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Abstract: This paper explores the efficiency and potential of indirect freeze crystallization (IFC) as
a valuable resource-recovery technology in wastewater treatment, particularly focusing on acid
mine water and hazardous material wastewater-treatment plants. Wastewater treatment poses chal-
lenges to recovering valuable resources effectively, enforcing the need for sustainable and resource-
efficient technologies like freeze crystallization. Through a thorough examination of IFC principles
and mechanisms, this paper aims to highlight its applications, advantages, and limitations. The in-
vestigation includes a comprehensive literature review and detailed methodology from one of the
IFC pilot plants, as well as a critical analysis of the environmental and economic implications of IFC.
By addressing scaling challenges in reverse osmosis and proposing an environmentally friendly
brine disposal method through IFC, this paper contributes to reducing the environmental footprint
associated with wastewater treatment. Additionally, this paper highlights the importance of extract-
ing valuable resources from highly saline water and emphasises the potential economic and envi-
ronmental benefits of resource recovery, particularly focusing on the promising technology of IFC.

Keywords: freeze desalination; pipe freeze crystallization; highly saline water treatment; clean
water; Na2SOs and NaCl recovery; environmental sustainability; South Africa

1. Introduction
1.1. Overview

Wastewater treatment is an important aspect of environmental management, yet it
comes with challenges to effectively recovering valuable resources. This study explores
the existing issues in wastewater treatment (e.g., [1-3]), emphasising the need for sustain-
able and resource-efficient technologies such as freeze crystallization [direct, e.g., vacuum
and secondary refrigerant, and indirect, e.g., eutectic, HybridICE, progressive, suspen-
sion, and pipe freeze; [4-6]]. Wastewater treatment in this context refers to the treatment
of mining-influenced water, industrial wastewater, municipal wastewater, and hazardous
material wastewater. With the spotlight being on freeze crystallization technologies in this
study, pipe freeze crystallization, which is a type of indirect freeze crystallization (IFC) is
thoroughly examined [5,7]. Freeze crystallization offers distinct advantages over tradi-
tional methods by using the principles of phase separation through controlled freezing.
Unlike conventional techniques, such as evaporation ponds or biological processes, freeze
crystallization enables the selective recovery of valuable resources from wastewater
streams while minimising environmental impact. Specifically, pipe freeze crystallization
has emerged as a promising technology due to its ability to separate different components
of wastewater into high-purity fractions. Through exploiting the differences in solubility
and freezing points of various compounds, pipe freeze crystallization allows for the effi-
cient recovery of salts and clean water, thereby ensuring that wastewater-treatment plants
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discharge less or no brine in water courses. This review aims to provide a comprehensive
overview of indirect freeze crystallization, with a focus on pipe freeze crystallization,
highlighting its operational principles, advantages and limitations compared to tradi-
tional methods, and highlighting the future prospects for innovation and implementation.

Freeze crystallization technologies can be applied in different wastewater-treatment
plants; however, in this study, acid mine water and hazardous material wastewater-treat-
ment plants are the focus, as this is where IFC has been applied by the authors. The as-
sumptions made in this review are based on the small-scale plants in which the authors
are involved (A-Thermal/ROC Water Technologies, Midrand, South Africa, and coal
mines in the Mpumalanga province of South Africa). In terms of acid mine water, IFC is
currently being applied in brines from coal mines, which is generated after reverse osmo-
sis (RO). The concentration of acid mine water is around 5000 mg/L, which is too low for
the IFC method to be used. Thus, RO is first applied to acid mine water before IFC can be
used; this approach increases the brine concentration to at least 30,000 mg/L. With high-
pressure RO, the brine concentration can be as high as 90,000 mg/L. Acid mine water,
which is produced when pyrites in coal or gold ore are converted to sulfuric acid and
ferrous sulfate [8,9], causes corrosion to equipment (e.g., [10,11]), which is a challenge in
many industries and requires immediate attention. When acid water is neutralised with
lime, the water becomes oversaturated with respect to gypsum, resulting in gypsum scal-
ing of the equipment. This neutralised water needs to be desalinated so it can be used for
domestic and industrial purposes. Reverse osmosis (RO; [12,13]) is used to desalinate this
water; however, two common problems are encountered in this process: (i) scaling of
membranes with gypsum (e.g., [14,15]) and (ii) disposal of the brine, which is illegal and
violates environmental management acts in many countries (e.g., [16]).

Current legislation in many countries requires zero waste disposal at industrial sites;
thus, solid and liquid waste streams need to be removed. These challenges can be over-
come by using Na:COs for neutralisation in the pre-treatment stage [17,18]. Therefore,
gypsum formation, which results in gypsum scaling of the membranes, can be avoided,
and brine with a high salt concentration can be produced, resulting in a smaller volume
of brine. Furthermore, the challenge of brine disposal can be addressed by introducing a
freeze crystallization process [4,7,19-24], where clean water, Na:50+ and NaCl salts are
recovered from brine. However, Na:SOs has a low economic value due to its limited mar-
ket, which represents a challenge to freeze crystallization methodology. Therefore,
through thermal processing, Na:SOs can be converted to Na:COs, which is used in the
manufacturing of detergents, soaps, glass, and paper.

This study is important in the wastewater-management sector, as it introduces novel
technological advancements in the treatment of wastewater, such as the incorporation of
Na2COs in pre-treatment and the development of the freeze crystallization process. There-
fore, this study further aligns with the global commitment to environmental sustainabil-
ity. By addressing scaling challenges in RO and introducing an eco-friendlier brine dis-
posal method through IFC, this study will help in the reduction of the environmental foot-
print associated with wastewater treatment.

1.2. Importance of Resource Recovery from Wastewater

This study highlights the importance of extracting valuable resources from
wastewater, specifically focusing on emerging technologies such as the IFC. Pipe freeze
crystallization, which is a type of IFC introduced by Maree [7] is a promising emerging
technology for recovering clean water in the form of ice and valuable salts such as Na2SOx
and NaCl. Furthermore, this study underlines the potential economic and environmental
benefits of resource recovery, putting the spotlight on IFC. In their study, Randall and
Nathoo [20] demonstrated a procedure to recover valuable products such as clean water
in the form of ice and salts such as NaCl using the eutectic freeze crystallization technol-
ogy from RO brine, seawater, and urine “waste” waters.
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Resource recovery from wastewater is important for addressing environmental chal-
lenges and ensuring sustainable development. By using technologies like IFC, wastewater
can be transformed from just a disposal problem into a valuable resource. The recovery of
clean water and valuable salts not only solves environmental pollution but also presents
economic opportunities for industries. Additionally, the emphasis on resource recovery
aligns with the principles of circular economy. This is where waste is minimised, and re-
sources are efficiently utilised. Thus, by prioritising resource recovery in wastewater treat-
ment, a move towards a more sustainable and resource-conscious future is possible.

2. Literature Review
2.1. Current Challenges in Wastewater Treatment

Current wastewater-treatment processes, including mining-influenced water, indus-
trial, hazardous and municipal wastewater, face challenges that drive the need for inno-
vative solutions. With expanding urbanisation and industrial activities, the volume and
complexity of wastewater is steadily increasing (e.g., [25]). One pressing challenge is the
persistence of emerging contaminants, such as pharmaceuticals and personal care prod-
ucts (e.g., [26,27]), which conventional treatment methods cannot effectively remove. Ad-
ditionally, nutrient overloads, particularly excessive nitrogen and phosphorus [28], pose
a threat to the aquatic systems and accelerate the need for additional advanced treatment
strategies such as freeze crystallization technologies. Currently, RO is the preferred
method to manage emerging contaminants. However, the resultant brine still contains a
considerable amount of salt, and this cannot be discharged to water courses. Therefore,
this is where freeze crystallization methods can be applied to ensure that industries do
not discharge brine to clean water bodies. Furthermore, the focus on the increasing water-
scarcity problem in arid and semi-arid regions such as South Africa increases the need for
wastewater treatment to embrace sustainable practices such as freeze crystallization tech-
nologies [19,21,22]. Addressing these challenges requires a comprehensive understanding
of current issues and treatment methods to act as a solid foundation for more efficient and
sustainable wastewater-treatment approaches.

2.2. Existing Resource-Recovery Methods
2.2.1. Introduction

As the water industries see the need to transition towards circular economies, extract-
ing resources from wastewater consistently gains momentum. Several resource-recovery
methods have previously been and are continuously being used [29,30], each with its
strengths and limitations. Anaerobic digestion, for example, has proven to be effective in
producing biogas from organic matter in wastewater (e.g., [31,32]). Meanwhile, membrane
technologies enable the selective separation of valuable components as explained in detail
by Chen, et al. [33] and Bashiri, et al. [34]. Adsorption processes [35,36] and chemical pre-
cipitation methods [37,38] contribute to recovering pollutants while yielding recoverable
materials. Despite these efforts, challenges still exist in achieving high selectivity and effi-
ciency. For effective treatment of wastewater, these mentioned methods can be used as
pre-treatment to RO; then, freeze crystallization can be applied to ensure effective recov-
ery of salts and clean water.

There has been progress made over the years in developing innovative technologies
or approaches to recover products from mining-influenced waters. Some of the conven-

tional approaches and emerging technologies used to recover valuable products and re-
move metals or potentially toxic elements from mining-influenced waters, particularly
acid mine drainage (AMD), include the ferrite process [39], recovery of magnetic adsor-
bents [40], and the use of magnetic bimetallic materials [41,42]. These methods typically
involve chemical processes or adsorption mechanisms to extract valuable resources or mit-
igate environmental pollution. For example, the ferrite process explored by Igarashi, Her-
rera, Uchiyama, Miyamae, Iyatomi, Hashimoto, and Tabelin [39] presents a two-step



Minerals 2024, 14, 427

4 of 21

neutralization ferrite-formation process aimed at treating AMD-containing hazardous el-
ements, such as zinc, copper, and arsenic. While this process demonstrates effectiveness in
removing these contaminants and stabilizing sludges, it still faces challenges related to the
partitioning of hazardous elements, sludge stability, and the influence of coexisting ions.

Similarly, Aghaei, Tadesse, Tabelin and Alorro [41], Aghaei, Wang, Tadesse, Tabelin,
Quadir, and Alorro [42] introduce the use of Fe-Al bimetallic materials for Hg removal
from mining-influenced waters, showcasing promising results in terms of Hg removal ef-
ficiency and the material’s reusability. However, when compared to these conventional
methods, pipe freeze crystallization technology offers distinct advantages, especially in the
context of brine treatment for resource recovery. Freeze crystallization, particularly pipe
freeze crystallization, provides a sustainable and resource-efficient solution for recovering
valuable resources from brine, particularly addressing challenges associated with highly
saline water. This method can effectively concentrate dissolved substances in wastewater
streams, allowing for the recovery of valuable resources, such as salts and clean water.
Additionally, the method’s ability to selectively crystallize specific compounds enhances
the efficiency of resource-recovery processes, making it a promising technology for the
treatment of various wastewater types, including acid mine water.

2.2.2. Evaporation Ponds

Natural evaporation ponds for brine storage and treatment in South Africa and min-
ing-dominated countries is a widely used methodology, but it is deemed inadequate in
terms of environmental safety and human health. Charisiadis [43] characterises these
ponds as shallow, earthen basins, specifically constructed to exploit solar irradiation for
concentrate evaporation. It is important to incorporate impermeable linings to protect the
underlying aquifer, with a dual lining being obligatory for highly contaminating metals
[44,45]. This necessity extends to ponds used for acid mine drainage from coal and gold
mines characterised by high concentrations of Fe and sulfide minerals. Evaporation in-
duces the precipitation of mineral concentrates, yielding salt crystals that are subse-
quently collected and disposed of (Figure 1). The depth of the freeboard and the extent of
the open surface area are pivotal design considerations, ensuring resilience during un-
foreseen and critical scenarios.

Evaporation CH, co,
N L Wastewater

ND D DD DD )N D) overflow

LU U g U
\ Nearly fresh

River

Contaminated soil

Figure 1. Brine treatment using evaporation ponds.
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These evaporation ponds find optimal suitability for the disposal of saline
wastewater in arid, warm climates characterised by high evaporation rates. Charisiadis
[43] categorises them into conventional types (solely for disposal purposes) and solar sa-
linity gradient types (for electricity generation using solar energy). It is important to en-
force leak-detection mechanisms and groundwater-monitoring systems to mitigate the
contamination of water systems. Ahmed, Shayya, Hoey, and Al-Handaly [44] highlight
the necessity for mechanically robust, impermeable liners, along with meticulous joint
sealing and continuous monitoring of reservoir parameters, including the installation of
sensors for real-time data transmission to the central controlling server. The increasing
number and size of desalination plants, coupled with increasingly stringent discharge reg-
ulations, pose a persistent challenge in saline wastewater management, as explained by
El-Naas [46]. In their investigation, Amma and Ashraf [47] explained the factors influenc-
ing disposal costs, which include treatment efficacy, concentrate quality, and technology
adoption. Evaporation ponds show several disadvantages when compared to freezing
methods (e.g., [48]). Therefore, the industry is driven to explore alternative avenues for
the recovery of valuable resources from brine, aligning with the proposed cost-effective
saline wastewater-treatment technology explained in this study.

2.2.3. Biological Processes

Biological processes play a key role in the treatment of wastewaters, particularly in
the removal of organic matter, suspended solids, and various pollutants. These processes
rely on microorganisms that break down colloidal and dissolved organic matter as their
source of nutrients [49]. Typically applied in municipal and industrial wastewater treat-
ment, biological processes offer an effective means of wastewater purification. However,
they may not be suitable for certain types of wastewaters, like mining-influenced water,
limiting their applicability compared to freeze crystallization technologies. Despite their
effectiveness, biological processes have drawbacks, such as high energy consumption in
aerobic conditions, the formation of solids requiring disposal, production of noxious com-
pounds and aerosols, susceptibility to chemicals, and relatively slower treatment rates
compared to other processes such as chemical ones [50].

2.2.4. Membrane Processes

Membrane processes have a long history, dating back to the 1960s when they were
first used for water treatment. However, despite their early introduction, they have not
gained significant traction and are rarely implemented in practical treatment plants. Mem-
branes serve as a separation technology primarily used for the separation of salts from
brines (e.g., [51]). The primary objective in membrane manufacturing is to produce robust
membranes capable of enduring high permeate influx while exhibiting a high degree of
selectivity. Typically, membranes are composed of thin layers of material with a specific
range of pore sizes. Various materials are used in the design and fabrication of mem-
branes, differing in physical structure and chemical composition. However, the key dis-
tinguishing factor among membranes lies in the mechanism by which separation is
achieved [52]. One major drawback of membrane processes is the reliance on labour-in-
tensive trial and error during fabrication and design, leading to membranes being less
favoured within the wastewater-treatment sector.

2.2.5. Sorption Processes

Sorption processes are commonly used in wastewater treatment for the removal of
contaminants from aqueous solutions. These processes involve the transfer of pollutants
from the liquid phase onto a solid surface, known as the sorbent. Sorption mechanisms
include adsorption, where contaminants adhere to the surface of the sorbent through
physical or chemical interactions [53], and absorption, where contaminants are taken up
into the structure of the sorbent material [49]. Various sorbents can be applied in
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wastewater treatment, ranging from natural materials like activated carbon, zeolites, and
clay minerals to synthetic polymers and resins. The selection of sorbent depends on factors
such as the type and concentration of contaminants, the desired removal efficiency, and
cost considerations. Challenges, such as sorbent regeneration, disposal of spent sorbents,
and potential leaching of contaminants from saturated sorbents, need to be addressed to
ensure the sustainability of sorption-based treatment methods [54].

2.2.6. Chemical Processes

Chemical processes are fundamental components of wastewater treatment, involving
the use of chemical reactions to remove contaminants and improve water quality. These
processes consist of a lot of methods, including coagulation, precipitation, oxidation re-
duction, and disinfection. Coagulation is a chemical process where coagulants, such as
Al2(504)3 or FeCl3, are added to wastewater to break down suspended particles and fa-
cilitate their aggregation into larger particles [55]. Precipitation involves the addition of
chemicals, such as lime, to induce the formation of insoluble compounds and ultimately
remove dissolved contaminants through precipitation reactions [56]. Oxidation-reduction
(redox) processes involve the transfer of electrons between chemical species, leading to
the conversion of pollutants into less harmful or more easily removable particles. Exam-
ples of redox processes include the use of chlorine or ozone for disinfection, as well as
advanced oxidation processes like UV/hydrogen peroxide or ozone/hydrogen peroxide
for the degradation of organic pollutants [57]. While chemical processes offer effective so-
lutions for pollutant removal, careful consideration must be given to factors such as chem-
ical dosage, reaction kinetics, and the generation of potentially harmful by-products to
ensure the sustainability and environmental safety of wastewater-treatment operations.

2.3. Freeze Crystallization
2.3.1. Background

Freeze crystallization is an important method for separating clean water from salt
solutions by forming ice crystals and crystallizing the salt, in which ice is, therefore,
melted to purify the water. Discovered by Thomas Bartolinus in 1680, it gained commer-
cial traction in the 1950s [58] through advancements proposed by Karnofsky and Steinhoff
[59] and Wiegandt, et al. [60]. The principle that drives this method revolves around crys-
tallization, isolating impurities through ions during slow freezing. It involves freezing a
solution and forming ice crystals while concentrating contaminants in the remaining so-
lution [61]. Therefore, clean water is recovered by disintegrating, washing, and melting
the ice crystals.

The freeze crystallization approach is cheaper and does not require a lot of equipment
toimplement, i.e., it involves unit operations like heat exchangers, crystallizers, separators
and melters, which ultimately form an integrated wastewater-purification system [5,19].
Its benefits include low energy requirements when compared to other methods such as
evaporation systems. Additionally, it is a chemical-free separation method and offers sim-
ultaneous crystallization and recovery of water (ice) and salt.

The method of indirect freeze crystallization (IFC) involves the usage of physical bar-
riers to isolate saline wastewater from the refrigerant, whereby ice crystals nucleate on
surfaces through mechanical refrigeration. Heat transfer occurs across heat-exchanger
boundaries, thereby facilitating the formation of ice crystals [62]. In its mechanism, IFC
consists of both progressive freeze crystallization occurring on a chilled plate [63] and
suspension freezing, offering adaptable solutions for the treatment of saline wastewater
(Figure 2; [24]). This approach offers advantages, such as controlled energy transfer and
minimised equipment movement, thereby enhancing its efficacy.
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Figure 2. Indirect freeze crystallization process flow diagram.

The processes in direct freezing are like the general freeze crystallization processes
where a solution undergoes freezing [23]. By maintaining supersaturation conditions, nu-
cleation and crystal growth are therefore enabled, which is an important step in the pro-
cess [64]. The selection of a refrigerant with precise attributes is crucial, including a freez-
ing point of —4 °C or below (operating under these conditions minimises energy usage),
along with characteristics such as non-toxicity, immiscibility with water, non-flammabil-
ity, and chemical stability. The refrigerant, introduced in liquid form at the base of the
crystallizer and exiting as vapour at the top, undergoes expansion through a nozzle,
thereby vaporising and precipitating ice or solute crystals within the process solution (Fig-
ure 3; [65]).
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Figure 3. Schematic illustration of direct freeze crystallization process (modified after [23]).

By comparing existing resource-recovery methods with (pipe) freeze crystallization,
it becomes evident that traditional techniques often fall short of achieving the level of se-
lectivity and efficiency required for sustainable wastewater treatment. While evaporation
ponds and biological processes have been widely employed, they suffer from limitations,
such as low recovery rates, high energy consumption, and environmental concerns asso-
ciated with residual brine discharge. Membrane processes, although effective in certain
applications, may not be suitable for treating complex wastewaters containing high con-
centrations of dissolved solids. In contrast, the pipe freeze crystallization method offers
the advantage of simultaneous separation and recovery of multiple components, making
them particularly well-suited for handling concentrated brines. In addition, the opera-
tional flexibility and scalability of pipe freeze crystallization provide versatility in ad-
dressing diverse wastewater streams. This method enables the recovery of high-purity
products with minimal energy input and environmental impact. Through exploring the
advancements and applications of freeze crystallization in wastewater treatment, this re-
view aims to bridge the gap between theoretical understanding and practical implemen-
tation, paving the way for more efficient and environmentally friendly resource-recovery
processes.

Recent reviews on freeze crystallization methods, such as those by Janajreh, Zhang,
El Kadi, and Ghaffour [5] and Randall and Nathoo [4], have provided valuable insights
into the principles and applications of various freeze crystallization techniques. Janajreh,
Zhang, El Kadi, and Ghaffour [5] focused primarily on the theoretical aspects of freeze
crystallization and its applications in separation processes, while Randall and Nathoo [4]
explored the specific method of eutectic freeze crystallization and its potential for treating
saline wastewaters. However, these reviews did not explore the unique characteristics and
applications of pipe freeze crystallization, which is the focal point of this manuscript. Pipe
freeze crystallization, introduced by Maree [7], offers a distinct approach to treating saline
wastewaters by using indirect freezing to separate salts and clean water.
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2.3.2. Indirect Freeze Crystallization
Progressive Freeze Crystallization

Progressive freeze concentration (PFC) entails the formation of large single crystals
of ice on the system, which allows them to grow on a cooling surface, facilitating easy
separation between the ice crystals and the mother liquor. It is a type of freeze concentra-
tion process that involves the production of ice crystals layer by layer on a surface that is
cooled until a large, single-crystal block is formed [66].

The concentration efficiency of the process is proven to be higher when the process
is taking place under appropriate operating conditions with a low crystal rate; however,
in addition to that, the purity of the crystals of ice produced by the PFC process is high.
The large, single-crystal block makes it easy to separate the crystal from the mother liquor,
thus resulting in a maintenance cost that is low. Separation of the concentrate from crys-
tals of ice in some PFC is achieved by means of gravity, and no devices for separation,
such as wash columns, centrifuges, or pressers, are required. The conventional PFC is also
associated with the production of ice of higher purity but with lower productivity than
suspension freeze concentration [66]. The main disadvantage of PFC is that, during the
formation of ice crystals, impurities are entrapped within the ice-crystal structure, thus
making the process inefficient compared to suspension freeze concentration [67].

Suspension Freeze Crystallization

Suspension freeze crystallization (SFC), which is mostly used in the food-processing
industry, forms several ice crystals, which can be obtained by applying a scraper mecha-
nism on the cooling surfaces and a stirrer to distribute the cool energy through the total
solution. Van der Ham, Witkamp, de Graauw, and van Rosmalen [21] observed that rapid
nucleation and crystal formation result in impure ice crystals due to fast growth. This
problem can be solved by making provision for slow crystal growth in a separate tank
with a long residence time. The addition of ice seed crystals also contributes to a better-
quality ice during batch operations, as it suppresses secondary nucleation [68,69]. Crystals
with a small particle size are preferred over crystals with a larger particle size for several
reasons, including (i) to provide a larger number of seed particles that could prevent the
formation of new nucleation sites [70] and (ii) to allow a rapid rate of crystallization [68].

Seeding needs to be applied shortly after the solubility of ice or salt is exceeded to
avoid the metastable limit. Lewis, Nathoo, Thomsen, Kramer, Witkamp, Reddy, and Ran-
dall [22] have used a cooling rate of 15 °C/h to 6 °C/h to avoid secondary nucleation. Dur-
ing SFC, the formation of two ice particles takes place in two process stages in the suspen-
sion of the in-process saline wastewater. During the first stage, ice crystals are generated
in the ice nucleator and are then moved to the re-crystallizer, where the development of
the petite crystals takes place through the principle of Ostwald ripening [62]. SFC yields
small ice crystals in the suspension of the process mother liquor and is mainly character-
ised by the formation of the size distribution of crystals growing isothermally. The system
for SFC consists of crystallization, growth, and ice crystal separation where a scrapped
surface heat exchange and a re-crystallizer are involved.

Some disadvantages associated with SFC include poor energy utilisation due to iso-
lation of the cooling surfaces with an ice layer, limited size of crystals, low purity of the
formed ice, and high investment costs, and separation of the concentrated liquid from the
ice crystals also poses a challenge [66].

Eutectic Freeze Crystallization

Eutectic Freeze Crystallization operates by segregating aqueous solutions into ice
and solidified solutes, functioning at the eutectic point. This point signifies equilibrium
among ice crystals, salt, and a solution with a specified concentration [24,71-73]. The grad-
ual freezing of a solution containing dissolved impurities leads to ice-crystal formation on
the surface, thereby enriching the remaining solution with contaminants. The procedure
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Temperature

yields nearly clean water by isolating, rinsing, and washing the ice crystals, thereby leav-
ing behind a solution comprising pure salt, which crystallizes at the eutectic temperature
(Figure 4A; [21,74,75]). Understanding the eutectic concentration and temperature is im-
perative for operational success. The procedure involves chilling a diluted solution to in-
itiate ice crystallization, followed by further cooling to reach the eutectic point, facilitating
concurrent ice and salt crystallization (Figure 4B).

(B)

45
(A) Thermodynamic salt
35
25
A
15 Solution
Salt solubility line g
. A
B 'E 05
Ice + saturated g .
solution Salt + saturated £ -05 el
. solution 2 Ice + solution 'B' L NastgﬁPHzO
Sl . C + solution
-~ C N
-1.5
Ice + salt Eutectic ice + Na;S0,.10H,0 o
point 25 Eutectic point
—_— 0 1 2 3 4 5 6
Salt concentration Sodium sulphate concentration (wt3%)

Figure 4. (A) Salt-water mixture illustration; (B) Phase diagram for binary aqueous Naz50s system —
A-B: freezing line, water solidifies and forms ice at B, C: Eutectic point, D-E: salt crystallization path,
salt crystallizes at E.

HybridICE Freeze Crystallization
Mtombeni [76] assessed the HybridICE freeze crystallization technique. This innova-

tive approach involves the mechanical scraping of ice crystals from a rotating chilled sur-
face. The HybridICE setup integrates a refrigeration unit with a scrapped surface heat ex-
changer. Using a closed-loop system for the circulation of saline wastewater ensures the
continuous extraction of pure water in the form of ice crystals from the concentrate

[

6,76,77]. The procedure involves phases for ice-crystal nucleation and ripening, followed

by the transfer of a slurry to an ice filter for recrystallization. The HybridICE technology
enables the production of pure ice without necessitating washing, highlighting efficiency
in the desalination process (Figure 5).
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Figure 5. Block diagram illustrating the HybridICE freeze crystallization technology (modified
after [6,77]).

2.3.3. Direct Freeze Crystallization
Vacuum Freeze Crystallization

Vacuum Freeze Crystallization uses a high vacuum to induce water evaporation,
thereby facilitating ice crystallization through the reduction of solution temperature [78].
Widely applied in the food, chemical, and pharmaceutical sectors, this technique effec-
tively segregates and purifies solids from liquids. Ice crystals form under conditions of
low temperature and pressure, initially freezing the solution into a solid mass [79]. Sub-
sequent placement of the frozen mass within a vacuum chamber, under reduced temper-
ature and pressure, prompts the ice to transition directly from solid to vapour without
undergoing melting. Following this sublimation process, a concentrated solution remains,
containing the desired solids. While this method offers advantages, such as preserving the
crystal structure and shape and yielding high-purity solids, its slow process and substan-
tial development expenses pose significant limitations [65].

Secondary Refrigerant Freeze Crystallization

The mechanism of secondary refrigerant freezing involves the interaction between
highly saline water and an immiscible refrigerant, thereby initiating ice-crystal formation
through the refrigerant’s evaporation. This technique makes use of butane due to its boil-
ing point’s proximity to that of water. Its operational concept centres on circulating highly
saline wastewater within a closed-loop system through heat exchangers, facilitating the
ongoing extraction of pure water in the form of ice crystals from the concentrate (Figure
6; [80]).
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Figure 6. Process flow diagram of secondary refrigerant freezing process (modified after [80]).

2.4. Indirect (Pipe) Freeze Crystallization — Principles and Mechanisms

Indirect (pipe) freeze crystallization (IFC) principles are based on the basics of freeze
crystallization but with a distinctive indirect approach. As wastewater undergoes con-
trolled freezing, ice crystals form, acting as carriers for targeted contaminants and valua-
ble resources [23,81]. The indirect nature of IFC involves the subsequent separation of
these ice crystals from the liquid phase, offering an efficient method of resource recovery.
These principles aim at exploiting the differential solubilities of various components in
wastewater at freezing temperatures. The IFC process is thus controlled by the solubility
properties, i.e., the maximum quantity of a substance that can completely dissolve in each
solvent amount [6,82]. The solubility of various salts recovered through the freezing pro-
cess, including Na25Os and NaCl, varies with temperature and concentration. In all the
cases of the freezing process, different hydrated forms of Na:SOs are found, with solubility
decreasing with a decreasing temperature. Additionally, Na2SOs solubility decreases with
the presence of NaCl.

Crystallization, an important process of freeze crystallization, produces crystalline
material from a gas or liquid depending on the limited solubility of the solutes under spe-
cific conditions. Furthermore, the freeze crystallization process begins with achieving su-
persaturation, where the difference in solute concentration between a supersaturated state
and a saturated solution drives crystallization. Supersaturation is regulated through cool-
ing, representing the thermodynamic driving force for crystallization [83]. Through care-
ful control of freezing conditions, IFC facilitates the selective crystallization of
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components, making it an efficient solution to simultaneously solve pollution challenges
and recover valuable resources from wastewater.

3. Methodology
3.1. Experimental Setup of Pipe Freeze Crystallization

The experimental setup for IFC at the A-Thermal/ROC Water Technologies treatment
plant involves several key components: a chiller, cooling reactor, clarifier (Figure 7), and
ice separator (which will be involved in the current upgrade of the plant). Currently, the
plant only recovers Na25SOs; however, the experimental setup explained in this review co-
vers all the components including the ice separator. These components work collabora-
tively to facilitate the brine-treatment process efficiently. The chiller functions to decrease
the temperature of the brine solution, ensuring the precipitation of Na2SOs and ice for-
mation during the freeze crystallization process. Operating alongside the chiller, the cool-
ing reactor provides controlled cooling conditions, essential for optimal Na:SOx separa-
tion and recovery. After the crystallization step, the clarifier separates solid crystals from
the liquid brine, enhancing the Na2SOs recovery process. Additionally, the ice separator
helps in the separation of ice from the brine solution, allowing for the recovery of clean
water and concentrated NaCl. This integrated system is designed to maximise product
recovery while minimising waste during brine treatment.

Figure 7. Pipe freeze crystallization plant for the recovery of Na:504 at ROC Water Technologies,
Midrand, South Africa.

In addition to these, the experimental setup uses OLI software (version 11.5.1.7) to
predict the behaviour of various compounds within the solution. Using advanced compu-
tational models and algorithms, OLI software accurately simulates and analyses the inter-
actions between different chemical species in aqueous environments. By forecasting fac-
tors such as solubility, speciation, and phase equilibria, OLI software provides insights
into compound behaviour under diverse conditions. This understanding helps with in-
formed decision-making and optimisation of the treatment process, ensuring efficient op-
eration of the IFC plant.

In the ongoing upgrade of the IFC plant at A-Thermal/ROC Water Technologies, the
experimental setup will incorporate instrumentation for real-time monitoring and control
of the process parameters. Sensors will be strategically placed throughout the system to
measure variables, such as temperature, pressure, flow rates, and concentrations of key
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compounds. This data will continuously be fed into a central control system, which will
dynamically adjust the operating conditions to maintain optimal performance. Addition-
ally, the control system will be equipped with algorithms that enable predictive mainte-
nance, allowing for proactive identification and resolution of potential issues before they
affect the efficiency of the treatment process. This integration of advanced instrumentation
and control technologies will enhance the reliability and effectiveness of the IFC plant,
ensuring consistent and high-quality product recovery while minimising downtime and
operational costs.

3.2. Processes

To manipulate the cooling rate and residence time in the heat exchanger, a recycle
pump capable of achieving a flow rate of 1500 L/h is used in various settings. Different
pipe lengths ranging from 180 to 360 m are used for cooling purposes, and the optimal
residence time is determined at each length. Additionally, a 15 kW chiller at a -6 °C set-
point is used to cool a secondary refrigerant, consisting of a water-methanol mixture, to
temperatures between -1 and —4 °C. The Na2SOs-rich brine is subsequently cooled to tem-
peratures ranging from 5 to -3 °C by passing it through the heat exchanger at varying flow
rates to ensure the ideal residence time for Na:5Os recovery. Further cooling of the brine
to temperatures between —4 and -6 °C in the upgraded plant will facilitate ice formation
for the recovery of clean water.

For future applications, the feed and recycle pump flow ratio will be manipulated to
determine the required flow rates to yield crystal growth that can result in clean ice. The
slurry from the heat exchanger is directed into the clarifier, allowing separation through
settling, as the denser salt crystals settle out. Regarding ice formation, the ice slurry will
be pumped directly into the ice separator, where the ice will be trapped on the net, while
impurities are filtered out, resulting in clean ice. Temperature monitoring of the feed be-
fore and after the heat exchanger, as well as the secondary refrigerant before and after the
cooling reactor, are conducted. Additionally, an electrical energy meter is used to assess
the energy consumption of the chiller throughout the experimental processes.

4. Advantages and Limitations

From an environmental perspective, the implementation of freeze crystallization,
particularly pipe freeze crystallization, offers significant advantages over traditional
methods by reducing the discharge of brine and harmful contaminants into water bodies.
Through selectively recovering salts and clean water in the form of ice, freeze crystalliza-
tion minimises the environmental impact of wastewater-treatment processes and miti-
gates the risk of water pollution. Furthermore, the potential for resource recovery from
concentrated brines enhances the sustainability and circularity of industrial operations.
However, despite its numerous benefits, freeze crystallization also presents certain limi-
tations and challenges that need to be addressed for practical implementation. These in-
clude the high energy requirements associated with freezing and thawing cycles, the need
for specialised equipment and infrastructure, and the potential for fouling and scaling in
the crystallization chambers. Additionally, the economic feasibility of freeze crystalliza-
tion compared to traditional methods depends on factors such as capital investment, op-
erational costs, and market demand for recovered products.

Assessing the environmental effects of freeze crystallization technologies is im-
portant in determining its sustainability and ecological footprint. Freeze technologies
have several environmental advantages, primarily in their ability to minimise chemical
usage in wastewater treatment (e.g., [4,24]). Through the conduction of resource recovery
in a controlled manner, freeze crystallization contributes to reduced discharge of harmful
substances into the environment. Furthermore, this process uses energy efficiently, as the
latent heat released during freezing is used for crystallization [84]. However, before freeze
crystallization can be applied, comprehensive evaluation and proper planning are
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required to understand the potential limitations, such as the energy consumption associ-
ated with refrigeration and the nature of residual brine from the process.

Examining the economic implications of freezing technologies is important for deter-
mining their feasibility and practical application. Freezing technologies present economic
advantages through their dual benefits of wastewater treatment and resource recovery
[4,85]. The reduction in illegal disposal costs, coupled with the potential revenue genera-
tion from recovered resources enhances its economic viability. However, challenges exist,
including the initial capital investment for implementing freeze crystallization (IFC) tech-
nology and the operational costs associated with refrigeration and equipment mainte-
nance; but, the economic benefits outweigh the challenges. In the process of implementing
IFC, a thorough cost-benefit analysis is imperative to highlight the economic dynamics,
ensuring that the advantages outweigh the limitations and justifying the adoption of IFC
in various wastewater-treatment scenarios.

The cost-benefit analysis of pipe freeze crystallization compared to other methods
for treating brine shows significant cost savings and potential revenue generation. Pipe
freeze crystallization incurs a cost of ZAR 496.67/t compared to ZAR 2500/t for disposal
at toxic waste-disposal sites, highlighting a substantial cost advantage. Thus, ZAR 496.67/t
is the total running cost, which includes capital redemption, electricity, labour, mainte-
nance, and chemical costs, which is significantly lower than the disposal cost of ZAR 2
500/t (Table 1). Additionally, the potential for processing recovered Na:50s into saleable
forms like Na2COs, with a selling price of ZAR 10,000/t compared to Na2SO4’s ZAR 700/t,
presents an additional avenue for revenue generation, further enhancing the economic
viability of pipe freeze crystallization.

The capital cost of establishing a pipe freeze crystallization plant, estimated at ZAR
1,500,000 for a 100 kg/h ice plant, translates to a capital redemption cost of ZAR 218.06/m?
over 120 months at a 5% interest rate (Table 2). Despite this initial investment, the long-
term operational savings and revenue potential outweigh the capital expenditure, making
pipe freeze crystallization a cost-effective and financially viable solution for brine treat-
ment.

Table 1. Feasibility of the pipe freeze crystallization technology.

Cost Item Unit Amount
Capital cost for 0.1 m3/h plant ZAR 1,500,000
Capital redemption cost (5%/year; 120 months) ZAR/m3 218.06
Electricity (100 kWh/t ice, ZAR1.80/kWh) ZAR/m3 180.00
Labour ZAR/m? 50.00
Maintenance (20% of Capital redemption cost) ZAR/m3 43.61
Chemicals ZAR/m3 5.00
Total cost of Pipe Freeze Crystallization ZAR/m? 496.67
Disposal cost at toxic waste disposal sites ZAR/m? 2500.00

Table 2. Equipment cost of a 100 kg/h ice plant.

Cool-  Freez- Capital

Cost item Unit ] ]
ing ing cost
Capacity t/h 0.10 0.10 0.30
Electricity kW/m3 10.45 91.67 102.12
Electricity cost /ié\/l; 1.50 1.50
Chiller ZAR 468,888.89
Cooler reactor 1 ZAR 150,000.00
Cooler reactor 2 ZAR 150,000.00

Clarifier ZAR 60,000.00
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Ice filter ZAR 250,000.00
Pumps ZAR 200,000.00
Electricity ZAR 80,000.00
Piping ZAR 30,000.00
Engineering (8%) ZAR 111,111.11
Capital cost ZAR 1’500(’)000'0
Capital cost for the plant with 1t/h ca-  ZAR/(m3/ 9,038,393.7
pacity h) 9

5. Future Prospects

As the demand for sustainable wastewater-treatment solutions continues to grow,
the development and optimization of freeze crystallization technologies hold promise for
addressing emerging challenges and opportunities in resource recovery. Emerging trends
in freeze crystallization research, such as the integration of novel materials and process
innovations, offer potential improvements in efficiency, selectivity, and scalability. Addi-
tionally, advancements in modelling and simulation techniques enable researchers to bet-
ter understand the complex phenomena involved in freeze crystallization and optimise
process parameters for specific applications. Furthermore, ongoing research efforts focus
on enhancing the economic viability and practical feasibility of freeze crystallization tech-
nologies through process intensification, energy optimization, and integration with the
existing wastewater-treatment infrastructure. Through leveraging synergies between
freeze crystallization and complementary technologies, such as membrane filtration and
ion exchange, hybrid approaches that maximize resource recovery while minimising en-
vironmental impact can be developed. Additionally, the exploration of novel applications,
such as the treatment of emerging contaminants and the recovery of valuable by-products,
opens new avenues for innovation and commercialisation in the field of wastewater treat-
ment and resource recovery.

It is crucial to stay up to date with the continuous advancements in technologies used
for resource recovery. As technology continually evolves, emerging trends in resource re-
covery accelerate innovations in selective extraction methods and enhanced usage of re-
covered materials [86,87]. Integration of advanced sensors, artificial intelligence, predic-
tive machine-learning (ML) models and automation can advance the technologies [88,89],
optimising the efficiency of resource-recovery processes. For example, predictive ML
models can be used to forecast the chemistry of wastewater which will be pumped from
the main source to the treatment plant (e.g., [89,90]) and membranes can be developed
based on this information. The combination of efficient membranes with freeze technol-
ogy can ensure that wastewater is treated effectively and efficiently. The exploration of
similarities between different recovery technologies could lead to novel and comprehen-
sive solutions. Evaluating these emerging trends ensures that wastewater-treatment strat-
egies align with the evolving needs of sustainable resource management.

Identifying areas of potential improvement in IFC is crucial for refining its efficacy
and expanding its applicability. Ongoing research aims to enhance the scalability of IFC
technology, making it feasible for large-scale wastewater-treatment plants. Improvements
in refrigeration technology and system design are explored to minimise energy consump-
tion and operational costs [6,91]. Additionally, understanding the kinetics and dynamics
of IFC at varying scales provides insights into optimising the process. Furthermore, col-
laborative efforts between researchers and industry are vital for unlocking the full poten-
tial of IFC and addressing challenges for its integration into future wastewater-treatment
frameworks.
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6. Conclusions and Recommendations

Indirect freeze crystallization stands out as a promising technology for wastewater
treatment, particularly for addressing the challenges associated with resource recovery
and environmental sustainability. Through a thorough exploration of IFC principles,
mechanisms, and applications, it is evident that this innovative approach offers important
advantages over traditional methods for the treatment/disposal of highly saline solutions.
IFC not only enables the efficient recovery of valuable resources, such as clean water and
salts, from highly saline solutions but also minimises environmental impacts by reducing
energy consumption and waste generation. By addressing scaling challenges in RO (to
produce brine with high salt concentrations) and providing an environmentally friendly
solution for brine disposal, IFC aligns with global commitments to environmental sustain-
ability and circular economy principles.

Despite its potential, IFC still faces challenges that need to be addressed to realise its
full benefits. These include the need for further research and development to optimise
system design, enhance resource-recovery rates, and improve economic viability. Addi-
tionally, efforts are needed to explore new markets and applications for recovered salts to
maximise their economic value. Based on the findings presented in this study, several rec-
ommendations can be proposed to further advance the utilisation of IFC as a sustainable
and efficient technology for wastewater treatment. There is a critical need for continued
investment in research and development to optimise IFC systems and enhance their per-
formance. This includes exploring advanced refrigeration technologies, developing novel
materials for heat exchangers and crystallizers and improving process control and auto-
mation.

Efforts should be directed towards market research and commercialisation to identify
new applications and markets for recovered salts. Collaborations with industry partners
and stakeholders can accelerate the commercialisation of IFC technology and drive mar-
ket adoption. Through this approach, market needs and preferences can be better under-
stood, and the economic value of recovered salts can be enhanced which will ensure the
long-term viability of IFC systems.

Policy and regulatory support are also essential to incentivise the adoption of IFC
technology and promote sustainable wastewater-management practices. Governments
and regulatory bodies should provide financial incentives and regulatory guidance and
facilitate technology transfer and adoption. This can help in overcoming barriers to im-
plementation and encourage widespread adoption of IFC technology. Collaboration and
partnerships between academia, industry, and government are essential to drive innova-
tion, overcome technical challenges, and promote the widespread adoption of IFC tech-
nology. This approach can ensure that stakeholders leverage their expertise and resources
to accelerate the development and deployment of IFC solutions.
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