred electron (AN) from the inhibi-
tor molecules to the metal.

Adsorption of inhibitor molecules to the metal is af-
fected by HOMO and LUMO orbitals [69]. Greater HOMO
and LUMO energies produce greater inhibition efficiency.
Inhibitor molecules are easier to share their lone electron
pair at higher HOMO energy or difficult to accept electron
pair at high LUMO energy [70, 71]. The gap between
LUMO and HOMO is the band gap energy. Reactive inhibi-
tors have a small band gap energy [72]. Then, inhibitor
molecules with smaller band gaps facilitate the excitation
of the electron. Thus, chemical reactions occur quickly.
Modified PSI with aromatic rings has HOMO orbitals that
strongly interact with the metallic orbitals generating
chemical adsorption [73]. The density of nt electrons is easi-
ly submitted from the inhibitor HOMO orbital to the metal
LUMO orbital with electronic delocalization in the aromatic
rings [69]. Electronegativity (x) is related to the conven-
ience of atom/ion/molecule for attracting electrons.
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Table 4 Annotations of adsorption energy, adsorption type, adsorption isotherm, and inhibitor type on modified PSI, including OSI as a

corrosion inhibitor.

No Corrosion inhibitor Adsorptlon.energy and A‘dsorptlon Type of inhibitor Ref.
adsorption type isotherm
Modified polyaspartic acid
derivative (polysuccinimide + . R,
! 2-aminoethanesulfonic + as- Anodic type inhibitor L44]
partic acid
Polyaspartic acid/chitosan - s
2 graft copolymer Anodic type inhibitor [39]
Glycine of polyaspartic acid Mixed-type inhibitor, a predom- [33]
3 (Gly-PASP) inantly anodic inhibitor 33
Valine of polyaspartic acid _ _ Mixed-type inhibitor, a predom-
4 (Val-PASP) inantly anodic inhibitor
; P : P [43]
Leucine of polyaspartic acid B _ Mixed-type inhibitor, a predom-
5 (Leu-PASP) inantly anodic inhibitor
6 Polyaspartic acid/chitosan _ _ Anodic tvpe inhibitor [45]
complex yP 45
. . . Mixed-type inhibitor, a predom-
7 Polyaspartic acid + Zn ion inantly anodic inhibitor [36]
AG®.4s = —34.70 kJ-mol™
at 208 K Langmuir
Cysteamine-modified polyas- AH®,4s =—39.49 kJ-mol™ g . Mixed-type inhibitor, a predom-
8 X X adsorption . PR [3]
partic acid at 298 K . inantly cathodic inhibitor
. . isotherm
Physisorption and
chemisorption
Polyasp:rzllcégz;clr%;afted B- _ _ Mixed-type inhibitor, a predom- [23]
9 4 inantly cathodic inhibitor 3
o - _ . -1
' N AG°aqs = —33.15 kJ-mol Langmuir
Dopamine-modified polyaspar- at 298 K . . C
10 . . X . adsorption Mixed-type inhibitor [40]
tic acid Physisorption and .
. . isotherm
chemisorption
o - _ . -1
AG%as = ~38.73 kJ-mol Langmuir . R
. R at 208 K . Mixed-type inhibitor, a predom-
11 Oligosuccinimide . . adsorption . e ey [29]
Physisorption and . inantly anodic inhibitor
- . isotherm
chemisorption
* - : not mentioned
Table 5 Biodegradation performance of modified PSI.
No Corrosion inhibitor Duration Biodegradation rate Ref.
1a Ring-opening graft modification of polyaspartic acid 28 days 70.0%
1b Polyaspartic acid 28 days 83.0% [34]
2a Polyaspartic acid/2-amino-2-methyl-1-propanol graft copolymer 28 days 65.0%
2
2b Polyaspartic acid 28 days 81.0% [27]
3 Chitosan-acrylic acid-polysuccinimide terpolymer 28 days 72.32% [22]

The reactive inhibitor has low electronegativity be-
cause it tends to donate electrons rather than attract elec-
trons.

Meanwhile, the computational study of modified PSI as
a scale inhibitor was carried out on 2,2'-((2-aminoethyl)
azanediyl)diacetic acid-polyaspartic acid [46]. Their
calculated binding of 2,2'-((2-aminoethyl)
azanediyl)diacetic acid-polyaspartic acid with calcium ion

energy

through a DFT method for observing the chelating ability
of this scale The result demonstrated that
modified PSI has more negative binding energy. Therefore,

inhibitor.
it has a better affinity to calcium ions.

9. Limitations and prospects

PSI is a precursor to other compounds. The synthesizing
method of PSI must consider the number of chemicals,
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energy, time, cost, and environmental safety, because
further modification should be conducted. The molecular
structures of PSI may need to be analyzed not only by IR
spectroscopy but also using NMR spectroscopy. There has
not been much research on the detailed analysis of the PSI
structure, meanwhile it will provide information about the
presence of irregular structures of PSI in the main chains
or end groups that affect corrosion and scale inhibition
efficiency. This analysis also tells us the possibility of
modified PSI structures formed after further modification
of PSI. In this review, modified PSI or OSI has shown good
corrosion and/or scale inhibitor performance in various
testing solutions, concentrations, temperatures, and pH.
However,
performance of modified PSI as a corrosion inhibitor on
other metal types besides steel and other corrosive
solutions. Several modified PSI, either corrosion or scale

there are opportunities for observing the
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inhibitors in Tables 1 and 2, can have double functions like
other modified PSI in Table 3. Biodegradation studies of
modified PSI tend to be scanty.

In contrast, the world's concern for the environment
makes it essential. Hence, green corrosion and scale
inhibitors need a biodegradation study as evidence of
environmental safety. Furthermore, computational studies
about modified PSI compounds as corrosion and/or scale
inhibitors must be conducted. Computational calculations
can theoretically explain the characteristics of those
compounds and model molecular structure to obtain novel
inhibitor compounds.

10. Conclusions

Global environmental pollution obligates researchers to
create green corrosion and scale inhibitors. Utilization of a
compound for these purposes cannot be determined by
inhibition efficiency only, because the environmental im-
pact from its applications should be taken into account.
The biodegradation rate must be considered to ensure a
clean and healthy environment because the use of non-
biodegradable inhibitors will be limited in industrial-scale
applications. The compounds can be classified as good
scale and corrosion inhibitors if the corrosion/scale inhibi-
tion efficiencies are high in experimental and actual condi-
tions. The performance of modified PSI may be developed
for applications in various pH, temperatures, corrosive
solutions, scale types, and exposure times. Computational
calculations of quantum chemistry parameters can be used
as experimental supporting data. This review presented
OSI and modified PSI as scale and corrosion inhibitors.
Even if some compounds do not have maximum perfor-
mance yet, their inhibition efficiencies were quite good.
Hence, the approaches to synthesis and modification of
PSI as corrosion and scale inhibitors should continue to be
developed.

The biodegradation rate can be analyzed from Bio-
chemical Oxygen Demand (BOD) for better specific infor-
mation considering BOD relations to the amount of dis-
solved oxygen required for decomposing organic com-
pounds. Further study may be conducted to investigate the
biodegradation activity of modified PSI. Such experimental
results will be the basis for defining the corrosion and
scale inhibitor safety levels.
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