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Abstract: In this paper, we consider natural and modified polysaccharides for use as active ingredients
in scale deposition inhibitors to prevent the formation of scale in oil production equipment, heat
exchange equipment, and water supply systems. Modified and functionalized polysaccharides with
a strong ability to inhibit the formation of deposits of typical scale, such as carbonates and sulfates of
alkaline earth elements found in technological processes, are described. This review discusses the
mechanisms of the inhibition of crystallization using polysaccharides, and the various methodological
aspects of evaluating their effectiveness are considered. This review also provides information on the
technological application of scale deposition inhibitors based on polysaccharides. Special attention
is paid to the environmental aspect of the use of polysaccharides in industry as scale deposition
inhibitors.

Keywords: inhibitors of scale deposition; antiscalants; polysaccharides; flow assurance; environmentally
friendly inhibitors

1. Introduction

Currently, the formation of deposits of poorly soluble salts from natural and technical
aqueous solutions is a fundamental problem [1–4]. Natural water extracted from oil fields
and process water used in technological systems are complex aqueous solutions that
contain ions of salts of inorganic compounds. Under certain conditions, for example, a
decrease in pressure or an increase in temperature, or when mixing different types of
waters, dissolved ions are able to form poorly soluble salts, which, in turn, form mineral
deposits. These processes are considered as an undesirable phenomenon, since they lead
to the need for the repair and replacement of technological equipment and, accordingly,
significant costs in the production of various products [1–4]. To ensure the scale stability
of aqueous solutions, various inhibitors are used to prevent the crystallization of salts;
they are considered to be the most effective at reducing the formation of scale deposits
on the surface of equipment and, accordingly, can increase the rate of utilization and
save energy. Inhibitors are considered a special class of chemicals that interfere with the
crystallization process, slowing down or stopping the formation of poorly soluble salts in
aqueous systems [1–4].

To date, various types of mineral deposits have been studied [5], and several methods
for their prevention in technological processes based on scale formation inhibitors have
been proposed [6,7]. The main mineral deposits that occur during oil production, in wells,
pipelines, and in heat exchange equipment, are carbonates, sulfates, silicates, and calcium
phosphates [4,8–11].

The problem of inhibiting scale deposits in technological systems is basically similar to
preventing the formation of scale in washing machines; in both cases, similar chemicals are
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used. The inhibitor is added to an aqueous solution, in which it reacts through complexation
with ions capable of forming a scale deposit. Conventional inhibitors of scale formation
are hydrophilic and water-soluble. Scale formation inhibitors can be divided into two
main groups: thermodynamic and kinetic. For example, substances that form complex
or chelated compounds with a scale-forming cation belong to thermodynamic inhibitors.
They are used to prevent deposits of specific salts, such as CaCO3, CaSO4, Fe(II), and Zn(II)
sulfides [6]. The mechanism of action of kinetic inhibitors is usually considered in terms
of stereospecific and nonspecific interactions [12]. The mechanism of inhibition of scale
formation in the most general view can be described using adsorption effects [9,12] or
morphological changes in crystal growth sites [12–14]. The adsorption effects are due to
the fact that the inhibitor molecules occupy the sites of crystal nucleation and growth,
thereby preventing the formation of crystal faces, or the inhibitor adsorption to the surface
of the crystal embryo is considered, while further growth stops. Another mechanism
of inhibition is based on the assumption that an inhibitor is introduced into the crystal
structure while morphological changes in the crystal occur. Depending on the properties of
the inhibitor molecule and the nature of the crystalline formation, it can be adsorbed onto
the crystal lattice, forming complex surfaces. In this case, the crystal growth slows down
significantly [14].

Modern scale formation inhibitors are able to prevent scale formation at a dosage of less
than 30 mg/L. In this respect, polymer nitrogen compounds (polyacrylamide, hydrolyzed
polyacrylamide, etc.), nonpolymer and polymer phosphorus compounds (phosphonates,
aminophosphonates, and polyphosphinocarboxylates), and polycarboxylates (polyacrylate,
copolymers of polyacrylate, and maleic anhydride) are very effective [3,4,12–17].

Approximately 5 × 106 m3/day of oil is produced every day in the world, taking
into account waterlogging and the need to protect equipment from scale deposition for
approximately 10% of the extracted water; the amount of water that needs to be protected
from scale deposition is approximately 106 m3/day. This does not take into account water
that is used in industrial systems and in heat exchange equipment.

Substances used to inhibit scale deposition can participate as nutrients in the process of
eutrophication, which can lead to the mass development of some biological species and the
death of aquatic organisms due to the deoxygenation of water [18]. Accordingly, over the
past few years, industrial requirements for chemical compounds have concerned not only
their effectiveness, but also their safety. The security requirements for these connections are
as follows: they should not have mutagenic or carcinogenic properties and should also be
less dangerous to the environment than the substances that are currently used [19]. Chemi-
cal emissions are strictly controlled through legislation, so it is important to find solutions
that are environmentally friendly. In this regard, a scale deposition inhibitor can be defined
as “green” in accordance with three criteria: nontoxicity, the absence of bioaccumulation,
and rapid biodegradation in the environment [4,20]. In recent years, much attention has
been paid in the literature to the development of new scale deposition inhibitors that are
more environmentally friendly compared with conventional inhibitors [21]. Among the
inhibitors of scale deposition, polysaccharides are perhaps the safest substances that are
used in the industry. Moreover, polysaccharides in living organisms participate in and con-
trol biopolymerization processes [22–28]. This fact allows us to consider polysaccharides
offered by nature as an inexhaustible renewable source for the construction of scale inhibitor
molecules. The history of the use of inhibitors in technological processes began in the mid-
dle of the 19th century. However, the extracts of some plants were used in ancient Rome
to prevent deposits of carbonate scale in aqueducts and canals [29]. In the 1930s, “calgon
glass” (1.1 mol Na2O: 1 mol P2O5) was the first commercially produced scale inhibitor as a
substitute for Na3(PO4)2. In the early 1940s, it was found that inorganic polyphosphates
were effective in inhibiting calcium carbonate precipitation in concentrations of only a
few parts per million doses, far below the stoichiometric quantity. This type of treatment
is known as the threshold treatment. During the early 1950s, most of the focus on scale
control was still on the internal treatment of boilers; in particular, the use of low-molecular
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polyacrylic acid began, which replaced natural tannins and lignins in the conditioning of
boiler water sludge. The decade of the 1960s was marked by significant advances in the
technology of inhibiting the formation of scale. Synthetic dispersants and inhibitors, such
as polyacrylates and polymethacrylates, were used to inhibit scale deposits. The use of
synthetic dispersants has significantly improved the prevention and removal of deposits
caused by iron oxide, hydroxides, calcium phosphate, and silicon dioxide. While inorganic
polyphosphates have been gaining popularity as a type of scale formation inhibitor since
the 1930s, another class of water-softening compounds based on the use of phosphonates in
cooling water recirculation systems, boilers, desalination technologies, and oil well systems
was also developed in the 1960s and 1970s [29].

Tannins, lignin, starch, and plant resin (acacia Catechu) were used as inhibitors [30].
The use of plant extracts is currently considered as a promising method for preventing
scale deposition [31]. Indeed, plant extracts are an interesting alternative source of organic
molecules, mainly polysaccharides, since they are harmless to the environment, can be
easily extracted, and the raw materials for their production are renewable [32,33].

This review summarizes the results of studies on the effect of polysaccharides, when
considered as inhibitors, on the formation of poorly soluble salts from supersaturated
aqueous solutions, and provides information on methods for evaluating the effects of
inhibition. The last few years’ worth of data on promising natural and functionalized
polysaccharides for their use as environmentally friendly scale formation inhibitors in
various fields, such as oil production, energy, water supply, and food industries, are
considered.

2. Composition and Saturation of Formation and Industrial Waters

The sources of water used in technological processes are surface water, underground
water, and marine water. Any water from these sources is characterized by a variety of
parameters, some of which are due to the nature of its genesis [1,34,35]. The most important
parameters are the ionic composition and the number of dissolved gases within the water,
primarily CO2 and H2S. The composition of natural compounds dissolved in water is
determined through the composition of the lithosphere and the prevalence of its individual
constituent elements. The prevalence and content of mineral substances in natural waters
are different, with macro- and microcomponents distinguished among them [36]. Macro-
components determine the chemical type of water, its total mineralization (TDSs—total
dissolved solids), and the name of the total chemical composition. The main macrocompo-
nents are the most common cationic (Ca, Mg, Na, K, and Fe) and anionic (Cl, S, C, Si, and O)
elements. The increase in the mineralization of natural waters occurs due to the appearance
of soluble compounds in solutions. The most mineralized (TDS ≈ 170–360 mg/L) are high-
salinity calcium chloride brines, and the least (TDS < 1 g/L) are sweet calcium bicarbonate
and calcium hydrosilicate waters [34]. Microcomponents are contained in natural water, as
a rule, in insignificant quantities, defined as quantities of milligrams, micrograms, or less in
1 L of water. Ultimately, only a relatively small number of ions are present as the main con-
stituents in almost all natural waters; these are Na+, K+, Ca2+, Mg2+, Sr2+, and Ba2+ cations
and Cl−, CO3

2−, and/or HCO3
– and SO4

2– anions. Acidic natural waters contain Fe2+,
Mn2+, borate, NH4

+, Br−, and I− ions, and Fe3+ surface water. Unusual associates and ionic
complexes are found in highly concentrated mixed salt solutions [37]. Ionic complexes can
be ionic pairs in which the cation retains its hydrate shell unchanged. The bonds between
ions can be formed through an electrostatic interaction or a donor–acceptor mechanism,
forming coordination complexes in which one or more water molecules are bound to a
cation through covalent bonds. Metal ions of s- and d-elements can form many specific
complexes in highly concentrated salt solutions [38]. The structures of aqua-, carbonate-,
sulfate-, and chlorometallic complexes in highly concentrated mixed salt solutions at high
pressures and elevated temperatures have been studied very little, and remain a complex
field of scientific research. For example, when the pressure/temperature changes, depend-
ing on the pH of the solution, carbonate complexes transform into aquocomplexes with the
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increase in pH. Most common ions, including Cl− and SO4
2− ions, form many ion pairs in

high-salt solutions. Trace elements and low concentrations of other elements are mainly
found in concentrated mixed-salt solutions in the form of coordination complexes, such as
[Al(H2O)6]3+ and [Pb(H2O)6]2+, and in the form of soluble silicon complexes. It is also nec-
essary to take into account the numerous associative compounds between Mg2+ and SO4

2−

ions and unstable carbonate complexes, which decompose with decreases in pressure and
oxygen access. In the presence of CO2 in systems with high salinity, well-known patterns of
salt solubility are not applicable and, therefore, often lead to misinterpretation and incorrect
estimates regarding precipitation and the sediments that arise during production processes.
The following ion concentrations are present in natural water [34,39,40]:

>10,000 mg/L Na+, Cl−

100–10,000 mg/L Ca2+, Mg2+, K+, Sr2+, Ba2+, SO4
2−

1–100 mg/L Al3+, Fe2+, Li+, borates, silicates, NH4
+, HCO3

−/CO3
2−

<1 mg/L Zn2+, Hg◦, Be2+, Co2+, Pb2+

Thus, the presence of dissolved salts in natural water forces us to consider it as a
physicochemical system—an electrolyte—in which the properties are determined with
specific interactions between ions, forming a network of hydrogen bonds between water
molecules and the structure of ion aggregation. It has always been assumed that the physi-
cal forces acting between ions and water molecules, as well as between ionic aggregates,
should explain many of their physical and chemical properties. The basic idea representing
the electrolyte as a system in the chemical equilibrium of free ions, ion pairs, and higher
associates belongs to Arrhenius, who introduced the law of acting masses for chemical
equilibrium between free ions and salt molecules. In this case, complete dissociation is
implied in the limit of infinite dilution, and with the increase in the concentration of salts,
a decrease in the degree of dissociation follows. The average size of large ion aggregates
in aqueous solutions increases with an increasing ion concentration, and the largest ag-
gregates can be considered as intermediate states connecting free ions with macroscopic
aggregates, such as solid salts. It is possible to imagine the concept of the critical concen-
tration of ion aggregation (CCA) for various spontaneously collecting systems preceding
crystallization [41]. It was found that the appearance of large ionic clusters in supersatu-
rated CaCO3 solutions is the key to understanding the beginning of mineralization, for
example, in CaCO3 deposits [42].

The process of the deposition of inorganic salts is directly related to a significant over-
saturation of the aquatic environment due to changes in the physicochemical parameters of
oil production systems (temperature, pressure, gas release, concentration of sedimentary
ions, etc.). The chemical composition of natural waters in technological processes, especially
in oil production, constantly changes as oil reserves are developed, which causes diversity
and variability in the composition of scale deposits over time [43–46]. The precipitation of
a solid substance occurs if its concentration in the solution exceeds the limit solubility of
the salt for these conditions. A poorly soluble salt in the solid state is in equilibrium with
scale-forming ions in solution, according to the following equation:

KtmAnn ↔ m·Kt+ + n·An−, (1)

The supersaturation degree of the SR solution can be determined with the following
formula:

SR =
[aKt+ ]

m · [aAn− ]
n

Ksp
(2)

where aKt+ , aAn− - is the activity of the cation and anion, and Ksp is the product of solubility,
depending on the temperature and pressure.
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The tendency of inorganic compounds to form insoluble precipitates can be deter-
mined with the value of SR; if SR > 1, the solution is supersaturated. For convenience, the
saturation index SI can be used:

SI = lg
[aKt+ ][aAn− ]

Ksp
(3)

Accordingly, at SI > 0, salt precipitation is possible, whereas, at SI < 0, precipitation
would not fall out, and the solution is able to additionally dissolve salt.

3. The Main Causes of Scale Deposits Formed in Technological Processes, Their
Compositions, and Their Structures

An increase in the actual concentration of scale-forming ions and an excess of soluble
products can be realized, for example, when mixing waters of different compositions that
are incompatible with one another, as well as when dissolving rocks. A change in thermo-
baric conditions can also lead to a change in the solubility of the salt. In the technological
chain of oil production, the shift in the ionic equilibrium towards sedimentation as a result
of changes in temperature and pressure during the rise and movement of reservoir water is
especially characteristic of the formation of CaCO3 deposits:

Ca2+ + 2HCO3
− ↔ CaCO3↓ + H2O + CO2↑ (4)

It is known that carbon dioxide exists in both free and dissolved forms in reservoir
waters. It can be present in the form of undissociated molecules of carbonic acid, H2CO3,
bicarbonate ions, HCO3

−, and carbonate ions, CO3
2−. In the presence of Ca2+ ions, the

particles CaHCO3
+, CaOH+, and CaCO3 form in solution, with association constants

pKCaHCO+
3

, pKCaOH+ , and pKCaCO3
of 1.26, 1.49, and 3.22, respectively [47,48].

The solubility (−lg(pKsp)) of various crystalline modifications of calcium carbonate
and their hydrated forms is given in Table 1 [49–51]. The solubility of iron and magnesium
carbonates is shown in the same table. The solubility of hydrated forms of CaCO3 is higher
than that of their anhydrous forms of calcite, aragonite, and vaterite [49].

Table 1. Solubility of various forms of CaCO3 and carbonates at 25 ◦C.

CaCO3 Form −lg(pKsp)

Amorphous (monohydrate) 6.4
Ikaite (hexahydrate) 6.62
Vaterite (anhydrous) 7.91

Aragonite (anhydrous) 8.34
Calcite 8.48

Hematite (FeCO3) 10.50
MgCO3 4.67

The solubility of CaCO3 in water, depending on the pH, is shown in Figure 1.
In the presence of Ca2+, Mg2+, and HCO3 ions in reservoir waters at the same time,

unstable soluble calcium and magnesium bicarbonates are formed, the equilibrium content
of which is also maintained by free carbon dioxide.

When oil, gas, and reservoir water move along the borehole, discharge lines, and
collectors, the pressure in them decreases, and the solubility of CO2 in water decreases,
resulting in carbon dioxide being released, while the carbonate equilibrium is disturbed
(Equation (4)). To restore equilibrium, the excess of bicarbonate ions, HCO3

−, is removed
from the system through the transformation of calcium and magnesium bicarbonates into
carbonates that precipitate.



Polymers 2023, 15, 1478 6 of 27
Polymers 2023, 15, x FOR PEER REVIEW 6 of 29 
 

 

 
Figure 1. The calculated and measured solubility of CaCO3 as a function of pH of solution open to 
the atmosphere at room temperature. 

In the presence of Ca2+, Mg2+, and HCO3 ions in reservoir waters at the same time, 
unstable soluble calcium and magnesium bicarbonates are formed, the equilibrium con-
tent of which is also maintained by free carbon dioxide. 

When oil, gas, and reservoir water move along the borehole, discharge lines, and col-
lectors, the pressure in them decreases, and the solubility of CO2 in water decreases, re-
sulting in carbon dioxide being released, while the carbonate equilibrium is disturbed 
(Equation (4)). To restore equilibrium, the excess of bicarbonate ions, HCO3−, is removed 
from the system through the transformation of calcium and magnesium bicarbonates into 
carbonates that precipitate. 

The influence of petroleum components on the process of scale deposition is consid-
ered in [52], in which the authors point to the important role assigned to water-soluble 
petroleum components; in particular, the role of naphthenic acids and their salts in the 
formation of scale deposits. The influence of oil components on the process of scale depo-
sition is reduced to the hydrophobization of salt crystals formed in the flow volume due 
to the adsorption of water-soluble oil components, mainly petroleum acids and their salts. 
The adhesion of scale particles to one another and to the walls of pipes can be explained 
with the hydrophobicity of their surface. A significant part of precipitation contains both 
crystalline salts associated with naphthenic components and adsorbed organic com-
pounds that hydrophobize the crystal surface [52]. 

It has been established that an increase in the number of organic components of oil 
in the solution entails an increase in the rate of sedimentation. Electron microscopic stud-
ies have shown that the main reason for this is the adsorption of organic compounds on 
the surface of scale particles [53]. 

In low-watered wells, a factor affecting scale deposition is the partial evaporation of 
water into the gas phase during the degassing of well products. During the evaporation 
of water, there is a general decrease in the solubility of salts. Salts that are soluble under 
normal conditions, including chlorides of alkaline and alkaline earth metals, such as halite 
[54–57], can pass into the precipitate. 

Summarizing the information discussed in this section, the following main causes of 
scale formation could be identified: 
1. Calcite precipitation occurs when thermobaric conditions change, mainly with a de-

crease in pressure and an increase in temperature. When the pressure decreases, car-
bon dioxide is released from the water, which leads to calcite precipitation. As a re-
sult, carbonates are deposited on the surface of pumping equipment and inside 
pumping and compressor pipes. 

Figure 1. The calculated and measured solubility of CaCO3 as a function of pH of solution open to
the atmosphere at room temperature.

The influence of petroleum components on the process of scale deposition is considered
in [52], in which the authors point to the important role assigned to water-soluble petroleum
components; in particular, the role of naphthenic acids and their salts in the formation of
scale deposits. The influence of oil components on the process of scale deposition is reduced
to the hydrophobization of salt crystals formed in the flow volume due to the adsorption of
water-soluble oil components, mainly petroleum acids and their salts. The adhesion of scale
particles to one another and to the walls of pipes can be explained with the hydrophobicity
of their surface. A significant part of precipitation contains both crystalline salts associated
with naphthenic components and adsorbed organic compounds that hydrophobize the
crystal surface [52].

It has been established that an increase in the number of organic components of oil in
the solution entails an increase in the rate of sedimentation. Electron microscopic studies
have shown that the main reason for this is the adsorption of organic compounds on the
surface of scale particles [53].

In low-watered wells, a factor affecting scale deposition is the partial evaporation of
water into the gas phase during the degassing of well products. During the evaporation of
water, there is a general decrease in the solubility of salts. Salts that are soluble under normal
conditions, including chlorides of alkaline and alkaline earth metals, such as halite [54–57],
can pass into the precipitate.

Summarizing the information discussed in this section, the following main causes of
scale formation could be identified:

1. Calcite precipitation occurs when thermobaric conditions change, mainly with a
decrease in pressure and an increase in temperature. When the pressure decreases,
carbon dioxide is released from the water, which leads to calcite precipitation. As
a result, carbonates are deposited on the surface of pumping equipment and inside
pumping and compressor pipes.

2. The mixing of incompatible waters leads to scale formation. When water containing
calcium, barium, and strontium cations is mixed with water (for example, with sea
water) containing sulfate ions, the poorly soluble minerals barite, celestine, gypsum,
and anhydrite are formed.

Ba2+ (Sr2+, Ca2+) + SO4
2− → BaSO4↓ (SrSO4, CaSO4), (5)

When water containing hydrogen sulfide is mixed with fluids containing iron, zinc, or
lead ions, sulfides are formed as deposits:

Zn2+(Pb2+, Fe2+) + H2S→ ZnS↓(PbS↓, FeS↓) + 2H+ (6)
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Moving through the reservoir during flooding, the injected water tends towards an
equilibrium state with the rock at reservoir pressures and temperatures [36]. With a content
of 0.2% carbonates and 0.4% sulfates in the rock, the equilibrium saturation of water with
these ions occurs after 30 days. This leads to the composition of the extracted water at the
deposit differing from the composition of the injected water, often being supersaturated by
the main scale-forming ions.

3. A significant factor affecting scale deposition in low-watered wells is the partial
evaporation of water into the gas phase during the degassing of borehole products.
In the process of water evaporation, there is a general decrease in the solubility of
salts, and even salts that are well soluble under normal conditions can enter the
precipitate [55–57].

4. One of the reasons for the intensive deposition of calcium carbonate and gypsum
in pumping equipment is the increase in the temperature of the flow of extracted
products due to the friction of the pump impellers and heat transfer from a working
submersible electric motor. An increase in the temperature due to the flow of the
extracted products, depending on the flow rate of the well, occurs by 4–15 ◦C, which
creates conditions for scale deposition on the wheels of the ESP [58].

5. When the well is put into operation after its silencing with scale solutions, intense
scale formation is also possible. The reason for scale formation in this case is the
increase in the concentration of scale-forming ions, decrease in the concentration of
dissolved CO2, and change in the ionic strength of the extracted aqueous solutions.
Favorable conditions for sedimentation can be realized when silencing with solutions
of calcium chloride or other calcium-containing solutions. Sedimentation also occurs
when wells are silenced with a sodium chloride solution, although less intensely [58].

In Table 2, the most typical mineral deposits found in the practice of oil production,
their main crystalline forms, and sources of scale-forming ions are shown.

Table 2. Typical mineral deposits occurring during oil production and on heat exchange equipment.

Sediments Formula Nature and Water
Source Conditions of Formation Basic Crystalline

Form Reference

Calcium
carbonate CaCO3

Reservoir water,
recycled water

Pressure reduction, temperature
increase

Calcite, aragonite,
vaterite [4–6]

Calcium
sulfate CaSO4.nH2O

Formation mineralized
water, natural surface

water, sea water

Mixing of surface water and
underground water with sea
water, temperature increase

Gypsum,
anhydrite,
bassanite

[1–6]

Strontium
sulfate SrSO4

Formation mineralized
water, seawater

Mixing of surface water and
underground water with

seawater
Celestine [2,3]

Iron
carbonate FeCO3

Reservoir water,
seawater, recycled water

supply

High content of dissolved CO2
in water, corrosion of

low-carbon steels
Siderite [59]

Iron oxides,
hydroxides

Fe(OH)3, Fe2O3,
Fe3O4

Surface water Oxygen-rich air-injected water Magnetite,
hematite [7]

Iron sulfide FeS, FeS2

Water with a developed
biocenosis of

sulfate-reducing bacteria

High content of H2S in water,
elevated temperature

Pyrite, marcasite,
mackinawite,

greigite, muscovite
[7]

Sodium
chloride NaCl Formation mineralized

water

Temperature reduction,
processes of degassing, removal

of water in the form of steam,
concentration of solutions

Halite [56]

Scale deposits in oilfield practice, as a rule, are complex multicomponent formations,
and are not monominerals. In addition to the mineral part, scale deposits include organic
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compounds such as asphaltenes, refractory paraffins, resins, bitumen, and sulfur com-
pounds. The content of organic components can reach tens of percent [52]. According to
the structure, the mineral part of scale deposits is represented by micro- and fine-crystalline
sediments, dense layered structures with inclusions of organic components, which depend
on the conditions of the deposits; an example of such deposits is shown in Figure 2.
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The crystalline form of calcium carbonate in scale deposits is mainly represented by
calcite, aragonite, and, to a lesser extent, vaterite [51,60,61], and the formation of a particular
crystal structure strongly depends on the conditions under which crystallization occurs, the
ionic composition of the water, and the impurities present (Figure 3). Thus, in the presence
of diethylenetriaminepentaacetic acid (DTPA) at temperatures above 200 ◦C, the metastable
form of CaCO3—vaterite—is mainly formed when CaCl2 and Na2CO3 solutions are mixed;
at temperatures below 100 ◦C, both calcite and vaterite are formed [62]. It is obvious that
DTPA interferes with the crystallization process by forming different CaCO3 polymopes.
In [63], the rate of the transformation of polymorphic forms of calcium carbonate depending
on temperature was considered, including in the presence of a phosphonate inhibitor. It
was shown that calcite is the dominant form in the polymorph distribution without an
inhibitor, with a crystallization time of less than 10 min at temperatures below 30 ◦C,
calcite transforms into vaterite with the increase in temperature, and aragonite appears
from 40 ◦C. All crystalline forms eventually turn into calcite at any temperature. The
influence of alkaline earth metal ions present in the extracted water on the crystallization of
calcium carbonate is of practical importance for understanding the mechanism of sediment
formation. Thus, the influence of the Mg2+ ion concentration and temperature on the crystal
structure of CaCO3 was shown in [64,65]. It was found that the composition of polymorphic
calcium carbonate formed during precipitation was determined by both the pH value and
the duration of the crystallization process [64]. At t = 80 ◦C in the presence of Mg2+ ions,
the main polymorphic modifications of calcium carbonate were aragonite and magnesian
calcite, and the content of aragonite increased as the duration of the crystallization process
increased. Scanning electron microscopy (SEM) methods have recorded a strong influence
of Mg2+ ions on the structure of CaCO3 crystals, and at certain ratios of [Mg2+]/[Ca2+], it
was possible to achieve the formation of microspheres [65] (Figure 4).
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The effect of sulfate ions on CaCO3 crystallization was investigated in [61,66]. It was
shown that SO4

2− could stabilize the resulting vaterite, mainly formed during the first
minutes of crystallization, at a ratio of SO4

2−/CO3
2− < 1 after 24 h. Calcite is a single

phase in the mixture, but at a ratio of SO4
2−/CO3

2− > 1, vaterite can persist for a long time
(Figure 5).
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It is obvious that in the presence of impurities interacting with crystallizing particles,
their involvement in the crystallization process inevitably occurs. Moreover, impurities
can be added either to increase the crystallization rate, or to inhibit [67] or control crystal
morphology [68,69]. The inclusion of such foreign substances can modify the crystallization
pathways in various ways, such as by (1) changing the arrangement of the atomic and
molecular structures of precursors (crystalline polymorphs) [70], (2) modulating the shape
of crystals [69], and (3) directing and stabilizing the formation of nanoparticles at the
nucleation stage [71], as well as when the crystal reaches large sizes to prevent or promote
aggregation. In the literature, one can find several studies devoted to the study of the effect
of additives on crystallization [72], in which models of crystal growth are proposed with the
assumption that the crystal composition does not change during formation [72]. However,
taking into account more recent studies of various intermediate precursor phases, it can
be expected that additives can interact with them, potentially changing the crystallization
pathways. It is obvious that additives, which can be polymer molecules, change not
only the mechanisms of crystal growth [73,74], but also their thermodynamic state and
crystallization kinetics related to the structure and composition of nucleation precursors
during crystallization. The analysis of complex effects affecting the nucleation and growth
of crystals and the role of additives during crystallization allows us to better understand
the mechanisms of crystallization, clarifying some issues. Among these questions, we
wished to highlight the following: (1) how crystallization occurs along the “nonclassical”
pathway of nucleation controlled by additives [75], (2) how rare and unstable polymorphs
arise during crystallization in the presence of polymers [76,77], and (3) how to control the
final morphology of nanoscale crystals for various applications of interest [77,78].

4. Scale Inhibitors

Inhibitory methods of preventing scale deposition have been given priority in oil-
field practice, water supply, and the protection of heat exchange equipment [1–4,79,80].
Substances that inhibit the crystallization of salts in technological systems can hardly be
considered diverse. The main classes of scale inhibitors are based on their functional groups
and molecular structures. Important classes of compounds include phosphonic acids, sul-
fonates, and carboxylates [15,17,81]. Phosphonates are generally used to inhibit various
carbonate and sulfate deposits of alkaline earth metals. Deprotonated groups of phosphonic
acid have a high affinity for alkaline earth ions [82] and crystal surfaces [83]. Carboxylates
are typically used as scale deposition inhibitors, although to a lesser extent [84].

Anionic polymers—polycarboxylates, for example—based on polyacrylate are widely
used in various water-purification technologies [85]. Most anionic polymers are poly-
electrolytes based on polyacrylate [86]. These can be polyacrylic acid homopolymers,
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copolymers containing a second functional group, such as sulfonate, or terpolymers con-
taining a third functional group, such as phosphonate [87–89] (Figure 6).
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Cationic polymers are specific inhibitors of the formation of silica deposits. Col-
loidal silicon dioxide is a polymer compound consisting of Si-O bonds. Consequently, the
polymer inhibitor should be able to stabilize silicic acid Si(OH)4 or its deprotonated form
Si(OH)3O−, that is, the precursor of silica deposition (Figure 7). Poly(1-vinylimidazole) [90],
polyaminoamide dendrimers with an amine end (PAMAMs) [91–94], poly (acrylamide-co-
diallyldimethylammonium chloride) [95], polyethylene amine (branched and linear) [96,97],
and cationically modified inulin [98] have been shown to slow down the condensation of
silicic acid at dosages of approximately 100 ppm in supersaturated solutions of silicic acid.
It is assumed that the positive charge on the polymer stabilizes the silicate through ionic
interactions in pH ranging from 7.0 to 8.5.

Cationic inulin (CATIN) with varying degrees of substitution (the degree of substi-
tution (DS) is defined as the average number of cationic groups per monomer) stabilizes
colloidal silica particles, preventing the formation of polymer silica molecules (Figure 8),
and the effectiveness of the inhibition of polymerization depends on DS. Therefore, CATIN
DS = 0.22 40 ppm can stabilize 275 ppm silicate, while CATIN DS = 0.86 and 1.28 can stabi-
lize ~340 ppm silicate. It has been noted that increases in the dosage of CATIN have not
lead to increases in efficiency, but, on the contrary, to decreases [98]. If the polymerization
of silicate occurs in the presence of a cationic polymer additive, then a number of compet-
ing reactions occur simultaneously: (1) The polymerization of silicate anions through a
mechanism that involves the attack of a monodeprotonated silicic acid molecule on a fully
protonated silicic acid molecule. In this process, short-lived silicate dimers are formed,
which, in turn, continue to interact with each other, forming colloidal silica particles. (2) The
stabilization of silicate ions of a colloidal particle is due to the cation–anion interaction with
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a cationic polymer molecule (Figure 9). (3) Flocculation between a polycationic polymer
inhibitor and negatively charged particles of colloidal silicon dioxide, which are formed as
a result of the noninhibited polymerization of silicate [97,98]. Neutral polymers, as well as
cationic ones, are able to inhibit silicic acid deposits, but, in this case, the mechanism of
inhibition is different. Functional groups should contain fragments with electronegative
elements (O and N), which are capable of forming hydrogen bonds with the hydroxyl or
silanol groups of silicic acid. Examples of neutral polymers include polyvinylpyrrolidone
(PVP), polyethylene glycol with a different molar mass (PEG), polyethylene oxazoline, and
polyvinylpyridine copolymer with polyethylene glycol methyl ether methacrylate [99–102].
It was found that the stabilization efficiency of silicic acid increased with the increase in
the molecular weight of the PEG polymer, but this phenomenon leveled off at a molecular
weight of ~10,000 Da [100]. It has been shown that with increases in polymer concentra-
tion, the effectiveness of inhibiting the polymerization of silicic acid decreases, but, on the
contrary, with further increases, provokes its polycondensation [102].
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5. Mechanisms of Inhibition of Scale Formation in the Presence of Polysaccharides

The mechanism of inhibition of scale formation through polysaccharides for deposits
commonly found in technological processes is hardly fundamentally different from in-
hibition through polymer compounds, such as polycarboxylates, polysulfonates, or any
other organic additives [75]. The analysis of the results on the morphology of the crys-
tals formed allows us to conclude that polysaccharides, such as carboxymethylinulin
(CMI) [26,103–105], carboxymethylcellulose (SMS), functionalized cellulose [106–111], and
functionalized chitosans [112–114], are involved in all stages of the crystallization process.
It is known that polysaccharides are involved in the process of biomineralization [22];
however, we note that there is no single type of polysaccharide associated with biomin-
erals, but such polysaccharides are mainly hydroxylate, carboxylate, sulfate, or contain
a mixture of these functional fragments. It has been proved that polysaccharides, such
as chitin, hyaluronic acid, and keratan sulfate, play an important role in the processes of
biopolymerization. It has been shown that polysaccharides, mainly consisting of residues
of galacturonic, glucuronic, and mannuronic acids [115,116], are strong inhibitors of CaCO3
deposition [117], and participate in the formation of crystal morphology [118]. Alginates,
linear polysaccharides consisting of monomeric units of mannuronate and guluronate [118],
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can form complexes with the Ca2+ ion and participate in the formation of hydrogels and
in the subsequent formation of calcium carbonate deposits on the cell walls of brown
algae. The predominance of polysaccharides in biominerals is an incentive for in vitro
research to study their effect on the origin and growth of inorganic phases, as well as
to develop methods for creating new hybrid materials, often using calcium carbonate
as a model system based on an understandable mechanism. Moreover, research in the
field of biomineralization is also of practical importance, resulting in new materials for
controlling undesirable scale deposition processes in technological systems. Of course,
an important stage was the study of the mechanism of crystallization in the presence of
polysaccharides. The works [23,75,119] justified the participation of polysaccharides in the
various stages of the formation of an ion cluster: the prenucleation cluster, amorphous
phase, and metastable crystal.

To assess the effect on the crystallization of CaCO3, polysaccharides were used as
model additives (Figure 9), including agar, alginate (Alg), arabinogalactan (Arb), car-
boxymethylcellulose (CMC), dextran (Dex), dextran sulfate (Dex S), esterified pectin (Pec
Es), and heparin (Hep). In aqueous solutions at a pH of less than 9.5, the carboxylic sulfate
dissociated; therefore, polysaccharides, such as alginate, carboxymethyl cellulose, dextran
sulfate, and heparin, were shown to have a negative charge. In this regard, complexation
with Ca2+ could not be ignored. It was found that all polysaccharides with the exception of
Pec Es and Hep stabilized the prenucleation cluster (PNC). Nonionized polymers, such as
arabinogalactan and agar, could also stabilize the ion cluster, while Pec Es, on the contrary,
destabilized the ionic associates in solution. The mechanism of destabilization is not related
only to the polymer charge, but it is also necessary to take into account such properties as
the chain length and the conformation and branching of the polymer. The crystallization-
inhibiting properties are also determined through the time of the formation of ion clusters,
so Arb and Dex S practically did not affect the time of the cluster formation, but all other
polymers increased the time from 1.16 to 1.66, with Hep reaching 4.35 times. It is assumed
that polysaccharides prevent the formation of embryos by stabilizing the colloidal structure
of clusters preceding the formation of embryos [120,121]. An important aspect of the
processes under consideration is the ability of polysaccharides to form complexes with the
Ca2+ ion; however, the nature of complexation can be different. For example, Pec Es and a
number of other polysaccharides are able to form complexes with a single polymer chain
through the electrostatic and donor–acceptor association of poly-D-galacturonate residues,
and by crosslinking two parallel chains along the “egg-box” type [122]. It is obvious that
polysaccharides (particularly CMC) stabilize the liquid phase of the “polymer-induced”
liquid precursor (PILP) of CaCO3 [75] (Figure 10).
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In [126], it was found that degraded guar gel in the composition of liquid waste ob-
tained during hydraulic fracturing entered the reservoir pressure maintenance system. 
Based on the data on the ionic composition of water from various sources entering the 
cluster pumping station and calculations of its stability, it was concluded that guar gel 
with a concentration of 0.05–0.1% at an average molecular weight of (30–40)·103 Da pre-
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anion). The polymer is integrated into the liquid intermediate product, stabilizing its intermediate
states, which can further develop into macroscopic liquid precursors of PILP. The PILP crystal is then
transformed into a crystal complex shape [75].
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6. Polysaccharides as the Basis of Scale Inhibitors

Current trends in environmental protection and rational use require the development
of new highly effective “green” scale inhibitors, the use of which significantly reduces the
negative impact on nature and the production of which is not associated with the use of toxic
reagents [123]. As shown above, polysaccharides influence the crystallization of calcium
scales, in addition to their polymorphic forms, morphology, and particle sizes [22–24],
all of which stimulate research on the creation of new effective and nontoxic “green”
antiscalants to be used in industrial water supply and oilfield reagents as scale deposition
inhibitors [13,16,25,26,124]. In particular, guar gum (GG) (Figure 11) was claimed in a
patent [125] as the basis of scale deposition inhibitors. Three guar polysaccharides with
different molar masses were considered, and it was shown that polymers with an average
molar mass of ≈15,000–30,000 Da at a dosage of 10–25 ppm exhibited the highest inhibitory
efficiency of CaCO3 crystallization. GG with a smaller and with a larger molar mass did not
show inhibitory properties. To obtain the required molar mass of GG, it is recommended
that H2O2 be used.
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In [126], it was found that degraded guar gel in the composition of liquid waste
obtained during hydraulic fracturing entered the reservoir pressure maintenance system.
Based on the data on the ionic composition of water from various sources entering the
cluster pumping station and calculations of its stability, it was concluded that guar gel with
a concentration of 0.05–0.1% at an average molecular weight of (30–40)·103 Da prevented
the precipitation of calcium carbonate in the raw water, with an efficiency of 85–90%. As a
result, despite the high calcite saturation index, calcite deposits were essentially nonexistent
in oil collectors and oil treatment equipment.

Carboxymethylinulin (CMI) and polyaspartate (PA) were considered as reagents in
the process of injecting an inhibitor into the reservoir [127] instead of a commercially
available phosphonate inhibitor based on diethylenetriaminpent (methylene phosphonate)
(DETAPF) (Figure 12). In the conducted filtration experiments simulating the injection
into the reservoir, the results of CMI and PA were quite satisfactory, despite the fact that
DETAPF was still better in terms of the removal time and volumes of protected water.

A detailed study of the mechanism of the inhibition of CaCO3 crystallization through
the use of carboxyinulin was carried out in [26]. Three samples of carboxyinulin, CMI-15,
CMI-20, and CMI-25, were used with varying degrees of substitution of the carboxylate
group in the fruit link—1.5, 2.0, and 2.5, respectively. To describe the inhibitory ability of
CMI, a kinetic method was used in which the inhibition efficiency was described through
Equation (7):

R0

R0 − Ri
=

1
(1− b)

+
1

(1− b)Ka f f
· 1
Ci

(7)

where Kaff = kads/kdes is the equilibrium constant that is established between the crystalline
phase and the inhibitor in the solution, characterizing the affinity of the inhibitor to the
crystal surface; kads is the rate constant of inhibitor adsorption; kdes is the rate constant
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of the desorption rate; R0 and Ri are the rate of growth of the crystalline phase in the
absence and in the presence of the inhibitor, respectively; and b is the factor limiting the
effectiveness of the inhibitor.
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Some of the results obtained in this work are presented in Table 3.

Table 3. Effect of CMI on CaCO3 crystal growth at 25 ◦C ([Ca2+]/[HCO3
−] = 1, SI = 4.8).

Polymer Molar Mass,
Mw, g/mol

Inhibitor
Concentration,
Ci · 109 mol/L

CaCO3 Crystal
Growth Rate, Ri ·
105, mol/(m2.min)

Inhibition
Efficiency, %

Blank - - 9.16 -

CMI-15 3927

10 4.37 52.3
15 2.69 70.6
20 1.97 78.5
25 1.47 84.0

CMI-20 3524

5 5.22 43.0
10 2.59 71.7
15 1.82 80.1
20 0.47 95.0

CMI-25 10,937

2.5 4.59 49.9
5 3.66 60.0
10 1.70 81.4
15 0.50 94.6

The constant Kaff × 107 determined from Equation (7) was equal to 6.68, 7.94, and
32 L/mol for CMI-15, CMI-20, and CMI-25, respectively. Phosphonate inhibitors, such
as oxyethylene diphosphonate and ethylenediaminetetrakismethylene phosphonate, had
slightly lower values of 3.7 × 106 and 1 × 107, respectively.

The higher inhibition efficiency of CMI-25 compared with CMI-15 and CMI-20 was
associated with a higher affinity for CaCO3 crystals. The results of this study indicated
that CMI interacted with Ca2+ ions on the surface of the forming crystal due to carboxyl
groups and due to the size of the macromolecule, making the surface inaccessible for crystal
growth. These results were in good agreement with the results of molecular dynamics
modeling [104].
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Among polysaccharides, active carboxyl groups include, for example, carboxymethyl
cellulose and its sodium salt. The availability, environmental friendliness, thermal stabil-
ity, and biodegradability of Na-carboxymethyl cellulose justify the development of new
directions for its application [128,129].

Na-carboxymethylcellulose is one of the most accessible water-soluble polysaccharides,
in which the carboxymethyl group is bound to the hydroxyl groups of β-(1→4)-D-glucose
monomers [128,129]. NaCMC macromolecules in an aqueous medium have the confor-
mation of elongated tangles, with hypothetically rectilinear sections of 13–18 nm in size
(approximately 25 glucose monomers of cellulose), corresponding to the sizes of the formed
calcium salt nanoparticles [53,128,130]. Carboxymethylcellulose forms sufficiently stable
complexes with the Ca2+ ion, which can reduce the precipitation of calcium salts from
supersaturated aqueous solutions and prevent the formation of insoluble salts [23].

The data obtained using a laser diffraction particle size analyzer on the size distribution
of the formed CaCO3 and CaSO4 crystals showed that in the presence of NaCMC, there
was a decrease in the average crystal size by ~7.4 µm for CaCO3 and by 17.2 µm for CaSO4,
as well as displaying the formation of a narrower interval of their distribution, from 1.50 to
7.52 microns for CaCO3 and from 1.15 to 11.8 µm for CaSO4 (Figures 13 and 14) [110]. The
wider range of CaCO3 particle size distributions in the presence of NaCMC was probably
due to the formation of polysaccharide complexes with CaCO3 crystals [131].
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SEM images of CaCO3 obtained in the presence of NaCMC indicated the polymor-
phism of calcium carbonate (Figure 15). The sample obtained in the absence of polysaccha-
rides contained elongated crystals of aragonite, which was the most thermodynamically
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stable phase under the selected conditions. During the crystallization of calcium carbonate
in the presence of NaCMC, the formation of aragonite was practically nonexistent. Crystals
are irregularly shaped particles with rounded edges. In the presence of a water-soluble
polysaccharide, according to the model of crystallization of calcium carbonate in the pres-
ence of active organic additives, the quantitative and qualitative phase composition of the
resulting calcium carbonate apparently changes [110].
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Figure 15. SEM images of CaCO3 crystals obtained without (a) and in the presence of NaCMC
(b) [110].

The study of NaCMC as an inhibitor of scale deposition through capillary testing at
a temperature of 80 ◦C showed that at a concentration of 30 mg/L, the reagent almost
completely inhibited the processes of scale deposition of CaCO3 and CaSO4, with an effec-
tiveness of ~92–97%. No calcium carbonate crystals were deposited in the capillary during
the passage of mineralized water throughout the experiment. The sedimentation stability
of time-formed CaCO3 and CaSO4 in the aqueous phase was studied at NaCMC concentra-
tions of 10, 20, 30, 50, and 100 mg/L at 80 ◦C. In the absence of NaCMC, a fine suspension
of crystals was formed, which, as a result of aggregation and agglomeration [110], settled,
and the clarification of the solution was observed (Figures 16 and 17). In this case, the
stability index had the highest value of the entire observation period.
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Figure 16. The effect of NaCMC on the process of CaCO3 scale deposition at concentrations of 0 (1),
10 (2), 20 (3), 30 (4), 50 (5), and 100 (6) mg/L at 80 ◦C. TSI is the Turbiscan stability index, and τ is the
time (min) [110].
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At concentrations of NaCMC of more than 10 mg/L, the stability index value de-
creased, indicating an increase in the stability of the dispersed systems of NaCMC-CaCO3
and NaCMC-CaSO4. The formation and precipitation of CaCO3 and CaSO4 crystals did not
occur within three hours, which indicated the high efficiency of NaCMC as a scale inhibitor.
The nature of the interaction between NaCMC and the calcium scale is quite complex.
The main reason for the influence of NaCMC on the crystallization of calcium carbonate
is likely the specific adsorption of NaCMC on the forming surfaces of calcium carbonate
and sulfate, both due to the electrostatic interaction of ionized carboxyl groups with Ca2+

ions located on the crystal surface, and the coordination and hydrogen bonds between
oxygen atoms and OH groups of D-glucose fragments [23,64,75,122]. This interaction leads
to the formation of polymorphic forms without pronounced morphological features and
changes in the size of calcium carbonate particles [132,133]. The data obtained indicated
the prospect of creating new “green” reagents for oil and gas production based on sodium
carboxymethylcellulose scale deposition inhibitors. A capillary test for the effectiveness of
the inhibition of scale deposition showed the following series of activities for functionalized
polysaccharides: NEN-3 < NEN-1 < NEN-2. At a concentration of 10 mg/L of NEN-2
polysaccharide and 30 mg/L of NEN-1 polysaccharide, there was practically no deposition
of calcium carbonate crystals in the capillary when passing mineralized water throughout
the experiment. The results in terms of the size distribution of the formed CaCO3 crystals
under the action of NEN-1, NEN-2, and NEN-3 polysaccharides showed that in the pres-
ence of NEN-1, the average crystal size decreased by 32.2 microns, and there was a wider
interval of their distribution (Figure 18).

SEM images of calcium carbonate obtained in the presence of various polysaccha-
rides indicated the polymorphism of calcium carbonate (Figure 19). Elongated crystals of
aragonite were present in the sample obtained in the absence of polysaccharides. Crystals
formed under the action of NEN-1 polysaccharide could be described as more of a “jewelry
work of art”.

One of the available water-soluble polysaccharides is arabinogalactan, obtained from
larch wood growing in Siberia. The macromolecule of arabinogalactan has a highly
branched structure; its main chain consists of galactose links, and the side chains con-
sist of galactose and arabinose links, as well as uronic acids. Arabinogalactan does not
exhibit acute toxicity at a dose of 5 g/kg and chronic toxicity at a dose of 500 mg/kg per
day, and its physical–chemical properties practically do not change up to 130 ◦C [134].
Due to their unique spheroidal structure in the aqueous medium, arabinogalactan macro-
molecules form complexes when interacting with calcium, magnesium, and barium scale,
and stabilize suspensions of metal nanoparticles.
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Figure 19. SEM images of calcium carbonate (a) and calcium carbonate obtained in the presence of
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The study of arabinogalactan as an inhibitor of scale deposition through capillary
testing at a temperature of 80 ◦C showed that at a concentration of 20 mg/L, the reagent
inhibited the process of scale deposition of CaCO3, and its effectiveness was ~98% [13,135].
The sizes of the CaCO3 crystals formed under the action of arabinogalactan showed that in
its presence, a decrease in the average crystal size by ~12 microns was observed. Electronic
micrographs of CaCO3 in the presence of arabinogalactan indicated the polymorphism of
calcium carbonate. Elongated crystals of aragonite were present in the sample obtained
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in the absence of polysaccharide. During the crystallization of calcium carbonate in the
presence of arabinogalactan, there was a complete absence of aragonite, and a change in the
size and shape of the crystals formed, which were irregularly shaped particles with rounded
edges. This fact was in good agreement with the conclusions regarding the participation
of arabinogalactan in the stages of the prenucleation cluster and the stabilization of the
“polymer-induced” liquid precursor [23,75].

The effect of water-soluble polysaccharides such as dextrans (cationic, anionic, and
nonionic) and soluble starch on the precipitation of calcium carbonate in the model system
was discussed in detail in another article [24]. In the absence of additives, the formation of
metastable phases of vaterite and amorphous calcium carbonate was observed only in the
early stages, whereas, at the end of the process, calcite was formed in the system as the only
solid phase. In the presence of starch in the final precipitate, vaterite was detected, while its
content increased with the increasing starch concentration, probably due to the inhibition
of crystal growth. Noninogenic dextran caused the inhibition of the nucleation of vaterite,
which led to the formation of calcite as a prepossessing solid phase during the entire
deposition process. The size of the calcite crystals obtained in this way decreased with
the increase in the relative molecular weight of neutral dextran. The presence of charged
dextrans, cationic or anionic, caused the inhibition of the deposition process as a whole.
In the case of anionic dextran, inhibition was probably a consequence of its interaction
with Ca2+ ions, while cationic dextran was most likely adsorbed electrostatically on the
negatively charged surface of calcite and vaterite [24]. The effects of the average molar
mass of polysaccharides on the example of branched polysaccharides were considered. The
main chain of dextran molecules consists of glucose links connected with an α-1,6 bond,
with an average mass of 10,000, 40,000, 70,000, and 500,000 Da. The results of the inhibition
of calcium carbonate scale formation showed that the effectiveness decreased with an
increasing molecular polymer weight. The introduction of a sulfo- or phosphogroup into
the dextran molecule led to an increase in solubility and a 99% inhibition efficiency at a
concentration of 5–10 mg/L. It was found that the galactose link increased the inhibitory
properties of polysaccharides [24].

The revealed general principles and patterns allow us to propose solutions claimed in
patents [125,136]. As an inhibitor of the deposition of calcium scale, barium, a product of the
depolymerization of polysaccharides, and carboxyalkyl polysaccharide (Figure 20), with a
molecular weight of approximately 500,000, containing 0.5 to 3.0 carboxyl groups per sugar
fragment, have been proposed, and are used in oil and gas production at concentrations
of 10–20 ppm. Polysaccharides available from aloe have been proposed as inhibitors of
sedimentation [136], and the construction of polysaccharide molecules presupposes the
presence of carboxyl and hydroxyl groups. It is assumed that when these inhibitors are
mixed in the form of 5–50% aqueous solutions with a recoverable water–hydrocarbon
mixture, they react with divalent alkaline-earth ions of the “egg-box” type.
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create an additional burden on the existing ecological balance. From a technological point 
of view, it is important to move towards the development of complex reagents that allow 
for several problems related to managing complications to be solved at once, for example, 
for application in oil production. This approach not only makes it possible to solve tech-
nological problems, but also opens up opportunities to reduce the use of chemical rea-
gents. 
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Figure 20. Structural formula of carboxyalkylpolysaccharide.

Polysaccharides of animal origin, such as chitin, are important biomacromolecules
of invertebrates that can influence the processes of calcium carbonate biomineralization.
Chitin is poorly soluble in aqueous solutions in this regard; hence, water-soluble chitosan
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and its derivatives are used to study its effect on CaCO3 crystallization processes. The
properties of chitosan derivatives as compounds affecting the crystallization of calcium
carbonate were studied in [77,137]. It was shown that the effect of carboxymethylchi-
tosan [77] with a molar mass of 106 was reduced to the modification of CaCO3 crystals due
to complexation with Ca2+ ions in solution and on the crystal surface. The modified chi-
tosan oligomer [137] exhibited good CaCO3 crystallization-inhibiting properties, showing,
under comparable conditions, a higher efficacy than other known inhibitors, such as, for
example, polyaspartate.

7. Conclusions

In recent decades, there have been intense developments in the research field of the
inhibition of the crystallization of carbonate, sulfate, phosphate scale, and silicates, as
well as improvements in their technological applications for managing scale deposition in
industrial water supply processes for use in oil production. In the systematic search for new
inhibitors, the study of crystallization processes in their presence and the substantiation of
inhibition mechanisms makes it possible to create effective reagents, develop new schemes
and application technologies, and determine the limits of the possible effect of inhibitors on
scale deposition in production processes. Of particular note is the trend witnessed in the last
two decades associated with the development of inhibitors that do not create an additional
burden on the existing ecological balance. From a technological point of view, it is important
to move towards the development of complex reagents that allow for several problems
related to managing complications to be solved at once, for example, for application in oil
production. This approach not only makes it possible to solve technological problems, but
also opens up opportunities to reduce the use of chemical reagents.
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53. Mann, S.; Cőlten, H. Higher-Order Organization by Mesoscale Self-Assembly and Transformation of Hybrid Nanostructures.
Angew. Chem. Int. Ed. 2003, 42, 2350–2365. [CrossRef]

54. Kleinitz, W.; Dietzsch, G.; Köhler, M. Halite Scale Formation in Gas-Producing Wells. Chem. Eng. Res. Des. 2003, 81, 352–358.
[CrossRef]

55. Ruan, G.; Liu, Y.; Kan, A.T.; Tomson, M.B.; Zhang, P. Sodium chloride (halite) mineral scale threat assessment and scale inhibitor
evaluation by two common jar test based methods. J. Water Process Eng. 2021, 43, 102241. [CrossRef]

56. Wylde, J.J.; Slayer, J.L. Halite Scale Formation Mechanisms, Removal and Control: A Global Overview of Mechanical, Process and
Chemical Strategies. In Proceedings of the SPE International Symposium on Oilfield Chemistry, The Woodlands, TX, USA, 8–10
April 2013. SPE-164081. [CrossRef]

57. Zhang, Y.; Isaj, E. Halite Envelope for Downhole Salt Deposition Prediction and Management. In Proceedings of the SPE European
Formation Damage Conference and Exhibition, Budapest, Hungary, 3–5 June 2015. [CrossRef]

58. Voloshin, A.; Ragulin, V.; Neviadovskyi, E.; Ganiev, I. Technical and Economic Strategy in the Scale Deposition Management is an
Important Factor in Enhancement the Efficiency of Oil Production. In Proceedings of the SPE Russian Oil and Gas Conference
and Exhibition, Moscow, Russia, 26–28 October 2010. SPE-138066. [CrossRef]

59. Barker, R.; Burkle, D.; Charpentier, T.; Thompson, H.; Nevill, A. A review of iron carbonate (FeCO3) formation in the oil and gas
industry. Corros. Sci. 2018, 58, 226–234. [CrossRef]

60. Morse, J.W.; Arvidson, R.S.; Lüttge, A. Calcium carbonate formation and dissolution. Chem. Rev. 2007, 107, 342–381. [CrossRef]
61. Wagterveld, R.M.; Miedema, M.; Yu, H.; Witkamp, G.J. Polymorphic change from vaterite to aragonite under influence of sulfate:

The “morning star” habit. J. Cryst. Growth 2014, 387, 29–35. [CrossRef]
62. Gopi, S.; Subramanian, V.K.; Palanisamy, K. Aragonite–calcite–vaterite: A temperature influenced sequential polymorphic

transformation of CaCO3 in the presence of DTPA. Mater. Res. Bull. 2013, 48, 1906–1912. [CrossRef]
63. Sawada, K. The mechanisms of crystallization and transformation of calcium carbonates. Pure Appl. Chem. 1997, 69, 921–928.

[CrossRef]
64. Shestak, I.V.; Vorobiev, A.D.; Cherednichenko, D.V.; Vorobyova, E.V.; Laevskaya, E.V.; Astakhova, M.A. Inhibition of Calcium

and Magnesium Carbonate Crystallization with Sodium Polyacrylate. Proc. Natl. Acad. Sci. Belarus Chem. Ser. 2019, 55, 377–384.
[CrossRef]

65. Tang, H.; Yu, J.; Zhao, X.; Ng, H.L.D. Creation of calcite hollow microspheres with attached bundles of aragonite needles. Cryst.
Res. Technol. 2008, 43, 473–478. [CrossRef]

http://doi.org/10.1016/j.apgeochem.2021.104962
http://doi.org/10.1016/C2009-0-21560-1
http://doi.org/10.1126/science.1230915
http://doi.org/10.1016/j.arabjc.2013.02.023
http://doi.org/10.1016/j.desal.2008.12.061
http://doi.org/10.1016/S0264-8172(97)00004-4
http://doi.org/10.1016/0016-7037(82)90056-4
http://doi.org/10.1201/9781420031904
http://doi.org/10.1016/0039-9140(96)01925-X
http://doi.org/10.1016/j.fluid.2012.03.020
http://doi.org/10.1016/bs.podrm.2015.11.003
http://doi.org/10.4043/26524-MS
http://doi.org/10.1002/chin.200331258
http://doi.org/10.1205/02638760360596900
http://doi.org/10.1016/j.jwpe.2021.102241
http://doi.org/10.2118/164081-MS
http://doi.org/10.2118/174206-MS
http://doi.org/10.2118/138066-MS
http://doi.org/10.1016/j.corsci.2018.07.021
http://doi.org/10.1021/cr050358j
http://doi.org/10.1016/j.jcrysgro.2013.10.044
http://doi.org/10.1016/j.materresbull.2013.01.048
http://doi.org/10.1351/pac199769050921
http://doi.org/10.29235/1561-8331-2019-55-3-377-384
http://doi.org/10.1002/crat.200711081


Polymers 2023, 15, 1478 25 of 27

66. Fernandez-Dıaz, L.; Fernandez-Gonzalez, A.; Prieto, M. The role of sulfate groups in controlling CaCO3 polymorphism. Geochim.
Cosmochim. Acta 2010, 74, 6064–6076. [CrossRef]

67. Song, R.; Cölfen, H. Additive controlled crystallization. CrystEngComm 2011, 13, 1249–1276. [CrossRef]
68. Cantaert, B.; Kim, Y.Y.; Ludwig, H.; Nudelman, F.; Sommerdijk, N.A.; Meldrum, F.C. Think positive: Phase separation enables a

positively charged additive to induce dramatic changes in calcium carbonate morphology. Adv. Funct. Mater. 2012, 22, 907–915.
[CrossRef]

69. Meldrum, F.C.; Colfen, H. Controlling mineral morphologies and structures in biological and synthetic systems. Chem. Rev. 2008,
108, 4332–4432. [CrossRef]

70. Lam, R.S.; Charnock, J.M.; Lenniem, A.; Meldrum, F.C. Synthesis dependant structural variations in amorphous calcium carbonate.
CrystEngComm 2007, 9, 1226–1236. [CrossRef]

71. Studart, A.R.; Amstad, E.; Gauckler, L.J. Colloidal stabilization of nanoparticles in concentrated suspensions. Langmuir 2007, 23,
1081–1090. [CrossRef] [PubMed]

72. Sangwal, K. Additives and Crystallization Processes: From Fundamentals to Applications; JWS: Hoboken, NJ, USA, 2007. [CrossRef]
73. Berkovitch-Yellin, Z.; van Mil, J.; Addadi, L.; Idelson, M.; Lahav, M.; Leiserowitz, L. Crystal morphology engineering by

“tailor-made” inhibitors; a new probe to fine intermolecular interactions. J. Am. Chem. Soc. 1985, 107, 3111–3122. [CrossRef]
74. Shtukenberg, A.G.; Ward, M.D.; Kahr, B. Crystal Growth with Macromolecular Additives. Chem. Rev. 2017, 117, 14042–14090.

[CrossRef]
75. Gebauer, D. How can additives control the early stages of mineralisation? Minerals 2018, 8, 179. [CrossRef]
76. Nicoleau, L.; Van Driessche, A.E.; Kellermeier, M. A kinetic analysis of the role of polymers in mineral nucleation. The example of

gypsum. Cem. Concr. Res. 2019, 124, 105837. [CrossRef]
77. Liang, P.; Zhao, Y.; Shen, Q.; Wang, D.; Xu, D. The effect of carboxymethyl chitosan on the precipitation of calcium carbonate. J.

Cryst. Growth 2004, 261, 571–576. [CrossRef]
78. Rodriguez-Navarro, C.; Benning, L.G. Control of crystal nucleation and growth by additives. Elements 2013, 9, 203–209. [CrossRef]
79. Zhang, P.; Kan, A.T.; Tomson, M.B. Oil Field Mineral Scale Control. In Mineral Scales and Deposits; CRC Press: Boca Rator, FL,

USA, 2015.
80. Spinthaki, A.; Demadis, K.D. Chemical Methods for Scaling Control. In Corrosion and Fouling Control in Desalination Industry; Saji,

V.S., Meroufel, A.A., Sorour, A.A., Eds.; Springer: New York, NY, USA; Cham, Switzerland, 2020. [CrossRef]
81. Sevrain, C.M.; Berchel, M.; Couthon, H.; Jaffrès, P.-A. Phosphonic acid: Preparation and applications. Beilstein J. Org. Chem. 2017,

13, 2186–2213. [CrossRef] [PubMed]
82. Deluchat, V.; Serpaud, B.; Alves, E.; Caullet, C.; Bollinger, J.-C. Protonation and complexation constants of phosphonic acids with

cations of environmental interest. Phosphorus Sulfur Silicon Relat. Elem. 1996, 109, 209–212. [CrossRef]
83. Jain, T.; Sanchez, E.; Owens-Bennett, E.; Trussell, R.; Walker, S.; Liu, H. Impacts of antiscalantson the formation of calcium solids:

Implication on scaling potential of desalination concentrate. Environ. Sci. Water Res. Technol. 2019, 5, 1285–1294. [CrossRef]
84. Wada, N.; Yamashita, K.; Umegaki, T. Effects of carboxylic acids on calcite formation in thepresence of Mg2+ ions. J. Colloid

Interface Sci. 1999, 212, 357–364. [CrossRef] [PubMed]
85. Chen, Y.; Zhou, Y.; Yao, Q.; Bu, Y.; Wang, H.; Wu, W.; Sun, W. Preparation of a low-phosphorous terpolymer as a scale, corrosion

inhibitor, and dispersant for ferric oxide. J. Appl. Polym. Sci. 2015, 132, 41447. [CrossRef]
86. Ahmed, S.B.; Tlili, M.M.; Amor, M.B. Influence of a polyacrylate antiscalant on gypsum nucleation and growth. Cryst. Res. Technol.

2008, 43, 935–942. [CrossRef]
87. Carvalho, S.P.; Palermo, L.C.M.; Boak, L.; Sorbie, K.; Lucas, E.F. The influence of terpolymer based on amide, carboxylic and

sulfonic groups on the barium sulphate inhibition. Energy Fuels 2017, 31, 10648–10654. [CrossRef]
88. Amjad, Z.; Koutsoukos, P.G. Evaluation of maleic acid based polymers as scale inhibitors and dispersants for industrial water

applications. Desalination 2014, 335, 55–63. [CrossRef]
89. Senthilmurugan, B.; Ghosh, B.; Kundu, S.; Haroun, M.; Kameshwari, B. Maleic acid based scale inhibitors for calcium sulfate scale

inhibition in high temperature application. J. Petr. Sci. Eng. 2010, 75, 189–195. [CrossRef]
90. Annenkov, V.V.; Danilovtseva, E.N.; Filina, E.A.; Likhoshway, Y.V. Interaction of silicic acid with poly(1-vinylimidazole). J Polym.

Sci. A Polym. Chem. 2006, 44, 820–827. [CrossRef]
91. Neofotistou, E.; Demadis, K.D. Silica scale inhibition by polyaminoamide STARBURST® dendrimers. Colloids Surf. A Physicochem.

Eng. Asp. 2004, 242, 213–216. [CrossRef]
92. Demadis, K.D. A structure/function study of polyaminoamide dendrimers as silica scale growth inhibitors. J. Chem. Technol.

Biotechnol. 2005, 80, 630–640. [CrossRef]
93. Demadis, K.D.; Neofotistou, E. Synergistic effects of combinations of cationic polyaminoamide dendrimers/anionic polyelec-

trolytes on amorphous silica formation: A bioinspired approach. Chem. Mater. 2007, 19, 581–587. [CrossRef]
94. Sun, Y.; Yin, X.; Chen, Z.; Yang, W.; Chen, Y.; Liu, Y.; Zuo, Y.; Li, L. Use of polyaminoamide dendrimers starting from different

core-initial molecules for inhibition of silica scale: Experiment and theory. Colloids Surf. A Physicochem. Eng. Asp. 2021, 613, 126095.
[CrossRef]

95. Stathoulopoulou, A.; Demadis, K.D. Enhancement of silicate solubility by use of “green” additives: Linking green chemistry and
chemical water treatment. Desalination 2008, 224, 223–230. [CrossRef]

http://doi.org/10.1016/j.gca.2010.08.010
http://doi.org/10.1039/c0ce00419g
http://doi.org/10.1002/adfm.201102385
http://doi.org/10.1021/cr8002856
http://doi.org/10.1039/b710895h
http://doi.org/10.1021/la062042s
http://www.ncbi.nlm.nih.gov/pubmed/17241017
http://doi.org/10.1002/9780470517833
http://doi.org/10.1021/ja00297a017
http://doi.org/10.1021/acs.chemrev.7b00285
http://doi.org/10.3390/min8050179
http://doi.org/10.1016/j.cemconres.2019.105837
http://doi.org/10.1016/j.jcrysgro.2003.03.001
http://doi.org/10.2113/gselements.9.3.203
http://doi.org/10.1007/978-3-030-34284-5_15
http://doi.org/10.3762/bjoc.13.219
http://www.ncbi.nlm.nih.gov/pubmed/29114326
http://doi.org/10.1080/10426509608545127
http://doi.org/10.1039/C9EW00351G
http://doi.org/10.1006/jcis.1998.6067
http://www.ncbi.nlm.nih.gov/pubmed/10092366
http://doi.org/10.1002/app.41447
http://doi.org/10.1002/crat.200800066
http://doi.org/10.1021/acs.energyfuels.7b01767
http://doi.org/10.1016/j.desal.2013.12.012
http://doi.org/10.1016/j.petrol.2010.11.002
http://doi.org/10.1002/pola.21190
http://doi.org/10.1016/j.colsurfa.2004.04.067
http://doi.org/10.1002/jctb.1242
http://doi.org/10.1021/cm062370d
http://doi.org/10.1016/j.colsurfa.2020.126095
http://doi.org/10.1016/j.desal.2007.06.007


Polymers 2023, 15, 1478 26 of 27

96. Demadis, K.D.; Stathoulopoulou, A. Multifunctional, Environmentally Friendly Additives for Control of Inorganic Foulants in
Industrial Water and Process Applications. Mater. Perform. 2006, 45, 40–44.

97. Demadis, K.D.; Stathoulopoulou, A. Solubility enhancement of silicate with polyamine/polyammonium cationic macromolecules:
Relevance to silica-laden process waters. Ind. Eng. Chem. Res. 2006, 45, 4436–4440. [CrossRef]

98. Ketsetzi, A.; Stathoulopoulou, A.; Demadis, K.D. Being “green” in chemical water treatment technologies: Issues, challenges and
developments. Desalination 2008, 223, 487–493. [CrossRef]

99. Spinde, K.; Pachis, K.; Antonakaki, I.; Brunner, E.; Demadis, K.D. Influence of polyamines and related macromolecules on silicic
acid polycondensation: Relevance to “soluble silicon pools”? Chem. Mater. 2011, 23, 4676–4687. [CrossRef]

100. Preari, M.; Spinde, K.; Lazic, J.; Brunner, E.; Demadis, K.D. Bioinspired insights into silicic acid stabilization mechanisms: The
dominant role of polyethylene glycol-induced hydrogen bonding. J. Am. Chem. Soc. 2014, 136, 4236–4244. [CrossRef]

101. Neofotistou, E.; Demadis, K.D. Use of antiscalants for mitigation of silica (SiO2) fouling and deposition: Fundamentals and
applications in desalination systems. Desalination 2004, 167, 257–272. [CrossRef]

102. Skordalou, G.; Korey, M.; Youngblood, J.P.; Demadis, K.D. Pleiotropic action of pH-responsive poly(pyridine/PEG) copolymers
in the stabilization of silicic acid or the enhancement of its polycondensation. React. Funct. Polym. 2020, 157, 104775. [CrossRef]

103. Öner, M.; Uysal, U. Synthesis of hydroxyapatite crystals using carboxymethyl inulin for use as a delivery of ibuprofen. Mater. Sci.
Eng. C 2013, 33, 482–489. [CrossRef] [PubMed]

104. Zhang, H.; Luo, X.; Lin, X.; Tang, P.; Lu, X.; Yang, M.; Tang, Y. Biodegradable carboxymethyl inulin as a scale inhibitor for calcite
crystal growth: Molecular level understanding. Desalination 2016, 381, 1–7. [CrossRef]

105. Demadis, K.; Léonard, I. Green Polymeric Additives for Calcium Oxalate Control in Industrial Water and Process Applications.
Mater. Perform. 2011, 50, 40–44.

106. Boels, L.; Witkamp, G.-J. Carboxymethyl Inulin Biopolymers: A Green Alternative for Phosphonate Calcium Carbonate Growth
Inhibitors. Cryst. Growth Des. 2011, 11, 4155–4165. [CrossRef]

107. Zhao, Y.; Xu, Z.; Wang, B.; He, J. Scale inhibition performance of sodium carboxymethyl cellulose on heat transfer surface at
various temperatures: Experiments and molecular dynamics simulation. Int. J. Heat Mass Transf. 2019, 141, 457–463. [CrossRef]

108. Xu, Z.; Zhao, Y.; Wang, J.; Chang, H. Inhibition of calcium carbonate fouling on heat transfer surface using sodium carboxymethyl
cellulose. Appl. Therm. Eng. 2019, 148, 1074–1080. [CrossRef]

109. Xu, Z.; Zhao, Y.; He, J.; Qu, H.; Wang, Y.; Wang, B. Fouling characterization of calcium carbonate on heat transfer surfaces with
sodium carboxymethyl cellulose as an inhibitor. Int. J. Therm. Sci. 2021, 162, 106790. [CrossRef]

110. Fakhreeva, A.V.; Gusakov, V.N.; Voloshin, A.I.; Tomilov, Y.V.; Nifant’ev, N.E.; Dokichev, V.A. Effect of sodium-carboxymethylcellulose
on inhibition of scaling by calcium carbonate and sulfate. Russ. J. Appl. Chem. 2016, 89, 1955–1959. [CrossRef]

111. Yu, W.; Yang, H. Chain architectures of various cellulose-based antiscalants on the inhibition of calcium carbonate scale. Sci. Rep.
2020, 10, 21906. [CrossRef]

112. Demadis, K.D.; Öner, M. Inhibitory effects of “green” additives on the crystal growth of sparingly soluble scale. In Green Chemistry
Research Trends; Pearlman, J.T., Ed.; Nova Science Publishers: New York, NY, USA, 2009; pp. 265–287.

113. Hood, M.A.; Landfester, K.; Muñoz-Espí, R. Chitosan nanoparticles affect polymorph selection in crystallization of calcium
carbonate. Colloids Surf. A Physicochem. Eng. Asp. 2018, 540, 48–52. [CrossRef]

114. Macedo, R.G.M.D.A.; Marques, N.D.N.; Paulucci, L.C.S.; Cunha, J.V.M.; Villetti, M.A.; Castro, B.B.; Balaban, R.D.C. Water-soluble
carboxymethylchitosan as green scale inhibitor in oil wells. Carbohydr. Polym. 2019, 215, 137–142. [CrossRef] [PubMed]

115. Ozaki, N.; Sakuda, S.; Nagasawa, H. A novel highly acidic polysaccharide with inhibitory activity on calcification from the
calcified scale “coccolith” of a coccolithophorid alga, Pleurochrysis haptonemofera. Biochem. Biophys. Res. Commun. 2007, 357,
1172–1176. [CrossRef] [PubMed]

116. Kayano, K.; Shiraiwa, Y. Physiological regulation of coccolith polysaccharide production by phosphate availability in the
coccolithophorid Emiliania huxleyi. Plant Cell Physiol. 2009, 50, 1522–1531. [CrossRef] [PubMed]

117. Ozaki, N.; Okazaki, M.; Kogure, T.; Sakuda, S.; Nagasawa, H. Structural and functional diversity of acidic polysaccharides from
various species of coccolithophorid algae. Thalassas 2004, 20, 59–68.

118. Young, J.R. Biomineralization Within Vesicles: The Calcite of Coccoliths. Rev. Mineral. Geochem. 2003, 54, 189–215. [CrossRef]
119. Van Driessche, A.E.S.; Kellermeier, M.; Benning, L.G.; Gebauer, D. (Eds.) New Perspectives on Mineral Nucleation and Growth;

Springer: New York, NY, USA, 2017. [CrossRef]
120. Gebauer, D.; Colfen, H.; Verch, A.; Antonietti, M. The multiple roles of additives in CaCO3 crystallization: A quantitative case

study. Adv. Mater. 2009, 21, 435–439. [CrossRef]
121. Kellermeier, M.; Gebauer, D.; Melero-García, E.; Drechsler, M.; Talmon, Y.; Kienle, L.; Cölfen, H.; García-Ruiz, J.M.; Kunz, W.

Colloidal stabilization of calcium carbonate prenucleation clusters with silica. Adv. Funct. Mater. 2012, 22, 4301–4311. [CrossRef]
122. Braccini, I.; Perez, S. Molecular Basis of Ca2+ -Induced Gelation in Alginates and Pectins: The Egg-Box Model Revisited.

Biomacromolecules 2001, 2, 1089–1096. [CrossRef]
123. Fraser-Reid, B.O.; Tatsuta, K.; Thiem, J.; Cote, G.L.; Flitsch, S.; Ito, Y.; Kondo, H.; Nishimura, S.I.; Yu, B. (Eds.) Glycoscience.

Chemistry and Chemical Biology; Springer: Berlin/Heidelberg, Germany; New York, NY, USA, 2008; 2874. [CrossRef]
124. Hasson, D.; Shemer, H.; Sher, A. State of the Art of Friendly “Green” Scale Control Inhibitors: A Review Article. Ind. Eng. Chem.

Res. 2011, 50, 7601–7607. [CrossRef]
125. Kesavan, S.; Windsor, E.; Woodward, G.; Decampo, F. Polysaccharide Based Scale Inhibitor. U.S. Patent 8,215,398 B2, 2012.

http://doi.org/10.1021/ie0602254
http://doi.org/10.1016/j.desal.2007.01.230
http://doi.org/10.1021/cm201988g
http://doi.org/10.1021/ja411822s
http://doi.org/10.1016/j.desal.2004.06.135
http://doi.org/10.1016/j.reactfunctpolym.2020.104775
http://doi.org/10.1016/j.msec.2012.09.018
http://www.ncbi.nlm.nih.gov/pubmed/25428099
http://doi.org/10.1016/j.desal.2015.11.029
http://doi.org/10.1021/cg2007183
http://doi.org/10.1016/j.ijheatmasstransfer.2019.06.091
http://doi.org/10.1016/j.applthermaleng.2018.11.088
http://doi.org/10.1016/j.ijthermalsci.2020.106790
http://doi.org/10.1134/S1070427216120053
http://doi.org/10.1038/s41598-020-78408-w
http://doi.org/10.1016/j.colsurfa.2017.12.048
http://doi.org/10.1016/j.carbpol.2019.03.082
http://www.ncbi.nlm.nih.gov/pubmed/30981338
http://doi.org/10.1016/j.bbrc.2007.04.078
http://www.ncbi.nlm.nih.gov/pubmed/17462599
http://doi.org/10.1093/pcp/pcp097
http://www.ncbi.nlm.nih.gov/pubmed/19587028
http://doi.org/10.2113/0540189
http://doi.org/10.1007/978-3-319-45669-0
http://doi.org/10.1002/adma.200801614
http://doi.org/10.1002/adfm.201200953
http://doi.org/10.1021/bm010008g
http://doi.org/10.1134/S0006297909110170
http://doi.org/10.1021/ie200370v


Polymers 2023, 15, 1478 27 of 27

126. Strizhnev, K.V.; Gumerov, R.R.; Alekseev, Y.V.; Sagirova, L.R.; Suleimanov, A.G.; Zuevskly, I.A. Destructed guar gel effect on the
mechanism of formation of calcite deposits in the high-pressure conduits of Southern section of the Priobskoye field. Oil Ind.
2009, 12, 56–58.

127. Baraka-Lokmane, S.; Sorbie, K.S.; Poisson, N.; Lecocq, P. Application of environmentally friendly scale inhibitors in carbonate
core flooding experiments. In Proceedings of the Intenational Symposium of the Society of Core Analyst, Abu Dhabi, United
Arab Emirates, 29 October–2 November 2008; Volume 5, pp. 1–12.

128. Klemm, D.; Schmauder, H.; Heinze, T. Cellulose. In Biopolymers: Biology, Chemistry, Biotechnology, Application, Polysaccharide II; de
Baets, S., Vandamme, E.J., Steinbüchel, A., Eds.; Wiley-VCH: Weinheim, Germany, 2002; Volume 6, pp. 275–319.

129. Batelaan, J.G.; Van Ginkel, C.G.; Balk, F. Carboxymethylcellulose (CMC). In The Handbook of Enviromentale Chemistry 3, Part F;
Hutzinger, O., Ed.; Springer: Baden-Württemberg, Germany, 1992; pp. 329–336.

130. Gebauer, D.; Oliynyk, V.; Salajkova, M.; Sort, J.; Zhou, Q.; Bergstroma, L.; Salazar-Alvarezad, G. A transparent hybrid of
nanocrystalline cellulose and amorphous calcium carbonate nanoparticlest. Nanoscale 2011, 3, 3563. [CrossRef]

131. Fagundes, K.R.S.; Luz, R.C.S.; Fagundes, F.P.; Balaban, R.C. Effect of carboxymethylcellulose on colloidal properties of calcite
suspensions in drilling fluids. Polímeros 2018, 28, 373–379. [CrossRef]

132. Li, W.; Sun, S.; Yu, Q.; Wu, P. Controlling the Morphology of BaCO3 Aggregates by Carboxymethyl Cellulose through Polymer
Induced Needle-Stacking Self-Assembly. Cryst. Growth Des. 2010, 10, 2685–2692. [CrossRef]

133. Fakhreeva, A.V.; Manaure, D.A.; Dokichev, V.A.; Voloshin, A.I.; Telin, A.G.; Tomilov, Y.V.; Nifantiev, N.E. Environmentally safe
oil-field reagents for development and operation of oil-gas deposits. IOP Conf. Ser. Mater. Sci. Eng. 2018, 347, 012029. [CrossRef]

134. Medvedeva, E.; Babkin, V.A.; Ostroukhov, L.A. Arabinogalactan from larch—Properties and usage perspectives (review). Chem.
Plant Raw Mater. 2003, 1, 27–37.

135. Voloshin, A.I.; Gusakov, V.N.; Fakhreeva, A.V.; Dokichev, V.A. Scaling prevention inhibitors in oil production. Oilfield Eng. 2018,
11, 60–72. [CrossRef]

136. Viloria, A.; Castillo, L.; Garcia, J.A.; Biomorgi, J. Aloe Derived Scale Inhibitor. U.S. Patent 7737090 B2, 15 June 2010.
137. Zhang, H.; Cai, Z.; Jin, X.; Sun, D.; Wang, D.; Yang, T.; Zhang, J.; Han, X. Preparation of modified oligochitosan and evaluation of

its scale inhibition and fluorescence properties. J. Appl. Polym. Sci. 2015, 132, 42518. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1039/c1nr10681c
http://doi.org/10.1590/0104-1428.11817
http://doi.org/10.1021/cg100159k
http://doi.org/10.1088/1757-899X/347/1/012029
http://doi.org/10.30713/0207-2351-2018-11-60-72
http://doi.org/10.1002/app.42518

	Introduction 
	Composition and Saturation of Formation and Industrial Waters 
	The Main Causes of Scale Deposits Formed in Technological Processes, Their Compositions, and Their Structures 
	Scale Inhibitors 
	Mechanisms of Inhibition of Scale Formation in the Presence of Polysaccharides 
	Polysaccharides as the Basis of Scale Inhibitors 
	Conclusions 
	References

