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ABSTRACT

The present perspective focuses on fundamental and applied attributes of antisolvent
crystallization (ASC) in aqueous systems and establishes its potential for various
industrial applications. In the ASC method, supersaturation is attained by adding a
secondary solvent (antisolvent) to a solution leading to the crystallization of the solute.
ASC offers the advantages of increasing yields, and conserving energy over the
conventional evaporative or cooling crystallization, and thus appears to be a growing
industrially important and sustainable process. The insights on the role of phase
equilibrium thermodynamics and kinetics in controlling the crystallization process and
crystal properties during ASC are discussed. The choice of solvents is a critical factor in
ASC, and the solvent type, properties, and selection are considered briefly. The
evaluation of the sustainability aspect of ASC by assessing the environmental benignity
of solvents, the impact of their life cycles on the ecology, and associated economic
costs are presented. A comprehensive list of solvents used for ASC and their usage
pattern is also included. Successively reintegrating ASC into process design and
developing different process configurations (stand-alone and hybrid) are reviewed.
Finally, the paper highlights the opportunity for more widespread application of ASC in
the fields of salt extraction, water treatment, hydrometallurgy, bioprocessing, and the
pharmaceutical industry.
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1. Introduction

Crystallization has been practiced since the dawn of civilization, for example, making common salt (NaCl) from
brines. Hence, it can be classified as one of the oldest separation processes in the history of separation science
and technology [1]. Crystallization is a unique process of industrial importance because it provides high-purity
separation and technology widely used in the petrochemical, chemical, food, pharmaceutical, fertilizer, detergent,
and explosive industries. In the past few decades, the development of the crystallization process has accelerated
due to the increasing application of crystals with unique properties [2].

Different crystallization methods have been developed over the years. The solubility of the solute in a solution
significantly affects the choice of the crystallization method to achieve supersaturation. Pure crystals are
recovered from impure solutions by inducing supersaturation through cooling, solvent evaporation, or salting out
with an antisolvent [3]. Crystal properties such as purity, morphology, mean size, and size distribution can be
influenced by how crystallization occurs. These crystal properties, in turn, can affect the material's performance
and its applications [4].

Considering the industrial importance of the crystallization process, different methods of crystallization have
been developed. These methods include evaporative crystallization, cooling crystallization, antisolvent
crystallization, precipitation/reactive crystallization, adductive crystallization, and sublimation crystallization.
Different crystallization techniques are briefly discussed to understand their advantages and limitations.

1.1. Evaporative Crystallization

In evaporative crystallization, the solvent is evaporated to increase the solute concentration above its solubility
to form crystals. Evaporative crystallization is a well-suited method for a compound that does not show
differential solubility with temperature. For example, it has been a standard method for common salt production
from sea brine using solar evaporation or vacuum evaporation [5]. Poor control over supersaturation during
evaporation (or heating) may limit the crystal quality in terms of purity and crystal size [6].

1.2. Cooling Crystallization

In cooling crystallization, the driving force is the difference in solubility of the solute at different temperatures.
This method of crystallization is thus suitable for compounds whose solubility changes appreciably with
temperature. As the saturated solutions are cooled, the mixture becomes supersaturated, and crystallization
begins [1]. The main advantage of cooling crystallization is the high uniformity of the crystal size. A common
method of crystallization cooling is flash cooling, in which part of the liquid evaporates, dissipating the latent heat
and enabling the cooling.

1.3. Reactive Crystallization

In this crystallization method, a chemical reaction produces a specific crystallizable species in solution to
provide the driving force for forming a crystalline product. The multiple species present as the reactants and
products of the reaction impact the species solubility, pH and temperature of the solution, reaction kinetics, and
crystallization [4]. A search for suitable reactants and possible contamination by the reaction side products can
limit the application of reactive crystallization in some instances.

1.4. Adductive Crystallization

Adductive crystallization is a process where a crystalline compound is formed through the interaction of two or
more substances, often resulting in a complex with distinct properties from the individual components [7]. In this
crystallization, an adduct is formed when two or more molecules interact to create a new entity. This adduct
typically has a different structure and properties compared to the original compounds. For example, an adduct
might be a complex between a solute and a solvent or between two different solutes.
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The resulting crystals are characterized by their unique structure, which can be different from that of the
individual components. Techniques like X-ray diffraction, scanning electron microscopy, and infrared spectroscopy
are used to analyze the crystal structure and confirm the presence of the adduct. This technique is useful in
various fields, including pharmaceuticals, where it can be used to create drug formulations with improved
properties, or in materials science, where it can help develop new materials with specific characteristics.

1.5. Sublimation Crystallization

Sublimation is the phase transition where a substance changes from a solid to a gas without going through a
liquid phase. Conversely, sublimation crystallization is a process where a substance transitions directly from a
gaseous state to a solid state without passing through a liquid state. This technique is often used to purify
compounds or to grow high-quality crystals and is a highly effective method for purifying substances because
impurities generally do not sublime along with the pure substance. Sublimation of inorganic salts involves high
temperatures, and the substance may dissociate or degrade in the process. Reports on organic salts are rare, and
recent studies have attempted the crystallization of organic salts and co-crystals by sublimation [8, 9].

1.6. Antisolvent Crystallization

In this method, supersaturation is attained by adding a miscible/immiscible solvent to a solution leading to the
crystallization of the solute. The solvents added are referred to as secondary solvents or antisolvents [10]. By
applying suitable control, antisolvent crystallization (ASC) can provide constraint supersaturation leading to
superior crystal quality in terms of purity and size [11, 12]. Concerning aqueous solutions, the solvent employed
acts antisolvent to water, and therefore the process is called antisolvent crystallization [13]. In a reverse
occurrence, the addition of salts in an oil/organic-rich aqueous solution causes a decrease in the aqueous
solubility of organic compounds. This phenomenon is called the “salting-out effect” [14]. Therefore, adding organic
solvents in salt solutions (aqueous) to crystallize/precipitate salts is known as “solventing-out”.

Although thermal (evaporative and cooling) crystallization can offer many advantages, the evaporation and
cooling process entails significant energy consumption (heating and refrigeration, respectively) and limits the
profitability of the process. In addition, heat-sensitive materials, which decompose at high temperatures, cannot
be subjected to evaporative crystallization. In this context, antisolvent crystallization (ASC), subjected to optimum
solvent recovery, can be a potential alternative to reduce energy costs associated with evaporative and cooling
crystallization [15].

The present review aims to leverage the potential of antisolvent crystallization (ASC) in aqueous systems for
unconventional applications like water treatment, hydrometallurgy, inorganic chemicals, salt extraction,
bioprocessing, etc. Earlier review studies have been focused on the progress in ASC for the pharmaceutical
industry and crystal property optimization [16]. The perspective of integrating both fundamentals and applied
aspects of ASC towards a potential separation and purification strategy are not reported adequately in earlier
work. In this work, fundamental aspects including phase equilibrium and thermodynamic behavior of solute-
solvent-antisolvent systems, kinetics, antisolvent selection, sustainability, etc. in the context of ASC are critically
discussed. Towards the commercial implementation of ASC for alternative applications, various configurations
(stand-alone and hybrid) were examined.

2. Antisolvent Crystallization: Fundamentals

Antisolvent crystallization (ASC) or solvent-assisted crystallization is described by names like solvent
displacement crystallization, drowning out crystallization, extractive crystallization, etc. ASC offers an advantage
where the substance to be crystallized is highly soluble, has solubility that does not change with temperature or
heat-sensitive materials [17]. Also, these operations can generally be carried out at an ambient temperature and
can produce crystals of high purity and yield [10]. Researchers have exploited the use of the ASC effect, which
modifies the solute distribution in a mixed system, for various applications reported in Table 1.

31



Bhatti and Sahu

Journal of Chemical Engineering Research Updates, 11, 2024

Table 1: Selected references on antisolvent crystallization (ASC) related applications.

Reference

Focus of the Study

Potential Application

Moldoveanu and
Demopoulos [12]

Organic solvent-assisted crystallization of sulphate and chloride
metal salt (K*, Na*, Mg?*, Fe?*, Cu?*, Ni¥, Co?*, Zn?*, Fe*" and AP**)
systems in acidic media

Establishing selection criteria for organic solvent selection

Inorganic processing
Hydrometallurgy

Mayer [13]

Extractive crystallization of salt with antisolvents having crystal
growth/scale inhibiting properties

Crystallization of alkali or alkaline earth
salts

McNally et al. [18]

Ternary water-NaCl-solvent phase boundaries

CaSO, recovery from aqueous-CaSO, solution using dimethyl ether
(DME)

Water treatment
Water softening

Karunanithi et al.
[3, 23]

Computational framework for design and selection of solvent
and/or antisolvent for crystallization of ibuprofen

Pharmaceuticals
High molecular weight chemical recovery

McGinty et al.
[24]

Crystal shape modification of Lovastin (API) using continuous
antisolvent crystallization

Crystal morphology alteration for
pharmaceutical application

Feng et al. [25]

Recovery of petroleum sulfonate from high-salt wastewater using
alcohols as extractants

Enhanced oil recovery generated
wastewater treatment

Shabani et al.
[26]

As, Sb and Fe removal from the copper electrolyte by solvent
displacement crystallization employing isopropyl alcohol

Refining of industrial electrolytes

Lozano [27]

Potassium-magnesium sulphate double salt production from sea
bittern using methanol as an antisolvent

Added-value mixed salts recovery from
sea bittern (a by-product of the solar salt
industry)

Kokes et al. [28]

Precipitation of copper sulfate pentahydrate from malachite ore
using methanol and ethanol

Hydrometallurgical metal extraction from
ores

Phase equilibrium studies of sodium carbonate aqueous solutions

Production of anhydrous salts from

Hoffmann [30]

in mixed binary solvent (PEG 200 and water)

Oosterhof [29] in the presgnce of.s.olvent (ethylene glycol and diethylene glycol) at hydrated salts at room temperature
atmospheric conditions
McGarvey and Solubility of the mineral salts NaCl, KCl, CsCl, KBr, K;SO4, and CuSO, Green solvent for chemical synthesis

involving mineral salts as reagents

While this technique has several advantages, the challenge of secondary solvent (antisolvent) removal and
recovery may lead to increased costs [18]. A recent study comparing evaporative, cooling and antisolvent
crystallization routes for selective separation reveals the higher associated economics for ASC over cooling
crystallization [19]. Another issue arises due to the high supersaturation attained during antisolvent addition, that
can cause deleterious effects on crystal products and supersaturation control in batch processing. ASC is reported
to produce fine and variously shaped crystals, which tend to agglomerate and affect product quality [20].
Understanding the molecular mechanism, thermodynamics, and kinetics aspects of ASC can help overcome the
associated limitations and establish its potential for future applications. A detailed examination is carried out on
the mechanism, phase equilibrium thermodynamics, and kinetics of ASC.

2.1. Mechanism

When a salt is dissolved in a solvent (for example, water), the salt ions form solvation shells through dipole-
dipole (ionic) interactions with water, resulting in salt dissolution in water to form a solution. Adding a secondary
/antisolvent (organic solvent) to the solution lowers the dielectric constant since solvents have a much lower
dielectric constant than water. This results in breaking water-water hydrogen bonds and the formation of water-
organic solvent hydrogen bonds. With the reduction in ‘free-water’ molecules, a force of attraction (Columbic)
between the cations and anions of the salt allows the cations to penetrate the water solvation shells, neutralize
the anions, and aggregate and precipitate as salt crystals out of the solution [21, 22].
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Depending on the solvent (primarily water) and antisolvent (mostly organic solvents) interactions, the
crystallization can be carried out in a single- or a two-phase system. The presence of multiple polar functionalities
of organic solvents (e.g., alcohol, amides, amines, etc.) generally increases their water solubilities [31]. In the
single-phase system, the antisolvent with a high affinity for water molecules starts binding with water by forming
hydrogen bonds. This reduces the quantum of free-water molecules for ion hydration leading to solubility
reduction and salt crystallization [32]. In the two-phase system, the organic solvent-rich phase and aqueous phase
form simultaneously in addition to a solid salt phase. The driving force for crystallization is created by the water
extraction from the aqueous phase into the organic solvent-rich phase and by the dissolution of organic solvent in
the aqueous phase [13]. Further, the mechanism and rate by which crystallization occurs can depend on
thermodynamics, kinetics, and molecular recognition [33].

2.2. Thermodynamics and Phase Equilibrium

During the antisolvent crystallization (ASC) process, the secondary solvent is continuously added to the
solution, and the solubility of the solute is influenced by the composition of the solvent mixture [34]. ASC
processes, therefore, involve solute+solvent+secondary solvent systems having multi-component (>3) interactions
in two or more phases. Therefore, solution-thermodynamic and phase equilibrium analyses of these systems are
crucial. The antisolvent crystallization of solute from a solution (primary solvent) by the addition of the secondary-
solvent can be formulated as follows:

(Solute)soiution + Secondary-solvent - Solute| + (Secondary solvent)solution

Adding the secondary solvent to the primary solution modifies the entire system's solid-liquid/liquid-liquid
phase behavior [35]. Solubility and phase diagrams of ternary systems of solvent, solute, and antisolvent are
extensively studied in the context of ASC with a wide range of applications [36-44]. In experimental studies, the
solubilities of salts were affected by the nature of the solvent (reflected by the polarity, bulk dielectric constant,
mobility, and solvation) and the properties of the solute (mainly the size, the charge, and the ionic association) [36,
37, 44]. The presence of a mixed organic solvent affects water's thermodynamic activity and influences the
solute's solubility in aqueous solutions [45]. The usefulness of experimentally determined solubility data to
measure the salting-out effect using the Setschenow equation was also reported [46]. The Setschenow equation
relates the aqueous activity coefficient, aqueous solubility, and partitioning coefficient with the salt concentration

[14];
ysalt SDI K]salt )
g5 = 108 (525 ) = 08 (“ar ) = 1G] g

where 2" and y$2!t are the aqueous activity coefficient in deionized water and saltwater, respectively; 2! and Sg2t
are the solubility of organic compounds in deionized water and saltwater, respectively; KD and K are the
partitioning coefficient in deionized water and saltwater, respectively; K'* is Setschenow constant and [Cg] is the
salt concentration.

Setschenow equation presents a log-linear increase in aqueous activity coefficient, reduction in aqueous
solubility, or increase in partitioning coefficient with increasing salt concentration. Salt added to an aqueous
solution causes a decrease in the solubility of organic molecules, thereby accelerating the separation of organic
molecules from the aqueous solution. A salt with a larger positive Setschenow constant provides better separation
and prevents mixing between the electrolyte solutions.

As per the thermodynamics definition, crystallization occurs when the chemical potential of a species (u) is
higher than the chemical potential at equilibrium (u5%) and expressed as the difference in chemical potential
(dimensionless) as [47]:

p—p yx
7= n (st @

where x and x* are the solute mole fraction in the supersaturated solution and the saturated solution
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respectively; y and ys% are the activity coefficients of the solute in a supersaturated solution and the saturated
solution, respectively. Depending upon the nature of the solute, i.e., charged/non-charged, electrolyte/non-
electrolyte, suitable activity coefficient models are used to represent the solubility and supersaturation behavior.
Various thermodynamic models, including UNIQUAC, NRTL/electrolyte-NRTL [39], Pitzer model with Bond
equation [40, 43], modified Pitzer model [42], ePC-SAFT [48], and semi-empirical thermodynamic models [38], e.g.,
LIQUAC [41], were proposed for predicting the phase behavior in salt-water-solvent systems. Further adjustments,
such as the incorporation of the Debye-Hlckel term for electrolytic interactions, have also been considered.
Compared to non-electrolyte models such as UNIQUAC or NRTL, electrolyte models (e.g., extended electrolyte
NRTL) have been found more appropriate as they account for the interactions arising from charges [48].

By studying twelve miscible organic solvents (MOS) systems, McNally et al. [18] have identified the trends in
aqueous phase boundaries of ternary water-NaCl-MOS. Two models of ideal solvation scenarios were presented
and compared with the experimental data. The first scenario considers minimal energetic interactions between
MOS-NaCl, and MOS-water by modelling MOS as a diluent. Consequently, the solubility of NaCl in the ternary
mixture decreases proportionally with the addition of MOS, as shown in Fig. (1a). Thus, the solubility of NaCl is
proportional to the moles of water regardless of the presence of MOS, with no competition between the salt and
MOS molecules.

Salt

MOS ——
(a) (b)

Figure 1: (a) Scenario 1 - minimal MOS interaction (b) Scenario 2 - solute displacement mechanism (Adopted from [18]).

The second scenario reflects the identical energetic interactions between MOS-water and NaCl - water while
assuming no interactions between MOS and NaCl. In this framework, solute and MOS will compete for the
common solvation agent of water. In a limiting scenario, adding MOS to a saturated aqueous salt solution will
induce salt crystallization by an equivalent molar quantity, as depicted in Fig. (1b). Interestingly, most of the MOS
studied by McNally et al. were found to follow scenario 2, i.e., solute displacement model, at low MOS
concentration and high NaCl concentration. On the other hand, as MOS concentrations increase, the ability of the
solute displacement mechanism to describe the system diminishes due to competing effects from self-solvation.

From the two scenarios discussed above, it can be comprehended that for the systems following the first
scenario, supersaturation by organic solvent can be estimated a priori. Under the second scenario, the
supersaturation will depend on the extent of interactions between the MOS - water and salt - water.

More recently in the context of inorganic salt recovery from aqueous solution using ASC, Sahu et al. correlated
the solubility behavior with phase balance to assess the potential performance of the antisolvent by estimating
the attainable yield and attainable suspension density at equilibrium. The feed concentration and solubility data
as a function of an antisolvent composition were used to calculate the attainable suspension density and yield for
different antisolvent fractions [49]. Solubility relationships should be understood for effective design and
optimization of ASC process.

2.3. Kinetics of Antisolvent Crystallization

At a macroscopic scale, the ASC progresses by contacting the solution and antisolvent followed by the invasion

of the solvent and the increased supersaturation of the microenvironment around the solute. However, at a

microscopic scale, the solute, solvent, and antisolvent interacted to yield combined effects on the crystal
34
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characteristics [50]. The kinetics of crystal formation in ASC are often estimated by experimental determination
and compared with nucleation and growth models. The significant kinetics indicators are the crystallization rates,
particle size distribution, crystal morphology, and degree of agglomeration, which influence the overall
crystallization process and subsequent applications [51].

2.3.1. Nucleation and Crystal Growth

For crystallization to occur, nucleation is required to form the crystal seeds and subsequent crystal growth [52].
In the antisolvent crystallization process, nucleation is possible when the supersaturation condition is achieved.
Nucleation involves developing a solid crystalline phase by combining constituent units to create entities until a
stable nucleus is formed from a liquid solution. Conventionally nucleation is described by homogeneous and
heterogeneous mechanisms (both referred to as primary nucleation as existing crystals do not contribute to the
nucleation mechanism) [53]. In primary nucleation, once the solution becomes supersaturated, a period elapses
until nuclei formation is observed (recognized by turbidity formation). This period is known as the induction
period (/p), and it depends on factors including temperature, degree of initial supersaturation, agitation, impurities,
etc. [54]. After the induction period, the particle size may increase by molecular growth and crystal agglomeration
[51].

A solute tends to remain in solution until a sufficient level of supersaturation is created to induce spontaneous
nucleation. To optimize the crystallization process, it is desirable to overcome this metastable limit (or
metastability), as indicated in Fig. (2). The metastable zone width (MSZW) is essential in designing and optimizing
any crystallization process [55]. In ASC, MSZW measures the maximum supersaturation value necessary for the
spontaneous occurrence of three-dimensional nucleation generated by the antisolvent [56]. During ASC, the
antisolvent strongly influences the nucleation kinetics, resulting in broader metastability zones and changes in the
crystals' particle size distribution and morphologies [57]. The increased MSZW on antisolvent addition makes ASC
an efficient separation method.

Supersolubility
curve \
------ 5 Nucleation
T zone
MSZV\/

\
one Y

Concentration ——

Solubility
curve

Antisolvent fraction ——

Figure 2: Solubility and metastable zone for ASC.

It is reported that the primary nucleation may be the dominant mechanism for crystal formation in antisolvent
crystallization due to high supersaturation. Consequently, ASC often results in tiny crystal formation and crystal
aggregation, which make the subsequent separation cumbersome [20]. Controlling the nucleation kinetics can
reduce or eliminate the agglomeration [58].

Nowee and co-workers have developed, simulated, and experimentally validated the antisolvent crystallization
model. A growth kinetic model as a function of supersaturation, antisolvent mass fraction proposed by them is
presented below [59]:

G = kS8 3)

where S is the relative supersaturation estimated as the ratio of supersaturation (AC) and saturated solution
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concentration (C*):

AC
C*

S = (4)
The parameters k, and g in the growth rate power-law model Eq (3) are defined as a function of antisolvent
mass fraction in the solute-free mixture (z):

kg = ko + k12 + k2Z2 (5)

g= got+g:1z (6)

Parameters contained in the kinetic sub-model Egs (4) and (5)-(7) were estimated by experimental data fitting.
The proposed models can be used for pharmaceutical and chemical crystallization operations [59].

In this regard, understanding the effect of various operating parameters on crystallization kinetics (nucleation
and crystal growth) is critical and discussed in section 2.3.2.

2.3.2. Factors Affecting Crystal Growth and Morphology

Antisolvent crystallization from a solution often displays a small mean particle size; however, controlled
operating conditions may retrieve crystal products with good filterability [51]. Various operating parameters like
supersaturation, agitation, solvent type, and content were reported to influence the nucleation mechanism, crystal
growth, MSZW, and morphology in solvent-assisted crystallization [54, 60-62]. Seeding and solvent dosage rate are
other important parameters reported to remarkably improve the rate of crystallization.

Seeding: The seeding of a solution helps to stabilize the crystallization process. For strongly soluble inorganic
salts, the mass and size of seeds are adjusted, so that seed growth is allowed when the saturation level is
maintained well below that extensive nucleation is possible [63]. In pharmaceutical applications, the overall
crystallization process is controlled by achieving reasonable control over the properties of seed crystals [24].

Supersaturation: The solution to antisolvent ratio affects the supersaturation and the equilibrium solubility.
The well-known Gibbs-Thomson equation relates the supersaturation and solubility with the particle size [64]:

In <—Z> =InS=—— (7)

where ¢(r) is the solubility of the particles of size (radius) r, ¢* is the equilibrium solubility of the solute, S is the
supersaturation ratio, y is the surface energy, V is the molecular volume, k is the Boltzmann constant, and T is the
absolute temperature.

To characterize the supersaturation driving force in the crystallization system, initial supersaturation (S;) or
degree of supersaturation (AC) is used [10, 58]. Initial supersaturation is defined as the ratio of the initial
concentration of the solution to be crystallized (Co) and the equilibrium concentration/solubility in the solute-
solvent-antisolvent system (C’), i.e.,

5 = g— (8)

The degree of supersaturation is the difference between (,and C*. Therefore, the extent of initial
supersaturation can be governed by varying the solution concentration or the ratio of solution to antisolvent in
ASC processes. Super-saturation can influence crystal growth, size, and shape. For instance, Oosterhof et al.
reported a linear dependence on the growth of sodium nitrate crystals by increasing the concentration difference
in water - isopropoxyethanol mixed system. No change in crystal morphology, however, was observed by
investigators [65]. Studies on nucleation behavior during ASC of paracetamol in acetone - water mixture have
shown that higher initial supersaturation conditions generate a larger total growing crystal surface area. The
interrelation between the surface energy and the solubility to describe the nucleation kinetics was also reported

36



Antisolvent Crystallization (ASC) in Aqueous System Bhatti and Sahu
[66].

Mixing/agitation: The mixing effects during the contact of solvent-solution can strongly influence the
nucleation, MSZW, and crystal size distribution [10]. However, too intense mixing should be avoided, leading to a
less uniform product. The intense mixing facilitates secondary nucleation, inhibits aggregation, and results in
undesirable fines [63]. These conflicts in antisolvent systems can be compounded by the need to continuously
blend the antisolvent and solution phases rapidly. Suitable turbulent mixing conditions during crystallization
processes improve crystal suspension and impurity profile with a reduction in settling [67]. The location of
antisolvent addition during mixing (close to the impeller or close to the vessel wall) also influences nucleation
kinetics [55].

Rate and mode of solvent addition: The supersaturation rate in ASC depends on solvent addition/dosage
rate [59]. Consequently, the solvent dosage rate (or amount) can control the nucleation rate. Solvent dosage and
average particle size are also interrelated. Diluting the antisolvent/secondary solvent with the primary solvent is
another way to control nucleation [63]. Kaneko et al. [20] proposed high antisolvent operational conditions to
relieve high local and bulk supersaturation that causes the formation of fines and agglomeration. The method of
solvent addition, by operating under two different modes-forward addition and reverse addition, can also affect
the supersaturation and particle size (illustrated in Fig. 3). In the forward addition mode, the antisolvent is added
to the solution resulting in lower supersaturation and large-sized particles. On the other hand, in the reverse
addition mode, the solution is added to the antisolvent causing high supersaturation and smaller crystals [68].
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Figure 3: (a) Larger particles obtained from forward addition (b) Smaller particles obtained from reverse addition “Reprinted
with permission from [68]. Copyright (2024) American Chemical Society.”

Inhibition: The application of crystal growth-inhibiting antisolvent and crystal growth inhibitors from
suppressing primary nucleation has also been reported. Growth inhibitors are compounds (also known as
additives) other than the solute added to the solute-solvent/antisolvent system. The use of crystal growth
inhibitors resulted in relatively coarse salt crystals with uniform and narrow size distribution, easing salt crystal
separation from slurry [13].

2.4. Antisolvents

Antisolvent plays a vital role in the ASC design and can influence the success or failure of the operation. Among
the different solvents, i.e., organic, ionic, organic, or inorganic complex, organic solvents are used most preferably.
Table 2 summarizes the list of the organic solvents and their usage pattern as reported in various literature papers
cited in this work.

Table 2: List of organic solvents and their usage pattern.
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Usage Pattern
Solvent Category
High Moderate Low
methanol butanol diethylene glycol
ethanol ethylene glycol pentanols
Alcohols )
n-propanol butane diols
iso-propanol
methyl ethyl ketone
Ketones acetone -
butanone
1,2-dimethoxyethane
. 2-methoxyethanol
Ethers - 1,4-dioxane )
isopropoxyethanol
dimethyl ether
- iso-propylamine diethylamine
di-isopropylamine triethylamine
Amines ethylamine ethylenediamine
butylamine
diethylenetriamine
cyclohexane
n-decane
Hydrocarbons - -
n-pentane
1,2,4-trimethyl benzene
Nitrile - acetonitrile -
Heterocyclic - tetrahydrofuran (THF) -
butyl acetate
Acetate - -
methyl acetate
dimethylacetamide
Amide - - n-methyl pyrrolidine
dimethylformamide
Acid - - acetic acid

The judicious choice of antisolvents can change the outcome of ASC significantly. Antisolvent composition
influences the mechanism that governs the crystal characteristics [66].

2.4.1. Types, Properties, and Selection of Antisolvent

The solubility of solutes in a mixed solvent system depends primarily on the solvation of the solute or its
constituent ions by the components of the solvent mixture [69]. The essence of ASC is to select a suitable
antisolvent, which can reduce the solubility of the solute in the solution and promote selective precipitation.
According to McNally et al., antisolvent interacting with the solution can be either implicit-solvent or explicit-
solvent based on its interaction with solute and solvent. An implicit solvent may change the solution's dielectric
properties, inducing a change in solubility characteristics. On the other hand, an explicit solvent may act as a
solute in the solution, thereby competing with the dissolved solute for explicit interactions with the primary
solvent [18].

The physical and chemical properties of the antisolvent directly affect the nucleation and growth of the crystal,
particle size distribution (PSD), and the final crystal shape [70]. Considering solubility as a primary selection
criterion, researchers have outlined the strategy for choosing solvents for cooling crystallization and antisolvent

38



Antisolvent Crystallization (ASC) in Aqueous System Bhatti and Sahu

crystallization [71, 72]. Progressively, Karunanithi and co-workers [3, 23] have considered other factors such as
solvent effect on crystal morphology, solvent ability to solubilize impurities, inflammability, and toxicity of solvent
for design and selection. A computer-aided molecular design (CAMD) technique was used for crystallization-based
separation in pharmaceutical applications in solvent design. Such predictive studies of solvent effects are critical
to facilitate solvent screening efforts [73].

The dielectric constant, which reflects the polarity of the solvent, is an important parameter to predict solvent
behavior, which in turn can influence the solubility of solutes. Zhang et al. [34] proposed a new model (based on
experimental data) describing the effect of the dielectric constants on the solubilities of pharmaceutical
compounds. In their model, the natural logarithm of the solubility was correlated linearly with a negative
reciprocal of the dielectric constant similar to the Arrhenius equation. The solubilities were found to increase with
increasing dielectric constant and water content in a binary solvent system. Apart from the dielectric constant, a
solvent's polarity and functional group are critical factors in influencing the crystal habit and shape in ASC [2]. ASC
can have a broader combination of suitable solvents and antisolvent as well as their component ratio to control
nucleation and crystal growth [50]. In another study, the amount of solvent volume enhanced the extent of
crystallization [28].

Other important properties of antisolvents to be considered are toxicity, flammability limit, reactivity, cost,
solvent loss, partition coefficient, heat of vaporization, dielectric constant, difference in boiling point with primary
solvent, azeotrope behavior with primary solvent at application temperature range [22]. The diffusion rate of the
antisolvent is another parameter governed by mass transfer phenomena [74]. These properties of the
antisolvents are used in phase equilibrium and process calculations, sustainability analysis, and risk assessment
[49].

2.5. Antisolvent Recovery Methods

Antisolvent crystallization of solutes in an aqueous system will result in a mixed aqueous-organic solution.
Recovery and reuse of antisolvent from the remaining mother liquor after crystallization is an integral part of
making the overall ASC process environmentally sustainable. To make the overall crystallization process
economically viable, the antisolvent recovery must be carried out at lower energy and operational costs [75].
Industrially applicable solvent recovery methods include:

2.5.1. Evaporation and Distillation

This method is applied when the solvents under application have a difference in volatility and boiling points.
Heating or decompression (expansion) of the solution results in the vaporization of the lighter solvent. The boiling
point and heat of vaporization dictate this recovery process. The organic solvents with lower boiling point than
water can be separated using various distillation methods (flash distillation, pressure-swing batch distillation,
fractional distillation, vacuum distillation, etc.) or evaporation methods (vacuum evaporation, multi-effect
evaporation, etc.) [76].

2.5.2. Gravity Separation/Decantation

In this method density difference between the liquid phases act as the driving force. Antisolvent is recovered
by bringing the mixed system to a temperature level, where two liquid phases (one antisolvent-rich and the other
water-rich) with a considerate density difference are formed. Gravity separation/decantation of these two phases
can yield a relatively dry solvent and water [77].

2.5.3. Filtration/Membrane-Separation

The separation of specified solvent from other solvents and solutes using filtration is based on the
particle/molecular size and pressure. Using a nano-filtration unit comprising a membrane permeable to an
aqueous salt solution but impermeable to antisolvent has also been reported [13]. Solvents with larger molecules
(like amines) and with high boiling points can be considered for membrane-based separation methods [22].

2.5.4. Aqueous Two-Phase Extraction
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In this method, the separation of antisolvent from residual aqueous solution takes place by the ‘salting-out’
effect [78]. For water as a primary solvent in aqueous solutions, the organic solvent can be classified as fully
water-miscible, partially water-miscible, polar protic, and polar aprotic based on solubility chemistries [18].
Temperature-induced liquid-liquid phase split-based regeneration of the antisolvent phase is also achieved for
certain solvent-antisolvent combinations [77].

3. Antisolvent Crystallization Process Configurations

A generic ASC process (Fig. 4) will consist of (i) mixing an antisolvent with the original solution, (ii) filtering and
separating the crystals from the mother liquor, and (iii) recovering solvent for reuse.

Solvent recycle

‘, |

Solution .
Mixing and Crystal Solvent
crystallization separation recovery
Crystalline Residual / lean
product solution

Figure 4: Schematic of a generic ASC process.

Depending on the properties and composition of the feed under study, different process configurations can be
designed. For example, in the case of ASC of salt from an aqueous solution, salt crystals are formed by one or a
combination of two possible actions; water is transferred from an aqueous phase to the solvent phase, which
leads to a direct reduction of the aqueous phase, or solvent enters the aqueous phase, which leads to the lower
solubility of the salt in the aqueous phase. Both actions lead to precipitation and crystal growth of a solid salt
phase.

Berry and co-workers presented the synthesis of ASC-based separation schemes for two types of systems. In
the first system, the antisolvent causes the solute to become sparingly soluble. In the second system, the solute is
extracted into a phase rich with respect to the antisolvent. Several possible alternatives to separate feed into pure
components and antisolvent recovery were proposed, and guidelines for selecting an extractor type and choosing
between crystallizer-extractor and extractor-crystallizer trains were given. Dominant costs of proposed
configurations were also identified [79].

Fig. (5) shows a process for purified salt recovery from mixed/impure feed salt. The feed salt is fed to the
dissolver, together with a recycled water stream. After the dissolver, an optional filtration unit (not shown in Fig. 5)
can be employed to remove insoluble matter. The concentrated aqueous salt solution (from the dissolver) is
mixed with a dry solvent in the crystallizer (at a temperature Tc) to induce ASC of the salt. The crystallizer has two
outlets: one mother liquor and one slurry outlet. The crystal slurry undergoes downstream filtration and drying to
produce pure salt crystals [80]. The mother liquor stream is fed to the solvent regenerator.

As discussed in section 2.5, the water-to-solvent phase separation can be accomplished in different ways. For
example, in the solvent regenerator described by Weingaertner et al., water is removed from the wet solvent
phase by changing the temperature to a level at which two liquid phases are formed, a solvent-rich and a water-
rich phase. The regenerator is operated at a temperature Tg, which differs from the crystallizer temperature Tc.
The two temperatures must be chosen carefully, but the primary criterion is that the solvent must be more
hydrophilic for Tc and more hydrophobic for Tr. Hydrophilicity with temperature rises over temperature ranges
that are of interest for ASC, the most promising are oxygen-containing compounds such as common alcohols [77].
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Figure 5: Salt extraction from raw solid salt using ASC with water/lean solution recycle (Based on the work of Weigaertner et al.
[77] and Taboada et al. [80]).

In another instance (Fig. 6), Taboada et al. [80] have used a distillation column as the solvent regeneration unit
to separate antisolvent having lower density (lighter component) and water (heavier component) for potassium
sulphate purification using propanol.

Concentrated salt solution

r Y
F 3
l Dry solvent
Raw Concent Count .
solid salt . ted Lo TT ounter-curren
" ,| Dissolver i?-t—b Crystallizer | Mother, | Solvent Regenerator
Tr sa Tc liquor Tr
solution
A
l Solid
salt

Diluted salt solution
Figure 6: Salt extraction from raw solid salt using ASC with solvent-drying (Redrawn from Weingaertner et al. [77]).

Hybrid configurations combining antisolvent crystallization and other crystallization (evaporative/cooling) have
also been suggested in the literature [35]. Two flowsheets of hybrid structures are presented in Fig. (7a) and (7b).
The difference between the two configurations lies in the sequence in which thermal (evaporative/cooling)
crystallization and antisolvent crystallization can be arranged. In type one, the solvent is added in crystallizer 1 at
Tc1 to crystallize product 1.

After separating product 1, the mother liquor is fed to the solvent recovery column to separate the solvent. The
stream after solvent recovery is fed to the crystallizer 2 maintained at Tc.. The second product is crystallized and
separated by filter 2. The mother liquor from the second crystallizer contains both components 1 and 2. It is
recycled back to complete the cycle. In the case of type two, the recycled solvent is added to the feed of the
second crystallizer, and ASC takes place in crystallizer 2 (Fig. 7b).

The choice of the crystallization sequence depends on the phase behavior of the solution in the presence and
absence of a secondary solvent. The effect of temperature on phase separation also plays a vital role in choosing
process configurations for a given system. The integration of ASC in hybrid configurations can significantly
facilitate the recovery of multiple high-purity products with minimal changes to an existing thermal crystallization
process and is operationally simple.
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Figure 7: (a) Type one-hybrid crystallization configuration, (b) Type two-hybrid crystallization configuration (Redrawn from
Rajagopal et al. [35]).

4. Sustainability Aspects of Antisolvent Crystallization

4.1. Solvent Recycling and Regeneration

The ASC process consists of adding a secondary solvent (antisolvent) that is miscible with the original solution
to decrease the solubility of the solute of interest [42]. Consequently, solvent recycling and regeneration are the
two important challenges of the ASC process. The organic solvents used in various methods are often disposed of
after one cycle due to purity concerns. The solvent recovery practices in the chemical industry are not
implemented regularly to minimize waste, and suitable waste recovery methods are needed to reduce the
environmental footprint. Chea et al. have reported solvent recovery options through a superstructure-based
optimization framework, and a generic solvent recovery framework containing multiple technology options is
shown in Fig. (8) [81].

Interestingly, the different ASC process configurations presented in section 3 include some of the solvent
recovery methods portrayed in Fig. (8). The solvent recovery framework can aid in designing a sustainable process
by recycling materials, reducing emissions, and enhancing the economics of the overall ASC process. A suitable
antisolvent with a high potential recovery can significantly improve the process economics and environmental
impacts. The additional energy requirements for solvent recycling and regeneration can be offset by several
advantages of ASC, including increased yields, operation at ambient temperature (saving energy), higher purity of
crystals, and selectivity [64]. Sustainability and life cycle assessment (LCA) for an ASC process with three case
scenarios (i) antisolvent recovery and reuse, (ii) direct disposal without antisolvent recovery, and (iii) antisolvent
disposal by incineration is reported in a recent work [49]. End-point assessment categories of human health,
ecosystem quality, climate change, and resources were evaluated. The ASC process with solvent recovery and
reuse was established to be a much greener process using the LCA assessment.
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Figure 8: A generic framework for recovery and purification of solvents.
4.2. Environmental, Health, and Safety Considerations

The environmental, health, and safety impact of a solvent is one of the key design criteria in the ASC process,
as the traces of the solvents could be present in the final products. Antisolvent properties, including bio-
concentration factor (BCF), toxicity, and flammability, are considered by environmental regulations to assess its
suitability. The ecological and health impact of a solvent is correlated to the octanol-water partition coefficient
(Kow). The safety requirements of a solvent can be quantified by its flash point [82]. A health metric LCs is used to
quantify the lethal concentration of a chemical. The solvent toxicity is measured quantitatively as - log(LCso),
where the higher value indicates the high toxicity of the antisolvent [3]. Organic solvents are generally harmful to
some extent when their vapor is inhaled or when they are injected.

The Innovative Medicines Initiative (IMI) has listed several dipolar aprotic solvents (i.e., NMP, DMF, DMSO, DMA,
HMPA, etc.) as hazardous for processing and developing active pharmaceutical ingredients (API) [83]. Given this,
efforts towards replacing dipolar aprotic solvents used in the API industry with solvent pair mixtures of hydrogen-
bond donor and hydrogen-bond acceptor have been reported [84]. More recently, solvents that are derived from
biomass, namely bio-derived solvents, have attracted intensive investigations due to their advantages over
conventional volatile organic compounds (VOCs), such as low-toxicity, biodegradability, and renewability [85].
Common examples of bio-derived include ethanol from fermented sugars, esters derived from fatty acids, and
terpenes like limonene from citrus peels. These solvents are promising alternatives to petrochemical counterparts
for their environmental benefits, including reduced carbon footprint and enhanced biodegradability. However,
challenges such as higher production costs and variable performance compared to conventional solvents persist.

4.3. Energy and Economic Savings

Concerning energy requirements and economic evaluation for the ASC process, limited studies are available in
the literature. In an early study, Alfassi and Mosseri [86] indicated the possibility of using low boiling point organic
solvents for electrolyte precipitation from their aqueous solution using a relatively low-temperature heat source in
the ASC process. This can be preferable to using a more expensive higher-temperature heat source in the
evaporative crystallization process. In the context of sodium chloride production via crystallization, Weingaertner
et al. [77] estimated that replacing ASC (under optimal conditions) with a three-effect evaporation process could
result in an energy savings (in dollar terms) of 63%. Also, the estimated cost of the ASC plant was reported to be
half the cost of a similar size three-effect evaporation plant. However, the capital investment for the ASC plant was
found to be high, with a return of investment (ROI) of only 18.7% [77]. The usefulness of existing equipment and
processing technology for ASC is another desirable consideration. Rajagopal et al. [35] presented the economic
trade-offs of the ASC process in the context of the complete separation of para-xylene from meta-xylene using n-
pentane as the extractive solvent. An equipment cost comparison of the proposed process has shown an
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economic advantage over the conventional process reported in the literature. In another study on ASC as an
alternative to evaporation crystallization for sodium chloride production, Zijlema et al. reported an energy cost
reduction of nearly 29%. Further, the estimated fixed capital costs were 8 - 55% higher for ASC of NaCl, depending
on the process configuration used [75]. While for low-value inorganic salts, the overall economics does not seem
favorable, for specialty chemicals and pharmaceutical product processing, ASC may be a more viable alternative.

5. Potential Applications of Antisolvent Crystallization-based Separation

ASC technique has great-untapped potential for developing processes with the advantages of controlled crystal
growth and improved selectivity. Some of the well-reported applications of ASC in the literature are presented to
support its commercial relevance. Niche applications of ASC toward the formation of micron and submicron-size
particles in material research and processing are worth-mentioning [58]. ASC for separation and purification of
biomolecules during bioprocessing is also gaining attention in recent years. Conventional and emerging
application areas of ASC are discussed below.

5.1. Hydrometallurgy

The usefulness of organic solvent-induced metal-salt crystallization is well-established for hydrometallurgical
applications. Exemplary investigations on the extraction of cobalt salts [45, 87], copper salt [88], nickel salt [6], and
alumina [89, 90] from different sources (spent battery, spent Bayer liquor, etc.) have been reported. Some novel
applications like metallic value recovery (Co, Mn, Cu, etc.) from lithium-ion batteries (LIB) and printed circuit
boards from obsolete mobile phones are also being explored [91].

ASC was also found to work well in acidic media [12]. Towards the metal recovery application, adding alcohols
(propanol and butanol) in dilute hydrochloric acid improved the acid leaching of Cu, Fe, Mn, Ni, and Co from sea
nodules [92]. Compared to classical techniques of metal-salt crystallization, these alcohol-assisted precipitation
offer advantages like no need for temperature shift, rapid process, and easy implementation [88].

5.2. Salt Extraction

Commercially, many inorganic salts are produced from aqueous solutions or concentrates (having co-solute or
impurities) using various crystallization or precipitation-based methods [13, 93, 94]. However, the presence of co-
solutes and/or contaminants can impact the solubility of the species of interest and its subsequent extraction [4].
ASC has attracted attention as an efficient method for salt extraction from aqueous solutions. Alfassi and Mosseri
have carried out several pioneering fundamental studies to establish the potential of solvent-assisted
crystallization/precipitation for salt recovery from aqueous solutions [86, 95-97]. Alfassi [95] examined the
feasibility of a miscible organic solvent (MOS) to precipitate electrolyte (or salt) by correlating the solubility of an
electrolyte in a mixed water - MOS system to a characteristic constant termed “the precipitating constant: A.”
Experimental values of A for a large combination of the salt-solvent system were reported. It was reported that
two salts in aqueous solutions might be separated using MOS if the two electrolytes have different A values for the
given MOS. The study outcomes were realized as appropriate for singly charged cations. In a subsequent study,
Alfassi and Mosseri [86] pointed out the possibility of low boiling point MOS to enable the recovery of electrolytes
from their aqueous solution using low-cost energy sources (low-temperature heat source, vacuum without
heating, etc.). Several low boiling point MOS, e.g., acetone, propylamine, and isopropylamine, were tested on
electrolytes (K2SO4 and KIOs), and isopropylamine was found most suitable. It was suggested that the method
could be used for many electrolytes in which a significant fraction of salt is expected to precipitate by a relatively
small volume of organic solvent.

Further, in a successive work, Mosseri and Alfassi [97] studied twenty water-MOS-electrolyte systems and
derived analytical expressions to describe the relative solubility (of electrolyte) as a function of MOS amount. The
general expressions for predicting the solubility constants and MOS relative volumes from precipitation constants
A were found, which applied to the entire range of concentrations. In summary, the fundamental water-MOS-
electrolyte phase studies and analytical expression presented by this group have strengthened the prospect of
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using solvent-assisted crystallization/precipitation of salts from their solutions.

Weingaertner et al. [77] have established extractive crystallization as an alternative to evaporation in processes
to recover salts from their concentrated aqueous solutions. In their process, the concentrated aqueous solution is
mixed with a selected solvent, and salt is forced to crystallize by mutual solubility of water and solvent. After salt
removal, the residual liquor of solvent, water, and remaining salt is re-formed into a regenerate dry solvent phase
and a diluted aqueous phase either by changing the temperature or contacting with an additional concentrated
solution. The recycling of both phases within the process allows the conception of a continuous industrially
applicable process. The extractive crystallization of sodium carbonate and sodium chloride was investigated, and
detailed process configurations were discussed.

5.3. Desalination and Water Treatment

The capability of the ASC method to remove water-soluble salts from an aqueous solution has been exploited
in desalination and water treatment applications [22, 98]. Govind and Foster [22] patented a system, method, and
apparatus for the reclamation of water through precipitating salts from salt solutions by adding the water-miscible
solvent (e.g., ethanol, acetone, ethanolamine, etc.). Separation methods for the recovery of precipitated salt and
solvent were also presented in their study. Another patent showed an integrated process for making inorganic salt
from a crude aqueous solution using antisolvent and the production of drinking/process water [13]. The
integrated system comprises a crystallizer and membrane units, wherein the ASC in the crystallizer acts as a
primary salt removal unit followed by membrane separation of residual liquid into two streames, i.e., solvent and
water. More recently, McNally and co-workers have conceptualized a miscible organic solvent-driven fractional
precipitation of solutes from the saline brine solution to augment the water treatment system. A simplified water
softening process using dimethyl ether (DME) as the antisolvent is depicted in Fig. (9).
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precipitation

Expander & pressure
exchanger

Hardness Product
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Figure 9: Conceptual scheme of DME antisolvent-driven water treatment (adapted from McNally et al. [18]).

The solute-laden hard water is mixed with compressed DME, driving the fractional precipitation of solutes from
the hard water. The precipitated solids are separated, and the water - DME mixture undergoes expansion (using
an expander) to vaporize DME for solvent and water separation. Vaporized DME is compressed and recycled back
in the process, while the softened product water is passed to the next stage in the water treatment process [18].

5.4. Pharmaceutical

ASC has been widely used in pharmaceutical industries to produce various polymorphic drug compounds with
desired crystal size distribution [99, 100]. “Polymorphism is defined as the ability of a single constituent to exist in
more than one crystallographic arrangement [101].” In the pharmaceutical industries, Polymorphism is an
important point of comparison for various physicochemical characteristics such as solubility and dissolution, and
both factors influence the other properties, say, bioavailability, compaction, flow, and stability of polymorph. The
analogous strength of polymorphism is determined under the aegis of thermodynamic properties concurrently;
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the kinetics of polymorphic forms such as nucleation, crystal size distribution, and crystal growth depends upon
the crystallization process. ASC is a primary method of purification during the intermediate and final stages of
drug synthesis [33]. Kumar and co-workers have classified antisolvent precipitation as one of the particle size
reduction techniques of pharmaceutical compounds to enhance their dissolution rate and bioavailability [102].
Various active pharmaceutical ingredients (APIs), including bisacodyl, griseofulvin, curcumin, silibinin, apigenin,
etc., crystallized using organic solvents (acetone, ethanol, n-methyl pyrrolidone, dimethyl sulfoxide, and
dimethylformamide) and water as antisolvent was reported in their study. By tuning the ASC process conditions,
the particle size, crystal habit, particle morphology and degree of crystallinity of the product could be controlled. A
recent review has highlighted the applications of ASC in crystal engineering and process intensification pathways
in the pharmaceutical field [16].

5.5. Bioprocessing

Application of ASC in bioprocessing industries is realized in twenty first century, in the context of separation
and purification of biochemicals/biomolecules like proteins, peptides, enzymes, biopharmaceuticals, etc. [103].
Gerstweiler et al. reported crystallization as an important unit operation to store biopharmaceuticals as protein
crystals [104]. In a recent work on the application of ASC for bioprocessing, recovery and purification of xylitol
from the cashew apple bagasse feedstock using antisolvent is reported. Isopropanol, ethanol and the protic ionic
liquid 2-hydroxyl-ethylammonium acetate were evaluated as antisolvents. Isopropanol was found to be the best
antisolvent with crystal yield and purity of 70% and 85% respectively [105]. In a recent review on upstream and
downstream bioprocessing in enzyme technology, antisolvent crystallization is discussed as an efficient product
purification method in conjunction with chromatography [106]. A high-selectivity associated with ASC makes it
particularly useful for isolating valuable biomolecules from complex mixtures.

6. Conclusions

In this review, we concentrate on the potential application of antisolvent crystallization (ASC) for
unconventional applications and promote its use for inorganic chemical/salt extraction and water treatment. The
focus is on the profound understanding of phase equilibrium and thermodynamic behavior of solute, primary
solvent (water), and antisolvent systems for the performance of an ASC process. Next, the selection of a suitable
antisolvent with desirable characteristics is the key to the successful development and implementation of the ASC
technique. Among the gamut of recommended solvents, monovalent alcohols (methanol to butanol), acetone, and
other hydrocarbons have been studied extensively and used as antisolvents. Developing a more efficient
antisolvent crystal extraction would require investigating other less applied solvents (like glycols, ketones, ethers,
amines, nitriles, esters, etc.) as antisolvent with a deep understanding of the underlying thermodynamics and
kinetics occurrence. The sustainability aspects of ASC, considering the environmental benignity of solvents,
associated economic costs, and efficiency in terms of resilience, evaluation of waste streams, and toxicology, are
equally critical for its practical realization. Towards the commercial implementation of ASC, various configurations
(stand-alone and hybrid) highlighted in this study provide crucial technical contributions for pure crystalline
product recovery from liquid solutions or solid mixtures. ASC is well-adopted in pharmaceutical applications and is
expected to grow in the areas of industrial hydrometallurgy, mineral salt recovery, and water treatment. Future
work is required to develop and test new greener/environmentally benign solvents and study the performance of
ASC at the pilot scale.
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Nomenclature

Abbreviation

API active pharmaceutical ingredient

ASC antisolvent crystallization

BCF bio-concentration factor

CAMD computer aided molecular design

DLS dynamic light scattering

DMA dimethylacetamide

DME dimethylether

DMF dimethylformamide

DMSO dimethylsulphoxide

ePC-SAFT electrolyte perturbed-chain statistical associating fluid theory
HMPA hexamethylphosphoramide

IMI innovative medicines initiative

Ip induction period

LCA life cycle assessment

LIB lithium ion batteries

LIQUAC liquid phase quasi-chemical activity coefficient
MOS miscible organic solvent

MSZW metastable zone width

NMP N-methylpyrrolidone

NRTL non-random two liquid

PSD particle size distribution

ROI return of investment

THF tetrahydrofuran

UNIQUAC universal quasi-chemical activity coefficient
VOCs volatile organic compounds

Greek Letters

Yl aqueous activity coefficient in water
ySalt aqueous activity coefficient in saltwater
y activity coefficient of the solute in a supersaturated solution
ysat activity coefficient of the solute in the saturated solution
y surface energy
u chemical potential
s chemical potential at equilibrium
Symbols
c* equilibrium solubility of the solute
c(r) solubility of the particles of size (radius) r
- equilibrium concentration
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Co initial concentration

Csalt salt concentration

AC degree of supersaturation

k Boltzmann constant

Kt partitioning coefficient in saltwater

Kow octanol-water partition coefficien

Kk Setschenow constant

Kot partitioning coefficient in deionized water

S supersaturation ratio

S; initial supersaturation

sdt solubility of organic compounds in deionized water

Ssalt solubility of organic compounds in saltwater

xSt solute mole fraction in saturated solution

T temperature

Tc solute crystallizing temperature

Tr solvent regeneration temperature

/4 molecular volume

X solute mole fraction in supersaturated solution
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