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Abstract

Inorganic scale deposits are a major water-related problem encountered in producing oil and gas wells. The harshness of scale
deposits is dependent on the field operating conditions. Scale deposits can vary from mild scaling tendencies to extreme. In
general, the scale deposit will cause a reduction in formation pores, declining productivity and eventually blockage of the
wellbore and hence unexpected downtime if it is allowed to persevere. To overcome this, the productivity of an oil and gas
well is ensured by handling scale deposits via removal or prevention methods. Scale prevention is the best and cost-effective
method for handling scale deposits that ensures production continuity. Inhibition through “threshold” scale inhibitor treat-
ment is the most common method that is proven to prevent or reduce likely deposits. This paper examines the art of synthetic
scale inhibitors, in particular, threshold scale inhibitors in oil and gas production. It discusses the chemistry of those inhibi-
tors, inhibition mechanisms, treatment methods and key properties for their applications. It also highlights the chemistry of
the synthetic routes often used to produce them in the laboratory and/or industry. Finally, it highlights the environmental
concerns for the applicability of threshold scale inhibitors.

Keywords Scale - Threshold scale inhibitor - Squeeze treatment - Inhibition mechanism - Environmental concern -
Environmentally friendly inhibitor

1 Introduction

Salts which are soluble in natural waters, for instance,
sea waters and formation waters, tend to deposit as scales
when the concentrations of such salts exceed their satura-
tion points during processing, treatment or use of the water
(Crabtree et al. 1999; Hart and Rudie 2006; Jamero et al.
2018; Jonathan 2009). Scale formation is typical in aqueous
systems where the systems are saturated with scaling ions
or the concentrations of the scaling ions are raised to exceed
the solubility for a particular salt at operating conditions.
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Typical aqueous systems where scale formation is com-
monly encountered and poses problems during operations
are boiler water, slag cooling water, industrial cooling water
used as a single pass or recycled, and oil well water to men-
tion few (Jamero et al. 2018; Liu et al. 2012b; Olajire 2015).
Concentrations of scaling ions, temperature, pressure, pH
and salinity are the main factors influencing mineral scale
formation in the petroleum industry (Amiri and Moghadasi
2013; Chauhan et al. 2015; Dyer and Graham 2002; Has-
son and Semiat 2006; Kodel et al. 2012; Wildebrand et al.
2007). Changes in these factors will alter the scale solubility
which in turn affects the kinetics and thermodynamics of the
scale formation. The scaling potential influenced by these
factors can be simply or complexly explained. More detailed
information is described elsewhere (Al-Roomi and Hussain
2016; Amiri and Moghadasi 2013; Dyer and Graham 2002;
Moghadasi et al. 2008). Other driving forces for scale forma-
tion are corrosion and dissolved gases such as H,S and CO,
(Kamal et al. 2018); these affect the formation of sulfides
and other scales like carbonates and hydroxides. Also, the
presence of nucleating sites in the brine system and/or on the
surfaces of the equipment where scale crystals have already
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formed influences the scale formation. Moreover, if the brine
system is treated with a scale inhibitor, the effectiveness of
the scale inhibitor also determines the rate and the amount
of scale formation (Hasson et al. 1998).

In general, the scale formation process has been reported
to involve four phases (Al-Roomi and Hussain 2016): aggre-
gation, nucleation, crystal growth, and agglomeration.
Aggregation occurs after the brine system is supersaturated
with scaling ions, cationic and anionic species collide to
form ion pairs in solution and subsequently form micro-
aggregates. The micro-aggregates develop into nucleation
centers for crystallization which lead to the formation of
micro-crystals in the nucleation stage. These micro-crystals
develop into larger micro-crystals and eventually fuse to
form adherent macro-crystals as they agglomerate and/or
absorb to surfaces in crystal growth stage. The agglomera-
tion stage is marked with the growing of macro-crystals into
a scale film on a surface and eventually into a scale deposit
via the adsorption of additional scaling ions from solution.

In oil and gas aqueous systems, Ca>*, Ba>*, and Sr** are
scaling cations often encountered (Garcia et al. 2005; Jona-
than 2009; Kodel et al. 2012; Sorbie and Mackay 2000);
Ca*" ions deposit as calcium carbonate and/or calcium
sulfate, whereas Ba®" and Sr** ions commonly deposit as
barium sulfate and strontium sulfate, respectively. Sulfate
scales are often attributed to mixing of incompatible waters
such as seawater where the sulfate ion concentration is high
and formation water where the concentration(s) of Ca**,
Ba®*, and/or Sr?* ions are/is high (Kodel et al. 2012; Sorbie
and Mackay 2000). For instance, BaSO, is formed when the
seawater sulfate ion concentration is high and is injected
into offshore reservoirs for pressure maintenance where
formation water has a high barium ion concentration. Car-
bonate scale (CaCO;) is generally attributed to the loss of
carbon dioxide gas (CO,) from the water to the hydrocarbon
phase(s) as pressure falls; the process is referred as a self-
scaling (Dyer and Graham 2002). The less common scales
include sulfides and hydroxides of iron which are generally
due to corrosion (Jonathan 2009; Tomson et al. 2003).

The adverse effects posed by scale formation during
operations depend on the type of scale and the nature of the
system in which the scale is formed. In petroleum production
systems, scale deposits generally can coat well systems and
equipment such as rock formation, perforations, production
tubing, pumps, casing, valves, and downhole completion
equipment (Garcia et al. 2005; Jonathan 2009). In so doing,
thereby declined production due to restricted flow assur-
ance (Zhang et al. 2015) caused by the reduction in pores,
equipment downtime, and equipment damage. Also, scale
deposits cause additional costs due to the use of expensive
cleaning chemicals and labor costs associated with cleaning
practices. Moreover, scale deposits reduce heat transfer as an
insulating layer of mineral scale is formed and coated on the

surfaces. Because of these problems, scale formation should
be handled wisely; prevention is better than cure!

Several conventional techniques have been applied to
stop or minimize the likely scale formation in oilfields (Gra-
ham et al. 1998; Olajire 2015; Sorbie et al. 1994; Vetter
1973). All of these have merits and disadvantages during
operations. Application of scale inhibitors is proven to be an
economic and cost-effective approach for combatting scale
deposition in many fields. Until now, many chemicals [nat-
urally occurring (Chaussemier et al. 2015), semisynthetic
(Wang et al. 2017) or synthetic (Issabayev et al. 2018; Liu
et al. 2012a)] have been proposed and successfully tested in
the laboratories and/or in the field as scale inhibitors, and
many of them have even been patented (Amjad and Demadis
2015). Widely available commercial scale inhibitors at pre-
sent include aminotrimethylene phosphonic acid (ATMP),
ethylenediaminetetramethylene phosphonic acid (EDTMP),
diethylenetriaminepentamethylene phosphonic acid (DET-
PMP), bis(hexamethylene) triaminepenta(methylene
phosphonic acid) (BHMT), pentaethylenehexamineoctak-
ismethylene phosphonic acid (PEHOMP), 1-hydroxyethyl-
idene-1,1-diphosphonic acid (HEDP), and phosphino-car-
boxylic acids (PCA) (Laing et al. 2003; Martinod et al. 2008;
Sorbie and Laing 2004; Yang et al. 2017). Others commer-
cial scale inhibitors include polycarboxylate compounds
such as homopolymaleic acid, poly(maleic-co-acrylic) acid,
polyaspartic acid, and polyepoxysuccinic acid (Amjad and
Koutsoukos 2014; Huang et al. 2018; Roweton et al. 1997,
Wang et al. 2018; von Bonin 1983; Fukumoto and Moriyama
1987), to list few.

These inhibitors are customarily introduced into produc-
tion fields where scaling is likely via continuous injection
(Graham et al. 1998) or squeeze techniques. Continuous
injection is preferred and considered to be most effective
in particular for scale inhibitors that adsorb poorly onto the
formation and where the reservoir contains non-carbonate
substrates (Jonathan 2009). Nevertheless, its application is
discouraged by lower availability and the expense of the
facilities. Downhole squeeze (adsorption or precipitation)
treatments are mostly preferred in the field and are widely
practiced (Amjad and Demadis 2015; Crabtree et al. 1999).
Squeeze treatments provide long-lasting inhibition particu-
larly in carbonate reservoirs and are considered as cost-
effective treatments. However, the treatments are ineffective
for non-carbonate reservoirs and may cause formation dam-
age (Graham et al. 1998; Moghadasi et al. 2004). Moreover,
squeeze treatments are non-economic for scale inhibitors
that adsorb poorly to the formation substrate or that whose
salts are easily leached (Rabaioli and Lockhart 1996).

Scale inhibitors may prevent or retard the scaling process
via sequestration of scaling cations or through intermediate
scale formation phases via threshold inhibition, nucleation
inhibition, crystal distortion, and/or dispersion mechanisms
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(Abdel-Aal and Sawada 2003; Crabtree et al. 1999; Issa-
bayev et al. 2018; Sorbie and Laing 2004). Sequestrants such
as EDTA and citric acid retard the scaling process through
chelating/sequestrating the scaling cations (Crabtree et al.
1999). This is costly because the reactions are “stoichiomet-
ric,” (for example, one mole of EDTA chelates two moles
of scaling calcium ions), thereby requiring large amounts of
chelants for effective prevention. A much more cost-effective
chemical treatment is to use a “threshold” scale inhibitor
(Liu et al. 2012b), that is, one which inhibits at a concentra-
tion well below equimolar amounts. Threshold scale inhibi-
tors effectively inhibit mineral scale growth at concentra-
tions of 1000 times less than a balanced stoichiometric ratio
of scaling cations. This paper reviews the state of the art of
synthetic scale inhibitors; it discusses their applicability in
the petroleum industry, the art of oilfield scale treatments,
inhibition mechanisms, synthetic routes, and environmental
concerns on their applications.

2 Scale inhibitors

Relatively low concentrations of water-soluble inorganic and
organic compounds are known to reduce the rate of scale
formation in producing wells in the petroleum industry. A
chemical compound that prevents or retards mineral scale
from forming in brines saturated with a pair of scaling ions
(i.e., cations and anions) by chelating scaling cations and/or
modifying the growing scale crystal is referred as a “scale

Table 1 Scale inhibitor treatment methods

inhibitor.” A scale inhibitor can simply be defined as a chem-
ical substance which, when added in small amounts into the
brine system, reduces or prevents scale from forming. Scale
inhibitors generally contain many similar or different active
functional groups that are capable of bonding (strongly or
weakly) with the scaling cations or the forming nuclei or
the growing crystal (Sorbie and Laing 2004; Tomson et al.
2003), thereby holding them in aqueous solutions. Scale
inhibitors are used in oilfields to control or prevent scale
formation in the production conduit or completion system.
At present, a wide range of naturally occurring or synthetic
or semisynthetic chemicals are known that can be applied
as scale inhibitors. They include inorganic phosphates,
organophosphorus compounds, and organic polymers (Ola-
jire 2015).

2.1 Scale inhibitor treatment methods

The treatment of oil wells with scale inhibitors has been
undertaken by a number of techniques. Continuous injection,
batch treatment, and squeeze treatment (Graham et al. 1998;
Sorbie et al. 1994; Sorbie and Gdanski 2005; Vazquez et al.
20164a) are three main methods which have been applied in
oil well treatments. Squeeze treatment is the predominant
method in the oil and gas industry. The merits and demerits
of each method are summarized in Table 1.

Method Merit

Demerit References

More effective in carbonate reservoirs
Cost-effective method for slowly leach-

Squeeze treatment (adsorp-
tion and precipitation
squeezes)

nate inhibitors

Ensures a long lifetime, inhibition may
be prolonged to 24 months after treat-
ment

Minimizes periodical treatments

Chemical costs and labor requirements
are reduced

More effective for non-carbonate reser-
voirs

More effective for strongly leaching
inhibitors, in particularly polyester-
based inhibitors

Minimized shutdown production

Less time-consuming

Can be done in combination with other
treatments, for example, a mixture of

Continuous injection

scale and corrosion inhibitors, foaming

agents, cleaning agents, etc.

Batch treatment Relative effective

ing inhibitors, in particularly phospho-

Ineffective for non-carbonate reservoirs

Not the best option for strongly leaching
inhibitors

Production stops during treatments

May cause formation damage

Time-consuming, several steps are
involved

Crabtree et al. (1999),
Jonathan (2009) and
Mackay (2005)

Relative more expensive

Ineffective where there is a considerable
inhibitor retention on the rock matrix

Sensitive to inter-well distances, i.€.,
considered to be effective only where
inter-well distances are relatively short

Production stops during treatments
Short lifetimes
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2.1.1 Continuous injection

Continuous injection of chemical inhibitors into injection
wells is one of the methods that have been practiced to pre-
vent scale formation in petroleum producing wells (Graham
et al. 1998). In this method, an aqueous solution of scale
inhibitors is continuously injected through a downhole injec-
tion point in the completion. The scale inhibitor is added at
the point of turbulence to achieve uniform mixing. During
the addition, a constant supply of the scale inhibitor is main-
tained at a controlled rate. The specific inhibitor concentra-
tion needed to inhibit scale formation is closely monitored
giving a very efficient use of the chemical inhibitor.

In fact, the inhibitor will tend to adsorb on the rock matrix
until the absorptive capacity of the rock is reached. The
inhibitor concentration in the solution is lessened before
attainment of adsorptive capacity. The time taken for the
rock matrix to attain its adsorptive capacity is called its
retardation time, at this time the inhibition is ineffective.
The retardation time will depend on injected inhibitor con-
centration, inter-well spacing/distances, rocky matrix type,
the brine chemistry, etc. (Mackay 2005). The retardation
time may increase with an increase in inter-well spacing,
rock inhibitor retention, and with a decrease in inhibitor
concentration; an informative discussion is found elsewhere
(Mackay 2005). Continuous downhole chemical injection
is preferred for scale inhibitors that poorly adsorb to the
formation (Jonathan 2009). The method is considered to be
more effective; however, its application is discouraged by
lower availability and the expense of the necessary facilities.

2.1.2 Batch treatment

In this case, a large quantity of scale inhibitor is added peri-
odically and used for an extended period of time. Large
amounts of inhibitors are pumped into the tubing at the top,
and then the inhibitors are displaced to the bottom of the
tubing with the fluids in the oil well. During batch treat-
ment, the well is closed for a specific time before production
resumes.

2.1.3 Squeeze treatment

The method most often used for delivering inhibiting solu-
tions to the scaling brine is the “squeeze treatment” (Ola-
jire 2015; Sorbie and Gdanski 2005; Vazquez et al. 2016a,
b), which is normally the best option in the case of reser-
voir treatments intended to protect the wellbore. The term
“squeeze treatment” usually means any treatment of an
unfractured producing well performed by injecting a chemi-
cal inhibitor (i.e., corrosion or scale inhibitor) into the well-
bore of the producing well to place the inhibitor into the for-
mation. In a “squeeze treatment,” a scale inhibitor solution

whose concentration is normally between 2.5% and 20%
by weight (Jordan et al. 1995; Kumar et al. 2018) is forced
(hence the “squeeze” name) into the formation through a
producer well hole after a pre-flush. The squeezing process
usually includes over-flushing the treated zone with water.
This moves the chemicals deeper into the formation allowing
further retention on clean rocks. The over-flush stage is fol-
lowed by a shut-in stage which is a soak period that enables
the chemicals to be retained at a higher concentration. After
over-flush and shut-in, the oil well production is resumed
and the entrainment of the inhibitors in the produced water
protects the producing wellbore and downhole equipment
from mineral scale formation (Vazquez et al. 2016a).
Squeezed scale inhibitor is anticipated to be slowly
leached or washed back to the surface of the formation by
the production water at the required minimum concentra-
tion to prevent scale formation both in the well and in the
vicinity of the wellbore, as shown in Fig. 1. The scale inhibi-
tor should leach in such a way that its concentration in the
produced water phase is at or above the minimum inhibition
concentration (MIC) needed to prevent scaling; more specifi-
cally 1-50 ppm (Sorbie et al. 1994; Vazquez et al. 2016a), as
shown in Fig. 2. The scale inhibitor will adsorb on the for-
mation rock, thereby avoiding the washing out of the added
chemical before it has acted as desired. It is preferable if the
chemical inhibitor is positioned far enough into the forma-
tion so that its desorption or other releases will be gradual,
thus keeping the pores and passages for the oil open and/or
the equipment and piping free of corrosion. Depending on
the inhibitor retention and release properties in the forma-
tion, the effect of this treatment may last from 1 month to
about 24 months. For economic reasons, a prolonged period
of protection from scale deposition is obviously preferable.

2.1.3.1 Adsorption and precipitation (phase separation)
squeezes Chemical inhibitor squeeze treatments can be
of two types: either adsorption squeeze or precipitation
squeeze (Andrei and Malandrino 2003; Jordan et al. 1995;
Kan et al. 2005; Khormali et al. 2017; Sutherland and Jor-
dan 2016). In the case of adsorption squeeze, the chemical
inhibitor is intended to adsorb onto the rock by a physico-
chemical process. Adsorption of inhibitors is anticipated to
occur through electrostatic and van der Waals interactions
between the inhibitor and formation minerals. The interac-
tion may be described by adsorption isotherms, which are
associated with the interaction between the scale inhibi-
tor and reservoir rock matrices. The adsorption isotherms
determine an existing equilibrium between the amount of
scale inhibitor adsorbed onto the rock substrate and the
scale inhibitor concentration in the bulk aqueous phase.
The adsorption isotherms are a function of several factors
such as the pH, temperature, rock substrate, brine strength
and composition, molecular weight and the inhibitor type
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(a) Scale inhibitor injection
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(b) Scale inhibitor return after shut-in period

Fig. 1 Schematic representation of the field scale inhibitor squeeze treatment. a The process of injecting chemical inhibitor into the formation. b
The process of returning inhibitor after the shut-in period (after Zhang et al. 2016b)
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as well (Jordan et al. 1995; Sorbie and Gdanski 2005). The
adsorption isotherms for squeeze treatment are commonly
explained in terms of Langmuir and Freundlich isotherms
(Shuler 1993; Sorbie and Gdanski 2005). The retention of
an inhibitor in the formation by the adsorption process is
said to be most effective in sandstone formations (Vazquez
etal. 2016a). Treatment lifetimes can be from 3 to 6 months.

On the other hand, the chemical inhibitor precipitates (or
phase separates) within the pores in the formation onto the

@ Springer
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rock surfaces for a precipitation squeeze (Jordan et al. 1995;
Sorbie and Gdanski 2005; Vazquez et al. 2016a). In this
technique, the scale inhibitor reacts or is reacted to form
an insoluble salt complex which precipitates in the pores in
the formation rock. For instance, phosphonate scale inhibi-
tors can be precipitated as calcium salts. Inhibitors such as
phosphate esters are not suitable because of forming soluble
calcium salts or salt complexes. During squeezing, an acidic
solution of a phosphonate is squeezed down a wellbore into
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a limestone or dolomite-containing reservoir. The acid reacts
with the carbonate from the limestone or dolomite. In so
doing, the acid is neutralized and calcium ions are released
into the solution, thereby reacting with the inhibitor to form
the insoluble salt. The reaction between the scale inhibitor
and calcium ions is illustrated in Fig. 3.

In the reaction above, the inhibitor is precipitated with
polyvalent ions, generally calcium ions. On adjusting the
pH and increasing a calcium ion concentration, precipita-
tion of scale inhibitor takes place within the pore spaces
of the rock. Following precipitation, the well is returned to
production. The precipitation with other ions, such as iron
or chromium, has been proposed. Calcium salts of phospho-
nic acid, phosphino-polycarboxylic acid, polymaleic acid,
polyacrylic acid, and/or copolymeric acid scale inhibitor
are also useful. The precipitation inhibitor is intended to
place more inhibitor per squeeze, and to extend the treat-
ment lifetime (Jordan et al. 1995; Sorbie and Gdanski 2005);
treatment lifetimes generally exceed 1 year. Thus, precipita-
tion squeezes are generally superior to adsorption squeezes.
The common drawback of precipitation squeezes is that the
inhibitor tends to have a limited transport distance inside
the formation, which results in a reduced surface area of the
formation to be treated (Zhang et al. 2016b).

As precipitation squeezes are usually superior to adsorp-
tion squeezes, thus, a chemical inhibitor whose calcium
salt has a very low solubility should be a superior squeeze
chemical. The solubility of the inhibitor salt should desorb
so that the produced inhibitor concentration in the produced
water phase is just above the MIC. In spite of the many chal-
lenges with squeeze treatments, it is one of the most effective
and practical methods applied in many oilfields (Vazquez
et al. 2016a).

2.1.3.2 Squeeze lifetimes The squeeze lifetime is reflected
by the cumulative produced water volume whose inhibitor
concentration is above the MIC. The greater the volume of
cumulative produced water above the MIC the longer the
squeeze lifetime and vice versa. The squeeze lifetime may
depend on several factors including retention/release prop-
erties of the reservoir formation, over-flush volume, amount
of inhibitor and the MIC. A reservoir formation with high
absorptive capacity retains a high amount of inhibitor,
thereby prolonging the squeeze lifetime. A large over-flush
volume is beneficial for optimizing squeeze lifetime. When
a large over-flush volume is used the inhibitor slug is diluted

2H-(Phos) + CaCO; ——3» Ca(Phos) + H,CO;
R from Insoluble
( Scale inhibitor ) ( rock formation ) ( inhibitor salt )

Fig.3 An illustrative equation for precipitation of phosphate scale
inhibitor as the calcium salt

causing deeper penetration of the scale inhibitor. This
makes the reservoir formation retain/absorb more inhibitor.
Moreover, the amount of scale inhibitor deployed and the
MIC influence the squeeze lifetime. More inhibitor will be
retained in the reservoir formation following deployment
of a large amount of inhibitor. The lower MIC helps the
treatment to last longer as it will take time to drop to lower
concentration levels. These factors are discussed in length
elsewhere (Shuler 1993; Vazquez et al. 2016b).

2.1.3.3 Models for squeeze treatments Optimization of
squeezes and enhancement for the squeeze lifetimes at a
minimum cost have been a foremost goal during adsorption
or precipitation squeeze treatments (Vazquez et al. 2013). In
attempts to achieve that many computerized models (from
simple to complex) have been put forward to describe the
squeeze processes. The model developed may incorporate
the adsorption/desorption parameters (i.e., first and second
isotherm, and desorption rate constant) and/or precipitation/
dissolution parameters (i.e., solubility and dissolution rate
constant). In addition, the model can incorporate mechani-
cal transport parameters such as mechanical transport rate
constant, reaction order for the mechanical transport, and the
fraction of precipitated inhibitor subjected to the mechani-
cal transport. Principally, the model may be formulated on
basis of equilibrium and/or kinetic forms, detailed discus-
sion, formulation, and applicability can be found elsewhere
(Malandrino et al. 1995; Shuler 1993; Sorbie and Gdanski
2005; Vazquez et al. 2013).

Criteria for model selection for simulating scale inhibitor
squeeze may rely on the anticipated squeeze mechanism(s),
scale inhibitor type, actual field conditions and the opera-
tional parameters such as shut-in and over-flush volume.
Evaluation of scale inhibitor under reservoir conditions is
often done prior to optimization of squeeze design. Follow-
ing that, the model is used to predict the squeeze lifetime and
to optimize the squeeze design. Proposed squeeze outcomes
may reflect the behavior of scale inhibitor squeeze and the
squeeze lifetime in the actual field. Some models had been
reported to describe the squeeze design poorly as they can-
not integrate all reservoir and operational conditions, and
the changes associated during operation. A general view is
that a good model is one capable of depicting the interaction
between scale inhibitor and rock formation regardless of a
retention mechanism, i.e., adsorption/desorption or precipi-
tation/dissolution (Sorbie and Gdanski 2005), also it should
optimize squeeze treatments and their lifetimes at minimal
costs. Figure 4 shows a representative comparison between
simulated and actual field results, more research work can be
found elsewhere (Jordan et al. 2008; Malandrino et al. 1995;
Vazquez et al. 2016b, 2013).
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Fig.4 A reprehensive of scale inhibitor model simulated and field return concentration match: credit (Vazquez et al. 2016a)

2.1.3.4 Challenges for squeeze treatment One of the major
challenges for downhole squeezing is desorption of the
chemical inhibitor (Przybylinski 1989; Rabaioli and Lock-
hart 1996; Sorbie and Gdanski 2005). When the pressure
applied down the well is reversed, about 30% of the chemi-
cal inhibitor is often immediately flushed from the rock due
to weak retention. Despite the remaining chemical inhibitor
adsorbed onto the rock surface acting to inhibit scale forma-
tion, the inhibitor is gradually washed from the rock surface
as oil production continues until a further descaling treat-
ment is required.

Changes in wettability and permeability of the rock
formation are another challenge facing downhole squeeze
treatment. The aqueous solutions of applied scale inhibitors
tend to change the reservoir wettability. This could result in
a change in water permeability of the rock and could lead
to a so-called water coning effect, wherein a water channel
could over time open up into a water pocket. The well may
then be irreversibly damaged and will never be able to reach
its optimal productivity again (Armenta and Wojtanowicz
2002; Hatzignatiou and Mohamed 1994; Okon et al. 2017).
The precipitated inhibitors can cause clogging of pores or
formation damage (Jordan et al. 1994, 1995; Przybylinski
1989), thus, reducing the permeability of the rock formation
which can cause reduced fluid flow.

Another challenge is that the treatment method may be
less efficient in some regions where hydrocarbon formations
have low permeability, especially horizontal hydrocarbon
well formations (James et al. 2005). Scale inhibitors which
are Newtonian fluids have difficulties reaching into forma-
tions, thus, the squeeze treatment with such fluids is not effi-
cient in these regions and may cause the deposition of scale
which can then block these regions, resulting in decreased
production rates.

Also, precipitation squeeze treatments are less effective
in non-carbonate reservoirs. They have been proven very
successful only in carbonate reservoirs, generally with a
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longer useful life than with conventional adsorption squeeze
treatments. Non-carbonate reservoirs do not offer sufficient
amounts of calcium ions to cause precipitation of scale
inhibitors.

Moreover, squeeze treatments sometimes do not give
ideal scale inhibitor return curves. In most cases, scale inhib-
itors initially desorb to give high concentrations of scale
inhibitors in the produced waters, which are usually much
greater than that required to prevent scale formation. Thus,
the concentration of scale inhibitor tends to decrease until
it eventually falls below MIC. Hence, the oil well is at risk
and needs to have retreated; regular retreatments of the well
are highly discouraged as oil production always needs to be
stopped to allow the treatments to be carried out.

2.1.3.5 Advancements on scale inhibitor treatments As the
conventional techniques met challenges for effectiveness,
many studies were conducted for more advanced techniques
(James et al. 2005; Jordan et al. 1995; Khormali et al. 2017,
Sutherland and Jordan 2016; Vazquez et al. 2012). Thus,
better regarded treatment methods that do not suffer from
the disadvantages that beset conventional techniques were
suggested. In advanced scale treatments, scale inhibitor sys-
tems integrate scale inhibitor and fracture treatments into a
single step, which ensures that the entire well is treated with
scale inhibitor. In this method, a high-efficiency scale inhib-
itor is pumped into the matrix surrounding the fracture face
during leak off. The scale inhibitor is said to adsorb onto the
matrix during pumping until the fracture begins to produce
water. Produced water is anticipated to desorb sufficient
scale inhibitor on passing through the inhibitor-adsorbed
zone so the dissolved inhibitor prevents scale deposition. In
this type of treatment, the scale inhibitor is better placed
than in a conventional squeeze treatment, thereby lowering
scale inhibitor leaching; hence, it reduces the retreatment
cost and improves production.
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In order to achieve an effective scale inhibitor treatment
for a rock formation with low permeability, the use of fully
viscosified scale squeeze fluids has been suggested in order
to optimize the squeeze treatment by allowing the fluid to
reach the low permeability region and the horizontal zones
(James et al. 2005).

Moreover, the use of precipitation squeezes in non-car-
bonate reservoirs is suggested to provide the same extended
life treatment as in carbonate reservoirs. To achieve such
a squeeze in non-carbonate (or sandstone) reservoirs, both
metal ions and scale inhibitor must be included in the
solution placed in the reservoir. The added metal ions are
expected to undergo precipitation reactions with the scale
inhibitor such as phosphonates, thus the scale inhibitor life-
time is increased.

2.2 The key properties of scale inhibitors

For many years, scale inhibitors have been preferred for
downhole treatment for controlling scale deposition (Vet-
ter 1976, 1973). Many factors are usually considered for a
chemical compound to be suitable as a scale inhibitor in the
industry. The main five properties for a compound to suit
as a scale inhibitor for squeeze treatments are as follows
(Graham et al. 1998; Sanders et al. 2014):

1. Compatibility The chemical should be compatible
with the field brines and other chemical additives for
enhanced oil recovery (EOR).

2. Threshold inhibition The chemical should be capable of
inhibiting scale formation at very low concentrations,
typically of the order of 1-50 ppm.

3. Long “squeeze” lifetime The chemical should show
a long return profile from the reservoir (typically
3-12 months) at levels above the required thresh-
old level or MIC. For economic reasons, an effective
“squeeze” treatment chemical scale inhibitor should not
merely be capable of inhibiting scale, but also should
bond strongly with the formation to provide sufficiently
extended return curves. If the scale inhibitor does not
adsorb strongly enough it will all leach out very quickly
and the oil well will require retreatment after a short
time.

4. Thermally stable The chemical should be relatively
thermally stable under working conditions. It should
not undergo thermal degradation under downhole con-
ditions.

5. Corrosion In the petroleum industry, scaling process
rarely occurs in environments where no corrosion exists
(Sanders et al. 2014). Thus, the scale inhibitor should
neither trigger corrosion nor affected by corrosion prod-
ucts. Meanwhile, it should be compatible with the cor-
rosion inhibitors (Spicka et al. 2011).

2.3 Scale inhibition mechanisms

The inhibition mechanism by which a scale inhibitor func-
tions depends on its chemical nature, whether is a chelating
(or sequestering) agent or threshold scale inhibitor. It can
function by one or more mechanisms as described below. A
chemical scale inhibitor can also function as a surface con-
ditioner to preventing scaling. In this way, the tubing walls
or equipment surfaces are conditioned in such a way that the
adherence of crystals onto the walls or surfaces is prevented.

2.3.1 Chelants (sequestrants)

Chelating agents function by sequestration/chelation (bind-
ing cations to form stable water-soluble complexes) on
preventing scale formation. The negative parts of the scale
inhibitor molecules attract the metal cations in the solution,
thereby forming coordinate bonds with the scaling cations
(Fig. 5). In so doing, the cation is prevented from reacting
with scaling anions in the solution; hence, the scaling pro-
cess is prevented. The chelant molecules will bond with as
many scaling cations as possible depending on the stoichio-
metric ratio. The stronger the coordinate bond between the
scaling cation and the negative part of scale inhibitor species
the better the inhibition. Chelants will prevent the scaling
process only for a certain limited level of oversaturation, but
if the equilibrium system is upset the precipitation begins.
Examples of common chelants are ethylenediaminetet-
raacetic acid (EDTA), diethylenetriaminepentaacetic acid

Fig.5 A representation of an EDTA chelating molecule, as presented
by Crabtree et al. (1999)
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(DTPA), citric acid, and gluconic acid. Prevention of scale
formation by using chelating agents is costly. A large amount
of the chemical is needed for successful inhibition as they
function in a stoichiometric manner. Thus, they are usually
applied in the field as chemical dissolvers for removing min-
eral scale deposits (Kumar et al. 2018; Olajire 2015).

2.3.2 Threshold scale inhibitors

Threshold scale inhibitors prevent scale precipitation by
delaying or preventing the mineral crystal nucleation and/
or crystal growth. They prevent or retard the scale deposi-
tion by intervening in one (or more) step(s) of scale for-
mation (i.e., intervening in aggregation, nucleation, crystal
growth and/or agglomeration). They are believed to function
primarily in one or a combination of threshold inhibition,
nucleation inhibition, crystal distortion, and/or dispersion
mechanisms (Abdel-Aal and Sawada 2003; Crabtree et al.
1999; Issabayev et al. 2018). Threshold inhibition refers
to an inhibition mechanism by which a substoichiometric
amount of inhibitor retards the crystal growth or delays the
precipitation. In this mechanism, the scale inhibitor inter-
acts with growing scale crystals; the scale inhibitor acts
as a nucleation center that covers the scale formed in the
aggregate. Thus, active crystal growth sites are blocked and
further crystal growth is stopped.

Nucleation inhibition involves the disruption/redissolving
of the growing nuclei (Sorbie and Laing 2004; Tomson et al.
2003). The inhibitor endothermically adsorbs onto growing
embryo crystals causing their dissolution. In this mecha-
nism, the thermodynamic stability of the formed nuclei
is disrupted in the presence of the chemical scale inhibi-
tor causing dissolution of embryos (Tung et al. 2004). The
chemical inhibitors that function in this mode are termed
as nucleation inhibitors. Organic polymers and phosphino-
polycarboxylic acid (PPCA) scale inhibitors usually function
in this mode (Kumar et al. 2018; Zhang et al. 2016b).

Crystal distortion (or retardation or modification) refers
to the inhibition process whereby the scale inhibitor dis-
torts the orderly growth of scale crystals causing them to be
deformed and physically weak (Benton et al. 1993; Sorbie
and Laing 2004; Tomson et al. 2003; Yuan et al. 1998). In
this mechanism, a scale inhibitor is believed to interfere with
the nucleation process or rate by adsorbing onto the active
sites of scale crystals and distorting crystal morphology.
Thus, the formation of a regular morphology and crystalline
lattice and the buildup of an adherent scale are prevented.
Adsorption of scale inhibitor on the active crystal growth
sites can also slow the kinetics of crystal growth. In order to
be effective, the scale inhibitor should be present during the
nucleation stage of crystal growth. Chemical inhibitors that
function by this mechanism are known as crystal modifiers
(or crystal growth modifiers or crystal-modifying agents)
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(Benton et al. 1993). Examples of threshold scale inhibitors
that mainly function in this mode are phosphonate inhibi-
tors (Jones and Rohl 2005; Laing et al. 2003; Zhang et al.
2016b).

In the dispersion (or anti-agglomeration (Yuan et al.
1998)) mechanism, the negatively charged parts of a scale
inhibitor adsorb onto scale micro-crystals. In so doing, they
impart relatively high ionic charges that separate these par-
ticles and prevent them from agglomerating and settling as
suspended particles. This prevents the crystal from adhering
to a surface and growing into a scale deposit (i.e., particles
are kept suspended in solution) (Hasson et al. 1998). The
chemical inhibitors that function by this mechanism are
known as dispersants. Examples of threshold scale inhibi-
tors that mainly function in this mode are organic polymeric
inhibitors (Zhang et al. 2016b).

2.4 Evaluation of scale inhibitors

Scale inhibitors are customarily evaluated in the laboratory
prior to deployment into an actual field. The evaluation is
aimed at choosing a suitable inhibitor candidate, which will
effectively and economically prevent/retard scaling for an
actual field. Numerous laboratory test methods have been
suggested, Nonetheless, scale precipitation tests (static and
dynamic) and core flood techniques are widely applied for
screening and ranking scale inhibitors in the industry. The
methods generally do not include all the likely kinetic, ther-
modynamic, and hydrodynamic conditions encountered by
the inhibitor in the actual field (Baugh et al. 2012). This
can lead to an impractical inhibition performance in some
circumstances. A more informative discussion regarding the
evaluation of scale inhibitors can be found elsewhere (Gra-
ham et al. 1998; Jordan et al. 1996).

2.4.1 Scale precipitation tests

These test methods are based on scale precipitation from
supersaturated brines. Basically, two chemically incompat-
ible brines (scaling cation-containing and anion-containing)
are combined, resulting in precipitation under specified/vari-
able conditions. One of the brine components (usually scal-
ing anion-containing) is treated with varied inhibitor con-
centrations prior to mixing. In similar protocols, another run
is done in the absence of inhibitor for comparison, and the
inhibition performance is evaluated. The results are useful
in establishing the minimum inhibition concentration (MIC)
of the inhibitor and providing information regarding the
inhibitor’s thermal stability (Jordan et al. 1996). The tests
may provide information regarding inhibition mechanisms
in addition to other techniques such as scanning electron
microscopy (SEM) and X-ray powder diffraction (XRD).
Depending on the experimental conditions employed, the
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method is differentiated into static or dynamic tests (Azizi
et al. 2018).

Static scale precipitation test: This involves mixing up
two chemically incompatible brines, giving a higher super-
saturation index under static conditions. It is also known
as “static bottle test” or “static inhibition efficiency test.”
Synthetic brines, sometimes actual brines from the field,
are mixed at defined proportions and pH values in the pres-
ence and absence of inhibitor. Mixed test brines are usually
incubated at a constant temperature for definite time inter-
vals (customarily no longer than 24 h). The supernatants are
analyzed after the definite time intervals, and the inhibitor’s
effectiveness is determined by its ability to retain scaling
ions in solution compared to untreated brines. Many meth-
ods have been employed for analyzing ions in the super-
natants: titrimetric, spectrometry, calorimetric, electrical
conductivity (Azizi et al. 2018), light scattering (Sousa and
Bertran 2014), pH measurement techniques (Sousa et al.
2016) and the like. Concurrently, a considerable number of
protocols is known for carrying out the static bottle test. The
NACE Standard Testing Methods (TM0374 and TMO0197)
and Chinese Petroleum Industry Standard SY/T 5673-1993
are among notable protocols for static bottle tests in the
industry.

The static bottle test gives information about inhibitor’s
effectiveness and thermal stability in preventing general
scale formation in the bulk phase and/or bottle surfaces.
The results may be used to predict inhibition mechanisms in
assistance with other techniques. The method is predominant
for preliminary evaluation because it is a quick test, cost-
effective (as it does not require costly equipment), and does
not necessarily require an expert to run (Baugh et al. 2012).
Unfortunately, the method is less accurate for water with
very high concentrations of scaling ions and can present
less reproducible results (typically for carbonate scales due
to inappropriate pressure control). Moreover, the bottle tests
cannot exceed a testing temperature of about 95 °C (Jordan
et al. 1996).

Dynamic scale precipitation test It is sometimes called
“dynamic tube blocking test.” Under this method, the scaling
cation-containing and anion-containing brines are pumped
separately at a specified temperature and pressure, allowing
brines to mix and flow via a coiled capillary tube. Princi-
pally, any scale deposition in the test coil will decrease the
bore size of the coil, causing an increased pumping pressure,
which is detected by a differential pressure transmitter. The
differential pressure will increase with an increase in the
scale deposit reaching to a point where the system is judged
to be blocked, causing the apparatus to automatically shut
down. The length of time taken for the coil to block in the
presence and absence of the scale inhibitor is noted and used
for determining the inhibitor’s effectiveness.

Unlike the static bottle tests, the dynamic tube blocking
test gives information about inhibitor’s effectiveness in pre-
venting scale buildup in a capillary tube using a flowing
system. The method allows variations in thermodynamic
and hydrodynamic test conditions and can be conducted in
the presence of dissolved gases such as CO, (Graham et al.
1998; Jordan et al. 1996). The method widely used in the
industry as it presents an advantage of reflecting field con-
ditions and better accounting for the adherence of scale to
pipework. Nevertheless, the method is more expensive and
more complex, requiring an expert to run.

2.4.2 Core flood

Unlike scale precipitation tests, core flood tests are aimed
at evaluating the performance of scale inhibitors in the res-
ervoir substrate (Graham et al. 2001). They provide infor-
mation about the potential formation damage due to scale
inhibitor treatment (Azizi et al. 2018; Khormali et al. 2018).
In combination with tube blocking tests, the results are use-
ful for prediction of potential return lifetimes under the test
conditions. Tests can be performed from simple core flood-
ing at simple conditions to full reservoir conditions includ-
ing crude oil depending on the equipment design used. The
tests provide vital data for optimizing scale inhibitor deploy-
ment; however, they are expensive.

3 Threshold scale inhibitors (TSIs)

A wide range of oilfield scale inhibitors nowadays are syn-
thetic (man-made) chemical inhibitors and usually “thresh-
old” scale inhibitors. In contrast to chelants, “threshold”
scale inhibitors interact chemically with crystal nucleation
sites and substantially reduce crystal growth rates (Abdel-
Aal and Sawada 2003; Crabtree et al. 1999; Gao et al. 2015;
Li et al. 2016; Sorbie and Laing 2004; Vazquez et al. 2016a).
They are cost-effective because they can effectively prevent
scale formation at low concentrations (i.e., non-stoichiomet-
ric), usually on the order of 1000 times less than a balanced
stoichiometric ratio.

3.1 Classes of TSIs

Although a wide variety of mineral scale inhibiting chemi-
cals is known at present, the threshold scale inhibitors most
commonly used in oil well treatments are phosphorous-
containing compounds, polycarboxylates or sulfonated
compounds. They can be classified into three groups; inor-
ganic phosphates, organophosphorus, and organic polymers
(Abdel-Aal and Sawada 2003; Amjad et al. 2014; Gao et al.
2015; Issabayev et al. 2018; Olajire 2015; Wang et al. 2018).
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3.1.1 Inorganic phosphates

The inorganic phosphate scale inhibitors which have been
in use for many years are polyphosphates (Issabayev et al.
2018; King 1947), usually condensation polymers of
orthophosphates. They are known in the petroleum indus-
try as both scale and corrosion inhibitors (Abd-El-Khalek
and Abd-El-Nabey 2013; Cohen 1946; Moudgil et al. 2009).
The two commercially available phosphate scale inhibitors
are sodium triphosphate and sodium hexametaphosphate
(Fig. 6), and the frequent dosage is about 2-5 mg/L and
1-5 mg/L (Abd-El-Khalek and Abd-El-Nabey 2013), respec-
tively. The maximum dosage usually is about 5 ppm due to
limited solubility in brines. When the dosage is higher there
is re-precipitation of polyphosphates instead of producing
better inhibition effects.

Polyphosphates are very effective scale inhibitors; how-
ever, their application can be limited by low solubility
and lower thermal stabilities than the phosphonate scale

Fig.6 Structures of sodium
triphosphate and sodium hex-
ametaphosphate
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inhibitors (Issabayev et al. 2018; Wang et al. 2017). Their
inhibitory properties are significantly affected by rising tem-
perature. Also, they hydrolyze into orthophosphates with
the formation of insoluble calcium salts (Wang et al. 2017;
Zhang et al. 2010). Despite their limitations, polyphosphates
are advantageous in that they can inhibit corrosion by form-
ing a protective layer on the surface of the metal under cer-
tain conditions.

3.1.2 Organophosphorus

This includes all forms of phosphorous-containing organic
scale inhibitors. They can be organic phosphonates (i.e.,
organophosphates) or organic phosphate esters. Organic
phosphonates include organic phosphonic acids and the salts
thereof; and can be nitrogen-containing organic phospho-
nates (i.e., amino-alkylene phosphonates), Fig. 7. The com-
monly commercially available organic phosphonate scale
inhibitors include amino-alkylene phosphonic compounds
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Fig.7 Chemical structures of commercial organic phosphonate scale inhibitors
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(Moudgil et al. 2009; Sorbie and Laing 2004; Zhang et al.
2010) such as aminotrimethylene phosphonic acid (ATMP),
ethylenediaminetetramethylene phosphonic acid (EDTMP),
diethylenetriaminepentamethylene phosphonic acid (DET-
PMP), and pentaethylenehexamineoctakismethylene phos-
phonic acid (PEHOMP) to mention few. Other phosphonates
are non-nitrogen-containing phosphonic compounds such as
1-hydroxyethylidene-1,1-diphosphonic acid (HEDP) (Amjad
et al. 2014; Yang et al. 2017), polymeric compounds from
vinylphosphonic acid, for example, polyvinyl phosphonic
acid (PPA). Moreover, phosphonate scale inhibitors also
include phosphino-carboxylic acids (PCA) (Martinod et al.
2008; Sorbie and Laing 2004) such as poly(phosphino-
acrylic acid) (PPCA), as well as sulfonated phosphino-
carboxylic acid (SPOCA) and their derivatives. Apart from
organic phosphate, organophosphorus scale inhibitors can be
organic phosphate ester compounds (El Dahan and Hegazy
2000; Valiakhmetova et al. 2017).

Organic phosphonate scale inhibitors are advantageous
in that they do not easily hydrolyze and can tolerate a wide
range of temperatures, being thermally stable to 250 °F
(121.1 °C) but can go higher in the absence of oxygen. They
are low dosage (usually used at a dosage of 1-5 mg/L) and
corrosion inhibitors as well (Browning and Fogler 1996).
Most of them are good squeeze inhibitors as they have
good adsorbance to the rock giving a longer squeeze life-
time. They have a high tolerance for calcium ions, thus are
considered to be CaCO; and CaSO, scale inhibitors (Zhang
et al. 2010). Despite those advantages, their applications are
limited to environmental implications (Wang et al. 2014) and
usually are relatively expensive due to the costly methods
used to synthesize them. Also, in high calcium ion concen-
trations phosphonates react stoichiometrically with the cal-
cium ions and form insoluble Ca—phosphonate precipitates
which can be as detrimental as other scales (Browning and
Fogler 1996; Zhang et al. 2010, 2016c¢). Nevertheless, phos-
phino-carboxylic acid and its modified types are potentially
used as multifunctional inhibitors and they have advantages
over unifunctional inhibitors in performance, dispersancy,
thermal stability and environmental acceptability (Martinod
et al. 2008).

COOH

o COOH

Polymaleic anhydride Polymaleic acid

3.1.3 Organic polymers

These include polycarboxylic acids and their derivatives
that can be their salts or esters with low alcohols, usually
lower alcohols such as methanol or ethanol. The well-known
organic polymer scale inhibitors are polymers of maleic
anhydride (or maleic acid) (Amjad and Koutsoukos 2014;
von Bonin 1983; Fukumoto and Moriyama 1987) and acrylic
acid (or methacrylic acid) (Rabaioli and Lockhart 1996;
Reddy and Hoch 2001; Wang et al. 2018) and their deriva-
tives. Maleic anhydride (or maleic acid) and acrylic acid (or
methacrylic acid) can be homopolymerized to give poly-
maleic anhydride (or polymaleic acid) and polyacrylic acid
(or polymethacrylic acid), respectively, as shown in Fig. 8.

It had been found that copolymers are more effective than
homopolymers, thus, in most cases, they are copolymerized
(sometimes terpolymerized) with other monomers such
as acrylamide, vinyl sulfonic acid, sulfonated styrene, and
itaconic acid (Masler and Amjad 1988; Wang et al. 2018);
example in Fig. 9.

Other organic polymeric compounds which are useful in
the oil and gas industry for scale prevention are polymers of
epoxycarboxylic acids and that of amino acids. Polyepoxy-
succinic acid (Huang et al. 2018; Sun et al. 2009) and pol-
yaspartic acid (Liu et al. 2012a; Roweton et al. 1997; Yang
et al. 2017), Fig. 10, and their derivatives are often used
for scale prevention. Recent studies have been on polycar-
boxylate esters (Popuri et al. 2014; Zhao et al. 2016), and
well-known polycarboxylate esters including polycitric ester
(Popuri et al. 2014; Zhao et al. 2016). Polycarboxylate esters
are often less effective when applied alone and are thermally
less stable, limiting their applicability as scale inhibitors.

Like organophosphorus scale inhibitors, organic poly-
meric scale inhibitors have shown excellent properties in
delaying, reducing and/or preventing scale deposition in oil
and gas production (Amjad and Koutsoukos 2014; Liu et al.
2012a). Organic polymeric scale inhibitors are advantageous
in that they are “green” scale inhibitors; their application
does not severely damage the environment (Liu et al. 2017,
Yang et al. 2017). Also, they have excellent solubility allow-
ing them to be superior in preventing scale deposition for

COOH COOH

Polyacrylic acid Polymethacrylic acid

Fig. 8 Homopolymeric structures for maleic anhydride, maleic acid, acrylic acid, and methacrylic acid
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Fig.9 Structures for copolymeric scale inhibitors
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highly saline environments. There is still an advantage for
organic polymeric scale inhibitors in that they are relatively
cheap; their synthetic routes are usually economic.

3.1.4 Blending scale inhibitors

In some cases two different classes of inhibitors can be
blended together usually giving a synergistic effect, better
inhibition effect than a single inhibitor, such inhibitors are
referred to as blended scale inhibitors. For example, organic
polymers and phosphonate inhibitors can be blended together
to offer synergistic behavior (Shaw and Sorbie 2014). The
reason for the resulted synergistic behavior is predicted to be
that different inhibitor classes act via different mechanisms;
thus, the combination of these mechanisms results in better
inhibition (Kumar et al. 2018; Shaw and Sorbie 2014). Shaw
and Sorbie (Shaw and Sorbie 2014) researched synergetic
properties due to blends of phosphonate and polymeric scale
inhibitors. According to their study, only 5 (out of 34) scale
inhibitor blends showed detrimental inhibition properties;
most of the blends showed synergistically enhanced inhibi-
tion efficiencies. For an enhanced synergistic inhibition, the
inhibitor concentration in the blend should not fall below
the minimum inhibitor concentration of either component.
Enhanced synergistic inhibition is achievable when a scale
inhibitor blend of an equal ratio is used; nevertheless, it is
contrary in some cases (Khormali et al. 2018). Moreover,
the scale inhibitor blends whose components exhibit dif-
ferent inhibition mechanisms usually show synergistically
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enhanced inhibition efficiencies because of multiple inhibi-
tion mechanisms.

3.2 Common synthetic routes

Every class of scale inhibitors described above has its own
method(s) of synthesis which can be simple or complex.
Synthetic methods may differ depending on the precur-
sors used for synthesis within the same class of inhibitors.
Here, common laboratory (or industrial) synthetic methods
are included just for review; the methods described are for
widely applied scale inhibitors in each class.

3.2.1 Inorganic phosphates

The representative inorganic scale inhibitors to be dis-
cussed here is triphosphate inorganic salts; archetypically
sodium triphosphate (STP) sometimes referred to sodium
tripolyphosphate (STPP). Triphosphate salts are usually
produced simply by heating a stoichiometric mixture of
phosphate salts: di- and mono-metallic phosphate salts.
When such a mixture is heated at elevated temperatures,
usually about 250-600 °C (Ficner et al. 1981; King 1947)
for sufficient time; the phosphate salts thermally condense
into STP or STPP. For instance, sodium triphosphate is
produced when a stoichiometric mixture of disodium phos-
phate, (Na,HPO,), and monosodium phosphate, (NaH,PO,)
is heated at elevated temperatures. One molecule of mono-
sodium phosphate is thought to react with two molecules of
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disodium phosphate producing triphosphate with the libera-
tion of two water molecules.

There are two consecutive steps for the reaction generat-
ing the targeted product. In the first step, disodium phosphate
reacts with monosodium phosphate generating diphosphate
as an intermediate with the liberation of one water molecule.
In the subsequent step, another disodium phosphate reacts
with the generated intermediate forming the product (sodium
triphosphate) with the liberation of another water molecule.
The overall reaction is simply represented as:

A
2Na,HPO, + NaH,PO,— NasP,0,, + 2H,0

It is possible for the intermediate to react with monoso-
dium phosphate forming triphosphate which is capable of
undergoing further reaction producing polymeric phosphate.
Thus, the term tripolyphosphate is preferred over triphos-
phate, hence, sodium triphosphate and sodium tripolyphos-
phate are interchangeably used.

In the industrial process, the mixture of mono- and diso-
dium phosphate is often obtained by reacting a calculated
amount of soda ash (Na,CO;) or caustic soda (NaOH) with
phosphoric acid (Ficner et al. 1981; Kearns 1969; Lawrence
1984). When sodium carbonate reacts with phosphoric acid
at a 2.5:3 mole ratio, it gives a salt mixture containing the
monosodium phosphate and disodium phosphate having a
1:2 mol ratio. If caustic soda is used, the equivalent mono-
sodium phosphate and disodium phosphate in a mole ratio
of 1:2 is obtained when caustic soda and phosphoric acid
reacts in a ratio of 5:3. In all reactions involving the forma-
tion of monosodium phosphate and disodium phosphate; the
desired mole ratio for reacting phosphate salts is achieved

>N—H + HCOH + H3;PO; S

5/,Na,CO, + 3H;PO, — 2Na,HPO,
+ NaH,PO, + 5/,CO, + 3/,H,0
or
5NaOH + 3H;PO, — 2Na,HPO,
+ NaH,PO, + 5H,0
The phosphate salt mixture is further heated at elevated tem-

peratures as described before to produce tripolyphosphate
salts.

3.2.2 Organophosphorus compounds

Organophosphorus compounds widely used as scale
inhibitors are amino-alkylene phosphonic compounds.
The synthetic route for those compounds, in particular
EDTMP, is described as an example. Also, preparation of
poly(phosphino-carboxylic) acid and its modified types is
highlighted.

3.2.2.1 Amino-alkylene phosphonic acids Amino-alkylene
phosphonic acids share common synthetic methods. The
method of producing amino-alkylene phosphonic acids has
been extensively discussed. They are widely produced in
industry or the laboratory by reacting a nitrogen-containing
compound such as amine or ammonia/ammonium salt or
amide, methanal (formaldehyde) and a phosphorous(III) con-
taining compound such as phosphorus trihalide, phosphorous
acid or phosphorus oxides (Issabayev et al. 2018). In those
processes, the nitrogen-containing compound such as the
amine reacts first with formaldehyde generating an interme-
diate which then reacts with phosphorous acid with the appli-
cation of heat. The reaction can be generally represented as:

AN
_N—CH,PO3H, + H,0

when sodium and phosphorous for starting materials are in
a mole ratio of 1.67:1 or 5:3 (Lawrence 1984), the reactions
are as follows.

H,N
\/\NH2 + 4HCOH + 4H;PO, Lo HOPHC o~ N

In particular EDTMP, as an example of the said acids,
is prepared by reacting ethylenediamine with formaldehyde
and phosphorous acid at a temperature of about 110 °C.
When such mixture is refluxed at about 110 °C often for
about 3 h, EDTMP is formed. The reaction proceeding is
represented as:

$H2PO3H2

+ 4H,0
SCH,PO;H, 2

I
CH,PO;H,

EDTMP
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The above reaction results in the formation of a mixed
product, i.e., a mixture of amino- alkylene phosphonic acids
if the reagents are not supplied in balanced stoichiometric
ratios. To overcome this, the use of excess phosphorous acid
may result in the formation of purer products. Phosphorous
acid can be replaced with inexpensive phosphorous trichlo-
ride or a mixture of phosphorous acid and phosphorous
trichloride in the process of producing the said acids. Moreo-
ver, phosphorous oxides such as tetraphosphorous hexaoxide
have been used to replace phosphorous acid. These oxides
hydrolyze in an aqueous reaction medium containing a
homogeneous Bronsted acid giving phosphorous acid.

3.2.2.2 Poly(phosphino-carboxylic) acids Poly(phosphine-
carboxylic) acid and its modified types are synthesized via
free radical polymerization of unsaturated organic carboxy-
lates with hypophosphorous compounds/acid (Richardson
et al. 1987; Wang et al. 2014). The reaction is normally car-
ried out in an inert solvent under specific reaction condi-
tions and in the presence of a suitable initiator (free radi-
cal generating species). Richardson et al. (1987) patented
and disclosed in the US Patent 4681686 the production of
these compounds. They prepared the compounds by polym-
erizing unsaturated carboxylates and acrylamide-based
monomers with hypophosphite salt. Inert solvents proposed
are water, ethanol or dioxane. Suggested initiators include
bisazoisobutyronitrile, organic peroxides such as benzoyl
peroxide, methyl ethyl ketone peroxide, ditertiary butyl per-
oxide, monobutyl hydroperoxide, and oxidizing agents such
as hydrogen peroxide, sodium perborate, sodium persulfate,
potassium persulfate, and ammonium persulfate. The reac-
tions are carried at refluxing temperatures.

3.2.3 Organic polymers

Organic polymeric scale inhibitors are commonly produced
either via chain-growth or step-growth polymerization meth-
ods. The synthesis of maleic anhydride-based polymers and
polyaspartic acid will be discussed as examples of the two
methods.

3.2.3.1 Maleic anhydride-based polymers Scale inhibitors
based on maleic anhydride polymers and their copolymers
are produced via free radical polymerization of unsaturated
monomers using an initiator with the application of heat
(Davies et al. 2005; Goretta and Newkirk 1976; Nasirtabrizi
et al. 2013; von Bonin 1983). The polymerization is car-
ried out under a nitrogen atmosphere using dry inert sol-
vents such as benzene, toluene, xylene, ether, ethyl acetate,
acetone, tetrahydrofuran and the like. Also, the reaction can
be carried out in air (i.e., without nitrogen atmosphere).
The reaction initiator used is one of the organic peroxides
which generate free radicals under application of heat. For
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instance, it may be benzoyl peroxide (BPO), tert-butyl per-
oxybenzoate (TBPB), dicumyl peroxide (DCP), tert-butyl
hydroperoxide (tBuOOH), di-tert butylperoxide (DTBP),
azobisisobutyronitrile (AIBN) and the like. The amount of
peroxide initiator may vary depending on the reaction con-
ditions and solvent used, usually from about 0.1% to 10%
by weight based on the monomers. The reaction tempera-
ture varies from 60 °C to about 200 °C (Deb and Meyerhoff
1985; von Bonin 1983), commonly near the reflux tempera-
ture of the solvent used. The polymeric product produced
by this synthetic route can be poly(maleic anhydride) or
copolymer or terpolymer of maleic anhydride. The product
can be hydrolyzed giving the corresponding maleate (or
salt) polymeric product.

On the other hand, polymerization of maleic anhydride
and its polymerizable monomers may be carried in aqueous
solution (Fukumoto and Moriyama 1987). The polymeriza-
tion process is usually carried out using inorganic peroxide
compounds that generate free radicals to initiate the reaction.
Inorganic peroxides used may include persulfate compounds
such as sodium persulfate (Na,S,053), potassium persulfate
(K,S,04), ammonium persulfate (NH,),S,0g) or perhaps
hydrogen peroxide (H,0,). The polymeric product obtained
is usually polymaleate or copolymer or terpolymer of
maleate. It is extremely difficult for maleic acid to undergo
both homopolymerization and copolymerization due to the
severe steric hindrance and polar effects of two carboxylic
acid groups. Thus, polymers of maleic acids are convention-
ally prepared by hydrolyzing corresponding maleic anhy-
dride polymers.

3.2.3.2 Polyaspartic acid (PASP) PASP is one of the com-
monly applied scale inhibitors. It has been widely applied
in the oil and gas industry due to its good environmental
and inhibition performance (Ajikumar et al. 2005; Migahed
et al. 2016; Quan et al. 2008; Thombre and Sarwade 2005).
It is a non-phosphorous biodegradable polymer, show-
ing excellence performance on CaSO, and CaCO; scales.
PASP has been widely produced by several methods with
and without catalyst (Liu et al. 2011; Roweton et al. 1997,
Thombre and Sarwade 2005). In general, many methods
involve the formation of polysuccinimide (PSI) which can
be hydrolyzed to acid or salt form.

The direct synthetic route for PASP involves thermal
polycondensation of p- and L-aspartic acid. The polymeri-
zation process can be carried out in the absence or pres-
ence of an acid catalyst such as phosphoric acid at rela-
tively high temperatures to about 300 °C (Bennett 2005;
Gao et al. 2015; Liu et al. 2011; Wang et al. 2003). In this
method, there are two steps involved which both result in a
loss of water molecules (condensate). The first step might
be the loss of one water molecule via the reaction between a
hydrogen of an amino group of one aspartic acid molecule
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and a hydroxyl of the carboxyl group of another aspartic
acid molecule, forming amide bonds. In the second step,
the water molecule can be lost as a result of the reaction
between amide hydrogen and another hydroxyl group,
forming the succinimide ring. The two steps result in the
formation of PSI which is subsequently hydrolyzed to give
poly(aspartate), as shown in Fig. 11.

It had been found that acid catalyzed polymerization of
aspartic acid into PSI is substantially faster and gives a poly-
meric product with higher molecular weight than uncata-
lyzed polymerization (Wang et al. 2003).

PASP also had been produced via thermal polyconden-
sation processes that involve the use of maleic anhydride
or its derivatives. Such methods are relatively inexpensive
and require less energy. Thermal polycondensation of maleic
anhydride and ammonium carbonate (Liu et al. 2011) or
thermal polycondensation of ammonium maleate salt (Zhang
et al. 2016d) are also common methods for producing PASP.
Both methods proceed via the formation of PSI which is then
hydrolyzed into PASP.

4 Environmental concerns about synthetic
scale inhibitors

Many of synthetic scale inhibitors are toxic and/or non-bio-
degradable; their disposal may pollute the environment and
harm living organisms, so environmental concerns and dis-
charge limitations have increased nowadays. These consid-
erations have increasingly prompted synthetic SIs chemistry
to move toward “green” scale inhibitors which are readily
biodegradable with low mobility posing minimum environ-
mental implications (Liu et al. 2017, 2016; Wang et al. 2017,
Yang et al. 2017; Zhao et al. 2016).

The petroleum industry currently has been under severe
restrictions on the discharge of oilfield chemicals into the
environment (Lattemann and Hopner 2008). The restric-
tions have prompted the industry to assume rational man-
agement of industrial wastes, and it has been implementing
more restrictive steps concerning their disposal. Obtaining
cost-effective and environmental-friendly scale inhibitors
with low effective dosages has been of great interest for

many researchers (Chaussemier et al. 2015; Popuri et al.
2014; Reis et al. 2012). The industry is trying to limit some
applications of conventional phosphorous scale inhibitors,
replacing them with less organic phosphorus compounds.
Moreover, the industry has been encouraging the use of new
classes of less toxic compounds based on non-phosphorus
chemistry (Martinod et al. 2008). Polymeric scale inhibitors
such as polymaleates, polyacrylates, and derivatives thereof
(sulfonated homo- and copolymers) have been gaining atten-
tion in the petroleum industry.

Along with the aforementioned considerations, interest
has turned to naturally occurring scale inhibitors (Chaus-
semier et al. 2015; Menzri et al. 2017; Reno and Endaryanto
2017). Modified natural plant extracts such as insulin-mod-
ified compounds have been studied for their applications as
scale inhibitors (Kirboga and Oner 2012; Rahul et al. 2014;
Zhang et al. 2016a). Also, natural products that contain sub-
stantial amounts of polyphosphates, carboxylic acid groups,
alcohol, and aromatic amines with potential functionalities
for adsorption or anti-scaling effect have considered (Abdel-
Gaber et al. 2011; Chaussemier et al. 2015; Khamis et al.
2018). Such extracts and their derivatives are environmen-
tally friendly, non-toxic, low bioaccumulation, biodegrad-
able, relatively less expensive, readily and sustainably avail-
able. They are generally considered as the greenest scale
inhibitors. However, the biodegradability factors of those
materials limit their storages and long-term applications.

5 Conclusion and remarks

Through this review, it is concluded that threshold scale
inhibitors are cost-effective and convenient for preventing
scaling in the petroleum industry and other areas where
mineral scaling is likely. The effectiveness depends on
several factors such as water chemistry, temperature, and
pressure. Any factor that will reduce the adsorption/bind-
ing potential of the threshold scale inhibitors will reduce
their effectiveness. In some circumstances (for example,
where the scaling potential is extremely high) threshold
scale inhibitors are unable to prevent scale formation. The
solubility of the threshold scale inhibitor is also important
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for its effectiveness. Its solubility should be reasonable so it
dissolves to give an adequate concentration that will effec-
tively inhibit scale formation.

Scale inhibitors should be evaluated before being
deployed in the field. They may cause problems such as
formation damage, increased corrosion, and sometimes
deposition of more scales. Phosphonate inhibitors normally
exhibit lower MIC and better thermal stability than most of
the organic polymers. The effectiveness of the scale inhibitor
may increase when two or more scale inhibitors are blended.
The combination may provide a synergistic result (better
performance than a simple additive effect). Blending should
be carefully done as it may also cause poorer results than the
predicted additive effect.

A method for scale inhibitor deployment should be one
which will optimize the inhibition performance and chemi-
cal usage and will increase the inhibition lifetime as well.
The type of inhibitor and the physiochemical properties
of the reservoir formation play a vital role in deciding the
deployment method.

Moreover, because of increased environmental concerns,
threshold scale inhibitors designed for use should preferably
exhibit acceptable biodegradation properties with low toxic-
ity and low bioaccumulation.
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