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hydrate-based desalination

M| Check for updates

Ali Jalili & Georgios Kolliopoulos

Hydrate-based desalination (HBD) has emerged as a promising technology among conventional
desalination methods due to its low energy consumption, wide operating window with regards to total
dissolved solids (TDS), and efficient water recovery. This paper provides an in-depth review of the
fundamental properties of hydrates, including thermodynamic and kinetic aspects of their formation.
Then, it delves into recent advancements in thermodynamic and kinetic hydrate promoters that aim to
address HBD’s main challenge, whichis the slow hydrate formation process. Subsequently, the review
systematically examines environmental and toxicity concerns associated with chemicals used in HBD,
addressing the growing demand for sustainable and biodegradable desalination solutions. Finally, a
comparative analysis between HBD and conventional methods highlights its potential as an energy-
efficient and selective desalination process poised to enhance sustainability within the water-energy-

environment nexus.

Water is essential for drinking, agriculture, and industry, making it a critical
resource for sustaining life and prosperous development. However, global
water scarcity is becoming increasingly severe, with many regions facing
droughts due to climate change and population growth, which exacerbate
water shortages. Sustainable desalination offers a promising solution to
address water scarcity by efficiently converting seawater into clean water.
Hydrate-based desalination (HBD) has been proposed as a promising
process for water and wastewater treatment involving a phase change of
water from liquid to solid. In HBD, a saline feed solution is exposed to gas
hydrate formation conditions, which in the presence of a gas hydrate former
leads to the formation of solid gas hydrate crystals. Most salts and ions are
excluded from the formed hydrate crystals, which typically consist of
85-94% water and 6-15% gas hydrate former'; dissolved salts and ions
remain in the brine solution left behind*~*. The hydrates formed can then be
separated from the brine using mechanical methods, such as centrifugation
and extrusion, and be decomposed to produce clean water via depressur-
ization, thermal stimulation, or a combination of the above. The hydrate
former can also be recovered and recycled in successive cycles of HBD. A
conceptual HBD process flow diagram is presented in Fig. 1.

HBD, first proposed in the 1940s, has emerged as a promising tech-
nology to address global water scarcity, on which research intensified since
1960s and 1970s*”. This technology demonstrates enhanced energy effi-
ciency under mild conditions, reducing energy demand, membrane fouling
constraints, and corrosion risks compared to conventional methods®"".
Early research focused on hydrate formers, demonstrating industrial-grade

water recovery and partial salt removal in laboratory settings'”. Criteria for
selecting hydrate formers were subsequently established, emphasizing
environmental acceptability, cost-effectiveness, stability, and non-toxicity"”.

Recent advancements in laboratory research aimed at addressing key
challenges of HBD, including optimizing hydrate formation conditions,
enhancing formation kinetics, and reducing energy consumption. Extensive
research concentrated on selecting hydrate formers to address challenges in
salt removal, slow kinetics, and guest recovery'* . Additionally, small
quantities of specific additives have been shown to accelerate hydrate for-
mation rates and/or modify thermodynamic parameters, facilitating
hydrate formation at higher temperatures and/or lower pressures”’ .
Furthermore, recent advances in micro-nano bubble (MNB) technology
offer a dual solution to environmental and kinetic challenges. Unlike con-
ventional chemical promoters, MNB technology leverages physical
mechanisms, such as enhanced mass transfer and shock wave-induced
radical generation, to accelerate hydrate formation while avoiding the
generation of harmful byproducts or contaminants in the system . This
approach aligns with sustainability goals by minimizing secondary pollution
and enabling integration with renewable energy sources’**. Meanwhile, the
integration of liquefied natural gas (LNG) cold energy has emerged as a
promising strategy to achieve lower operating temperatures, mitigate
refrigeration costs, and optimize specific energy consumption in the HBD
process™”’. Recent modeling studies on HBD processes employing propane
as the hydrate-forming agent by He et al." and Chong et al.” suggest that
integrating LNG cold energy with HBD is a promising large-scale alternative
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Fig. 1 | Conceptual HBD process flow diagram. Reproduced with permission from
the Publisher*”.

to current leading desalination technologies. These recent advances have
achieved notable outcomes such as desalination at costs 50% lower than
conventional technologies’, with a clean water cost of 0.148 2, significantly
lower than that of conventional methods™, water recovery rates between
30% and 70%, salt removal efficiencies of up to 98.4%”, treatment of
hypersaline and industrial effluents, and even opened new applications
beyond desalination such as liquid mining for resource recovery™".
Additionally, recent innovative designs have positioned HBD as a trans-
formative alternative to conventional desalination technologies, with the
potential to fundamentally redefine established processes™.

Knox et al.* pioneered the development of the first desalination plant
using propane as a hydrate former, followed by pilot facilities advanced by
Koppers Co. and Sweet Water Development Co. in the 1960s, with support
from the United States Office of Saline Water®””. Between 1960 and 1970,
several pilot-scale processes were introduced to address challenges such as
hydrate crystal separation from brine and removal of dissolved hydrate
former gas from recovered water’”. Later, in the 1990s, the Bureau of
Reclamation worked with Thermal Energy Systems Inc., to construct pilot
plants in Hawaii and San Diego using R141b as a hydrate former**.
Despite these historical efforts, challenges like small dendritic hydrates,
inefficiencies in separation, and low desalinated water yields persisted,
alongside gaps in design parameter knowledge and equilibration
principles™*>*. Although advancements in filterability, reactor design, and
alternative hydrate formers have addressed some issues, technical and
economic barriers have limited HBD to laboratory demonstrations or
prototype stages. Full-scale commercialization still faces challenges, such as
unfavorable formation conditions, energy-intensive refrigeration, slow
kinetics, salt entrapment, and difficulties in crystal separation from the
concentrated brine"***’. Despite the aforementioned challenges, recent
breakthroughs have ignited renewed optimism for overcoming these chal-
lenges and achieving HBD’s ultimate goal, which is large-scale
commercialization.

Salt rejection

Salt rejection or ion removal from the feed water is the objective of any
desalination process. The efficiency of this rejection, associated with each
salt or ion, can be estimated by Eq. (1)”****";

additional clean water, which decreases the yield of water recovery. Ling
et al.” addressed this issue by using a multi-step desalination process,
demonstrating that salt rejection could be increased from 82.91% in a single-
step treatment to 97.41% in a two-step process, and exceed 99.00% when
using three or more steps.

Water recovery is inversely proportional to removal efficiency, indi-
cating that there is a delicate balance between them that determines the
overall performance of HBD in terms of yield and purity of the desalinated
water”. For instance, ions with high charge density, which promote stronger
dipole-ion interactions, or those with smaller ionic sizes facilitating ion
entrapment within smaller cages, contribute to the formation of stable
hydrated ions. These ions, with robustly attached shell hydrates, can be
eliminated during the HBD process, thereby increasing water recovery.
However, the presence of such ions within the hydrates increases the con-
centration of impurities in the resulting clean water, diminishing the salt
rejection, as illustrated in Fig. 2. This further underscores the intricate
balance between water recovery and impurity removal in HBD.

Water recovery

Water recovery is defined as the volumetric ratio of the water converted into
gas hydrates to the initial water present in the feed solution and is typically
less than 1. Water recovery relies on the kinetics of hydrate formation
associated with the feed water concentration, hydrate former, stirring
mechanism, and the separation efficiency of the hydrates from the resulting
brine (Fp,)”". For a typical one stage HBD process, water recovery is calcu-
lated using Eq. (2)°":

(Volume of water converted to hydrate) X F),
Volume of feed solution

Water recovery =

@

In practice, an ideal water recovery of 1 is often not achieved due to
various factors, such as the kinetics of hydrate formation and separation
inefficiencies. As such, the maximum water recoverable is limited by the
eutectic composition of the feed water for any desalination technology’".

This paper offers an updated and holistic perspective on HBD,
addressing fundamental principles, progress at laboratory and pilot scales,
thermodynamic and kinetic enhancement strategies (e.g., novel promoters
such as nanobubbles and nanoparticles, and LNG cold energy integration),
techno-economic analyses, toxicity impacts of the chemical components
and environmental concerns of the process, current challenges, and future
prospects. Additionally, a comprehensive review of recent investigations on
the application of hydrate-based technologies in the desalination of various
feed waters, highlighting their potential through the use of different
enhancing methods, such as THPs and KHPs, as well as other innovative
substances or apparatus is presented in this review paper. By synthesizing
recent advancements and presenting unresolved barriers, this review aims to
guide future research and development efforts in the field of HBD.

Fundamental insights into hydrates and recent
innovations in HBD

Hydrates and their structures

Hydrates are fascinating structures characterized by non-stoichiometric
crystalline arrangements where some cavities remain vacant while others are
occupied*****, These formations, known as clathrate compounds (derived
from the Latin term “clathratus,” meaning “encaged”), typically manifest at

Salt rejection % =

Concentration of the salt in the feed water — Concentration of the salt in the produced water 9

100 1)

Concentration of the salt in the feed water

Salt rejection is influenced by several parameters, including the prop-
erties of the hydrate formers™, operating temperature and pressure™™,
salinity””**, ionic charge and size’>*>”*"*, and additional treatment steps
such as washing, centrifugation, sweating, and pelletizing""**. An important
consideration is that while washing can increase the salt removal, it requires

elevated pressures and low temperatures (generally above the freezing point
of water), and in the presence of sufficient water molecules and hydrate
formers’*”. In these structures, small guest molecules known as hydrate
formers, typically less than 10 A in size”, are trapped inside cages formed by
hydrogen-bonded water molecules, which range from 0395 to
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Fig. 3 | A visual representation of gas hydrate structures. Reproduced with permission from the Publisher**.

0.586 nm™***”*, It is important to note that a perfect hydrate crystal, where
all the cavities within its cages are fully occupied, does not exist”. Guest
molecules are not chemically bonded to water molecules; instead, they
interact through weak van der Waals forces*”* forming a crystalline solid
compound that is physically similar to ice under certain conditions™”".
The shape, type, and size of guest molecules significantly influence the
structure of hydrates, resulting in cages of varying sizes and shapes’™’*".
Hence, three primary cage configurations, known as cubic structure I (sI),
cubic structure II (sII), or hexagonal structure H (sH), are notable for gas
hydrates”">”, These structures consist of convex polyhedrons inter-
connected through vertices or face-sharing in three dimensions or via face-
sharing in two dimensions, which form the hydrate structures™®'. The
cavities within these structures vary in size and typically accommodate one
guest molecule per cavity, excluding hydrogen molecules®'. Guest molecules
have the ability to rotate within the cages, inducing distortions, although
they cannot diffuse between cages®'. Not all cavities need to be occupied by
guest molecules; occupancy is influenced by the size of the guest molecules,
as well as by pressure, temperature, and system composition®’. To aid in
understanding these structures, various methods have been proposed, with
Jeffrey’s representation being particularly useful®. This technique employs
the notation ‘m™ to denote cavities, where “m” signifies the number of edges

on a specific polyhedron face, and “n” indicates the quantity of that specific
face within the polyhedron cavity". For instance, a pentagonal dodecahe-
dron comprises of 12 (n = 12) pentagonal (m = 5) faces which can be illu-
strated like (5"). Figure 3 presents a comprehensive schematic
representation of hydrate structures, while Table 1 provides a concise
summary of their key characteristics, including examples of their formers in
a practical chart.

Thermodynamic analysis of hydrates

Predicting the conditions for gas hydrate formation or dissociation using
thermodynamic models can significantly advance the development and
implementation of hydrate-based technologies in the industry. Generally,
thermodynamic models for predicting hydrate phase equilibria fall into two
categories: van der Waals and Platteuw (vdW-P)-based models and
Chen-Guo-based models™. Historically, it was Barrer and Stuart who first
determined the properties of gas hydrates through utilizing a statical ther-
modynamic approach in 1959”**. Subsequently, Waals and Platteuw stated
a statistical thermodynamic model, which was based on classical adsorption
theory and the difference between the chemical potential of water in the
hydrate phase (1) and a hypothetical empty lattice hydrate phase (fig,)".
Numerous scientists have built upon this model to develop their own. For
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instance, Saito et al.” established a model to predict gas hydrate equilibria by
equating the chemical potential of water in the hydrate and aqueous (or ice)
phases. This model was later generalized by Parrish and Prausnitz™.
Another notable thermodynamic model for predicting hydrates is the
Chen-Guo model”. By 1998, advancements in modeling allowed the
inclusion of complex systems with electrolytes and alcohols like glycerol and
methanol>*. This progress facilitated the creation of models predicting gas
hydrate formation under conditions involving electrolyte mixtures,
including NaCl, KCl, and CaCl,”*". Fig. 4 shows a hydrate equilibrium
phase diagram, consisting of regions associated with gas hydrate formation
and dissociation, based on experimental observations and theoretical cal-
culations. The composition of hydrate formers and additives can shift the
hydrate equilibrium curves and functional operating conditions. In Fig. 4,
the regions to the right of the dashed line display conditions where both
water molecules and hydrate formers can coexist. If solid hydrates are
subjected to the conditions in these regions, they will dissociate and
breakdown into their constituent water and hydrate-forming molecules.
Consequently, the dashed line can be referred to as the dissociation line, and
the zones on the right side of this line as dissociation areas. Conversely, to the
left of this dissociation line, hydrates are thermodynamically stable and have
the potential to form. Their formation depends on the presence of a driving
force for hydrate formation, which can be explained by the existence of a
metastable zone between the solid line and the dashed line; hydrates can
indeed exist in this region. It is important to note that salts, which are
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Fig. 4 | Hydrate equilibrium curves.

significant components in various types of feed water, act as thermodynamic
inhibitors in hydrate-based procedures. The presence of salts shifts the
hydrate equilibrium and influences hydrate formation conditions, neces-
sitating higher pressures and lower temperatures due to the Coulombic
effect’”™.

Hydrate formation and its kinetics

Gaining a profound understanding of hydrate formation kinetics is crucial
for determining the hydrate formation rate and improving the efficiency of
hydrate formation®. Hydrate formation can be monitored by assessing the
consumption rate of the hydrate formers and their transformation into
crystalline gas hydrate structures”. Fig. 5a illustrates a schematic of gas
consumption versus time for an agitated system at constant temperature
and pressure, which involves the continuous addition of gas hydrate
formers”. The hydrate formation process can be divided into three stages:
nucleation, growth, and equilibrium. Hydrate nucleation can occur either
homogeneously, without impurities, or heterogeneously, in the presence of
impurities or foreign surfaces. Homogeneous nucleation is rare in nature
and involves only the gas hydrate former and liquid, while heterogeneous
nucleation is facilitated by impurities. As illustrated in Fig. 5b, initially, gas
dissolves into the liquid, and once the solution becomes supersaturated,
favorable temperature and pressure conditions lead to the clustering of
water molecules around dissolved gas molecules, forming complete or
incomplete crystal embryos. These embryos must then grow beyond a
critical size during the induction time to stabilize; otherwise, smaller
embryos dissolve back into the solution. Embryos continuously form, grow,
and shrink due to local changes in mass, pressure, and temperature, making
nucleation a free energy-dependent stochastic process. The induction time is
the period from the onset of hydrate formation to the initial nucleation,
marked by a swift increase in temperature (due to the exothermic nature of
hydrate formation) and a decrease in pressure due to the formation of gas
hydrates™”"”. This duration, varying from a few minutes to multiple days,
depends on factors such as the gas type, temperature, pressure, concentra-
tion, and the apparatus used”>”*”*. Once embryos surpass the critical radius,
they act as potential nuclei for the growth stage, the second stage of the
hydrate formation process, which is marked by an increase in gas
intake™”**, Hydrate growth is characterized by the progressive increase in
both size and number of self-sustaining hydrate nuclei. Due to the molecular
scale of both nucleation and initial growth, delineating a clear boundary
between them is challenging”. During the growth stage, significant hydrate
formation is macroscopically observable as hydrates expand rapidly until
equilibrium is attained (i.e., the third stage of the hydrate formation
process)’*”. A critical factor in hydrate formation is the heat released during
this exothermic process, which, along with gas consumption, can reduce
pressure, potentially pushing the system towards metastability. Conversely,
the heat required for the endothermic desalination of hydrates, along with

Table 1 | Principal characteristics of hydrate structures

Features
Hydrate Crystal Number of cavities/ Number of water Average cavity Guest molecule References
Structure structure ideal unit cell molecules/ideal unit cell radius (A)
sl Cubic Small: 2 (53 46 Small: 3.95 H.S, CO,, CoHg, CH,4 37,51,66,79,354-356
Large:6 (5269 Large: 4.33
sll Cubic Small: 16 (5') 136 Small: 3.91 CsHg, HC(CHg)s, Ar, Kr, 05, 1,49,66,79-81,357-3-
Large: 8 (5'%6%) Large: 4.73 N,, SFg 62
sH Hexagonal Small: 3 (53 34 Small: 3.94 Gas Primarygas  37,66,78,79,363
Medium:2 (4°5°6°) Medium: 4.04 helper
. 1218 .
Large: 1 (5'°6°) Large: 5.79 CH,
Xe CsHqo
HzS CeHi2
N
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Fig. 5| Typical time-dependent behavior of the hydrate crystallization procedure.
a Schematic representation of the kinetic progression of gas consumption over time
during the formation of gas hydrates can be divided into three distinct stages: Stage I,
known as the nucleation stage; Stage I, referred to as the growth stage; and Stage III,

(b)

Dissolution
Phase

Supersaturated
Phase

he
28
7

Gas Consumption

Time

known as equilibrium. Reproduced with permission from the Publisher”.

b Magnified section of Stage I and visual representation of the different processes
taking place during the nucleation stage. Reproduced (adapted) with permission
from the Publisher™.

the production of clean water and the release of free gas, can also drive the
system back towards metastability. Therefore, maintaining a delicate bal-
ance of conditions is essential for both the formation and dissociation
processes™. A comprehensive review of nucleation theories and growth
models, including an in-depth discussion on the three major controlling
mechanisms (intrinsic kinetics, mass transfer limited, heat transfer limited)
for hydrate growth has been presented elsewhere’”.

With the consumption of available water, the rate of gas consumption
decreases. Indeed, the rate of gas consumption is closely tied to the quantity of
water available. Initially, when ample water is present to form hydrates with
the gas hydrate former, the gas consumption rate is high. However, the gas
consumption rate decreases as hydrate formation progresses and the volume
of available water diminishes. To compute the rate of hydrate formation, it is
essential to quantify the consumption of the gas hydrate former throughout
the process. As gas is consumed at a constant temperature, the pressure within
the closed system decreases. The total moles of gas, encompassing gas moles
in the hydrates (n;;), dissolved in water (n,,), and in the gas phase (1),
remains constant and equals the initial amount at the beginning of the
process™. Consequently, the amount of consumed gas at any given time, t, can
be determined by the difference between the number of gas moles in the gas
phase at the start (ny ;) and at the selected time, t, (ny ,)”*. The moles of the
consumed gas (Any; | ) can be measured by Eq. (3)™:

A PV PV
Ny, =Ny, —Nyo= | — — | —==
H,| H.t H,0 RT) ., ZRT o

where G represent the guest molecule phase (gas), Any | is the moles of the
consumed gas, Z is the compressibility factor calculated by Pitzer’s
correlation”, R, T, V and, P are the gas constant, temperature, gas phase
volume, and pressure, respectively. The negative amount of Any | indicates
that gas is being consumed during the hydrate formation process. To
account for variations in sample size, the total number of gas molecules and
the amount of gas consumed are typically normalized. This normalization
represents the total volume of gas trapped in one mole of the water in the
system, as shown in Eq. (4)*"%

(€)

Any
my =t )
w

Therefore, the rate of hydrate formation can be calculated by utilizing
the forward difference method, as presented in Eq. (5)**:

dAng _ (AnH-l)HAt — (AnH«i)t
a /. At
Additionally, the water-to-hydrate conversion ratio (Cy_y) is
another critical determinant in the kinetics of hydrate formation that
quantifies the fraction of water molecules transformed into gas hydrate per

mole of the initial solvent™”. Eq. (6) is used to determine Cyy_, ;;**.

(©)

Any | Xh"
THL T ()

C =

W—H nHZO

where Any | represents the gas (ie., hydrate former) consumed to form

hydrates, which can be computed using Eq. (3). The term ny; , corresponds

to the moles of water present in the reactor. Furthermore, h™ denotes the

hydration number, which is defined as the quantity of water molecules
required to clathrate a single molecule of the hydrate former™*"”.

Insights into thermodynamic hydrate promoters and
kinetic hydrate promoters in HBD

A primary challenge in HBD is the sluggish kinetics associated with gas
hydrate formation™. During the growth phase, the kinetics of gas hydrate
formation are predominantly governed by heat and mass transfer’”. In
contrast, nucleation, which is the initial stage of hydrate formation, is pri-
marily influenced by factors such as supersaturation, interfacial energy,
subcooling, pressure, and the presence of impurities or promoters, rather
than heat and mass transfer. This section will explore various strategies and
methods to mitigate the slow kinetics inherent to gas hydrate formation,
encompassing both nucleation and growth phases.

Chemical promoters are used to milden the conditions or expedite
hydrate formation, thus aiding in overcoming some of the inherent chal-
lenges associated with the slow kinetics of hydrate-based technologies.
Although the presence of promoters is not essential for hydrate formation,
they can significantly assist the process. Slow kinetics and high operating
costs of hydrate-based technologies are challenges that researchers aim to
address using these chemical substances. Selecting appropriate and practical
promoters is a critical initial step in achieving favorable hydrate formation
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Fig. 6 | Schematic effects of THPs on gas hydrate equilibrium curves.

kinetics and thermodynamic behaviors for HBD and optimizing the effi-
ciency and cost-effectiveness of the process. Suitable candidates should
accelerate the nucleation and growth kinetics of gas hydrates to reduce
processing times. Furthermore, compatibility with water, stability, minimal
toxicity, biodegradability, and reusability are essential properties of pro-
moters in order to minimize both operating costs and the process’ envir-
onmental impact.

Overall, chemical promoters can be categorized into two major cate-
gories: thermodynamic hydrate promoters (THP) and kinetic hydrate
promoters (KHP). THPs and KHPs can often be mixed to gain the
advantages of each category, while also reducing each one’s flaws'*™'””. The
following sections will delve into each group of promoters, namely THPs
and KHPs, and will analyze their recent advancements.

State-of-the-art and recent advanced THPs

THPs are a significant category of chemical additives that can be used to
modify the conditions required to form hydrates, and shift the hydrate
equilibrium curve to milder conditions, a rightward shift to lower pressures
and higher temperatures, as shown in Fig. 6, thereby improving the overall
efficiency of hydrate formation. This increased driving force for gas hydrate
formation facilitates hydrate nucleation thus accelerating hydrate
formation'® """,

THPs can be categorized into two distinct types: thermodynamic
clathrate hydrate promoters and thermodynamic semi-clathrate hydrate
promoters. The first group consists of small molecules, i.e., tetrahydrofuran
(THF), propane (C;Hg), acetone ((CH;),CO), and cyclopentane (CP),
which occupy water cavities within the hydrate structures, leading to the

22,73,112,

formation of stabilized hydrates and improved growth rates”

Tetrahydrofuran (THF, C4HgO). Due to its larger molecular size and
capability to occupy large cages within the hydrate structure, THF
effectively stabilizes hydrates while shifting equilibrium to milder
conditions'"”. THF is able to significantly reduce hydrate phase equili-
brium formation pressures at any temperature, with the most substantial
reduction observed at a stoichiometric concentration of 5.56 mol%’*'"“.
Majid et al.”” reported shifts in hydrate equilibrium curves of 4-20% for
CH, and 2-20% for CO, at constant pressure, with larger shifts noted at
lower pressures. Lee et al.""” studied the CO, + H, mixture using varying
concentrations of THF and found that ~1 mol% THF maximized the gas
uptake while reducing induction times; however, higher concentrations
led to a reduction in the formation rates due to concentration depen-
dencies. This optimum is system-specific and depends upon the hydrate

former as well as the subcooling of the system. In another study, Sabil
et al.'"'® investigated the THF’s impact on hydrate formation kinetics
using a laboratory-scale reactor by comparing single CO, hydrates with
mixed CO, + THF hydrates. Their findings showed that including THF
reduced induction times, increased apparent rate constants for forma-
tion, enhanced nucleation processes, and accelerated growth onset
compared to using CO, alone.

Propane (C3Hg). This is a nontoxic hydrocarbon that can also serve as an
effective promoter of hydrate formation, leading to significant
enhancements in both the stability and hydrate formation
conditions'”'"*, He et al.'”” reported that, CO, combined with C;Hg
exhibited superior performance, resulting in lower formation pressures
and faster kinetics, achieving higher water-to-hydrate conversion in
shorter timeframes. Kumar et al."” investigated fuel gas mixtures (40%
CO, and 60% H,), finding that the addition of 3.2% C;Hg reduced the
equilibrium formation pressure from 10.74 MPa to 5.1 MPa at 277.8 K,
effectively lowering the pressure by ~50%. This study also noted a
structural transition from sI to sII hydrates upon C;Hjy addition. Babu
etal."” further confirmed these findings, demonstrating that adding 2.5%
C;H; to these mixtures at 278.4 K reduced the equilibrium pressure by
67%, from 10.74 MPa to 3.5 MPa. Their results showed that in sII
hydrates, C;Hg occupied 43% of large cages, while H, filled the small
cavities, with CO, occupying the remaining large cages. Majid et al.”
reviewed hydrate equilibrium curves for binary gas mixtures of CO, with
C;Hjg concentrations ranging from 6% to 20% at pressures between 0.3
and 4.0 MPa. They observed shifts of 1-10% in equilibrium temperatures
compared to pure CO; hydrates. In fact, incorporating small amounts of
C;H;g (in most cases 2.5-3.2 mol%) into hydrate-forming gas mixtures
significantly enhances thermodynamic stability and alters the structural
properties of the gas hydrates™”*'”. Du et al."”” proposed a micro-
formation mechanism, indicating that CsHg exhibits a greater binding
energy in sII-5'°6" cages, supported by significantly higher binding energy
for C3Hg in sII-5'%6* than in sI-5"%6* cages. This implies that, although sI
and sII hydrates may coexist initially, the growth rates of sI hydrates are
suppressed, resulting in their gradual transformation into more stable sII
hydrates as the reaction progresses. It is important to mention that while
C;Hg generally promotes hydrate formation, it can also operate as a

kinetic inhibitor and reduce the hydrate formation rate'”.

Cyclopentane (CP, CsHqq). This is a hydrate former that can also be
considered as a THP when mixed with other hydrate formers, like COy™.
This chemical substance occupies the sII-56* cages and leads to the
formation of hydrates under more favorable conditions. This promoting
behavior can cause a rightward shift in equilibrium hydrate formation
curves. Based on Cha and Seol’s work™, CP usage along with other
hydrate formers, like CO,, can raise upper temperature limits by up to
16 K compared to pure CO,, accelerate reaction rates, improve salt
rejection, enhance salt removal efficiency, and increase energy efficiency.
In another study, Lv et al.'** demonstrated that increasing the volume
ratio of CP in mixtures with CH,4, enhances its applicability as a practical
THP. Overall, when selecting promoters, it is important to recognize that
achieving the necessary pressure using gas hydrate formers is generally
more efficient and cost-effective than lowering the temperature. Conse-
quently, in systems containing gas hydrate formers, THPs should ideally
elevate the formation temperature (like CP) rather than reduce pressure
requirements (such as C3Hg)*™*'*>'*°. While gaseous hydrate formers
can expedite hydrate growth under high pressure, CP exhibits slower
kinetics but facilitates hydrate nucleation. Thus, combining CP with
gaseous hydrate formers can help overcome the limitations associated
with using single agents or liquid promoters alone, while also enhancing
the yield of dissociated water™”. Sun et al.'””” examined phase equilibria
involving CH,4 and CP, illustrating a 6-27% rightward shift due to CP
presence, investigations into CO, hydrates with excess CP indicated
smaller shifts (4-7%) within similar pressure ranges'”. Zheng et al.’s
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research'” further confirmed the enhancing behavior of CP as a THP;
however, this enhancement plateaued when the CP molar ratio exceeded
0.01. Overall, the immiscibility of CP in water can act as a double-edged
sword. On one hand, upon dissociation of CP hydrates, two distinct
phases emerge: pure water and liquid CP; this separation can facilitate the
recovery of water while maintaining the integrity of the CP phase™. On
the other hand, the liquid CP phase may restrict gas molecules from
readily reaching the water interface, which is crucial for the nucleation
and growth of hydrates, potentially slowing down hydrate formation
kinetics”’. Hence, while CP presents a significant potential as a THP in gas
hydrate systems, its immiscibility with water requires careful con-
sideration to balance its beneficial effects against potential limitations.
The typical high volatility of the compounds in the first group of THPs
necessitates additional separation recovery steps to minimize losses'”.
These often costly recovery steps make the industry more inclined to use the
second THP group, like non-volatile organic quaternary ammonium salts
such as tetrabutylammonium bromide (TBAB), known as ionic hydrate
formers. These compounds can alter conventional water cage coordination
and form semi-clathrate hydrates at ambient pressure and temperature,
entrapping different gases more effectively than CP and THF*>>'»"**1,
Semi-clathrates, a term introduced by Davidson”, are guest-host crystalline
structures consisting of water and hydrophobic molecules. They are char-
acterized by a partial disruption of the water cage structure, allowing ions
from hydrophobic molecules to engage with the hydrate cavity and sub-
stitute water molecules at specific positions within the clathrate cages'**™”.
Unlike conventional clathrate hydrates, hydrophobic molecules that form
semi-clathrates serve not only as guest molecules inside the cages but also as
hosts, incorporating with water molecules into their lattice framework and
leading to unique structural properties”. The formation of semi-clathrate
hydrates is defined by their water-anion framework, which includes various
large and small cavities capable of accommodating different guest
molecules”. For example, the structure of TBAB hydrate cage is disrupted to
accommodate the larger TBA cation while the Br” anion participates in the
hydrogen-bonded water framework'*. Specifically, charged centers from
cations and anions substitute certain positions in the hydrate lattice, while
alkyl chains from salts, like TBA™, occupy larger cages such as 5°6%, 5'%6”, or
5'%6*, and smaller 5" cages fill the spaces between these larger cavities'”’. This
interaction, which is the key differentiator from clathrates, influences their
stability and functionality in various applications'>"****!, such as serving as
THPs'®'*71* However, semi-clathrates share similarities with clathrates in
that they both contain hydrogen-bonded water molecule frameworks and

possess cage-stabilizing guest molecules as part of their structure'”.

Tetrabutylammonium bromide (TBAB, C,6H3sNBr). A well-known
quaternary ammonium salt is able to form semi-clathrate hydrates. In
these structures, TBAB occupies large cavities (5'%6* and 5"6”), while
smaller guest molecules compete for occupying relatively small
cavities”>'*"'¥’. Notably, smaller gas molecules do not always occupy
small cavities; for example, CH, occupies small cavities in CH4-C3Hg-
TBAB semi-clathrate hydrates'*, whereas in CO,-H,-TBAB systems,
more CO, molecules are encaged in small cavities than H, molecules'"”.
TBAB due to its structure and properties has been shown to shift the
hydrate equilibrium curve to milder conditions, facilitating the formation
of semi-clathrate structures under relatively mild hydrate formation
conditions'“™'*. Li et al.'"” illustrated that increasing TBAB concentra-
tion from 0.14 to 2.67 mol% continuously mitigated equilibrium for-
mation pressure at certain temperatures. In another investigation of
CO, + TBAB mixtures, CO, hydrates formed at ~0.5 MPa at 282.5K,
which corresponds to an 87% pressure reduction compared to single CO,
hydrates (3.86 MPa)'*. Majid et al.,”” reviewed several studies on CHy4-
TBAB systems at various concentrations and pressures, concluding that
there were rightward shifts of 1.5-60K in hydrate equilibrium tem-
perature due to TBAB usage.

Operating conditions and TBAB concentrations have a huge impact on
TBAB behavior during hydrate formation. For example, it has been

observed that the influence of TBAB on hydrate formation is temperature-
dependent'*: at lower temperatures, TBAB acts as a promoter, facilitating
hydrate formation, whereas at higher temperatures, it exhibits inhibitory
effects on the same hydrate system. Lin et al."* investigated the equilibrium
conditions of hydrates formed from CO,-TBAB-H,O mixtures with TBAB
concentrations ranging from 4.43 to 9.01 wt%. Their analysis determined
that TBAB allowed a decrease in CO, hydrate formation pressure by ~74%
at 283K and 87% at 279 K, with reductions dependent on TBAB con-
centration. With regards to TBAB concentration, increasing TBAB con-
centration initially mildens the conditions for hydrate formation until
stoichiometric concentrations are achieved; however, beyond this threshold,
phase equilibrium conditions harshen’'**'””, Ma et al."** observed that low
concentrations of TBAB (less than 10 wt%) exhibit a more pronounced
promoting effect compared to higher concentrations. This effect arises due
to the formation of semi-clathrate hydrate cages, which induce the forma-
tion of neighboring CO, hydrate cages, and initiate a self-adjustment pro-
cess that arranges the water molecules in a more ordered manner.
Conversely, at higher concentrations, the abundance of TBA* at the
interface generates an electric field, disrupting the formation of semi-
clathrate hydrate cages. Additionally, the tightly packed arrangement of
TBA™ at the gas-liquid interface partially inhibits the mass transfer of CO,,
leading to lower promoting effect. Kim et al.'* also utilized a CO,-H, gas
mixture with various concentrations of TBAB and found that increasing
TBAB concentration up to 3.0 mol% shifted phase equilibrium conditions
to milder states; however, concentrations beyond this threshold resulted in
increased phase equilibrium temperature and pressure, indicating a critical
concentration for additive effectiveness. Mohammadi et al.”*” further con-
firmed this trend, stating that exceeding a specific stoichiometric ratio of
TBAB in systems led to significant inhibiting behavior.

In addition to serving as THP, TBAB is an organic salt that can enhance
the kinetics of semi-clathrate hydrate formation'**'*'. Li et al.'” reviled the
TBAB capability to accelerate formation of CO,/N, hydrates with an
induction time reduction from 19 min to 5 min and their formation com-
pletion within 1 h under milder conditions (277.5 K and 4.01 MPa). The
hydrate formation rate constant increased with feed pressure, reaching a
maximum value of 1.84 x 107 ™%, In another research, Ansari et al.”
investigated the promoting effect of TBAB on the CO, hydrate formation
and found that increasing TBAB concentration above 10 wt% does not
significantly impact the equilibrium condition, but at lower percentages, its
effect is pronounced. Additionally, the lowest induction time was observed
at the highest TBAB concentration, showing a 94.75% reduction from 5 wt%
to 32 wt%. However, gas consumption increases with TBAB concentration
up to 10 wt%, beyond which it decreases due to solid hydrates.

State-of-the-art and recent advances in KHPs

KHPs are chemical additives used at low concentrations (typically less than
10,000 ppm) to tackle the slow kinetics of hydrate formations. These pro-
moters include surfactants as well as other high-surface materials like
nanoparticles, micro- and/or nanobubbles, and amino acids”. They effec-
tively lead to a decrease in induction time (thereby promoting nucleation),
an acceleration of the hydrate formation process (enhancing growth rates),
and an increase in gas uptake. KHPs hold promise in advancing practical
application of hydrates by improving the interfacial interactions between gas
and liquid phases without substantially shifting the hydrate equilibrium
curve (Fig. 7). Ongoing research aims to identify and develop KHPs that can
effectively enhance hydrate formation rates under economically viable
conditions. This section will discuss KHPs in detail.

Surfactants. Surface-active agents, are compounds characterized by the
presence of both hydrophobic and hydrophilic components, enabling
them to dissolve both polar and non-polar substances. The distinct
properties of surfactants arise from the interactions between their
hydrophobic and hydrophilic segments. At appropriate concentrations,
surfactant molecules aggregate in water to form structures known as
micelles, which can take on different shapes and orientations, such as
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Fig. 7 | Formation of gas hydrates in the presence
of a KHP. Reproduced (adapted) with permission
from the Publisher”.
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spherical, rod-like, or multilayered configurations. Surfactants are pri-
marily classified into four categories based on their molecular moieties:
anionic, cationic, non-ionic, and zwitterionic surfactants. Surfactants can
act as either inhibitors or promoters in hydrate-based processes'**"®.
They affect surface charges and viscosity, facilitating hydrate nucleation
and significantly impacting hydrate morphology by reducing the contact
angle between the components, decreasing the clathrate-aqueous phase
interfacial tension, and lowering the surface free energy through
adsorption at the interface'®’. In systems containing surfactants, hydrate-
forming gases dissolve to a higher local concentration. This, combined
with the formation of molecular clusters that resemble hydrate
structures'®™"”’, facilitates the formation of hydrate structures. These
enhancements occur through hydrophobic interactions at concentra-
tions above the critical micellar concentration. The above results in a
reduction in induction time'®. Moreover, surfactants improve mass
transfer between the nucleons and their surroundings by promoting the
mixing of water and gas hydrate formers, which in turn accelerates
hydrate crystal growth'”. Karaaslan et al.”" conducted experiments to
examine the effects of three types of surfactants, namely anionic
(LABSA), cationic (DAM), and non-ionic (ETHOXALATE), indicating
that these additives did not significantly alter the thermodynamic con-
ditions for natural gas hydrate formation but did affect the hydrate for-
mation kinetics. All concentrations of the anionic surfactant resulted in
an increased overall hydrate formation rate, suggesting its potential as a
KHP. Regarding the cationic surfactant, although DAM demonstrated a
promoting behavior at low concentrations, less than 0.05 wt%, it exhib-
ited the opposite effect at higher concentrations. The impact of the non-
ionic surfactant on hydrate formation was less pronounced, indicating
that non-ionic surfactants typically function as kinetic inhibitors rather
than promoters. Therefore, there is a critical concentration that deter-
mines the influence of surfactants on hydrate formation processes.
Sodium dodecyl sulfate (SDS), an anionic surfactant, has been recognized
as one of the most effective surfactants in enhancing the nucleation and
growth of gas hydrate crystals'®>'”*'”2. SDS is able to remarkably accel-
erate the kinetics of hydrate formation with no effect on the resulting
hydrates’ structures. Liu et al.”* reported the existence of an optimal
concentration of SDS, i.e., 0.05 wt%, for CO, hydrate formation. They
utilized Eq. (7) to calculate the conversion rate of water-to-hydrate'”:

nXAny XM
—THL THO_ ¢ ()

m w

where n, m, Any 1 and MHZO are the hydration number of hydrate former,
the mass of water in the reactor (g), the gas consumption of hydrate former
obtained from Eq. (3), and the molar mass of water (g/mol), respectively.

Based on their report and calculations, an increase in SDS concentration
from 0.01% to 0.05% led to a 94% reduction in the induction time for CO,
hydrate formation (from 32 min to 2 min). Additionally, the hydrate con-
version rate increased by 93% (from 12.05% to 23.32%). However, when the
SDS concentration was further increased from 0.05wt% to 0.1 wt%, the
induction time rose from 2 min to 10 min. This increase was accompanied
by a decrease in the hydrate conversion rate, which dropped from 23.32% to
15.28%. Kang et al. found the optimum concentration of SDS to be 100 ppm
for promoting the kinetics of CO, hydrate formation at 2-3.5 MPa and 273-
275 K; above the aforementioned concentration, SDS acts as a kinetic
inhibitor instead. Despite their advantages, surfactants also face challenges
associated with their toxicity, which renders these KHPs unsuitable for
certain hydrate-based applications such as HBD*. Additionally, foam
formation during hydrate dissociation can persist for several hours'”* posing
technical and operating difficulties in utilizing these chemical substances™.
Recently, non-ionic surfactant, such as Span and Tween, are favored for
their superior stability, formulation flexibility, and biodegradability, with
their inertness reducing ionic interference in diverse fluid systems and
thereby supporting their application in hydrate-based processes, as either
KHPs or KHIs'**'”*. Pan et al.”® confirmed the efficiency of Span-80 and
Tween-80 as KHPs in a 40:60 water-diesel emulsion, enhancing CH,
hydrate formation by shortening reaction times and improving gas storage
density. Furthermore, Sun et al.””” proposed a novel desalination approach
using dispersed hydrate formation with Span 80, which, through the
formation of a micron emulsion, improved CP dispersion in saline
solutions, accelerated hydrate formation to yield a maximum water recovery
0f 92.8%, and effectively treated high-concentration wastewater, achieving a
water yield of 40.2% and a removal efficiency of 86.0% in a 6.5 wt% NaCl
solution, while also exhibiting broad pH tolerance, self-separation recovery,
and cycling stability.

Amino acids. The building blocks of proteins, are non-toxic, biode-
gradable, economical, and environmentally friendly molecules char-
acterized by a basic amino group (-NH,), an acidic carboxyl group
(-COOH), and an organic R group (or side chain)”>'**"*'”*, These
compounds can be categorized into hydrophobic, polar, or charged
groups, based on the nature of their side chains and their interactions
with polar solvents such as water'””. These properties make amino acids
suitable candidates for various industrial applications. Despite their
advantages, the recovery of amino acid promoters from the resulting
water is difficult and sensitive to temperature, often leading to thermal
degradation”. Amino acids, specifically those possessing aromatic side
chains and hydrophobic characteristics, have demonstrated significant
potential as KHPs facilitating formation of porous hydrates. Their
intrinsic high surface activity enhances adsorption efficiency onto the
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surfaces of forming hydrate crystals, function similarly to dispersants
during hydrate formation. This effective facilitates capillary actions,
which in turn promote accelerated hydrate growth rates. Cai et al." first
reported L-methionine as the most effective promoter to enhance CO,
uptake kinetics in its hydrate formation at a concentration of 0.2 wt%,
achieving a to (time required to achieve 90% of the total gas uptake) of
15min without the use of energy-intensive mixing technologies or
environmentally harmful chemicals. Rehman et al.*' confirmed the
effectiveness of L-methionine, which exhibited the best kinetics and the
most stable CO, hydrates. This included the highest CO, hydrate storage
capacity, a 93% gas-to-hydrate conversion ratio. Shen et al."*' proposed a
mechanism for the promotion of CO, hydrate formation by
L-methionine. Based on their proposed mechanism, due to their
amphiphilic nature, some L-methionine molecules dissolve in the solu-
tion and others arrange themselves at the CO,-water interface, with
hydrophilic heads submerged in water and hydrophobic tails oriented
towards the gas phase. This results in the formation of hydrophobic
pockets and local water ordering, similar to hydrate cages. At low con-
centrations, L-methionine primarily resides at the CO,-water interface,
where hydrophilic heads adsorb onto the hydrate crystal surface, leading
to steric hindrance and low tangential growth rates of CO, hydrate. As
L-methionine concentration increases, hydrophobic tails adsorb onto
hydrate cages, reducing surface tension and promoting water transport.
However, beyond the critical micelle concentration (0.05wt%),
L-methionine cannot further decrease surface tension, leading to steric
hindrance and a transition to three-dimensional porous hydrate growth.
Notably, when NaCl is introduced, its high ionic strength forms hydra-
tion shells around Na* and Cl ions, competing with L-methionine for
water molecules and significantly decreasing the tangential growth rate of
CO, hydrate. On another note, Liu et al."** found that 0.5 wt% leucine was
the most effective natural amino acid promoter for CH, hydrates,
achieving 90% gas consumption in 20 min without foam formation.
Their study emphasized the importance of amino acid side chains, par-
ticularly aromatic ones, in enhancing hydrate formation. Combining
hydrophobic and aromatic side chains significantly improved hydrate
formation, especially for CH, hydrates, due to their composition
dependency”™'*>. However, despite leucine’s ability to act as a KHP for
CO, and CH, hydrate formations, it inhibits the formation of C,Hg and
THF hydrates'*'*". Another example of this dual behavior is histidine,
which serves as a KHP during the formation CH, hydrate' but inhibits
CO, hydrate formation'®. Therefore, the same amino acid may exert
different effects on different guest formers. To select the appropriate
amino acid to act as either inhibitor or promoter, it is crucial to consider
the interaction of amino acids with hydrate formers'®, as their innate
nature particularly alters within hydrate systems of hydrocarbons®. This
dual behavior of amino acids with different hydrate formers suggests that
their functionality is influenced by factors beyond just surface activity.
Moreover, the side-chain length, hydropathy index, and the concentra-
tion of amino acids in solution are factors that contribute to their dual
behavior’'*’. Regarding the concentration of amino acids, it is important
to note that each gas system has an optimal concentration for amino
acids. Beyond this optimal concentration, their promotive or inhibitory
effects diminish.

Nanoparticles. Various materials such as metallic-based nanofluids and
carbonaceous nanomaterials, exhibit at least one dimension within the
range of 1 to 100 nm. Nanoparticles offer an increased gas-liquid contact
surface area owing to their large specific surface area and high surface
activity, thus significantly enhancing mass and heat transfer, gas con-
sumption, storage capacity, and water-to-hydrate conversion. The
Brownian motion of nanoparticles in the fluid assists in mixing, similar to
a stirrer, enhancing the driving force and reducing film resistance at the
gas-water interface”. The shape of nanoparticles plays a critical role
regarding their promoting behavior, impacting both the induction time
and the amount of gas trapped within hydrate crystals”. Considering that

hydrate formation is an exothermic process, these properties position
nanoparticles as highly suitable candidates for KHPs, particularly for
hydrophobic gases such as CH,; compared to soluble gases like
CO,»>"¥71%  An important consideration in hydrate formation is
the dual behavior of nanoparticles, which can either promote or inhibit
the process, depending on the amount, properties, and conditions of the
particles used. Cheng et al."’ reported that SiO, nanofluids at con-
centrations of 0.1-0.3 wt % acted as KHP, with an optimal concentration
of 0.2wt% reducing induction time by 75.7%. However, at a higher
concentration of 0.4 wt%, the same nanofluids markedly inhibited
hydrate formation. Similarly, Sun et al."” found that the expected value
and variance of induction time, influenced by particle sizes and mass
concentrations, determined whether SiO, nanoparticles promote or
inhibit THF hydrate formation. Therefore, when selecting nanoparticles
for hydrate-based processes, particularly HBD, it is crucial to consider
this dual behavior and choose the most appropriate type and amount of
nanoparticles based on the specific hydrate formation conditions and
formers used in order to accelerate hydrate formation.

Lu et al.”” proposed a plausible mechanism through the application of
a graphite nanofluid as an effective KHP. According to this mechanism,
upon the dissolution of CH,, a substantial number of CH4 molecules
adsorbed onto the surface of graphite nanoparticles. As the solution
approached CH, super-saturation, the Brownian motion of particles
facilitated the rapid nucleation of hydrates at the liquid-graphite interfaces.
Consequently, CH, hydrate films surrounding the graphite nanoparticles
increased in thickness, ultimately encapsulating the graphite nanoparticles.
Based on experimental investigations, this phenomenon has been shown to
expedite hydrate formation, resulting in an up to 89% reduction in induc-
tion time. The tendency of metallic nanoparticles to precipitate and
agglomerate, due to their high density, alters their hydrodynamic size and
morphology. This results in poor dispersion and unstable colloidal systems,
ultimately reducing thermal conductivity, hindering continuous heat
removal, and negatively impacting the overall hydration process™'**. Hence,
it is essential that, among nanoparticles, repulsive forces dominate over
attractive forces to prevent coagulation and ensure the desired dispersion
and stability. Methods such as magnetic fields, sonication, chemical addi-
tives, particularly surfactants, and modification are useful when the nano-
fluid is a polar solvent'” """, The efficiency of magnetic fields in enhancing
the functionality of Fe;O,4 nanoparticles for seawater desalination has also
been investigated'”’, and confirmed its enhancing effects, illustrating a
reduction in induction time by 89%, 22%, and 92% with the presence of
0.07 wt% Fe;O, nanoparticles, a magnetic field, and their combined use,
respectively. Additionally, the influence of SDS on various nanoparticles,
suchas Ag'”’, ALOs”, ZnO*", and CuO™", has been investigated, illustrating
its dual functionality as both a stabilizer and promoter. Pahlavanzadeh
et al”” stated that, although SiO,, AL,Os, and CuO nanoparticles sig-
nificantly reduced the induction time, SDS was more effective in increasing
the amount of gas consumed and the apparent rate constant of hydrate
formation during the hydrate growth stage. Hence, nanoparticles enhance
hydrate nucleation by increasing nucleation sites and promoting hetero-
geneous nucleation, while surfactants improve hydrate growth rate by
reducing surface tension and altering hydrate morphology. In another
study, Wu et al.”” confirmed the high efficiency of Fe;O, coated with a
sodium oleate and SDS bilayer surfactant, reporting a 62% and 82%
reduction in the total hydration period and the induction time, respectively,
at an a concentration of 0.10 wt%, compared with pure SDS for promoting
CH, hydrate formation. Additionally, they stated that the use of a magnetic
field could even make the induction period almost negligible.

Micro-nanobubbles (MNBs). These are defined as gaseous cavities with
diameters less than 1 um, typically around 200 nm or less**>%. MNBs
can be classified as surface MNBs, which are generated at solid-liquid
interfaces, and bulk MNBs, which form within bulk liquids*”~"’. Surface
MNBs exhibit a spherical cap shape with diameters of 10 to 50 nm"".
Practical methods for the formation of MNBs include cavitation, which is
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the main and traditional approach, along with nanopore membranes, gas
hydrate dissociation, and sonochemistry”**'. MNBs generated by dif-
ferent methods can exhibit variations in size, surface charge, longevity,
and stability. Besides the generation method, various factors influence
MNB size, shape, and characteristics, including the gas type and

216,222,223 207

concentration , sonication time™”, solution properties, particularly
pH values”™”, salt ion concentration”*”, fatty acids’”, solid-
surfaces™, temperature and pressure conditions’” >, and external

electric field”**”. Understanding the effects of the above is crucial to
optimize their performance in hydrate-based applications.

MNBs possess distinctive physicochemical properties, including large
specific surface area, slow rising velocity, high internal pressure, elevated gas
density, high interface potential, high mass transfer efficiency, enhanced
reactivity, and notable stability in aqueous environments. The functional
efficacy of MNBs is significantly influenced by their lifetime. Although
theoretical calculations suggest an extremely short lifespan for MNBs (e.g.,
~0.41 ps for 88.5 nm MNBs™"), experimental evidence indicates their sta-
bility in aqueous solutions can extend over weeks or even months™™*,
Macro-bubbles rapidly ascend to the gas-liquid interface and burst, whereas
MNBs gradually decrease in size due to prolonged stagnation and the dis-
solution of internal gases into the surrounding water. Furthermore, MNBs
are negatively charged in aqueous environments, generating repulsive forces
that prevent coalescence. This electrically charged liquid-gas interface forms
an electric double layer, inhibiting gas diffusion and bubble
agglomeration”***". Montazeri et al.””” investigated the stability of air MNBs
under different environmental conditions and temperatures, concluding
that the stability of air MNBs at low temperatures exhibits a non-monotonic
relationship influenced by water self-ionization and ion mobility. Their
study highlighted that MNBs remained in suspension in the presence of
various chemicals at pH levels between 4 and 9, retaining a negative charge
for up to 2 months. The study found that MNBs were more stable in alkaline
solutions and with low concentrations of dissolved salts, while higher
concentrations led to coalescence and increased size of MNBs. These
attributes underpin the potential of MNBs for various large-scale
applications’' ™, ranging from drinking water treatment™**' and waste-

water management”' ™, to ecosystem restoration****’, fuels combustion”*,
mineral processing’

, surface cleaning™***”, oxygenation in agriculture,
aquaculture, and disinfection”

735,260,261, to medlcal usesZGZ,Z(ﬁ.

Recent studies have highlighted the potential of MNBs as KHPs in
HBD processes, enhancing hydrate nucleation due to their prolonged
existence, extensive gas-liquid interface, high mass transfer efficiency, ability
to increase gas aggregation saturation within solutions, and capacity to form
hydrophobic surfaces”******¥. Optimizing bubble sizes to maximize the
gas-liquid interface area further intensifies mass transfer processes, thereby
improving the efficiency of these of these KHPs in HBD*****’. Therefore,
there is significant potential when MNBs are present during the hydrate
formation stage, serving as nucleation sites, promoting gas hydrate
nucleation and reducing the induction time****”*’*-*">, Uchida et al.*’ found
that MNBs act as heterogenous nucleation sites, significantly reducing the
induction time from 23.95 min in pure water to 4.49 min in the presence of
C,Hs MNBs. Interestingly, ultrasound was found to promote this positive
impact, by increasing the gas solubility, thus overall promoting hydrate
formation kinetics. Liu et al.,”’* investigated the impact of ultrasonic waves
on MNB generation and found that increased ultrasound duration and
power elevated MNBs concentration, which reduced hydrate formation
induction time by up to 61.13%. Li et al.””> proposed a memory effect
hypothesis based on MNBs, showing that guest molecules from hydrate
dissociation accumulate as MNBs, facilitating nucleation during hydrate
reformation. In another study, Feng et al.”"” corroborated these findings,
demonstrating that MNBs shortened the average induction time by 27.48%,
increased nucleation probability by 50%, and reduced growth time by 60%
compared to deionized water. Finally, Montazeri et al.” utilized CO, MNBs
as KHPs, emphasizing their dual advantages: CO, gas inclusion and the
elimination of separation steps from the resulting water. Their findings
demonstrated that the presence of CO, MNBs in solution resulted in an 86%
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reduction in induction time and in accelerated water recovery rates by 69%
and 63% for 0.5 M NaCl and synthesized seawater, respectively. This effi-
ciency underscores the potential of MNBs as green and efficient KHPs,
suggesting a promising future for the commercialization of MNB-boosted
HBD processes.

The promoting behavior of MNBs has been generally attributed to the
memory effect”*”, suggesting that, aside from enhancing nucleation sites
and reducing the induction time, identical guest molecules in gas hydrates
and bubbles release guest molecules upon bursting, thus promoting hydrate
growth. During hydrate dissociation, released gas molecules cause super-
saturation, forming bubbles around hydrate crystals. Consequently, MNBs
enhance hydrate formation, reduce induction time, and accelerate growth
rates, establishing themselves as promising KHPs. Nevertheless, some stu-
dies support the gas dissolution hypothesis”*’* as an explanation for MNBs’
promoting behavior. Regarding this context, Uchida et al.””' used CsHg
hydrate to investigate the kinetic promotion effects of MNBs. Their reports
illustrated that MNBs, both formed after hydrate dissociation and prepared
with an MNB generator, increased the nucleation probability by 1.3 times
within 50 h compared to pure water and shortened the induction time by
nearly half. They concluded that MNBs of hydrate formers mainly accel-
erate the hydrate formation process, while the memory effect plays a minor
role by simply helping MNBs remain present in the system. Thus, the gas
dissolution hypothesis is the main explanation for this promotion. MNBs
play a crucial role in inhibiting hydrate decomposition'*”””**, as high-
lighted by Guo et al.”*' through the MNB inhibition mechanism. Hydrate
dissociation releases the gas formers into the liquid phase causing super-
saturation. If gas diffusion out of the liquid phase is insufficient, gas mole-
cules agglomerate and form MNBs. These MNBs, encapsulated within the
hydrate, gradually release gas formers during hydrate decomposition,
increasing local gas concentrations near the MNB-hydrate interface. This
promotes microstructure formation necessary for hydrate nucleation,
enhancing the driving force toward nucleation and consequently inhibiting
hydrate decomposition. Besides, the presence of MNBs around dissociated
hydrates, coupled with the memory effect, significantly enhances hydrate
reformation kinetics****. Table 2 summarizes several investigations on the
application of hydrate-based technologies in the desalination of various feed
waters, highlighting their potential through the use of different enhancing
methods, such as THPs and KHPs, as well as other innovative substances or
apparatus.

Separation, dissociation, and recovery

Utilizing appropriate substances and infrastructure under favorable con-
ditions facilitates hydrate formation. Post-formation, hydrates must be
separated from the resulting brine, which has higher salt and ionic con-
centrations than the initial feed water, using gravity or mechanical separa-
tion methods such as centrifugation, filtration, sedimentation, and flotation.
These methods can be combined, for example, with vacuum filtration and
centrifugation to enhance separation efficiency. Coupling these steps with a
wash column can remove excess salt from the harvested hydrates. However,
washing steps, while producing clean water, can reduce overall efficiency
and increase processing costs'”*’. After separation, the next step is to dis-
sociate the hydrates to obtain clean water devoid of salt, ion, and other
unwanted impurities. Hydrate dissociation is a process that involves
breaking various bonds, including hydrogen-bonds and van der Waals
forces, within the hydrate lattice. Several methods can be used to dissociate
hydrates, including depressurization, thermal stimulation, electrical sti-
mulation, microwave irradiation, and ultrasound, or a combination of these
methods. Each method has its own advantages and disadvantages, and the
choice depends on the specific application and the properties of the hydrate
solids and brine solution. The recovery of clean water is the primary out-
come of these steps in the HBD process.

Materials extracted from the hydrates, such as hydrate formers and
promoters, should be recovered and recycled to sustain the process’s sus-
tainability. Recent studies have shown that the use of efficient, economical,
and green hydrate formers and promoter molecules can significantly
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enhance the formation and dissociation of gas hydrates and reduce the
energy consumption and overall cost of the process'®****. These
advancements introduce them as promising sustainable chemical additives
in HBD processes. For example, since for selecting hydrate formers, a critical
factor is the feasibility of water separation from the formers, immiscible
liquid hydrate formers such as CP****** and TBAB**"*** have emerged as a
promising option due to their lower operating expenses and ease of
separation through centrifugation and washing. Additionally, incorporating
MNBs as a chemical component not only accelerates the hydrate formation
rate, but also significantly reduces overall operational costs. This reduction is
primarily due to their ability to bypass additional separation steps, as they
seamlessly integrate into the process without leaving residual components
requiring removal from the resulting water””. Consequently, MNBs deliver
both performance improvements and economic advantages, making them
an effective choice for process optimization. Furthermore, integrating
environmentally friendly and biodegradable hydrate formers like TBAB and
CP can reduce the environmental footprint of the hydrate-based processes.
Regarding chemical promoters, recyclable magnetic Fe;O, nanoparticles
coated with SDS'” not only exhibited higher efficiency than non-coated
Fe;0, in reducing induction and reaction times but also demonstrated high
recyclability and cost-effectiveness, allowing for multiple uses in hydrate
formation. Overall, the strategic recovery and recycling of both hydrate
formers and promoters not only bolster the sustainability of gas hydrate
processes but also pave the way for cost-effective and environmentally
benign advancements in the field.

Environmental and safety concerns

The environmental impact of desalination methods is a critical benchmark
for technology selection, with global warming potential (GWP), serving as a
key indicator. GWP quantifies the energy absorption over a specified time
horizon, typically 100 years, resulting from the emission of one metric ton of
a gas relative to that of one metric ton of CO,. A higher GWP indicates that
the gas contributes proportionally more to global warming during this
period compared to CO,. Conventional technologies such as MSF and MED
exhibit high GWP values (23.41 and 18.05kg CO; eq/ m’, respectively),
while RO’s GWP typically ranges between 1.75 and 6.10kg CO, eq/m’,
largely driven (~70%) by its electricity consumption’ ", Integration of
renewable energy can mitigate these impacts, although it may result in a
modestly higher production cost. Moreover, brine disposal, an inevitable
byproduct of desalination, further compounds environmental concerns by
contributing both to marine eutrophication and to an increased effective
GWP of desalination methods™”.

Recent research has sought to reduce both energy consumption and
environmental costs, sometimes by incorporating chemical additives.
However, as Lee et al.>”® noted, increased chemical usage to lower energy
requirements can introduce additional environmental burdens, quantified
as environmental cost (EC) values ranging from 0.16 to 0.50 USD/m’ ***~**.
In this context, HBD emerges as a promising novel technology, while its own
life cycle assessment (LCA) and environmental life cycle cost (ELCC)
analysis have not been investigated comprehensively yet. Lee et al.””
investigated these items in an integrating HBD with RO process using C;Hg
as the hydrate former. Their analysis demonstrated that depending on the
feedstock used for production of C;Hg, and the handling of renewable
energy certificates (RECs), this hybrid system could achieve a GWP aslow as
0.016 kg CO, eq/m’ when waste cooking oil is used as the feedstock for C;Hg
and REC sales are excluded. Economically, the production cost was com-
petitive, ranging from 2.29 to 2.86 USD/m’, with profitability observed
across all configurations. Additionally, their investigation highlighted that
freshwater ecotoxicity was predominantly driven by the release of copper
and zinc jons during natural gas production, while marine ecotoxicity was
mainly associated with brine discharge, primarily due to the presence of
highly toxic metals such as silver. Overall, this study underscored that while
the RO-HBD hybrid approach reduces global warming impacts through the
utilization of LNG cold energy and electricity generation, a trade-off exists
between economic feasibility and environmental sustainability. Optimizing

hydrate former selection, mitigating chemical impacts, recycling, and
addressing residual environmental concerns, particularly regarding
byproduct disposal, are essential for advancing HBD as a sustainable
alternative in desalination. Future research should strive to further elucidate
the environmental life cycle impacts HBD to comprehensively assess its
potential as a competitive desalination method. In this section, we critically
examine the environmental consequences and toxicity concerns associated
with HBD.

Environmental implications constitute a significant concern with
HBD, largely due to the reliance on chemical additives, specifically, hydrate
formers and promoters, that may exacerbate global warming, contribute to
ozone depletion, and result in the persistent accumulation of harmful
substances. Early investigations evaluated ostensibly non-toxic, highly
water-immiscible compounds, namely, chlorofluorocarbons (CFCs),
hydrofluorocarbons (HFCs), and hydrochlorofluorocarbons (HCFCs), as
hydrate formers; however, their inherent flammability, significant green-
house effects, and ozone-depleting properties have severely limited their
applicability in HBD*>***”. This prompted the pursuit of more envir-
onmentally sustainable alternatives, such as CO, and C;Hg, which emerged
as attractive candidates for HBD. Although CO, is relatively non-toxic and
odorless, it reacts chemically with water and remains a significant green-
house gas; similarly, CsHj is largely inert and non-toxic under standard
conditions, albeit with the caveat of its flammability’’'. These characteristics
position both gases as promising hydrate formers, provided that their
intrinsic chemical behaviors and associated risks are carefully managed****”.
Additionally, natural gas, owing to its widespread availability, non-toxic
nature, and mild hydrate formation conditions, is regarded as an envir-
onmentally sustainable hydrate former™”. Notably, the strategic selection
of low-GWP gases as hydrate formers is essential”'. For instance, R152a not
only exhibits milder hydrate-forming conditions compared to R134a™**”,
but also has a substantially lower GWP, 124 versus 1430 for R134a’"7%.
While CH, exhibits a GWP ~25 times that of CO, and an atmospheric
lifetime of 12 years, SF; is recognized as the most potent greenhouse gas,
with a GWP 22,800 times that of CO, and an atmospheric lifetime of ~3200
years’”. The incorporation of low-GWP gases minimizes the environmental
impact of unintended emissions during hydrate formation and dissociation,
ensuring that any gas release contributes minimally to climate change.
Moreover, this approach aligns with evolving environmental regulations
and sustainable process design, thereby enhancing the overall viability and
long-term sustainability of hydrate-based technologies. As a result, adopting
low-GWP gases not only reduces the carbon footprint of these systems but
also supports their broader application in desalination and wastewater
treatment, contributing to more environmentally responsible industrial
practices. Table 3 summarizes the lifetimes and GWPs of several practical
gas molecules employed as hydrate formers, thereby offering a useful fra-
mework for their informed selection and management to mitigate long-
term environmental impacts. Consequently, inaccurate selection of hydrate
formers can jeopardize environmental safety by increasing greenhouse gas
emissions and posing risks to human health, ultimately impeding the
widespread application and commercialization of HBD technologies.

Furthermore, while incorporating THPs and KHPs substantially
reduces the intrinsic kinetic limitations and high energy demands associated
with hydrate formation, their use often faces challenges associated with
environmental and safety concerns, particularly toxicity, foam formation,
persistence, and bioaccumulation risks. For example, THF, a widely used
THP'**”**  is highly flammable and classified as hazardous under the
Globally Harmonized System™’. While exhibiting low to moderate acute
toxicity (LDso: 1650 mg/kg in rats) with minimal aquatic risks, its volatility
and water miscibility elevate environmental mobility and exposure
concerns” ", Interestingly, THF is inherently biodegradable, highly
volatilizable, and has low bioaccumulation potential, reducing long-term
ecotoxicity concerns’*’"'. Regulatory agencies, including the U.S. EPA and
the European Chemicals Agency (ECHA), impose strict discharge limits,
such as the 8.4 mg/L threshold under U.S. pharmaceutical effluent guide-
lines, to ensure its controlled use and mitigate environmental and health
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Table 3 | Atmospheric lifetimes and GWPs of common gas
hydrate formers®*®

Chemical Chemical Lifetime (years) GWP
compound formula (100 years)
Carbon dioxide CO, See below? 1

Methane CH,4 12 25
HFC-141b CH3CCIF 9.3 725
HFC-134a CH,FCF3 14 1,430
HFC-152a CH3CHF, 1.4 124

Sulfur hexafluoride SFe 3,200 22,800

“The CO, response function used in this report is based on the revised version of the Bern Carbon
cycle model used in Chapter 10 of this report (Bern2.5CC; Joos et al.): using a background CO,
concentration value of 378 ppm. The decay of a pulse of CO, with time t is given by:

Ct)=ay 213:1 a; x e%, where ag=0.217, a1 =0.259, a, = 0.338, a3 =0.186, 1 = 172.9 years,
To=18.51 years, and 13 = 1.186 years.

risks’***%. SDS, frequently used as a KHP, exhibits slightly higher toxicity
than THF (LDs,: 1288 mg/kg in rats) and persistence in aquatic environ-
ments, contributing to bioaccumulation and microbial disruption, which
complicates its disposal®’"”. Chronic exposure has been linked to cell
membrane disruption, raising concerns for both environmental and human
health'”*. SDS is biodegradable under specific conditions, but its potential for
long-term environmental impact, high toxicity, and foam formation during
hydrate formation necessitate stringent management. Therefore, chemical
selection is key to the success and overall sustainability of HBD***'. Table 4
presents a comprehensive summarize of key environmental and health
information for selected THPs and KHPs used in HBD. Table 4 includes
data on toxicity (LDso), aquatic toxicity, and legal or recommended limits in
wastewater effluents, which can serve as guidelines for the permissible
concentrations of these additives when used in the HBD process.

Due to the environmental and ecological risks associated with con-
ventional hydrate promoters, research increasingly prioritizes the devel-
opment of biodegradable, environmentally benign, and low-toxicity
alternatives. These advancements aim to enhance the sustainability of HBD
while maintaining safety and regulatory compliance, ensuring that process
efficiency is achieved without exacerbating long-term environmental harm.
Recent research has emphasized the development of biodegradable and
environmentally benign promoter alternatives that maintain performance
while reducing ecological impacts. An optimal bio-compatible KHP should
not only improve the efficiency of the HBD process, but also exhibit minimal
toxicity, environmental sustainability, cost-effectiveness, recoverability,
high thermal conductivity, and thermal stability to mitigate ecological and
public health risks.

Biodegradable amino acids, which are essential dietary components,
have recently garnered attention as an effective class of KHPs'"**"". Amino
acids, such as phenylalanine, histidine, L-valine, L-cysteine, L-methionine,
and L-threonine, exhibit promising attributes, including non-foaming
behavior, biodegradability, and operational simplicity, although challenges
related to thermal degradation and difficult recovery persist for some var-
iants. For instance, Khan et al.*’® demonstrated that incorporating 1 wt%
tryptophan, a biodegradable amino acid, in CO, hydrate systems reduced
the induction time by 50.61%, increased the initial formation rate by 144.5%,
enhanced water recovery by 121%, and improved gas uptake by 124%.
Owing to their inherent non-toxicity, amino acids eliminate the need for
separation from dissociated water'**'***"°,

Biosurfactants, distinguished by their biodegradability, low toxicity,
and tunable amphiphilicity, adhere to stringent environmental regulations
and exhibit remarkable stability under extreme pH, temperature, and saline
conditions. These attributes position them as promising green alternatives
to conventional KHPs, facilitating gas hydrate nucleation and growth
without compromising efficiency’’""~*. As surface-active compounds
derived from microorganisms, biosurfactants enhance hydrate formation
by leveraging their hydrophobic and hydrophilic domains to reduce

interfacial tension, adhesion energy, and contact forces among hydrate,
water, and gas molecules’”’. Rhamnolipid, an environmentally compatible
biosurfactant with strong hydrophilic and hydrophobic properties, has been
identified as an effective KHP for CO, hydrate formation, reducing
induction and total process times by 99% and 84%, respectively, compared
to SDS™™. Similarly, surfactin, a cyclic lipopeptide biosurfactant, markedly
enhances CH, hydrate formation relative to pure water and SDS (1 wt%),
with comparative studies indicating optimal performance at 200 ppm for
rhamnolipid and 400 ppm for surfactin®***’. However, concentrations
above 400 ppm can diminish performance and potentially induce hydrate
inhibition, necessitating careful assessment of both biosurfactants for
inhibition applications at concentrations below their critical micelle con-
centration but not below 400 ppm’***. Mirzakimov et al.’™* recently
reported rapid water-to-hydrate conversion using bio-based KHPs,
addressing key challenges such as foam formation, hydrate stability, and
environmental impact in hydrate-based technologies. Employing a green
synthesis approach, they developed four novel biosurfactants (BSCOs) from
castor oil, significantly enhancing CH, hydrate formation. These bio-
surfactants demonstrated strong environmental compatibility, with 20.8%
degradation over 28 days and no detectable toxicity in mice, and high
hydrate stability, exhibiting only 7.5-10.5% dissociation at 1 atm and 268 K
after 14 days. While surfactants are traditionally considered to improve
hydrate formation kinetics without affecting thermodynamic properties,
emerging studies suggest that biosurfactants may influence both. For
instance, rhamnolipids, demonstrated a 42.97% increase in CH,4 hydrate
formation rate, a 22.63% reduction in induction time, and an upward shift in
formation temperature with minor modifications in hydrate cavity
ratios™”"*,

Among such green additives, starch has been extensively explored in
hydrate-based systems. While some earlier studies reported that various
starch classes inhibit hydrate formation’”, recent investigations have elu-
cidated their potential as promoters. For instance, potato starch has been
identified as a bio-compatible KHP for CH,4 hydrate formation, demon-
strating comparable efficacy to SDS at equivalent concentrations, attributing
to phosphate groups in its molecular structure, which strengthen anionic
behavior and promote water hydrogen bonding’>". Similar to potato
starch, an investigation into corn dextrin, a green, biodegradable, bio-
compatible, and water-soluble linear polymer derived from the hydrolysis of
starch, as a KHP for CH, hydrate formation. This investigation illustrated
that at 1 wt%, the induction time decreased drastically from 1256 to 18 min,
and gas uptake kinetics improved significantly’'. Notably, the apparent
growth constant for 7 wt% dextrin was ~28 times that of pure water, indi-
cating that corn dextrin is a competitive alternative to SDS for promoting
methane hydrate formation. In another report, Alizadeh et al.”** investigated
the effect of sucralose, a novel environmentally friendly promoter, on CO,
hydrate formation, reporting that at 0.75 wt% sucralose, gas consumption
and hydrate storage capacity were maximized, with a 37% increase in
consumption at 300 min and a 35% improvement in water-to-hydrate
conversion at 20 min relative to pure water. However, concentrations above
0.75 wt% yielded diminishing returns, with slight inhibitory effects observed
at 10 wt%, and elevated cell temperatures further impaired the kinetic
parameters of hydrate formation.

MNB promoters offer an environmentally benign approach to gas
hydrate formation by eliminating the need for chemical additives and
leaving no residual contaminants in recovered water. Comprised solely of
gas and water, often inert or mildly reactive gases, MNBs dissolve or
effervesce post-hydrate formation, ensuring no persistent residue or adverse
ecological impact™********, Their integration into hydrate-based processes is
seamless, requiring no additive cleanup or additional separation steps™.
Moreover, MNBs exhibit negligible toxicity risk; for instance, CO, MNB-
assisted desalination demonstrated no introduction of contaminants, pre-
serving the integrity of treated water. Unlike conventional surfactant-based
promoters, MNBs prevent foam formation, facilitating clean gas release and
efficient water recovery upon hydrate dissociation. In contrast, biosurfac-
tants, though biodegradable, can induce foaming, as observed in certain
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Table 4 | Summary of toxicity profiles, aquatic impact, and regulatory discharge limits for additives in HBD

Promoter Type Oral LDso (Rat) Aquatic Toxicity (LCso) Legal/Recommended Limit in References
Wastewater Effluent
Tetrahydrofuran (THF) THP 1650 mg/kg Low toxicity to aquatic organisms; inherently 8.4 mg/L (U.S. pharmaceutical 310-313,377
biodegradable; low bioaccumulation potential effluent guidelines)
*DNEL = 72.4 mg/m?
Cyclopentane (CP) THP 11,400 mg/kg Limited data; low water solubility suggests low aquatic Not specified 378,379
toxicity; non-ozone-depleting; low global warming DNEL inhaiation: 1210 mg/m? (for
potential (~20) workers)
LCso: 106 mg/L, vapor (Rat) DNEL inhatation: 643 mg/m?
(for general)
Sodium Dodecyl KHP 1288 mg/kg Low to moderate toxicity, biodegradable in some cases, Not specified 380-383
Sulfate (SDS) high bioaccumulation potential, DNELinhatation: (1210) mg/m?
LCs, (Pimephales promelas): 6.6 mg/L (96 h); **PNEC fresh waten: 10.6 mg/L
LCs, (Ceriodaphnia dubia): 48 mg/L (48 h); potential for EU value: 1200 mg/m?
bioaccumulation
LCs0>3.9mg/L (Rat), 1 h
Span 80 (Sorbitan KHP  >5000 mg/kg Considered non-toxic to aquatic life; biodegradable; low Not specified 384,385
Monooleate) bioaccumulation potential
Ag NPs KHP  Variable NOEC for Hyalella azteca: 0.9 pg/L; LOEC: 1.9 ug/L; Not specified 386

potential for bioaccumulation and chronic toxicity in

aquatic organisms

(*) DNEL stands for “Derived No-Effect Level”, while (**) PNEC refers to the “Predicted No-Effect Concentration”.

coconut-derived surfactants akin to SDS’". Energy requirements for MNBs
remain minimal, as bubble generation relies primarily on moderate pressure
or shear rather than chemical activation, significantly reducing downstream
pollution and disposal concerns. Their compatibility with sustainable
engineering is well established, with ozone or air nanobubbles already
employed in water treatment applications, reinforcing their potential as
green alternatives for hydrate-based technologies™*”.

Advancements in green alternatives, including amino acids, bio-
surfactants, starch-based materials, and MNBs, underscore the
potential for reducing HBD’s reliance on hazardous compounds like
THF and SDS. Additionally, innovative approaches such as LNG
integration promise to significantly reduce operational costs, further
strengthening its feasibility. These advancements position HBD as a
promising desalination solution, ensuring efficiency, economic viabi-
lity, and environmental sustainability.

Economic viability and energy efficiency of HBD

Energy consumption and total cost are critical determinants of the eco-
nomic viability and profitability of any technology. These factors are
influenced by various elements, including the chosen desalination tech-
nology, the type of feed water, the energy source, and the capacity of the
desalination plant™. To evaluate whether HBD can serve as a viable alter-
native to conventional water treatment methods, it is essential to compare
the processing cost and energy consumption of these methods. When
assessing the energy consumption of HBD relative to other desalination
techniques, it is crucial to consider the minimum energy required for water
desalination as a key benchmark. Regardless of the specific technology or
configuration used, theoretical calculations suggest that the minimum
energy needed is ~0.7 ¥R *** Despite its numerous advantages, HBD suffers
from high capital costs, which are greater than those of conventional
methods such as reverse osmosis (RO). This underscores the importance of
achieving minimal energy consumption. As discussed in the hydrate for-
mers section, utilizing hydrate formers that perform under more favorable
conditions can help reduce process energy consumption. For instance,
according to He et al.’s investigation™”, the energy consumption per unit
time is 0.05 kW for CP and 0.38 kW for C;Hg because CP does not require
compressors for hydrate formation and can form at atmospheric pressure.
Javanmardi et al.”* reported an energy expenditure of 25.82 M, which is
~7.17 kmlf, for the C;Hg hydrate formation. However, it is generally
observed that the total amount of thermal and electrical energy required in
the HBD is ~1.58 kWh*,

Notably, it is widely reported that LNG offers a substantial and readily
available source of cold energy that can significantly reduce both the energy
consumption and operational costs of HBD. Integrating LNG with HBD
systems offers a promising route to achieving optimal energy efficiency,
making it particularly suitable for countries that import large volumes of
natural gas in the form of LNG, such as Singapore, China, India, Japan, and
South Korea"*****”. During LNG production, natural gas is first purified
and then liquefied at ~111 K through an energy-intensive process, leading to
storage of a considerable amount of cold energy in LNG. The resulting LNG
is transported in its liquid state to receiving terminals, where it undergoes
regasification, requiring heating to convert liquid (111 K) to gas phase
(298 K), typically using seawater as the thermal medium’>***. This process
releases ~104.5 kWh of cold energy per cubic meter of LNG re-gasified™.
Under conventional operations, the cooled seawater is discharged back into
the ocean, resulting in the loss of a significant amount of recoverable thermal
energy. A typical HBD process, as an exothermic process requires external
refrigeration cycles, which are energy-intensive and costly, to not only to
cool the feed water and hydrate former to a low temperature, but also to
remove the heat generated during the hydrate formation, making the energy
consumption of the HBD process fairly high. By integrating HBD with LNG
regasification, the economic and energy-consumption of the process can be
improved. In fact, using heat exchangers to transfer cold energy from LNG
into various streams relevant to HBD processes instead of external com-
pressors can significantly reduce the total installed equipment cost of the
processes by about 70% and mitigate the operating and maintenance cost of
the process’**. In addition, by integrating HBD with LNG regasification, the
otherwise wasted cold energy of LNG in its final regasification step can be
effectively harnessed to facilitate hydrate formation, thereby eliminating the
need for conventional refrigeration cycles™. This integration enables HBD
to operate at lower temperatures with significantly reduced external energy
input and capital expenditure, thus improving both the energy efficiency
and economic feasibility of the process"***”.

Building on this concept, He et al."”” proposed an innovative method
for HBD utilizing LNG cold energy. This approach not only significantly
reduced the energy consumption from 65.13 to 0.84 Kb, a 98.71% reduc-
tion, with the recovery of hydrate former, but also highlighted its economic
viability by reducing the desalination cost from 9.31 to 1.1 52 Using LNG
not only functions as cold energy provider through a refrigerant
compression-expansion cycle, but also creates the low-temperature condi-
tions required for the process through a heat exchanger, which makes use of
the energetic cold released during the LNG gasification process’*. Lee etal.,”
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Fig. 8 | Overview of Desalination Technologies. Schematic representation of
various desalination methods, illustrating key desalination technologies, including
a multistage flash desalination (MSF)*, b multi-effect distillation (MED)",

¢ membrane distillation (MD)*”’, d fiber distillation (FD)*”, e freeze desalination
(FZD)", f electrodialysis desalination (ED)"", g reverse osmosis (RO)*, and
h hydrate-based desalination (HBD)™.

explored a new process design incorporating an extra expander that utilized
the high-pressure gas generated by the dissociation of hydrates to drive the
expander, thereby generating electricity. This innovation improved the
energy consumption and offered a more cost-effective water treatment
solution, leading to a 73% reduction in product cost. Based on their reports,
the optimized SEC was ~5.202 1 of pure water, and the product cost was
0.148 % of pure water. In comparison, conventional methods like RO,
which is the state-of-the-art desalination process in the market, has a specific
energy consumption value of 4-6 ¥ and a product cost of about 0.7 Y2,
thus positioning LNG-based HBD as an outstanding alternative desalina-
tion approach. Recently, Fernandes et al.”” simulated a seawater HBD
process using CO, considering two options for heat/cooling supply. The first
option involved a refrigeration cycle/heat pump using ammonia as the
cooling fluid, while the second assessed the use of LNG as the cold utility and
seawater as the hot utility. In the first case, the total cost of water was
estimated at ~3.71 YL, originally reported 3.29 -£*, with capital expen-
ditures (CapEx) and operating expenses (OpEx) of 1.57 and 2.17 %P, ori-
ginally reported 1.38 and 1.92 -£*”, respectively, and a specific energy
consumption (SEC) of 13.2 kXI"—gh The main costs of the process were asso-
ciated with the ammonia refrigerant circuits. However, in the second pro-
cess, the use of LNG as the cold utility led to a total cost of 1.53 Y2, originally
reported 1.36 -, with CapEx and OpEx of 0.91 and 0.62 P, originally
reported 0.81 and 0.55 -5, respectively, and an SEC of 3.8 .

Figure 8 provides schematic representations of advanced and emerging
water treatment technologies. Furthermore, Table 5, systematically evalu-
ates critical performance metrics, including energy consumption, water
recovery efficiency, salt rejection rates, economic feasibility, and operational
parameters, for both conventional and cutting-edge desalination approa-
ches, encompassing evaporative, membrane-based, freeze desalination, and
hydrate-based desalination (HBD). Overall, Fig. 8 offers a structured
overview of desalination processes, while the accompanying table, Table 5,
presents a comprehensive evaluation of key performance metrics—
including energy consumption, water recovery efficiency, salt rejection
rates, cost analysis, and operational conditions. Together, they provide
valuable insights into the strengths and limitations of various desalination
technologies.

Although economic and energy-related comparisons are often
emphasized in the evaluation of desalination technologies, such assessments
can be biased if all critical factors, particularly desalination kinetics,
separation efficiency, and environmental impacts, are not considered con-
currently. In this work, these aspects have been comprehensively addressed
in their respective sections to provide a balanced and multidimensional
evaluation of HBD.

Challenges and prospects

HBD has emerged as a promising desalination technology, particularly in
cold regions™. This innovative approach effectively addresses several critical
challenges associated with conventional desalination methods, such as poor
selectivity, high processing and maintenance costs, low efficiency in treating
high TDS water, and various environmental concerns’’”*. A notable
advantage of HBD is its high selectivity, which enables the concentration of
dissolved salts within a solution. This characteristic can not only be used to
streamline traditionally lengthy processes associated with the liquid mining
of valuable materials, such as lithium evaporation ponds™**, but also offers
a dual benefit: mitigating water scarcity while facilitating the recovery of
critical resources™. Additionally, this technology presents a remarkable
opportunity to address one of the enduring challenges of global warming by
effectively capturing greenhouse gases within its molecular cages. Not only
does it mitigate the harmful impact of these pollutants but also repurposes
them for desalination processes and as potential energy sources for
future needs.

Despite these benefits, the industrial application of HBD faces several
technical challenges and environmental concerns'”*>'’. Key issues include
the need for high pressures, substantial capital costs, slow hydrate formation
kinetics, salt trapping within hydrate cavities, incomplete removal of
hydrates from solutions, and difficulties in recovering additives"******,
These challenges complicate the scale-up of HBD and necessitate innovative
solutions to enhance both process efficiency and economic viability. To
enhance the viability of HBD on an industrial scale, several strategies have
been proposed. The utilization of suitable THPs or novel hydrate formers
that can operate under more favorable conditions while addressing green-
house gas emissions such as CO, and CHy, can help reduce the high for-
mation pressure requirements in some cases. Additionally, maintaining
operations at lower temperatures and pressures, conditions under which
corrosion rates are negligible compared to conventional evaporative tech-
nologies (e.g., MSF or MED), can reduce overall expenses and enhance
corrosion resistance, thereby mitigating operating and maintenance costs
and extending system longevity. As confirmed by Javanmardi et al.,”
although conventional HBD necessitates high initial capital investments due
to the reliance on expensive compressors, the resulting lower energy
requirements and the intrinsic durability against corrosion lead to relatively
low maintenance costs, thereby enhancing economic viability. Furthermore,
the incorporation of cost-effective energy resources such as LNG, as com-
prehensively discussed in previous sections, is anticipated to further reduce
the energy demands and associated expenditures of HBD processes, thereby
offsetting the high initial investment and positioning HBD as a promising
alternative to conventional technologies™.

npj Clean Water| (2025)8:52

18


www.nature.com/npjcleanwater

Review

https://doi.org/10.1038/s41545-025-00484-0

uedsayl|

pue aouewiopad arosdwi 0}
ubisep s|npow ui uonezjwido
10} PSN ‘AIN UBY} 9IOASS SS9
ybnoy} ‘senssi Buleos a|qissod
‘f1an0281 Jeay aA1j08y8U|
‘JIolew ayenoiped pue

ojueblio Ajjeroadss ‘uonisodwod
Jayempasy o} AJAISUSS

uolesado pue

uBisap jo Ayoldwis ‘ain ueyy
xn|y 18ybiH ‘Aienooai serem ybiH
‘slelslew 1s09-MO| ‘s|ge|iene
Aluowwoo Jo asn pue }S00
Jamo ‘saljulfes jo abues apim

‘AN Uey} a1anss ss9| ybnoyy e Jo uoneulese ‘suoljesidde M €62
‘Bulinoy sueiquisW [enusiod Jejnpow pue judioo} :ainjesedwia | (V)
‘Aungesnp pue yibuaiis Jlews ‘ABiaus apeib-mo| JUB|00D (senjos 198¥2-/+8
[eoJUBYOSW J00d ‘[BAOWS) J|ES  JO UONEZI|IIN ‘Solge} oljiydoipAy MESE-M €1e a|l1ejoA :uondwnsuod
olpouad ‘uoneinbiyuoo 1oeuod  Buisn o0} anp uoieswuad Jodea :aJnjesadws} 1'0-€0°0 -uou Jo4) ABisua [eusy}
92v'Ser 00y y08u1p Ul Bjesado o3 s|qeun pue podsue.} J8jeM SA10BHT pse4 ‘d4dA Jod V/N %00} = S8 oy10adg (x1) a4
$90.Inos ABisus ajgqemausi
uum Aynigiredwoo pue
AKousjoiys Abisus 03 anp 1oedwi
[BIUSLUUOIIAUS JBMOT ‘S|9A8|
Ajuiies ybiy pue suoljesuUsdU0d
JuBUIWEUOD YBlYy Je usne
aouewJopad 8|qels ‘SuUoIpPUod
Bunesado pjiN ‘uonesado
pue ubisep ajdwis ‘ABojouyosy
Jejnpo\ ‘uoljeuliesap Joy dnies
uolsodwo9 Jayempasy uowwIo9 }sow pue }sajdwis
0} 9AllISUSS ‘AjjIqisea) By} sI yoiym ‘uolyesnbiyuod
o[eos-abue| peyw ‘wil  (QINDQA) UolE|ISIP suBIquBW
uonezueljod ainjesadwsa} pue 10BU09 108J1p Ul Bunesado
Kianooal Jeay aAi3oayau| ‘Xnjy 10 8|qede) ‘(7/6w 000‘002
J91eM MO ‘SSO| }BaY DAI1ONPUOD anoge Jo 0} dn) sal by M 862-M 872
ybiH ‘A1anodai Jayem mo UM UOIIN|OS JO UOljeuUleSap :aJnjesadws}
‘a4 01 pajedwood seuBIqUIBW  SAI08YT ‘SJUBUILLEIUOD S|I}B|OA MO}
aAIsuadxa alow pue -Uou pUE S}es jo [erowal  ajeawdad pjoD (senjos
a|qIssad9e sS9| ‘Buleos [essulN a19|dwo2 Apeau ‘uonosial M £9¢-M €28 GE'0-S0°0 9|11e|oA
‘s Buinoy pue Bumep, ‘1s00 Ayues ybiH ‘uonesado Joy :aJnjesadws} :ainssaud -uou Jo4) (94) (G4)
v2y—00%'26€°L6€  UBIH ‘uonduwinsuod ABieus UBIH  1eaY 81Sem I0 speIB-mo| seziiin poa4 wnnoep 0e-2'8 G'66< 08< 19-6€ () an
juswiea}-aid 4SIA uey} sainjesadway
pasN ‘@oueusjurew xa|dwoD [euonjesado JomoT ‘4SIN
1509 |eyded [eniul ybiH ‘yoedwi 0} pasedwod uondwnsuoo
[eluswiuoIAUg ‘Auan008l) ABisus JamoT ‘1eay a1sem
665-76E°16€ Jayem Mo ‘esn ABJaus  JO UOIFeZI|IIN SAI}09YT ‘SUOIIN|OS (@4)
‘88€'/8€'06¢' L€ Jueolubls ‘sanss Buljeog Sdl yby Joy Aousioyye ybIH M EveE-€€€ (7 09'1-25°0 66< Ge-02 Ge'Lz-8 (1) @an
‘sainjeladwal
Bunesado pajens|g juswsbeuew
‘Joedw| [ejuSWIUOIIAUT ‘PUBWIBP  pUE Uoljesado pailidwiS ‘S[eAd)
ABJsua jeain) ‘s1s09 |euoljesado Ajues ‘ybiy 1oy Aousiolye M €6E-ME9E
£66-/8¢v62 pue euded ybiH ‘Auanooai isrem 1ealy) ‘uononpoud Jayem Ayund ainjesadway
‘062801L91'0¢  moT ‘uondwnsuod ABieus ybiH  -ybiH ‘senssi Bulieds peonpay aulq doy 1y (€4) GL'1L-95°0 66< 02-01 6T l2-GC) (x1) 4SN
(i
e
w‘.Em‘_onEW_._v. w‘.smwo‘““ (%) (%)  uondwnsuos
uonoafas  Aidnodsaa ABisua
Joy sabejuenpesiqg sabejuenpy abueu suonpuod bunerado A%V (¢+)1s0D )es Ja1em oy1oadg (x 1) spoylaw uoneulesaqg

sabueu uonipuod Hunesado pue ‘4s09 ‘Aoualole uonoalfal jes
‘pIoIA A1anooau Jarem ‘syuswadinbal ABIsus se yons s1010e) A9y JO uolenjeas ue buipnjoul ‘spoyjlaw uoneuljesap jusjenald pue ggH Jo uonenjeas aanesedwod | G a|qeL

19

52

npj Clean Water| (2025)8


www.nature.com/npjcleanwater

Review

https://doi.org/10.1038/s41545-025-00484-0

(43H Inoyum)
L2’ ey-89°L
(43H
UIM) 26'6- 7'
Buissoquis SAL I/6 GEL Jo wnwixew 6966 O} “oe/BA OV L (1)
Evr'0ry 6ey puUE uoRoEdWOD SUBIGWIA € 0} dn sauLq 8}E;USOUOD M 8Le-€8¢ 0Gl ordn V/N dn G8-G¢ 01 Gg| woi4 OddH
‘syusuodwod
pue saueIqWaW JO
AM|IqE|IBAR BPIAN ‘SIUBUILIBIUOD
Jo abuel peouq e Jo
[eAowal aAoaY3 ‘suoneoldde
a|ljes.9)\ ‘uonesado
wewieasaid  sjdwis AjgAlje|a) pUE pajewloiny
saJinbay ‘(1z/an) ebreyosip ‘s1500 Bunesado pue [eudeo
pinbi| 018z pue wnwiuiw MO ‘seles AlanoDdal Jsrem
J0} Ajjigeoidde pajwi ybiH ‘Abojouyosy paydope
“oedwi [elUSWIUOIIAUT ‘YSl Aj|9pIM puB ainjew Ajjeoiuyos |
abewep aueiquis| ‘uoloalfal “uudiooy [eoisAyd |lews 64)
JUBUILUBIUOD SWIOS pue B yum ubisep waisAs j1oedwo) 1G'7€-99°'€
uoJoq paywi ‘saiundwi pue ‘ubisep a|ge[eos pue Jejnpo 1|00} A1an0D8l
Ayjenb Jayempasy 0} aAlISUSS ‘paJinbai saAlIpPE [EDIWBYD INOYHM-
‘Aysuadoud Buieos pue Buinoy [ewjuiw Jo oN ‘uonnjjod yL'2-1'2
Zr-9et‘90y ybIH ‘syuswalinbes ainssaid  [ewJayl INoYum puewsp Abisus ¥8'66 O} ()] :|oo}
‘88E°1G'OY’LE -ybiH ‘ebue. Auuijes papwi [euwLBY} ON ‘JusIolys ABieug M8Le-€82 G8-0} 9¥'2-9€°0 dn 08-0¢  Aionooai yum- (x1) od [euonusauoy  (x1) Od
‘sierem
aulfes Ajg1eispow pue yspoe.q
yum souewopiad pooy) ‘ubisep
9|qe[eos pue Jeinpoj ‘suol Jo
sjuswialinbay UOHEINDIIOSY  [BAOWISI DA}OS[SS J0) SAI}OSYT
auug ybiH pue Auxsidwo) ‘OY 03 pasedwod Buleos
[euonesadQ ‘sjueujwelUOD  puE BuliNO)duBIqISW PadnNpaYy
ojuol-uou Buirowal ‘sajes Auanooal Jayem JaybiH
Je 9A1108oUl pUB SJUBUILEIUOD  ‘OY 9YIjun ‘ainssaid olnespAy
21UOJ JO [BAOWISY SAI}09]9S [eusaixa ybiy Joy pasu oN
‘sanss| AligeinQg SUBIQUISIN  ‘SPOUISW UOHEUI[ESSP [BULIBUYY (8+) (8+) (saL
[eloi% puUe 8p0.}09[] ‘SSOUBAIIOYT 0} pasedwoo 1509 [ended 06-0S MO| JB G'2—/0)
‘YEP 1680629 -1S0D pue Ayjiqednddy psywr]  pue juswalinbas ABisus Jemo V/N V/N 98'1-9'0 ‘AleodAL 06-0S 05°'S-¥9°¢ a3
paJinbal uswieanaid jewiuln
(spoyiaw ‘uswialinbai ABisus moT
awos 0} aAleal) Ailsnooal  ‘ajel Aianooal Jsrem ybiH ‘s1soo
J9YeM MOT ‘Uoljeulweuod 9oueUSUEW pUB BINssald
PUE UOIeWLIO} 91BJPAY JO YSIY Bunesedo mo ‘Anjiqeidepe
‘suolyeyw| Auanooas ABiaug J91eMpPad} 9|l1ESION
‘Juswdolenap [e1oJaWwwod ‘Apusuy Aj[eyuswuoiiaug
payjwi ‘Auxs|dwod [euolesadQ ‘Buiinoy pue Buieos
eev—12v ‘ssaoo0.d uonesedes 99| paonpay ‘senss| UOIS0LI00 1'66 O}
‘9eg’1G'ce  xo|dwo) ‘puewsp ABisus ybIH MO ‘8SN [eDIWBYD MO M0Le> €0'L €6'0-v€°0 dn 020 8L°€1-06LL («4) az4
(e
il
@.EE@QEW_._V. E:mAmo“w (%) (%)  uondwinsuod
uonoafas  Aianooau KBisua
JoY sabejueapesiqg sabejuenpy abueu suonpuod bunerado A%v (24) 1500 Jes Ja1ep ooads (x 1) spoylaw uoneuljesaqg

sabueu uonipuod Huijesado pue ‘1s09 ‘Aouaioiye uonoalfaa jes ‘pidIA Auanoosal

J91eMm ‘syuswadinbal AB1sua se yons s.ioloey A9y Jo uonenjeas ue Buipnjoul ‘spoylaw uoljeuljesap jJusjenaid pue ggH Jo uonenjeas aaneledwod | (penunuod) G sjqel

20

52

npj Clean Water| (2025)8


www.nature.com/npjcleanwater

Review

https://doi.org/10.1038/s41545-025-00484-0

uoljeulesap Jo abej}s 1se| 8y} 1oy Jeq /0°0 Pue abels isil 8y} 4oy Jeq 20 ‘o|dwexs Joy ‘ssaoold Bulysely ayy s|qeus o} sabeys ssoioe sainssald Buiseasosp Alpaissaiboid yym ayesado swieysAs uolreuliesap 4SN (€4)
"9,eW/ASN 0°8 01 0°2 Se Ybly se s}s00 sousliadxe Aew Aep/.w 00 L

Mmojaq sanoeded yum sjueid pue ‘.w/asn S 1-G6°0 1o 9Buel 8y} Ul S1S00 808} ABP/,W 000‘SS O1 000°2 + Wod) Buibue. s

oedeo yum asoyl ‘W/asn L0 | 01 250~ JO S1S00 Inoul Aep/,W 000‘02E PUB 000° L6 Usamiag saloedeo 1e Buijeledo sjue|d ‘Uoneulfesap Jojemess

Q@3N Jo} ‘AleliuIS "W /ASN 2" L PUB 9G°0 U9amiaq aq 0} PejeLulse s11S09 auy) ‘Aep/.i 000088 0} 000°0S Wo) Buibue. senioeden Je ‘uoieuliesap Jeyemess S| 10} ‘9ouB)sul 104 “pakojduie ssaoo.d au pue Ayoeded jueld sy yog uo Ajiaesy puadep s1s00 uoijeulfesad (2)
*subisap [aA0U Yim agH pue ‘(qgH) uolreuliesaq paseg-aeipAH (OHVYO) SISOWSQ asianay paisissy AlleonowsQ (OHYST) SISOWsQ asiandy uonosfoy-1es-mo (OHdHN) SISowsQ asianay ainssaid-ybiH

-eJ}|N ‘(OYdH) sisowsQ asianay ainssaid-YbiH {(OY) sisowsQ asianay [euoijuaauo) ‘(g3) uoneulesaq sisA[eIpol}os|3 {(gz4) uolreuliesaq 8zaa. ‘(g4) uoneyisia 4aqi4 ‘(gin) uory

SIQ SUBIGUISIN ‘(@IIN) uoneuliesad 10953 -HININ ‘(ISIN) uoneuliesaq yseld aBeIsIHNIA (1)

[enowsal
ul AYnoiip pue s[eisAio ayelpAy
uo uolysodap jes ‘uoinesedss
aulg-a1eIpAy ul sabusjieyd
‘(sse30woud pue swiioy

ajeIpAy se yons) sjusuodwod
|esiwayo pajelbaiul

BuioAoal ur sennoIq
‘(sse10W04d puE Swioy aeIpAy
9)1]) @dUkl|a4 [edlWayd 0}
paje|al SUISOUOD [eIUSLIUOIIAUT
‘SaAllppPE Jo sisjowoud

ajeipAy uo aouspuadaq
‘Ajligeleas pue juswdojenap

'sseo0.d

Alpuauy Ajleluswiuoiinue
‘Ayngedeo uonesedss
9A1}09]9S ‘uoljesado jusiole
-ABisu3 ‘@oue}sisal UOISOLI0D
ubiH (Sa.) spijos paajossip

[BIOJOWILLOD PAYILUIT ‘SONAUN|  [B10] UBIY JO JUSLWIEal) SAl08)T 1¥S'0-200 202'S— (siepuedxe) + (ONT) + agH
pue sojweuApoway ayelpAy ul ‘sajel Alanooal Jayem ybiH - N - -
0GY'6Y1'9ee Ly sebusjiey) ‘Auxeldwod weisAs ‘9NI1308)J9-}S0) ‘spuswaiINbas MSGL€L2R €01 LAY A (ON) + aaH
‘Or'pele’gel  ‘Juswiseaul [eyded [eniul ybiH SOUBUSIUIELU MOT] AjreoidAy AlreoidA €2V—€90 8'66-G'09 0/-0¢ 96'66~(8S WY} dgH [euoluaauod asH
‘ABioug
s|qeMauay Yum ajeibaju| o}
Anigede ‘sweishs 41Z/QTN
Burouenpe ui Ayjigeondde pue
juswabeue| aulg Jo} [enua}od
‘Buiino4 sueIqWS|\ paonpay
Joj [epuelod ‘Aousiolyg
sabusjieyn ABiau3 ‘OY |eUOI}UBAUOD 0} 0zL>
uoneziwundQ sseo0ld  pasedwoo sainssaid bunesado :OddH 104
‘suoljelsapisuo) 1so) ‘ubisaq Jamon ‘erey Alanoosy Ge>
wasAg xsidwo) ‘Ayjiqejieny  Joyep UBIH ‘sieyem pasy Ajules :0d (714 (1)
[eloJaWIWOD) paywi] -ybiy Joy Apenoiped ‘saniules [eUOIIUBAUOD 9'9-72 (1s) (woysAs abejs-N ue)
8v-9ry'vyy  ‘Bulleds pue Buinod sueiquisiy  jo sBuel opim e Joy sjqeoliddy M 8LE-€8¢C 104 ‘MOO1 V/N G8-G¢ 02-G o4dvo
‘sieyem pasy) Ajules-moj 4oy
Apenoiped ‘sanjuijes jo abuels
apIm e Jo} a|qeoljdde ‘Aousiolie
ABisua pue syuswaiinbai (Y]
ainssaid azjwdo ‘swalsAs 2SL-v2 L
Oy [BUOIUBALOD (@1z/a ) ebaeyosip pinb| (862 (reqo/>  :1/60Sk-S2 SAL 66< («1)
uBy] 1s00 Jaybly  0J8z pue wnwiuiw Buioueape uj Apenoiped) AlreaidA]) ‘(MOD) Je1em :sobejs (@1s) (L1s) (we1sAs abeis-N ue)
9vy—pyy  ‘Bulleds pue Buinoy sueiquiew  o|qedlidde ‘Aienoosi seyem yBiH M 8Le-€82 G8-¥'Ly  JO1S0D pazijens| -nw 89-2¢ Si—¢ ods
(43H noynm)
6evl0 V€091
(43H usm)
paJinba. sebess fewiuiy 6v29'8L-81'6
Buissoquis Jejnpo 166 O} ‘66,480 00€-092 (1)
ovv'6eY pue uopoedWOod BUBIGWSIA juaioye ABisuz M 81e-€82 ooy ordn V/N dan 68-G¢ wo.4 oddHN
(e
e
m..Ew._wnEW_._v. E:me,““ (%) (%)  uondwinsuod
uonoafas  Aianooau KBisua
JoY sabejueapesiqg sabejuenpy abue. su uod BunesadQ A%v (24) 1500 Jes Ja1ep ooads (x 1) spoylaw uoneuljesaqg

sabueu uonipuod Huijesado pue ‘1s09 ‘Aouaioiye uonoalfaa jes ‘pidIA Auanoosal

J91eMm ‘syuswadinbal AB1sua se yons s.ioloey A9y Jo uonenjeas ue Buipnjoul ‘spoylaw uoljeuljesap jJusjenaid pue ggH Jo uonenjeas aaneledwod | (penunuod) G sjqel

21

52

npj Clean Water| (2025)8


www.nature.com/npjcleanwater

https://doi.org/10.1038/s41545-025-00484-0

Review

Desalination methods (1%)

E T
- 2 23
] g 24
B s g9
; 8’ 8 L
g c 8
- 17] 28
(7] D [
=4 o ]
g |zl Bt
o L g ©
£ = v 52
c
o Bk
- < -
= » Eng
=3 § ==
— el
e s £3
> 2 53
2 § 52
=)
) *x 2%
c o 8 oo
o 0 el=}
o |8 |2 ES
= = £
© c 3 g
(] = =
= > Z o @
5] T S =5
= o ® 25
7 2 ) c O
o = S >
n [ o>
i S 235
<] = £ c
° g 52
@ 2 £3
Y- = a9
> g 2
() e o]
= e £ga
()
s
o
c e 20
o 0 2 T4
- — <
L= [} %3 C X
© g g ;EB
e}
2 e JERR S
[ S s £3
> > =1 < 2
0 2 g 22
c g 8.5
e § S5
o [ o =
c 8; 5 kel 28
5 |18 § T3
s |215 |5 %
— = = o
e 2|8 T 3&
£ S|5c18 €5
n ElRX & S €
) 21T |5 g¢g
° o [ °
g 8| F s
()] ©
° E(e |2 28
® |2 © %)
S S |@ 2 o -
—_ 2
(7] [0
o = I} hag)
s SIS 8 £¢
a= |d S g
= 3 [
] 5 95
(= —~ ° %u_
= a, 2 -
s 5 (8¢ £ g3
@ = § St
(] ~ s =g
= g 2 ¢
2 o £ zoe
S s 23
o 5 2 Y3
™Y = o
o = s Q9
© = - =
© e ° 3
c 8 o R 2 o c
c [7, I £ o c
© G S
= c
Q > I 2 =
1] o ° = 9
i (o) c +
> £
IT |83 & £3
S SO0 i ES)
o [ < o g
(] = O
c 8§ BJo
o o =]
= c £ T T
[v] o T 9F
= 2 g 53
N Q ol -4
> xE | 9032
) ° 923 _|» Z3§
9scfas 88
o ocog2EYg 2 ¢
2 N oo s e
E=} k4 L2
© - B8
1 =3 = o
[} = &
o el
s 2
(=2} o
£ e §3
o e g3
(8] 2 E 2
—_ o g_g
T S g%
© O c
] s £3
=} i) S o
c £ © £
= S u £
T E 25
2 T Q
8 £ P o
) L L4
2 .0 §
Te] » el
) 255 ¢
3 434
p SR =
[ £8¢£38

recovery yield, salt rejection efficiency, cost, and operating condition ranges

common®®,

DCMD investigation SEC varies from 380 kWh/m? in the summer to 2800 kWh/m3 in winter"'>*",

(*6) DCMD has been reported to achieve 98% water recovery for fractionated effluent and 38% for ozonated effluent*®, although severe membrane scaling occurs above 80% recovery, while recovery levels up to 70% can be sustained over 24 h without observable scaling*®.

(*¥7) STEC for Air Gap FD: 194424861 kWh/m?, for Sweeping Gas FD: 1292-1872 kWh/m?, and for Vacuum FD: 847-1792 kWh/m?®.

(*8) By extending the ED process duration from 30 to 180 min, the removal efficiency significantly improved from 55.13% to 99.45%. However, this increased treatment time also resulted in a higher specific energy consumption (SEC), rising from 1.02 to 6.10 kWh/m®.

(*9) The SEC of RO is primarily influenced by two fundamental operational parameters: operating pressure and process recovery. For example, SEC related to SWRO at 60-80 bar can be varied from 2.1-34.57, the lowest occurs at pressure of 60 bar with the process recovery of

50% with using high recovery energy device leading to SEC equal to 2.1 kWh/m?®, while 34.57 kWh/m? is SEC of a desalination process occurs at 80 bar with recovery of 10% without using high recovery device*.

(*10) HER stands for High Energy Recovery tool.

(*11) At 80 bar, maximum water recovery decreases sharply with rising TDS levels, achieving 89% at 10,000 mg/L, 63% at 35,000 mg/L, and 26% at 70,000 mg/L, highlighting how higher TDS concentrations significantly reduce recovery efficiency*.

(*12) 3-stage LSRRO lead to SEC equal t0 2.92-15.74, and 4-stage LSRRO lead to SEC equals to 2.39-7.98"*“. Furthermore, an cost-optimal model of LSRRO under 298 K and pressure ranging from 85 bar in the conventional RO stage, and 65 bar in the LSR stages showed over
abroad range of feed concentrations (5 and 220 g/L), recovery rates (30%-90%), and number of stages (1-8), shows the SEC of LSRRO can be varied from 1.1 to 171.2 kWh/m® with a LCOW of 0.32 to 41.5 $/m°® ““°, A three-stage LSRRO exhibited SEC values between 2.92 and

15.74 kWh/m?®, whereas a four-stage configuration yielded an SEC ranging from kWh/m®. Additionally, a cost-optimization model at 298 K, with an 85 bar pressure in the conventional RO stage and 65 bar in the LSR stages, demonstrated that, over feed concentrations of

5-220 g/L, recovery rates of 30-90%, and configurations spanning 1-8 stages, SEC can vary from 1.1 to 171.2 kWh/m®, with LCOW between 0.32 and 41.5 $/m?. additionally, it is reported that water recovery at feed TDS of 35 g/L feed is 70%, 70 g/L is 55% recovery, and at

80 bar, the LSRRO system achieved maximum water recoveries of 93%, 63%, and 24% at feed concentrations of 10 g/L, 35 g/L, and 70 g/L, respectively**.

(*13) Water recovery in LSRRO is strongly influenced by factors such as feed water type. For example, a NaCl solution with 21 g/L TDS yields a 68 % recovery, brackish water (BW) at 6.2 g/L TDS achieves 64 %), seawater (SW) at 9.4 g/L TDS attains 66 %, municipal water (MW) with

6.0 g/L TDS delivers 53%, and produced water (PW) with 13.9 g/L TDS results in only 32% recovery***.

125 g/L is 35%. This could achieve to 90%. Under an applied pressure of AP

(*14) The estimated cost of the optimal osmotically assisted reverse osmosis (OARO) configuration for treating feed salinities of 70-125 g/L total dissolved solids (TDS) at water recoveries between 30-70% ranges from 2.7 to 6.6 USD/m?®. By utilizing low-cost solar electricity and

thermal energy for treating solutions with total dissolved solids (TDS) between 30-125 g/L, the LCOW from OARO ranges from 0.70 to 6.28 USD/m°.

Controlling the kinetics of hydrate formation and addressing slow
formation rates are critical challenges. To meet these objectives, several
strategies have been proposed, including the incorporation of KHPs and the
development of innovative apparatus designs. Recent advancements aimed
at accelerating hydrate formation rates have yielded numerous successful
approaches for the sustainable implementation of HBD, with some cases
achieving hydrate formation in mere minutes and exhibiting negligible
nucleation times. Additionally, the inclusion of KHPs, especially MNBs as
an example of these modern solutions, offers practical and cost-effective
solutions to address long-standing challenges associated with the imple-
mentation of HBD as a scale-up technology in industrial applications™*"**.

The efficient separation of hydrate crystals from unreacted brine and
the removal of salts entrapped within hydrate structures remain critical
barriers to the further advancement of HBD*******, Residual salts trapped
within or adsorbed onto hydrate surfaces can degrade hydrate stability and
reduce the process’ overall desalination performance. To address these
issues and enhance removal efficiency, various separation techniques, such
as filtration, washing, centrifugation, and hydrate pelletizing, have been
proposed, collectively representing a multifaceted strategy to overcome a
pivotal obstacle in scaling up HBD*'*****. For instance, hydrate pelletizing,
as demonstrated by Park et al.,” involves producing agglomerated hydrate
pellets that facilitate easier handling and improved salt removal compared to
conventional techniques. However, salt deposition on pellet surfaces
remains a challenge, which hybrid methods combining pelletizing and
washing have begun to mitigate. Although this method may be prone to
challenges such as salt deposition on hydrate surfaces, hybrid approaches,
such as combining pelletizing with washing, have shown promising results
in mitigating these drawbacks™’~*. More recently, Khan et al.” introduced
an innovative overflow separation technique using concentric cylinders that
effectively prevents salt overflow on hydrate surfaces and within interstitial
brine, thereby enhancing separation efficiency’. Consequently, these
advancements, coupled with the environmentally beneficial effects of HBD,
position this method as a compelling and sustainable solution for scale-up
water desalination efforts, particularly in regions grappling with acute
freshwater scarcity”' .

While challenges remain in the development and implementation of
HBD technologies, ongoing research, innovation, and sustained investment
are actively working to resolve these issues. With continued progress in both
understanding and technological development, HBD is poised to become a
cornerstone of sustainable resource management strategies, aligning
seamlessly with global environmental objectives. The potential of HBD not
only addresses immediate water needs but also contributes to broader cli-
mate change mitigation efforts, making it an essential component in the
pursuit of a sustainable future.

Conclusions

Hydrate-based desalination (HBD) has emerged as an innovative, sustain-
able, and energy-efficient solution to the pressing water scarcity challenges
faced by numerous regions worldwide. This review paper summarizes the
fundamental properties of hydrates, highlighting their potential as a viable
alternative to conventional desalination methods. Despite its promising
attributes, HBD encounters significant challenges that impede its com-
mercialization, such as the unfavorable formation conditions associated
with some traditional hydrate formers. To address these issues, researchers
have proposed various innovative solutions, which this article reviews in
depth. We conducted thorough research on recent scientific investigation
into diverse hydrate formers and modern, environmentally friendly thermal
hydrate promoters (THPs) to optimize hydrate formation conditions.
Additionally, a comprehensive analysis of novel kinetic hydrate promoters
(KHPs), such as micro-nanobubbles (MNBs) and nanoparticles, aimed at
overcoming the slow kinetics that currently limit hydrate formation rates
was conducted. This study also evaluates the overall efficiency of HBD in
terms of energy consumption and cost-effectiveness. While the initial capital
investment for HBD technology may be high, leveraging functional che-
mical substances for hydrate formation, utilizing cost-effective and practical
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hydrate formers, and integrating new and inexpensive cold energy sources,
such as solar power or liquefied natural gas (LNG), can significantly reduce
energy requirements. These strategies can bring energy consumption close
to the theoretical minimum for desalination compared to other methods.
Ultimately, this reduction in operating costs, combined with low main-
tenance expenses due to the high corrosion resistance of the process, posi-
tions HBD as a viable option for sustainable desalination. In conclusion,
HBD is poised to play a transformative role in the future of the desalination
industry, offering an innovative approach to addressing global water scarcity
challenges while promoting environmental sustainability.

Data availability

No datasets were generated or analyzed during the current study.

Received: 20 March 2025; Accepted: 25 May 2025;
Published online: 12 June 2025

References

1. He, T., Nair, S. K., Babu, P., Linga, P. & Karimi, I. A. A novel
conceptual design of hydrate based desalination (HyDesal) process
by utilizing LNG cold energy. Appl. Energy 222, 13-24 (2018).

2. Xu, C. et al. Research progress in hydrate-based technologies and
processes in China: areview. Chin. J. Chem. Eng. 27,1998-2013 (2019).

3. Lv, Y.-N., Wang, S.-S., Sun, C.-Y., Gong, J. & Chen, G.-J.
Desalination by forming hydrate from brine in cyclopentane
dispersion system. Desalination 413, 217-222 (2017).

4. Rogers, R. E., Zhang, G., Dearman, J. S., Woods, C. E. & Ding, T.
Investigations into surfactant. Prepr. Chem. Soc. Div. Pet. Chem. 50,
39-42 (2005).

5. Chong, Z.R., Yang, S. H. B., Babu, P., Linga, P. & Li, X.-S. Review of
natural gas hydrates as an energy resource: prospects and
challenges. Appl. Energy 162, 1633-1652 (2016).

6. Parker, A. Potable water from sea-water. Nature 149, 184-186 (1942).

7. Park, K. et al. A new apparatus for seawater desalination by gas
hydrate process and removal characteristics of dissolved minerals
(Na+, Mg2+, Ca2+, K+, B3+). Desalination 274, 91-96 (2011).

8. Abbas, W. K. A. & Vrabec, J. Cascaded dual-loop organic Rankine
cycle with alkanes and low global warming potential refrigerants as
working fluids. Energy Convers. Manag. 249, 114843 (2021).

9. Mok, J. et al. Investigation of theoretical maximum water yield and
efficiency-optimized temperature for cyclopentane hydrate-based
desalination. Water Res. 246, 120707 (2023).

10. Janajreh, I., Zhang, H., Kadi, K. E. L. & Ghaffour, N. Freeze
desalination: current research development and future prospects.
Water Res 229, 119389 (2023).

11.  Du,R. etal. Desalination of high-salt brine via carbon materials promoted
cyclopentane hydrate formation. Desalination 534, 115785 (2022).

12.  Ngan, Y. T. & Englezos, P. Concentration of mechanical pulp mill
effluents and NaCl solutions through propane hydrate formation.
Ind. Eng. Chem. Res. 35, 1894-1900 (1996).

13.  Barduhn, A. J., Towlson, H. E. & Hu, Y. C. The properties of some
new gas hydrates and their use in demineralizing sea water. AIChE J.
8, 176-183 (1962).

14. Sun, S.-C., Liu, C.-L., Ye, Y.-G. & Liu, Y.-F. Phase behavior of
methane hydrate in silica sand. J. Chem. Thermodyn. 69, 118-124
(2014).

15.  Corak, D. et al. Effect of subcooling and amount of hydrate former on
formation of cyclopentane hydrates in brine. Desalination 278,
268-274 (2011).

16.  Fakharian, H., Ganiji, H. & Naderifar, A. Desalination of high salinity
produced water using natural gas hydrate. J. Taiwan Inst. Chem.
Eng. 72, 157-162 (2017).

17.  Simmons, B. A. et al. Desalination utilizing clathrate hydrates (LDRD
final report). Sandia National Laboratories (SNL), Albuquerque, NM,
and Livermore, CA (United States) (2008).

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Mekala, P., Babu, P., Sangwai, J. S. & Linga, P. Formation and
dissociation kinetics of methane hydrates in seawater and silica
sand. Energy Fuels 28, 2708-2716 (2014).

Tian, Y., Li, Y., An, H., Ren, J. & Su, J. Kinetics of methane
hydrate formation in an aqueous solution with and without
kinetic promoter (SDS) by spray reactor. J. Chem. 2017,5208915
(2017).

Hong, S. et al. Comparative kinetics and enhanced desalination
efficiency of hydrate-based desalination using HFC-125a, HFC-
134a, and HFC-152a through hydrate pelletization and induced
melting. Desalination 592, 118176 (2024).

Rehman, A. N., Bavoh, C. B., Khan, M. Y. & Lal, B. Amino acid-
assisted effect on hydrate-based CO2 storage in porous media with
brinettElectronic supplementary information (ESI). RSC Adv. 14,
9339-9350 (2024).

Majid, A. A. A., Worley, J. & Koh, C. A. Thermodynamic and kinetic
promoters for gas hydrate technological applications. Energy Fuels
35, 19288-19301 (2021).

Xiao, Y. et al. Research progress of micro-nano bubbles in
environmental remediation: mechanisms, preparation methods, and
applications. J. Environ. Manag. 375, 124387 (2025).

Xiao, Z., Aftab, T. Bin & Li, D. Applications of micro—nano bubble
technology in environmental pollution control. Micro Nano Lett. 14,
782-787 (2019).

Montazeri, S. M., Kalogerakis, N. & Kolliopoulos, G. CO2
nanobubbles as a novel kinetic promoter in hydrate-based
desalination. Desalination 574, 117296 (2024).

Montazeri, S. M. & Kolliopoulos, G. Sustainable Water Recovery
from a Hydrometallurgical Effluent Using Gas Hydrate-Based
Desalination in the Presence of CO2 Nanobubbles, Mining. Metall.
Explor. 41, 2057-2066 (2024).

Montazeri S. M., Kalogerakis N. & Kolliopoulos G. Kinetic modeling
and assessment of a CO2 nanobubble-enhanced hydrate-based
sustainable water recovery from industrial effluents. J. Sustain.
Metall. 11, 1789-1801 (2025).

Babu, P., Bollineni, C. & Daraboina, N. Energy analysis of methane-
hydrate-based produced water desalination. Energy Fuels 35,
2514-2519 (2021).

Nallakukkala, S. & Lal, B. Seawater and produced water treatment
via gas hydrate. J. Environ. Chem. Eng. 9, 105053 (2021).

Chong, Z. R., He, T., Babu, P., Zheng, J. & Linga, P. Economic
evaluation of energy efficient hydrate based desalination utilizing
cold energy from liquefied natural gas (LNG). Desalination 463,
69-80 (2019).

Lee, S. H. & Park, K. Conceptual design and economic analysis of a
novel cogeneration desalination process using LNG based on
clathrate hydrate. Desalination 498, 114703 (2021).

Montazeri, S. M. & Kolliopoulos, G. Hydrate based desalination for
sustainable water treatment: a review. Desalination 537, 115855
(2022).

Ling, Z. et al. Desalination and Li+ enrichment via formation

of cyclopentane hydrate,. Sep. Purif. Technol. 231, 115921
(2020).

Javanmardi, J. & Moshfeghian, M. Energy consumption and
economic evaluation of water desalination by hydrate phenomenon.
Appl. Therm. Eng. 23, 845-857 (2003).

Lal, B. & Nallakukkala, S. Gas Hydrate in Water Treatment:
Technological, Economic, and Industrial Aspects (John Wiley &
Sons, 2022).

Knox, W. G., Hess, M., Jones, G. E. & Smith, H. B. The hydrate
process. Chem. Eng. Prog. 57, 66-71 (1961).

Sloan, E. D. Jr, &Koh, C.A. Clathrate Hydrates of Natural Gases (CRC
Press, 2007).

Max, M. D. Hydrate desalination or water purification, U.S. Patent
6,767,471, (2004).

npj Clean Water| (2025)8:52

23


www.nature.com/npjcleanwater

https://doi.org/10.1038/s41545-025-00484-0

Review

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52,

53.

54.

55.

56.

57.

58.

59.

Khan, M. S, Lal, B., Sabil, K. M. & Ahmed, |. Desalination of seawater
through gas hydrate process: an overview. J. Adv. Res. Fluid Mech.
Therm. Sci. 55, 65-73 (2019).

McCormack, R. A. & Andersen, R. K. Clathrate desalination plant
preliminary research study. Water treatment technology program
report No. 5 (Final), Thermal Energy Storage, Inc., San Diego, CA
(United States) (1995).

McCormack, R. A. & Niblock, G. A. Build and operate a clathrate
desalination pilot plant, US Bureau of Reclamation Water Treatment
Technology Program Report 31 (1998).

Subramani, A. & Jacangelo, J. G. Emerging desalination technologies
for water treatment: a critical review. Water Res. 75, 164-187 (2015).
McCormack, R. A. & Niblock, G. A. Investigation of high freezing
temperature, zero ozone, and zero global warming potential,
clathrate formers for desalination, US Department of the Interior,
Bureau of Reclamation, Technical Service Center, Water Treatment
Engineering and Research Group, (2000).

Yang, M. et al. Effects of operating mode and pressure on hydrate-
based desalination and CO2 capture in porous media. Appl. Energy
135, 504-511 (2014).

Veluswamy, H. P., Kumar, A., Kumar, R., Jadhawar, P. Hydrate-
based desalination technology: a sustainable approach, In Status
Future Challenges Non-Conventional Energy Sources Vol. 1,
193-205 (Springer, 2022).

Al-Karaghouli, A. & Kazmerski, L. L. Energy consumption and water
production cost of conventional and renewable-energy-powered
desalination processes. Renew. Sustain. Energy Rev. 24, 343-356
(2013).

Ko, G. & Seo, Y. Formation and dissociation behaviors of SF6
hydrates in the presence of a surfactant and an antifoaming agent for
hydrate-based greenhouse gas (SF6) separation. Chem. Eng. J. 400,
125973 (2020).

Zheng, J., Cheng, F., Li, Y., L, X. & Yang, M. Progress and trends in
hydrate based desalination (HBD) technology: a review. Chin. J.
Chem. Eng. 27, 2037-2043 (2019).

Englezos, P. Clathrate hydrates. Ind. Eng. Chem. Res. 32,1251-1274
(1993).

Li, D. & Liang, D. Seawater desalination plant and seawater
desalination method, Pat. CN102351255A (2012).

Babu, P. et al. A review of clathrate hydrate based desalination to
strengthen energy-water nexus. ACS Sustain. Chem. Eng. 6,
8093-8107 (2018).

Kang, K. C., Linga, P., Park, K., Choi, S.-J. & Lee, J. D. Seawater
desalination by gas hydrate process and removal characteristics of
dissolved ions (Na+, K+, Mg2+, Ca2+, B3+, Cl—, SO42—).
Desalination 353, 84-90 (2014).

Karamoddin, M. & Varaminian, F. Water desalination using R141b
gas hydrate formation. Desalin. Water Treat. 52, 2450-2456 (2014).
Cha, J.-H. & Seol, Y. Increasing gas hydrate formation temperature
for desalination of high salinity produced water with secondary
guests. ACS Sustain. Chem. Eng. 1, 1218-1224 (2013).

Fakharian, H., Ganiji, H. & Naderifar, A. Saline produced water treatment
using gas hydrates. J. Environ. Chem. Eng. 5, 4269-4273 (2017).
Zhang, X. et al. Effect of initial pressure on the formation of carbon
dioxide hydrate in frozen quartz sand. Energy Fuels 33, 11346-11352
(2019).

Karamoddin, M. & Varaminian, F. Water purification by freezing and
gas hydrate processes, and removal of dissolved minerals (Na+, K
+, Mg2+, Ca2+). J. Mol. Lig. 223, 1021-1031 (2016).

Li, F. et al. Hydrate-based desalination process enhanced via
graphite. in IOP Conference Series: Earth and Environmental
Science 42028 (IOP Publishing, 2019).

Gaikwad, N. et al. Gas hydrate-based process for desalination of
heavy metal ions from an aqueous solution: kinetics and rate of
recovery. ACS EST Water 1, 134-144 (2020).

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Tansel, B. Significance of thermodynamic and physical
characteristics on permeation of ions during membrane separation:
Hydrated radius, hydration free energy and viscous effects. Sep.
Purif. Technol. 86, 119-126 (2012).

Bratby, J. Coagulation and Flocculation (Uplands Press Limited,
1980).

Lu, H., Matsumoto, R., Tsuiji, Y. & Oda, H. Anion plays a more
important role than cation in affecting gas hydrate stability in
electrolyte solution? —a recognition from experimental results. Fluid
Phase Equilib. 178, 225-232 (2001).

Nallakukkala, S., Rehman, A. U., Zaini, D. B. & Lal, B. Gas hydrate-
based heavy metal ion removal from industrial wastewater: a review.
Water 14,1171 (2022).

Song, Y. et al. Hydrate-based heavy metal separation from aqueous
solution. Sci. Rep. 6, 21389 (2016).

Dong, H., Zhang, L., Ling, Z., Zhao, J. & Song, Y. The controlling
factors and ion exclusion mechanism of hydrate-based pollutant
removal. ACS Sustain. Chem. Eng. 7, 7932-7940 (2019).

Schicks, J. Gas hydrates: formation, structures, and properties.
81-95. https://doi.org/10.1007/978-3-319-90569-3_2 (2020).
Braun, D. E. & Griesser, U. J. Stoichiometric and nonstoichiometric
hydrates of brucine. Cryst. Growth Des. 16, 6111-6121 (2016).
Authelin, J.-R. Thermodynamics of non-stoichiometric
pharmaceutical hydrates. Int. J. Pharm. 303, 37-53 (2005).
Bradshaw, R. W., Simmons, B. A., Majzoub, E. H., Clift, W. M. &
Dedrick, D. E. Clathrate hydrates for production of potable water.
MRS Online Proc. Libr. 930, 0930-JJ01 (2006).

Chen, L., Liu, R. & Shi, X. Review of inorganic thermoelectric
materials. In (eds Chen, L, Liu, R. & Shi, X.) Thermoelectric Materials
and Devices 81-145, Ch. 4. https://doi.org/10.1016/B978-0-12-
818413-4.00004-1 (Elsevier, 2021).

Odutola, T. O., Ajienka, J. A., Onyekonwu, M. O. & Ikiensikimama, S.
S. Hydrate inhibition in laboratory flowloop using
polyvinylpyrrolidone, N-Vinylcaprolactam and 2-(Dimethylamino)
ethylmethacrylate. J. Nat. Gas. Sci. Eng. 36, 54-61 (2016).

Liu, J. et al. Formation of clathrate cages of sl methane hydrate
revealed by ab initio study. Energy 120, 698-704 (2017).

Lal B. & Nashed, O. Chemical Additives for Gas Hydrates (Springer
Nature, 2019).

Sloan, E. D. Natural Gas Hydrates in Flow Assurance (Gulf
Professional Publishing, 2010).

Davidson, D. W. Clathrate hydrates. In Water in Crystalline Hydrates
Aqueous Solutions of Simple Nonelectrolytes 115-234 (Springer,
1973).

Tarig, M. et al. Gas hydrate inhibition: a review of the role of ionic
liquids. Ind. Eng. Chem. Res. 53, 17855-17868 (2014).

Partoon, B., Wong, N. M. S., Sabil, K. M., Nasrifar, K. & Ahmad, M. R.
A study on thermodynamics effect of [EMIM]-Cl and [OH-C2MIM]-CI
on methane hydrate equilibrium line. Fluid Ph. Equilibria 337, 31-26
(2013).

Koh, C. A., Sloan, E. D., Sum, A. K. & Wu, D. T. Fundamentals and
applications of gas hydrates. Annu. Rev. Chem. Biomol. Eng. 2,
237-257 (2011).

Ripmeester, J. A., Tse, J. S., Ratcliffe, C. |. & Powell, B. M. A new
clathrate hydrate structure. Nature 325, 6100 (1987).

Sloan, E. D. & Koh, C. Clathrate Hydrates of Natural Gases (Marcel
Decker, Inc. New York, 1998).

Leopercio, B. C. Kinetics of Cyclopentane Hydrate Formation—An
Interfacial Rheology Study, PhD diss., Pontifical Catholic University
of Rio de Janeiro (2016).

Jeffrey, G.A. Inclusion Compounds |; National Research Council of
Canada, 135 (1984).

Zhang, G., Li, J., Liu, G., Yang, H. & Huang, H. Applicability research
of thermodynamic models of gas hydrate phase equilibrium based
on different equations of state. RSC Adv. 12, 15870-15884 (2022).

npj Clean Water| (2025)8:52

24


https://doi.org/10.1007/978-3-319-90569-3_2
https://doi.org/10.1007/978-3-319-90569-3_2
https://doi.org/10.1016/B978-0-12-818413-4.00004-1
https://doi.org/10.1016/B978-0-12-818413-4.00004-1
https://doi.org/10.1016/B978-0-12-818413-4.00004-1
www.nature.com/npjcleanwater

https://doi.org/10.1038/s41545-025-00484-0

Review

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Barrer, R. M. & Stuart, W. I. Non-stoicheiometric clathrate
compounds of water. Proc. R. Soc. Lond. Ser. A. Math. Phys. Sci.
243, 172-189 (1957).

Saito, S., Marshall, D. R. & Kobayashi, R. Hydrates at high pressures:
part . Application of statistical mechanics to the study of the
hydrates of methane, argon, and nitrogen. AIChE J. 10, 734-740
(1964).

Parrish, W. R. & Prausnitz, J. M. Dissociation pressures of gas
hydrates formed by gas mixtures. Ind. Eng. Chem. Process Des. Dev.
11, 26-35 (1972).

Chen, G.-J. & Guo, T.-M. A new approach to gas hydrate modelling.
Chem. Eng. J. 71, 145-151 (1998).

Nasrifar, K., Moshfeghian, M. & Maddox, R. N. Prediction of
equilibrium conditions for gas hydrate formation in the mixtures of
both electrolytes and alcohol. Fluid Phase Equilib. 146, 1-13 (1998).
Javanmardi, J. & Moshfeghian, M. A new approach for prediction of
gas hydrate formation conditions in aqueous electrolyte solutions.
Fluid Phase Equilib. 168, 135-148 (2000).

Englezos, P., Kalogerakis, N., Dholabhai, P. D. & Bishnoi, P. R.
Kinetics of formation of methane and ethane gas hydrates. Chem.
Eng. Sci. 42, 2647-2658 (1987).

Pahlavanzadeh, H., Rezaei, S., Khanlarkhani, M., Manteghian, M. &
Mohammadi, A. H. Kinetic study of methane hydrate formation in the
presence of copper nanoparticles and CTAB. J. Nat. Gas. Sci. Eng.
34, 803-810 (2016).

Zhang, C. S., Fan, S. S., Liang, D. Q. & Guo, K. H. Effect of additives
on formation of natural gas hydrate. Fuel 83, 2115-2121 (2004).
Khurana, M., Yin, Z. & Linga, P. A review of clathrate hydrate
nucleation. ACS Sustain. Chem. Eng. 5, 11176-11203 (2017).
Linga, P., Daraboina, N., Ripmeester, J. A. & Englezos, P. Enhanced
rate of gas hydrate formation in a fixed bed column filled with sand
compared to a stirred vessel. Chem. Eng. Sci. 68, 617-623 (2012).
Ke, W., Svartaas, T. M. & Chen, D. A review of gas hydrate nucleation
theories and growth models. J. Nat. Gas. Sci. Eng. 61, 169-196
(2019).

Max, M. & Johnson, A. H. Natural gas hydrate conversion processes.
In Advances in Clean Hydrocarbon Fuel Processing, Science and
Technology 413-434 (Elsevier, 2011).

Smith, J. M., Van Ness, H. C., Abbott, M.M. & Swihart, M. T.
Introduction to Chemical Engineering Thermodynamics 8th Ed.
McGraw-Hill Education (2018).

Zhou, S.,Yu, Y., Zhao, M., Wang, S. & Zhang, G.-Z. Effect of graphite
nanoparticles on promoting CO2 hydrate formation. Energy Fuels
28, 4694-4698 (2014).

Choi, J. W., Chung, J. T. & Kang, Y. T. CO2 hydrate formation at
atmospheric pressure using high efficiency absorbent and
surfactants. Energy 78, 869-876 (2014).

Wang, F. et al. Rapid methane hydrate formation promoted by
Ag&SDS-coated nanospheres for energy storage. Appl. Energy 213,
227-234 (2018).

Kim, D. & Sa, J.-H. Promoting CH4 Hydrate Formation Kinetics by
Utilizing Synergistic Promotion Effects of Graphite Particles with
Sodium Dodecy! Sulfate, Energy & Fuels 38, 9683-9691 (2024).
Chen, C. et al. Recyclable and high-efficiency methane hydrate
formation promoter based on SDS-coated superparamagnetic
nano-Fe304. Chem. Eng. J. 437, 135365 (2022).

Bhattacharjee, G., Veluswamy, H. P., Kumar, R. & Linga, P. Seawater
based mixed methane-THF hydrate formation at ambient
temperature conditions. Appl. Energy 271, 115158 (2020).

Tzirakis, F., Stringari, P., Von Solms, N., Coquelet, C. &
Kontogeorgis, G. Hydrate equilibrium data for the CO2+ N2 system
with the use of tetra-n-butylammonium bromide (TBAB),
cyclopentane (CP) and their mixture. Fluid Phase Equilib. 408,
240-247 (2016).

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

Yang, M., Jing, W., Wang, P., Jiang, L. & Song, Y. Effects of an
additive mixture (THF+ TBAB) on CO2 hydrate phase equilibrium.
Fluid Phase Equilib. 401, 27-33 (2015).

Zang, X. et al. Experimental investigation on the synergistic influence
of tetra-n-butyl ammonium bromide (TBAB) and cyclopentane (CP)
in hydrate-based gas separation. Sep. Purif. Technol. 320, 124064
(2023).

Chanakro, W., Jaikwang, C., Inkong, K., Kulprathipanja, S. &
Rangsunvigit, P. Comparative study of tetra-n-butyl ammonium
bromide and cyclopentane on the methane hydrate formation and
dissociation. Energies 13, 6518 (2020).

Nambiar, A., Babu, P. & Linga, P. Improved kinetics and water
recovery with propane as co-guest gas on the hydrate-based
desalination (hydesal) process. ChemEngineering 3, 31 (2019).
Longinos, S. N. & Parlaktuna, M. Kinetic analysis of
methane-propane hydrate formation by the use of different
impellers. ACS Omega 6, 1636-1646 (2021).

Veluswamy, H. P., Yew, J. C. & Linga, P. New hydrate phase
equilibrium data for two binary gas mixtures of hydrogen and
propane coupled with a kinetic study. J. Chem. Eng. Data 60,
228-237 (2015).

Inkong, K., Rangsunvigit, P., Kulprathipanja, S. & Linga, P. Effects of
temperature and pressure on the methane hydrate formation with
the presence of tetrahydrofuran (THF) as a promoter in an unstirred
tank reactor. Fuel 255, 115705 (2019).

Li, X.-S., Xu, C.-G., Chen, Z.-Y. & Wu, H.-J. Hydrate-based pre-
combustion carbon dioxide capture process in the system with
tetra-n-butyl ammonium bromide solution in the presence of
cyclopentane. Energy 36, 1394-1403 (2011).

Florusse, L. J. et al. Stable low-pressure hydrogen clusters stored in
a binary clathrate hydrate. Science 306, 469-471 (2004).

Babu, P., Ong, H. W. N. & Linga, P. A systematic kinetic study to
evaluate the effect of tetrahydrofuran on the clathrate process for pre-
combustion capture of carbon dioxide. Energy 94, 431-442 (2016).
Lee, H. J. et al. Gas hydrate formation process for pre-combustion
capture of carbon dioxide. Energy 35, 2729-2733 (2010).

Sabil, K. M. et al. Kinetic of formation for single carbon dioxide and
mixed carbon dioxide and tetrahydrofuran hydrates in water and
sodium chloride aqueous solution. Int. J. Greenh. Gas. Control 4,
798-805 (2010).

Yang, M., Zheng, J., Liu, W., Liu, Y. & Song, Y. Effects of C3H8 on
hydrate formation and dissociation for integrated CO2 capture and
desalination technology. Energy 93, 1971-1979 (2015).

Khan, M. S, Lal, B.,Keong, L. K. & Ahmed, |. Tetramethyl ammonium
chloride as dual functional inhibitor for methane and carbon dioxide
hydrates. Fuel 236, 251-263 (2019).

He, T. et al. Towards energy-efficient hydrate-based desalination: a
comprehensive study on binary hydrate formers with propane as a
promoter. Appl. Energy 375, 124041 (2024).

Kumar, R., Wu, H. & Englezos, P. Incipient hydrate phase equilibrium
for gas mixtures containing hydrogen, carbon dioxide and propane.
Fluid Phase Equilib. 244, 167-171 (2006).

Babu, P., Yang, T., Veluswamy, H. P., Kumar, R. & Linga, P. Hydrate
phase equilibrium of ternary gas mixtures containing carbon dioxide,
hydrogen and propane. J. Chem. Thermodyn. 61, 58-63 (2013).
Du, S. et al. Formation of the structure-Il gas hydrate from low-
concentration propane mixed with methane. Chin. J. Chem. Eng. 58,
306-314 (2023).

Kumar, R., Linga, P., Ripmeester, J. A. & Englezos, P. Two-stage
clathrate hydrate/membrane process for precombustion capture of
carbon dioxide and hydrogen. J. Environ. Eng. 135, 411-417 (2009).
Lv, Q.-N., Zhang, K., Li, X.-S. & Li, G. Investigation on the structure,
formation mechanism, and surface morphology of CP-CH4 binary
hydrate. Energy Fuels 37, 2009-2018 (2023).

npj Clean Water| (2025)8:52

25


www.nature.com/npjcleanwater

https://doi.org/10.1038/s41545-025-00484-0

Review

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

Sugi, J. & Saito, S. Concentration and demineralization of sea water
by the hydrate process. Desalination 3, 27-31 (1967).

Kubota, H., Shimizu, K., Tanaka, Y. & Maklta, T. Thermodynamic
properties of R13 (CCIF3), R23 (CHF3), R152a (C2H4F2), and
propane hydrates for desalination of sea water, J. Chem. Eng. Jpn.
17, 423-429 (1984).

Sun, Z.-G. et al. Gas hydrate phase equilibrium data of cyclohexane
and cyclopentane. J. Chem. Eng. Data 47, 313-315 (2002).

Zhang, J. S. &Lee, J. W. Equilibrium of hydrogen-+ cyclopentane and
carbon dioxide+ cyclopentane binary hydrates. J. Chem. Eng. Data
54, 659-661 (2009).

Zheng, J., Yang, M., Liu, Y., Wang, D. & Song, Y. Effects of
cyclopentane on CO2 hydrate formation and dissociation as a co-guest
molecule for desalination. J. Chem. Thermodyn. 104, 9-15 (2017).
Babu, P., Linga, P., Kumar, R. & Englezos, P. A review of the hydrate
based gas separation (HBGS) process for carbon dioxide pre-
combustion capture. Energy 85, 261-279 (2015).

Dashti, H., Yew, L. Z. & Lou, X. Recent advances in gas hydrate-
based CO2 capture. J. Nat. Gas. Sci. Eng. 23, 195-207 (2015).
Zhang, J., Yedlapalli, P. & Lee, J. W. Thermodynamic analysis of
hydrate-based pre-combustion capture of CO2. Chem. Eng. Sci. 64,
4732-4736 (2009).

Ho, L. C., Babu, P., Kumar, R. & Linga, P. HBGS (hydrate based gas
separation) process for carbon dioxide capture employing an
unstirred reactor with cyclopentane. Energy 63, 252-259 (2013).
Jeffrey, G. A. Hydrate inclusion compounds. J. Incl. Phenom. 1,
211-222 (1984).

Bouchemoua, A., Brantuas, P. & Herri, J.-M. Equilibrium data of CO
2-based semi-clathrates from quaternary ammonium solutions. In
7th International Conference on Gas Hydrates (ICGH 2011), p. 439
(2011).

Kim, S., Kang, S.-P. & Seo, Y. Semiclathrate-based CO2 capture
from flue gas in the presence of tetra-n-butyl ammonium chloride
(TBAC). Chem. Eng. J. 276, 205-212 (2015).

Muromachi, S., Takeya, S., Yamamoto, Y. & Ohmura, R.
Characterization of tetra-n-butylphosphonium bromide
semiclathrate hydrate by crystal structure analysis. CrystEngComm
16, 2056-2060 (2014).

Eslamimanesh, A. Thermodynamic studies on semi-clathrate
hydrates of TBAB+ gases containing carbon dioxide, No. FRNC-
TH--8725. Ecole Nationale Superieure des Mines de Paris, 60
Boulevard St Michel, 75006 Paris (France), (2012).

Hughes, T. J. & Marsh, K. N. Methane semi-clathrate hydrate phase
equilibria with tetraisopentylammonium fluoride. J. Chem. Eng. Data
56, 4597-4603 (2011).

Chapoy, A., Anderson, R. & Tohidi, B. Low-pressure molecular
hydrogen storage in semi-clathrate hydrates of quaternary
ammonium compounds. J. Am. Chem. Soc. 129, 746-747 (2007).
Aladko, L. S., Dyadin, Y. A., Rodionova, T. V. & Terekhova, |.S. Clathrate
hydrates of tetrabutylammonium and tetraisoamylammonium halides.
J. Struct. Chem. 43, 990-994 (2002).

Gudmundsson, J. S., Parlaktuna, M. & Khokhar, A. A. Storage of
natural gas as frozen hydrate. SPE Prod. Facil. 9, 69-73 (1994).
Kim, S. M., Lee, J. D., Lee, H. J., Lee, E. K. & Kim, Y. Gas hydrate
formation method to capture the carbon dioxide for pre-combustion
process in IGCC plant. Int. J. Hydrog. Energy 36, 1115-1121 (2011).
Yang, K., Guo, W. & Zhang, P. Cold energy transport and release
characteristics of CO2-+ TBAB hydrate slurry flow with hydrate
dissociation,. Energy 294, 130620 (2024).

Shimada, W. et al. Tetra-n-butylammonium bromide-water (1/38).
Acta Crystallogr. Sect. C. Cryst. Struct. Commun. 61, 065-066 (2005).
Zhong, D. & Englezos, P. Methane separation from coal mine
methane gas by tetra-n-butyl ammonium bromide semiclathrate
hydrate formation. Energy Fuels 26, 2098-2106 (2012).

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

Xu, C.-G., Zhang, S.-H., Cai, J., Chen, Z.-Y. & Li, X.-S. CO2 (carbon
dioxide) separation from CO2-H2 (hydrogen) gas mixtures by gas
hydrates in TBAB (tetra-n-butyl ammonium bromide) solution and
Raman spectroscopic analysis. Energy 59, 719-725 (2013).
Kamata, Y. et al. Gas separation method using tetra-n-butyl
ammonium bromide semi-clathrate hydrate. Jon. J. Appl. Phys. 43,
362 (2004).

Shimada, W. et al. Separation of gas molecule using tetra-n-butyl
ammonium bromide semi-clathrate hydrate crystals. Jpn. J. Appl.
Phys. 42, 129 (2003).

Xu, C., Li, X., Cai, J. & Chen, Z. Hydrate-based carbon dioxide
capture from simulated integrated gasification combined cycle gas.
J. Nat. Gas. Chem. 21, 501-507 (2012).

Li, X.-S., Xu, C.-G., Chen, Z.-Y. & Wu, H.-J. Tetra-n-butyl ammonium
bromide semi-clathrate hydrate process for post-combustion
capture of carbon dioxide in the presence of dodecyl trimethyl
ammonium chloride. Energy 35, 3902-3908 (2010).

Arjmandi, M., Chapoy, A. & Tohidi, B. Equilibrium data of hydrogen,
methane, nitrogen, carbon dioxide, and natural gas in semi-clathrate
hydrates of tetrabutyl ammonium bromide. J. Chem. Eng. Data 52,
2153-2158 (2007).

Li, X.-S. et al. Equilibrium hydrate formation conditions for the
mixtures of CO2+ H2+ tetrabutyl ammonium bromide. J. Chem.
Eng. Data 55, 2180-2184 (2010).

Lin, W. et al. Thermodynamic properties of semiclathrate hydrates
formed from the TBAB+TBPB+water and CO2+TBAB+TBPB
+water systems. Fluid Phase Equilib. 372, 63-68 (2014).

Sun, Q., Zhang, J., Luo, Y., Guo, X. & Liu, A. Separation of methane-
ethylene via forming semi-clathrate hydrates with TBAB. J. Nat. Gas.
Sci. Eng. 34, 265-268 (2016).

Lin, W., Delahaye, A. & Fournaison, L. Phase equilibrium and
dissociation enthalpy for semi-clathrate hydrate of CO2+-. TBAB,
Fluid Phase Equilib. 264, 220-227 (2008).

Park, S., Lee, S., Lee, Y. & Seo, Y. CO2 capture from simulated fuel
gas mixtures using semiclathrate hydrates formed by quaternary
ammonium salts. Environ. Sci. Technol. 47, 7571-7577 (2013).

Ma, S. et al. Formation and decomposition characteristics of CO2+
TBAB hydrate for a safer CO2 storage,. Energy 307, 132801 (2024).
Mohammadi, A. H., Eslamimanesh, A., Belandria, V. & Richon, D.
Phase equilibria of semiclathrate hydrates of CO2, N2, CH4, or H2+
tetra-n-butylammonium bromide aqueous solution. J. Chem. Eng.
Data 56, 3855-3865 (2011).

Li, X.-S., Xia, Z.-M., Chen, Z.-Y. & Wu, H.-J. Precombustion capture
of carbon dioxide and hydrogen with a one-stage hydrate/
membrane process in the presence of tetra-n-butylammonium
bromide (TBAB). Energy Fuels 25, 1302-1309 (2011).

Li, X.-S. et al. Gas hydrate formation process for capture of carbon
dioxide from fuel gas mixture. Ind. Eng. Chem. Res. 49, 11614-11619
(2010).

Li, S.,Fan, S., Wang, J., Lang, X. & Liang, D. CO2 capture from binary
mixture via forming hydrate with the help of tetra-n-butyl ammonium
bromide. J. Nat. Gas. Chem. 18, 15-20 (2009).

Ansari, A. A, Ravesh, R., Panigrahi, P. K. & Das, M. K. CO2 hydrate
formation kinetics in the presence of TBAB. In International
Conference on Advances in Energy Research (ICAER) 443-453
(Springer, 2023).

Naullage, P. M., Qiu, Y. & Molinero, V. What controls the limit of
supercooling and superheating of pinned ice surfaces? J. Phys.
Chem. Lett. 9, 1712-1720 (2018).

Hassanpouryouzband, A. et al. Gas hydrates in sustainable
chemistry. Chem. Soc. Rev. 49, 5225-5309 (2020).

Kumar, A., Bhattacharjee, G., Kulkarni, B. D. & Kumar, R. Role of
surfactants in promoting gas hydrate formation. Ind. Eng. Chem.
Res. 54, 12217-12232 (2015).

npj Clean Water| (2025)8:52

26


www.nature.com/npjcleanwater

https://doi.org/10.1038/s41545-025-00484-0

Review

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

Yagasaki, T., Matsumoto, M., Andoh, Y., Okazaki, S. & Tanaka, H.
Effect of bubble formation on the dissociation of methane hydrate in
water: a molecular dynamics study. J. Phys. Chem. B 118,
1900-1906 (2014).

Lo, C. et al. Adsorption of surfactants on two different hydrates.
Langmuir 24, 12723-12726 (2008).

Zhang, J. S. et al. Adsorption of sodium dodecyl sulfate at THF
hydrate/liquid interface. J. Phys. Chem. C. 112, 12381-12385
(2008).

Lo, C., Zhang, J., Somasundaran, P. & Lee, J. W. Raman
spectroscopic studies of surfactant effect on the water structure
around hydrate guest molecules. J. Phys. Chem. Lett. 1,2676-2679
(2010).

Karaaslan, U. & Parlaktuna, M. Surfactants as hydrate promoters?
Energy Fuels 14, 1103-1107 (2000).

Zhong, Y. & Rogers, R. E. Surfactant effects on gas hydrate
formation. Chem. Eng. Sci. 55, 4175-4187 (2000).

Liu, L., Yao, Y., Zhou, X., Zhang, Y. & Liang, D. Improved formation
kinetics of carbon dioxide hydrate in brine induced by sodium
dodecyl sulfate. Energies 14, 2094 (2021).

Bhattacharjee, G. & Linga, P. Amino acids as kinetic promoters for
gas hydrate applications: a mini review. Energy Fuels 35, 7553-7571
(2021).

Foo, K. S. et al. The effect of nonionic surfactants on the kinetics of
methane hydrate formation in multiphase system. Colloids
Interfaces 6, 48 (2022).

Pan, Z. et al. Natural gas hydrate formation dynamics in a diesel
water-in-oil emulsion system. Pet. Sci. Technol. 36, 1649-1656
(2018).

Sun, H. et al. Rapid processing of dispersed hydrate-based
purification for high-yield seawater desalination and wastewater
treatment. Desalination 604, 118741 (2025).

Prasad, P. S. R. & Kiran, B. S. Are the amino acids thermodynamic
inhibitors or kinetic promoters for carbon dioxide hydrates? J. Nat.
Gas. Sci. Eng. 52, 461-466 (2018).

Kyte, J. & Doolittle, R. F. A simple method for displaying the
hydropathic character of a protein. J. Mol. Biol. 157, 105-132 (1982).
Cai, Y. et al. CO2 hydrate formation promoted by a natural amino
acid I-methionine for possible application to CO2 capture and
storage. Energy Technol. 5, 1195-1199 (2017).

Shen, X. et al. Promotion mechanism of carbon dioxide hydrate
formation by L-Methionine and its competitive effects with NaCl.
Energy 302, 131858 (2024).

Liu, Y. et al. Methane storage in a hydrated form as promoted by
leucines for possible application to natural gas transportation and
storage. Energy Technol. 3, 815-819 (2015).

Rad, S. A, Khodaverdiloo, K. R., Karamoddin, M., Varaminian, F. &
Peyvandi, K. Kinetic study of amino acids inhibition potential of
glycine and I-leucine on the ethane hydrate formation. J. Nat. Gas.
Sci. Eng. 26, 819-826 (2015).

Naeiji, P., Mottahedin, M. & Varaminian, F. Separation of
methane—-ethane gas mixtures via gas hydrate formation. Sep. Purif.
Technol. 123, 139-144 (2014).

Bhattacharjee, G., Choudhary, N., Kumar, A., Chakrabarty, S. &
Kumar, R. Effect of the amino acid I-histidine on methane hydrate
growth kinetics. J. Nat. Gas. Sci. Eng. 35, 1453-1462 (2016).
Roosta, H., Dashti, A., Mazloumi, S. H. & Varaminian, F. Inhibition
properties of new amino acids for prevention of hydrate formation in
carbon dioxide-water system: experimental and modeling
investigations. J. Mol. Liq. 215, 656-663 (2016).

Kakavandi, A. & Akbari, M. Experimental investigation of thermal
conductivity of nanofluids containing of hybrid nanoparticles
suspended in binary base fluids and propose a new correlation. Int.
J. Heat. Mass Transf. 124, 742-751 (2018).

188.

189.

190.

191.

192.

198.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

Khaleduzzaman, S. S., Mahbubul, I. M., Shahrul, I. M. & Saidur, R.
Effect of particle concentration, temperature and surfactant on
surface tension of nanofluids. Int. Commun. Heat. Mass Transf. 49,
110-114 (2013).

Cheng, Z. et al. Kinetic analysis of nano-SiO2 promoting methane
hydrate formation in porous medium. J. Nat. Gas. Sci. Eng. 79,
103375 (2020).

Sun, C. et al. Effect of nano-SiO2 particles on THF hydrate induction
time and its distribution. Gas. Sci. Eng. 125, 205320 (2024).

Lu, Y.-Y,, Ge, B.-B. & Zhong, D.-L. Investigation of using graphite
nanofluids to promote methane hydrate formation: application to
solidified natural gas storage. Energy 199, 117424 (2020).

Said, S. et al. A study on the influence of nanofluids on gas hydrate
formation kinetics and their potential: application to the CO2 capture
process. J. Nat. Gas. Sci. Eng. 32, 95-108 (2016).

Yu, Y., Xu, C. &Li, X. Evaluation of CO2 hydrate formation from
mixture of graphite nanoparticle and sodium dodecyl benzene
sulfonate. J. Ind. Eng. Chem. 59, 64-69 (2018).

Zhou, S. et al. Experimental investigation of CO2 hydrate formation
in the water containing graphite nanoparticles and tetra-n-butyl
ammonium bromide. J. Chem. Eng. Data 63, 389-394 (2018).

Li, L., Zhao, S., Wang, S. & Rao, Y. CO 2 hydrate formation kinetics
based on a chemical affinity model in the presence of GO and SDS.
RSC Adv. 10, 12451-12459 (2020).

Nashed, O., Partoon, B., Lal, B., Sabil, K. M. & Shariff, A. M. Review
the impact of nanoparticles on the thermodynamics and kinetics of
gas hydrate formation. J. Nat. Gas. Sci. Eng. 55, 452-465 (2018).
Kakati, H., Mandal, A. & Laik, S. Promoting effect of Al203/ZnO-
based nanofluids stabilized by SDS surfactant on CH4+ C2H6+
C3H8 hydrate formation. J. Ind. Eng. Chem. 35, 357-368 (2016).
Falahieh, M. M., Bonyadi, M. & Lashanizadegan, A. Seawater
desalination by coupling cyclopentane hydrate formation and
capacitive deionization processes in the presence of Fe304
nanoparticles and magnetic field. Desalination 543, 116120 (2022).
Mohammadi, A., Manteghian, M., Haghtalab, A., Mohammadi, A. H.
& Rahmati-Abkenar, M. Kinetic study of carbon dioxide hydrate
formation in presence of silver nanoparticles and SDS. Chem. Eng. J.
237, 387-395 (2014).

Mohammadi, M., Haghtalab, A. & Fakhroueian, Z. Experimental
study and thermodynamic modeling of CO2 gas hydrate formation in
presence of zinc oxide nanoparticles. J. Chem. Thermodyn. 96,
24-33 (2016).

Najibi, H., Shayegan, M. M. & Heidary, H. Experimental investigation
of methane hydrate formation in the presence of copper oxide
nanoparticles and SDS. J. Nat. Gas. Sci. Eng. 23, 315-323 (2015).
Pahlavanzadeh, H., Khanlarkhani, M., Rezaei, S. & Mohammadi, A.
H. Experimental and modelling studies on the effects of nanofluids
(Si02, Al203, and CuO) and surfactants (SDS and CTAB) on CH4
and CO2 clathrate hydrates formation. Fuel 253, 1392-1405 (2019).
Wu, Y., Tang, T., Shi, L. & He, Y. Rapid hydrate-based methane
storage promoted by bilayer surfactant-coated Fe304
nanoparticles under a magnetic field. Fuel 303, 121248 (2021).
Chaplin, M. Nanobubbles (ultrafine bubbles), accessed 21
December 2017; Available: www.Isbu.ac.uk/water/nanobubble.
html (2019).

Ulatowski, K. & Sobieszuk, P. Gas nanobubble dispersions as the
important agent in environmental processes—generation methods
review. Water Environ. J. 34, 772-790 (2020).

Alheshibri, M., Qian, J., Jehannin, M. & Craig, V. S. J. A history of
nanobubbles. Langmuir 32, 11086-11100 (2016).

Nirmalkar, N., Pacek, A. W. & Barigou, M. On the existence and
stability of bulk nanobubbles. Langmuir 34, 10964-10973 (2018).
Oh, S. H. &Kim, J.-M. Generation and stability of bulk nanobubbles.
Langmuir 33, 3818-3823 (2017).

npj Clean Water| (2025)8:52

27


http://www.lsbu.ac.uk/water/nanobubble.html
http://www.lsbu.ac.uk/water/nanobubble.html
http://www.lsbu.ac.uk/water/nanobubble.html
www.nature.com/npjcleanwater

https://doi.org/10.1038/s41545-025-00484-0

Review

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.
219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

Michailidi, E. D. et al. Fundamentals and applications of
nanobubbles. In Interface Science and Technology 69-99 (Elsevier,
2019).

Lou, S.-T. et al. Nanobubbles on solid surface imaged by atomic
force microscopy. J. Vac. Sci. Technol. B Microelectron. Nanom.
Struct. Process. Meas. Phenom. 18, 2573-2575 (2000).

Seddon, J. R. T. & Lohse, D. Nanobubbles and micropancakes:
gaseous domains on immersed substrates. J. Phys. Condens.
Matter 23, 133001 (2011).

Ahmed, A. K. A., Shalaby, M., Negim, O. & Abdel-Wahed, T. Eco-
friendly enhancement of secondary effluent characteristics with air
and oxygen nanobubbles generated by ceramic membrane filters.
Environ. Process. 10, 13 (2023).

Ahmed, A. K. A. et al. Generation of nanobubbles by ceramic
membrane filters: the dependence of bubble size and zeta potential
on surface coating, pore size and injected gas pressure.
Chemosphere 203, 327-335 (2018).

Bu, X. & Alheshibri, M. The effect of ultrasound on bulk and surface
nanobubbles: a review of the current status. Ultrason. Sonochem.
76, 105629 (2021).

Kikuchi, K. et al. Concentration determination of oxygen
nanobubbles in electrolyzed water. J. Colloid Interface Sci. 329,
306-309 (2009).

Zhao, J. et al. Comparison of physicochemical properties between
CO2 and CH4 nanobubbles produced by gas hydrate
decomposition. J. Mol. Liq. 403, 124893 (2024).

Feng, Y. et al. Study of hydrate nucleation and growth aided by
micro-nanobubbles: Probing the hydrate memory effect. Energy
290, 130228 (2024).

Yasui, K. & Yasui, K. Acoustic Cavitation (Springer, 2018).

Lv, Q., Li, X. &Li, G. Seawater desalination by hydrate formation
and pellet production process. Energy Procedia 158, 5144-5148
(2019).

Padilla-Martinez, J. P., Berrospe-Rodriguez, C., Aguilar, G.,
Ramirez-San-Juan, J. C. & Ramos-Garcia, R. Optic cavitation with
CW lasers: a review. Phys. Fluids 26, 122007 (2014).

Panda, D., Saharan, V. K. & Manickam, S. Controlled hydrodynamic
cavitation: a review of recent advances and perspectives for greener
processing. Processes 8, 220 (2020).

Chen, C., Hu, W., Yang, L., Zhao, J. & Song, Y. Gas supersaturation
and diffusion joint controlled CH4 nanobubble evolution during
hydrate dissociation. J. Mol. Liq. 323, 114614 (2021).

Cao, B.-J. et al. An approach to the high efficient exploitation of
nature gas hydrate and carbon sequestration via injecting CO2/H2
gas mixture with varying composition. Chem. Eng. J. 455, 140634
(2023).

Wu, D., Zhang, S., Zhang, H., Zhang, X. & Sun, P. An experimental
study on the characteristics of bulk nanobubbles generated by CO2
hydrate dissociation. Fuel 318, 123640 (2022).

Hewage, S. A., Kewalramani, J. & Meegoda, J. N. Stability of
nanobubbles in different salts solutions. Colloids Surf. A
Physicochem. Eng. Asp. 609, 125669 (2021).

Suijith, K. S. & Ramachandran, C. N. Natural gas evolution in a gas
hydrate melt: effect of thermodynamic hydrate inhibitors. J. Phys.
Chem. B 121, 153-163 (2017).

Ji, H., Chen, D., Zhao, C. & Wu, G. Molecular dynamics simulation of
methane hydrate formation and dissociation in the clay pores with
fatty acids. J. Phys. Chem. C. 122, 1318-1325 (2018).

Fang, B. et al. The dynamic behavior of gas hydrate dissociation by
heating in tight sandy reservoirs: a molecular dynamics simulation
study. Fuel 258, 116106 (2019).

Gao, F., Gupta, K. M., Yuan, S. & Jiang, J. Decomposition of CH4
hydrate: effects of temperature and salt from molecular simulations.
Mol. Simul. 44, 1220-1228 (2018).

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

Bagherzadeh, S. A., Alavi, S. Ripmeester, J. & Englezos, P. Formation
of methane nano-bubbles during hydrate decomposition and their
effect on hydrate growth. J. Chem. Phys. 142, 214701 (2015).

Yang, L., Falenty, A., Chaouachi, M., Haberthir, D. & Kuhs, W. F.
Synchrotron X-ray computed microtomography study on gas
hydrate decomposition in a sedimentary matrix. Geochem.
Geophys. Geosyst. 17, 3717-3732 (2016).

Ghaani, M. R., Kusalik, P. G. & English, N. J. Massive generation of
metastable bulk nanobubbles in water by external electric fields. Sci.
Adv. 6, eaaz0094 (2020).

Seridou, P. & Kalogerakis, N. Disinfection applications of ozone
micro-and nanobubbles. Environ. Sci. Nano 8, 3493-3510
(2021).

Ljunggren, S. & Eriksson, J. C. The lifetime of a colloid-sized gas
bubble in water and the cause of the hydrophobic attraction.
Colloids Surf. A Physicochem. Eng. Asp. 129, 151-155 (1997).
Meegoda, J. N., Aluthgun Hewage, S. & Batagoda, J. H. Stability of
nanobubbles. Environ. Eng. Sci. 35, 1216-1227 (2018).

Attard, P. The stability of nanobubbles. Eur. Phys. J. Spec. Top. 223,
893-914 (2014).

Ulatowski, K., Sobieszuk, P., Mréz, A. & Ciach, T. Stability of
nanobubbles generated in water using porous membrane system.
Chem. Eng. Process. Intensif. 136, 62—-71 (2019).

Ohgaki, K., Khanh, N. Q., Joden, Y., Tsuji, A. & Nakagawa, T.
Physicochemical approach to nanobubble solutions. Chem. Eng.
Sci. 65, 1296-1300 (2010).

Montazeri, S. M., Kalogerakis, N. & Kolliopoulos, G. Effect of
chemical species and temperature on the stability of air
nanobubbles. Sci. Rep. 13, 16716 (2023).

Weijs, J. H., Seddon, J. R. T. & Lohse, D. Diffusive shielding stabilizes
bulk nanobubble clusters. ChemPhysChem 13, 2197-2204 (2012).
Calgaroto, S., Wilberg, K. Q. & Rubio, J. On the nanobubbles
interfacial properties and future applications in flotation. Miner. Eng.
60, 33-40 (2014).

Rodrigues, R. T. & Rubio, J. DAF—dissolved air flotation: potential
applications in the mining and mineral processing industry. Int. J.
Miner. Process. 82, 1-13 (2007).

Ryskie, S., Gonzalez-Merchan, C., Neculita, C. M. & Genty, T.
Efficiency of ozone microbubbles for ammonia removal from mine
effluents. Miner. Eng. 145, 106071 (2020).

Han, G. etal. Areview and perspective on micro and nanobubbles:
what they are and why they matter. Miner. Eng. 189, 107906
(2022).

Yasuda, K. Characteristics of ultrafine bubbles (bulk nanobubbles)
and their application to particle-related technology. KONA Powder
Part. J. 41, 183-196 (2024).

Zhang, X. H., Maeda, N. & Craig, V. S. J. Physical properties of
nanobubbles on hydrophobic surfaces in water and aqueous
solutions. Langmuir 22, 5025-5035 (2006).

Borkent, B. M., Dammer, S. M., Schénherr, H., Vancso, G. J. &
Lohse, D. Superstability of surface nanobubbles. Phys. Rev. Lett. 98,
204502 (2007).

Borkent, B. M., de Beer, S., Mugele, F. & Lohse, D. On the shape of
surface nanobubbles. Langmuir 26, 260-268 (2010).

Song, B., Walczyk, W. & Schénherr, H. Contact angles of surface
nanobubbles on mixed self-assembled monolayers with
systematically varied macroscopic wettability by atomic force
microscopy. Langmuir 27, 8223-8232 (2011).

Kekes, T., Tzia, C. & Kolliopoulos, G. Drinking and natural mineral
water: treatment and quality-safety assurance. Water 15, 2325
(2023).

Zhou, S. et al. Untapped potential: applying microbubble and
nanobubble technology in water and wastewater treatment and
ecological restoration. ACS EST Eng. 2, 1558-1573 (2022).

npj Clean Water| (2025)8:52

28


www.nature.com/npjcleanwater

https://doi.org/10.1038/s41545-025-00484-0

Review

252.

253.

254.

255,

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

Azevedo, A., Oliveira, H. & Rubio, J. Bulk nanobubbles in the mineral
and environmental areas: updating research and applications. Adv.
Colloid Interface Sci. 271, 101992 (2019).

Jia, M. et al. Advanced nanobubble flotation for enhanced removal of
sub-10 pm microplastics from wastewater. Nat. Commun. 15, 9079
(2024).

Bao, H., Zhang, Y., Lv, S., Liu, S. & Fan, W. Mitigating environmental
toxicity with hydrogen nanobubbles: a mitochondrial function-
based approach to ecological restoration. Environ. Int. 193, 109126
(2024).

Zhang, Y. et al. Progress in research on preparation and application
of oxygen nanobubbles in agriculture. Chin. J. Eco Agric. 31,
1780-1791 (2023).

Oh, S. H., Yoon, S. H., Song, H., Han, J. G. & Kim, J.-M. Effect of
hydrogen nanobubble addition on combustion characteristics of
gasoline engine. Int. J. Hydrog. Energy 38, 14849-14853 (2013).
Rosa, A. F. & Rubio, J. On the role of nanobubbles in particle-bubble
adhesion for the flotation of quartz and apatitic minerals. Miner. Eng.
127, 178-184 (2018).

Zinjenab, Z. T. et al. Nano-microbubbles and feed size interaction in
lead and zinc sulfide minerals flotation. Chem. Eng. Process. Intensif.
189, 109401 (2023).

Zhu, J. et al. Cleaning with bulk nanobubbles. Langmuir 32,
11203-11211 (2016).

Pal, P. & Anantharaman, H. CO2 nanobubbles utility for enhanced
plant growth and productivity: recent advancesin agriculture. J. CO2
Util. 61, 102008 (2022).

Linh, N. V. et al. Impacts of oxygen and ozone nanobubbles on
bacteriophage in aquaculture system. Aquaculture 551, 737894
(2022).

Kalogerakis, N., Kalogerakis, G. C. & Botha, Q. P. Environmental
applications of nanobubble technology: field testing at industrial
scale. Can. J. Chem. Eng. 99, 2345-2354 (2021).

Batchelor, D. V. B. et al. Nanobubbles for therapeutic delivery:
production, stability and current prospects. Curr. Opin. Colloid
Interface Sci. 54, 101456 (2021).

Zhang, Y. et al. Effect of nanobubble evolution on hydrate process: a
review. J. Therm. Sci. 28, 948-961 (2019).

Gurung, A., Dahl, O. & Jansson, K. The fundamental phenomena of
nanobubbles and their behavior in wastewater treatment
technologies. Geosyst. Eng. 19, 133-142 (2016).

Kuang, Y., Feng, Y., Yang, L., Song, Y. & Zhao, J. Effects of micro-
bubbles on the nucleation and morphology of gas hydrate crystals.
Phys. Chem. Chem. Phys. 21, 23401-23407 (2019).

Uchida, T., Yamazaki, K. & Gohara, K. Gas nanobubbles as
nucleation acceleration in the gas-hydrate memory effect. J. Phys.
Chem. C. 120, 26620-26629 (2016).

Temesgen, T., Bui, T. T., Han, M., Kim, T. & Park, H. Micro and
nanobubble technologies as a new horizon for water-treatment
techniques: a review. Adv. Colloid Interface Sci. 246, 40-51 (2017).
Wang, H. et al. Regulation of bubble size in flotation: a review. J.
Environ. Chem. Eng. 8, 104070 (2020).

Guo, E. et al. The influence of nanoparticles on dendritic grain growth
in Mg alloys. Acta Mater. 152, 127-137 (2018).

Uchida, T. et al. Contribution of ultra-fine bubbles to promoting
effect on propane hydrate formation. Front. Chem. 8, 545756 (2020).
Liu, Y. et al. Probing the effects of ultrasound-generated
nanobubbles on hydrate nucleation: implications for the memory
effect. Energy Fuels 37, 7707-7714 (2023).

Li, Y. et al. Nucleation probability and memory effect of methane-
propane mixed gas hydrate. Fuel 291, 120103 (2021).

Zhai, R. et al. Effect of boron addition on the microstructure and
cryogenic mechanical properties of N50 stainless steel after aging
treatment. Mater. Sci. Eng. A 881, 145372 (2023).

275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

289.

290.

291.

292,

293.

294,

Chaouachi, M. et al. Microstructural evolution of gas hydrates in
sedimentary matrices observed with synchrotron X-ray computed
tomographic microscopy. Geochem. Geophys. Geosyst. 16,
1711-1722 (2015).

Buchanan, P. et al. Search for memory effects in methane hydrate:
structure of water before hydrate formation and after hydrate
decomposition. J. Chem. Phys. 123, 164507 (2005).

Kuang, Y., Li, W., Lin, Z., Zheng, Y. & Craig, V. S. J. Experimental
study on memory effect of gas hydrates: interaction between
micronanobubbles and solute molecules. J. Phys. Chem. C. 128,
16237-16249 (2024).

Rodger, P. M. Methane hydrate: melting and memory. Ann. N. Y.
Acad. Sci. 912, 474-482 (2000).

Ripmeester, J. A., Alireza, S., Hosseini, B., Englezos, P. & Alavi, S.
Fundamentals of methane hydrate decomposition. In SPE Canada
Unconventional Resources Technology Conference SPE-138112
(SPE, 2010).

Katsuki, D., Ohmura, R., Ebinuma, T. & Narita, H. Visual observation
of dissociation of methane hydrate crystals in a glass micro model:
production and transfer of methane. J. Appl. Phys. 104, 083514
(2008).

Guo, M. et al. Unexpected inhibition roles of methane nanobubbles
on hydrate decomposition. Chem. Eng. J. 500, 157362 (2024).

Lu, Y. et al. A molecular dynamics study on nanobubble formation
and dynamics via methane hydrate dissociation. Fuel 341, 127650
(2023).

Abu Hassan, M. H. et al. Sustainable hydrates for enhanced carbon
dioxide capture from an integrated gasification combined cycle in a
fixed bed reactor. Ind. Eng. Chem. Res. 60, 11346-11356 (2021).
Omran, A., Nesterenko, N. & Valtchev, V. Empowering sustainable
energy-water-environment nexus: green promoters for rapid
methane hydrate formation. In International Conference On
Sustainable Energy-Water-Environment Nexus In Desert Climate
(ICSEWEN23) (2023).

Xu, H., Khan, M. N., Peters, C. J., Sloan, E. D. & Koh, C. A. Hydrate-
based desalination using cyclopentane hydrates at atmospheric
pressure. J. Chem. Eng. Data 63, 1081-1087 (2018).

Ho-Van, S., Bouillot, B., Douzet, J., Babakhani, S. M. & Herri, J. M.
Cyclopentane hydrates—a candidate for desalination? J. Environ.
Chem. Eng. 7, 103359 (2019).

Cheng, C. et al. Rapid and uniform nucleation, growth, and high-
density cold storage of tetra-n-butylammonium bromide hydrateina
pilot-scale space. J. Energy Storage 86, 111127 (2024).

Zuo, Q.-R., Gao, M., Kong, P. & Zhang, L.-X. Experimental study on
visualization of TBAB hydrate formation in confined small channels.
Fuel 349, 128607 (2023).

Raluy, G., Serra, L. & Uche, J. Life cycle assessment of MSF,
MED and RO desalination technologies. Energy 31, 2361-2372
(2006).

Lee, S. & Park, K. Life cycle assessment of a hybrid reverse osmosis
hydrate-based desalination process. Desalination 586, 117867
(2024).

Eke, J., Yusuf, A., Giwa, A. & Sodig, A. The global status of
desalination: an assessment of current desalination technologies,
plants and capacity. Desalination 495, 114633 (2020).

Fayyaz, S. et al. Life cycle assessment of reverse osmosis for high-
salinity seawater desalination process: potable and industrial water
production. J. Clean. Prod. 382, 135299 (2023).

Lee, K. & Jepson, W. Environmental impact of desalination: a
systematic review of life cycle assessment. Desalination 509,
115066 (2021).

Mezher, T., Fath, H., Abbas, Z. & Khaled, A. Techno-economic
assessment and environmental impacts of desalination
technologies. Desalination 266, 263-273 (2011).

npj Clean Water| (2025)8:52

29


www.nature.com/npjcleanwater

https://doi.org/10.1038/s41545-025-00484-0

Review

205.

296.

297.

2098.

299.

300.

301.

302.

303.

304.

305.

306.

307.

308.

309.

310.

311.

312.

313.

314.

Nabavi-Pelesaraei, A. et al. Machine learning models of
exergoenvironmental damages and emissions social cost for
mushroom production. Agronomy 13, 737 (2023).
Nabavi-Pelesaraei, A. & Damgaard, A. Regionalized environmental
damages and life cycle cost of chickpea production using LC-
IMPACT assessment. Environ. Impact Assess. Rev. 103, 107259
(2023).

Hurwitz, M. M. et al. Ozone depletion by hydrofluorocarbons.
Geophys. Res. Lett. 42, 8686-8692 (2015).

Steen, D. Carbonated beverages. Chemistry and Technology of Soft
Drinks and Fruit Juices, 146—173 (2016).

Fernandes, I. S., Domingos, M. G., Costa, M. F., Santos, R. J. &
Lopes J. C. B. Hydrate-based desalination process using CO2 as
hydrate forming agent-Modelling and techno-economic analysis.
Desalination 599,118426 (2025).

He, T., Chong, Z. R., Babu, P. & Linga, P. Techno-economic
evaluation of cyclopentane hydrate-based desalination with
liquefied natural gas cold energy utilization. Energy Technol. 8,
1900212 (2020).

Liu, Z. et al. Thermodynamic and kinetic properties of gas hydrate
phase transition from formation to decomposition with applications:
areview. J. Environ. Chem. Eng. 12, 114614 (2024).

Mok, J., Choi, W. & Seo, Y. Theoretically achievable efficiency of
hydrate-based desalination and its significance for evaluating
kinetic desalination performance of gaseous hydrate formers.
Desalination 524, 115487 (2022).

Mok, J., Choi, W. & Seo, Y. Evaluation of kinetic salt-enrichment
behavior and separation performance of HFC-152a hydrate-based
desalination using an experimental measurement and a
thermodynamic correlation. Water Res. 193, 116882 (2021).

Mun, S. et al. Experimental and computational analysis of R152a
hydrate-based desalination: a promising solution for hypersaline
brine treatment. Chem. Eng. J. 500, 157205 (2024).

Change, I. P. O. C. Climate change 2007: the physical science basis.
Agenda 6, 333 (2007).

Bellouin, N. et al. Radiative forcing of climate change from the
Copernicus reanalysis of atmospheric composition. Earth Syst. Sci.
Data 12, 1649-1677 (2020).

Sfaxi, I. B. A., Durand, I., Lugo, R., Mohammadi, A. H. & Richon, D.
Hydrate phase equilibria of CO2+ N2+ aqueous solution of THF,
TBAB or TBAF system. Int. J. Greenh. Gas. Control 26, 185-192
(2014).

Bhawangirkar, D. R., Liu, X., Sun, B., Zhao, J. & Yin, Z. Tuning effect
of THF on the phase equilibria, storage capacity, and dissociation
heat of CO2 hydrates: implication for hydrate-based

CO2 sequestration. Fuel 396, 135293 (2025).

LyondellBasell, Global Product Strategy (GPS) Safety Summary
Tetrahydrofuran, LyondellBasell (2015). https://www.chemos.de/
import/data/msds/GB_en/109-99-9-A0287451-GB-en.pdf.
Fowles, J. et al. A review of the toxicological and environmental
hazards and risks of tetrahydrofuran. Crit. Rev. Toxicol. 43, 811-828
(2013).

E.C.A. (ECHA). Tetrahydrofuran: Substance information (CAS No.
109-99-9)., Eur. Chem. Agency (n.d.). https://echa.europa.eu/
substance-information/-/substanceinfo/100.003.389.

N.J.D. of Health, Tetrahydrofuran hazard summary. New Jersey
Right to Know Hazardous Substance Fact Sheet. https://www.nj.
gov/health/eoh/rtkweb/documents/fs/1823.pdf (2025).

Fisher Scientific, Safety Data Sheet: Tetrahydrofuran (Cat. No.
BP1140-1; CAS No. 109-99-9),. https://www.fishersci.com/store/
msds?partNumber=T4244&productDescription=
TETRAHYDROFURAN+SPECTRO+-4L&vendorld=
VN00033897&countryCode=US&language=en (2023).

U. S. EPA. Permit Guidance Document: Pharmaceutical
Manufacturing Point Source Category (40 CFR Part 439) Natl. Serv.

315.

316.

317.

318.

319.

320.

321.

322.

323.

324.

325.

326.

327.

328.

329.

330.

331.

332.

333.

334.

335.

Cent. Environ. Publ. 88, https://nepis.epa.gov/Exe/ZyPURL.cgi?
Dockey=901Q0A00.TXT (2006).

Bavoh, C. B., Broni-Bediako, E. & Marfo, S. A. Review of
biosurfactants gas hydrate promoters. Methane 2, 304-318
(2023).

Zhang, X. et al. A comprehensive review on the characteristics and
kinetics of freshwater separation by hydrate-based method: Current
progress, challenges and perspectives. Desalination 575, 117279
(2024).

Li, B., Lu, Y.-Y. &Li, Y.-L. A review of natural gas hydrate formation
with amino acids. J. Mar. Sci. Eng. 10, 1134 (2022).

Khan, M. S. et al. Formation kinetics evaluation for designing
sustainable carbon dioxide-based hydrate desalination via
tryptophan as a biodegradable hydrate promotor. Sustainability 15,
788 (2023).

He, Y. etal. Surfactant-based promotion to gas hydrate formation for
energy storage. J. Mater. Chem. A 7,21634-21661 (2019).

Jahan, R., Bodratti, A. M., Tsianou, M. & Alexandridis, P.
Biosurfactants, natural alternatives to synthetic surfactants:
Physicochemical properties and applications. Adv. Colloid Interface
Sci. 275, 102061 (2020).

Perfumo, A., Banat, I. M. & Marchant, R. Going green and cold:
biosurfactants from low-temperature environments to
biotechnology applications. Trends Biotechnol. 36, 277-289 (2018).
Banat, I. M., Carboue, Q., Saucedo-Castaneda, G., de, J. & Cazares-
Marinero, Jesus Biosurfactants: the green generation of speciality
chemicals and potential production using Solid-State fermentation
(SSF) technology. Bioresour. Technol. 320, 124222 (2021).
Heydari, A. & Peyvandi, K. Study of biosurfactant effects on methane
recovery from gas hydrate by CO2 replacement and
depressurization. Fuel 272, 117681 (2020).

Bhattacharjee, G. et al. The biosurfactant surfactin as a kinetic
promoter for methane hydrate formation. Energy Procedia 105,
5011-5017 (2017).

Jadav, S., Sakthipriya, N., Doble, M. & Sangwai, J. S. Effect of
biosurfactants produced by Bacillus subtilis and Pseudomonas
aeruginosa on the formation kinetics of methane hydrates. J. Nat.
Gas. Sci. Eng. 43, 156-166 (2017).

Mirzakimov, U. Z. et al. Enhanced methane storage capacity in
clathrate hydrate induced by novel biosurfactants: Kinetics, stability,
in vivo, and biodegradation investigations. J. Energy Storage 73,
108802 (2023).

Arora, A. et al. Biosurfactant as a promoter of methane hydrate
formation: thermodynamic and kinetic studies. Sci. Rep. 6, 20893
(2016).

Hou, G., Liang, D. & Li, X. Experimental study on hydrate anti-
agglomeration in the presence of rhamnolipid. RSC Adv. 8,
39511-39519 (2018).

Lee, J. D., Wu, H. & Englezos, P. Cationic starches as gas hydrate
kinetic inhibitors. Chem. Eng. Sci. 62, 6548-6555 (2007).
Fakharian, H., Ganiji, H., Far, A. N. & Kameli, M. Potato starch as
methane hydrate promoter. Fuel 94, 356-360 (2012).

Mohammadi, A., Babakhanpour, N., Javidani, A. M. & Ahmadi, G.
Corn’s dextrin, anovel environmentally friendly promoter of methane
hydrate formation. J. Mol. Lig. 336, 116855 (2021).

Alizadeh, S., Manteghian, M., Jafari, A. & Mohammadi, A. Sucralose,
an eco-friendly novel promoter of carbon dioxide hydrate formation:
kinetic investigation. J. Mol. Lig. 395, 123825 (2024).

Batagoda, J. H., Hewage, S. D. A. & Meegoda, J. N. Nano-ozone
bubbles for drinking water treatment. J. Environ. Eng. Sci. 14,57-66
(2018).

Karagiannis, |. C. & Soldatos, P. G. Water desalination cost literature:
review and assessment. Desalination 223, 448-456 (2008).
Spiegler, K. S. & EI-Sayed, Y. M. The energetics of desalination
processes. Desalination 134, 109-128 (2001).

npj Clean Water| (2025)8:52

30


https://www.chemos.de/import/data/msds/GB_en/109-99-9-A0287451-GB-en.pdf
https://www.chemos.de/import/data/msds/GB_en/109-99-9-A0287451-GB-en.pdf
https://www.chemos.de/import/data/msds/GB_en/109-99-9-A0287451-GB-en.pdf
https://echa.europa.eu/substance-information/-/substanceinfo/100.003.389
https://echa.europa.eu/substance-information/-/substanceinfo/100.003.389
https://echa.europa.eu/substance-information/-/substanceinfo/100.003.389
https://www.nj.gov/health/eoh/rtkweb/documents/fs/1823.pdf
https://www.nj.gov/health/eoh/rtkweb/documents/fs/1823.pdf
https://www.nj.gov/health/eoh/rtkweb/documents/fs/1823.pdf
https://www.fishersci.com/store/msds?partNumber=T4244&productDescription=TETRAHYDROFURAN+SPECTRO+4L&vendorId=VN00033897&countryCode=US&language=en
https://www.fishersci.com/store/msds?partNumber=T4244&productDescription=TETRAHYDROFURAN+SPECTRO+4L&vendorId=VN00033897&countryCode=US&language=en
https://www.fishersci.com/store/msds?partNumber=T4244&productDescription=TETRAHYDROFURAN+SPECTRO+4L&vendorId=VN00033897&countryCode=US&language=en
https://www.fishersci.com/store/msds?partNumber=T4244&productDescription=TETRAHYDROFURAN+SPECTRO+4L&vendorId=VN00033897&countryCode=US&language=en
https://www.fishersci.com/store/msds?partNumber=T4244&productDescription=TETRAHYDROFURAN+SPECTRO+4L&vendorId=VN00033897&countryCode=US&language=en
https://nepis.epa.gov/Exe/ZyPURL.cgi?Dockey=901Q0A00.TXT
https://nepis.epa.gov/Exe/ZyPURL.cgi?Dockey=901Q0A00.TXT
https://nepis.epa.gov/Exe/ZyPURL.cgi?Dockey=901Q0A00.TXT
www.nature.com/npjcleanwater

https://doi.org/10.1038/s41545-025-00484-0

Review

336.

337.

338.

339.

340.

341.

342.

343.

344.

345.

346.

347.

348.

349.

350.

351.

352.

353.

354.

355.

Youssef, P. G., AL-Dadah, R. K. & Mahmoud, S. M. Comparative
analysis of desalination technologies. Energy Procedia 61,
2604-2607 (2014).

Park, J., Park, J. & Kim, J. Process integration of light hydrocarbon
separation and hydrate-based desalination for efficient and practical
LNG cold energy recovery. Desalination 564, 116757 (2023).

Babu, P. etal. Hydrate-based desalination (HyDesal) process employing
a novel prototype design. Chem. Eng. Sci. 218, 115563 (2020).

Ong, C. W. & Chen, C.-L. Techno-economic analysis of seawater
freezing desalination using liquefied natural gas. Chem. Eng. Trans.
70, 373-378 (2018).

Aleisa, E. E., Hamoda, M. F. & Al-Mutiri, A.M. Comparing tertiary
wastewater treatment to seawater desalination using life cycle
assessment. In Cost-Efficient Wastewater Treatment Technology
Engineering Systems 307-330 (Springer, 2022).

Guo, L., Xie, Y., Sun, W., Xu, Y. & Sun, Y. Research progress of high-
salinity wastewater treatment technology. Water 15, 684 (2023).
Panagopoulos, A. Study and evaluation of the characteristics of
saline wastewater (brine) produced by desalination and industrial
plants. Environ. Sci. Pollut. Res. 29, 23736-23749 (2021).

Amani, A. & Kolliopoulos, G. Liquid mining of lithium from brines
using a hybrid forward osmosis—freeze concentration process
driven by green deep eutectic solvents. Green. Chem. 26,
7280-7292 (2024).

Montazeri, S. M., Kalogerakis, N. & Kolliopoulos, G. Valorization of
dilute aqueous lithium resources using gas hydrate-based
desalination. In Conference of Metallurgists 1783-1787 (Springer,
2024).

Shin, H. J. et al. Thermodynamic stability, spectroscopic
identification and cage occupation of binary CO2 clathrate hydrates.
Chem. Eng. Sci. 64, 5125-5130 (2009).

Khan, M. N., Xu, H., Peters, C. J. & Koh, C. A. Current challenges in
hydrate-based desalination: kinetic and thermodynamic
perspective. Can. J. Chem. Eng. 101, 681-695 (2023).

Han, S., Shin, J.-Y., Rhee, Y.-W. & Kang, S.-P. Enhanced efficiency
of salt removal from brine for cyclopentane hydrates by washing,
centrifuging, and sweating. Desalination 354, 17-22 (2014).

Han, S., Rhee, Y.-W. & Kang, S.-P. Investigation of salt removal
using cyclopentane hydrate formation and washing treatment for
seawater desalination. Desalination 404, 132-137 (2017).

Kang, K. C.,Hong, S.Y.,Cho, S. J.,Kim,D. H. &Lee, J. D. Evaluation
of desalination by nanostructured hydrate formation and pellet
production process. J. Nanosci. Nanotechnol. 17, 4059-4062
(2017).

Khan, M. N., Peters, C. J. & Koh, C. A. Desalination using gas
hydrates: the role of crystal nucleation, growth and separation.
Desalination 468, 114049 (2019).

Kumar, A., Veluswamy, H. P., Jadhawar, P., Chapoy, A. & Aman,
Z. Gas hydrates in man-made environments: applications,
economics, challenges and future directions, In Status and
Future Challenges for Non-conventional Energy Sources Vol. 1,
173-192 (Springer, 2022).

Zhang, J., Chen, S., Mao, N. & He, T. Progress and prospect of
hydrate-based desalination technology. Front. Energy 16, 445-459
(2022).

Linga, P. & Clarke, M. A. A review of reactor designs and materials
employed for increasing the rate of gas hydrate formation. Energy
Fuels 31, 1-13 (2017).

Ashi, J., Tokuyama, H. & Taira, A. Distribution of methane hydrate
BSRs and its implication for the prism growth in the Nankai Trough.
Mar. Geol. 187, 177-191 (2002).

Sahu, P., Krishnaswamy, S., Ponnani, K. & Pande, N. K. A
thermodynamic approach to selection of suitable hydrate formers
for seawater desalination. Desalination 436, 144-151 (2018).

356.

357.

358.

350.

360.

361.

362.

363.

364.

365.

366.

367.

368.

369.

370.

371.

372.

373.

374.

375.

376.

Nago A. & Nieto, A. Natural gas production from methane hydrate
deposits using CO2 clathrate sequestration: state-of-the-art
review and new technical approaches. J. Geol. Res. 2011,
239397 (2011).

Smith, C., Barifcani, A. & Pack, D. Gas hydrate formation and
dissociation numerical modelling with nitrogen and carbon dioxide.
J. Nat. Gas. Sci. Eng. 27, 1118-1128 (2015).

Kvenvolden, K. A. Methane hydrates and global climate. Glob.
Biogeochem. Cycles 2, 221-229 (1988).

Mao, W. L., Koh, C. A. & Sloan, E. D. Clathrate hydrates under
pressure. Phys. Today 60, 42-47 (2007).

Susilo, R., Ripmeester, J. A. & Englezos, P. Methane conversion rate
into structure H hydrate crystals from ice. AIChE J. 53, 2451-2460
(2007).

Susilo, R., Ripmeester, J. A. & Englezos, P. Characterization of gas
hydrates with PXRD, DSC, NMR, and Raman spectroscopy. Chem.
Eng. Sci. 62, 3930-3939 (2007).

Brown, E. P., Hu, S., Wells, J., Wang, X. & Koh, C. A. Direct
measurements of contact angles on cyclopentane hydrates. Energy
Fuels 32, 6619-6626 (2018).

Majid, A. A. A. & Koh, C. A. Self-preservation phenomenon in gas
hydrates and its application for energy storage. In Intra-and
Intermolecular Interactions Between Non-covalently Bonded
Species (ed Bernstein, E.R.) 267-285, Ch. 8. https://doi.org/10.
1016/B978-0-12-817586-6.00008-6 (Elsevier, 2021).

Fakharian, H., Ganiji, H., Naderifar, A., Mofrad, H. R. & Kakavand, M.
Effect of gas type and salinity on performance of produced water
desalination using gas hydrates. J. Water Reuse Desalin. 9, 396-404
(2019).

Li, F. et al. Promotion effect of graphite on cyclopentane hydrate
based desalination. Desalination 445, 197-203 (2018).

Javidani, A. M., Pahlavanzadeh, H. & Ganiji, H. Experimental study on
the effect of salinity and amount of hydrate conversion on
desalination parameters based on R410a hydrate formation. J.
Chem. Eng. Data 65, 5037-5045 (2020).

Seo, S. D. et al. Simultaneous removal of multi-nuclide (Sr2+, Co2+,
Cs-+, and |-) from aquatic environments using a hydrate-based water
purification process. J. Hazard. Mater. 462, 132700 (2024).
Sharma, S. K., Bhadauria, A., Kumar, T. N. & Kumar, R. Purification of
industrial effluent by gas hydrate-based (HyPurif) process. J. Clean.
Prod. 420, 138424 (2023).

Zheng, J. & Yang, M. Experimental investigation on novel
desalination system via gas hydrate. Desalination 478, 114284
(2020).

Yang, Y. et al. Desalination and enrichment of phosphorus-
containing wastewater via cyclopentane hydrate. J. Environ. Chem.
Eng. 9, 105507 (2021).

Tran, Q. N., Vo, N. N. T., Pham, T. T. & Truong-Lam, H. S. Hydrate
technology for water desalination in the Mekong Delta, Vietnam,
Heliyon 10, 19 (2024).

Zhang, J., Xing, X., Yin, Z., Mao, N. & He, T. Evaluating CO2+ C3H8
hydrate kinetics with cyclopentane and graphite for sustainable
hydrate-based desalination. J. Clean. Prod. 384, 135365 (2023).
Abulkhair, H. et al. Desalination of produced water via CO2 + C3H8
hydrate formation. Sep. Purif. Technol. 315, 123711 (2023).
Ahmadpanah, S. J., Manteghian, M. & Ganji, H. Effect of
cyclopentane on hydrate-based desalination efficiency at different
operating condition. J. Taiwan Inst. Chem. Eng. 143, 104653 (2023).
Abulkhair, H. et al. Desalination of produced water via carbon dioxide
hydrate using filter-based hydrate desalination reactor. Sep. Purif.
Technol. 332, 125849 (2024).

Lim,S.G.,Oh, C.Y.,Kim, S. H., Ra, K. & Yoon, J.-H. CO2 competes
with radioactive chemicals for freshwater recovery: Hydrate-based
desalination. J. Hazard. Mater. 462, 132812 (2024).

npj Clean Water| (2025)8:52

31


https://doi.org/10.1016/B978-0-12-817586-6.00008-6
https://doi.org/10.1016/B978-0-12-817586-6.00008-6
https://doi.org/10.1016/B978-0-12-817586-6.00008-6
www.nature.com/npjcleanwater

https://doi.org/10.1038/s41545-025-00484-0

Review

377.

378.

379.

380.

381.

382.

383.

384.

385.

386.

387.

388.

389.

390.

391.

392.

393.

394.

395.

396.

397.

398.

U.S. Environmental Protection Agency (EPA). IRIS Toxicological
Review of Tetrahydrofuran (THF) (Final Report) (EPA/635/R-11/
006F). https://iris.epa.gov/document/&deid=237157 (2012).

Fisher Scientific. Safety Data Sheet: Cyclopentane. https://www.
fishersci.ie/store/msds?partNumber=10540361&countryCode=
|[E&language=en (2023).

Climalife. Safety Data Sheet: Cyclopentane (Version 13.2, Reference
Number: 100037700). https://www.climalife.co.uk/docs/MSDS-
cyclopentane-v13.2.pdf (2024).

ChemicalBook. (n.d.), Sodium dodecyl sulfate safety data sheet.
https://www.chemicalbook.com/msds/sodium-dodecyl-sulfate.
htm (2025).

Cruz de Carvalho, R. et al. Ecotoxicological effects of the anionic
surfactant Sodium Dodecyl Sulfate (SDS) in two marine primary
producers: Phaeodactylum tricornutum and ulva lactuca. Toxics 10,
780 (2022).

Fisher Scientific. Safety Data Sheet: Sodium Dodecyl Sulfate
(Electrophoresis) (Cat. No. BP166-500; CAS No. 151-21-3),. https://
www.fishersci.com/store/msds?partNumber=BP166500&product
Description=SDS+500G&vendorld=VN00033897&countryCode=
US&language=en (2021).

Singer, M. M. & Tjeerdema, R. S. Fate and effects of the surfactant
sodium dodecyl sulfate. Rev. Environ. Contam. Toxicol. Contin.
Residue Rev. 133, 95-149 (1993).

AK Scientific, Safety Data Sheet: Span 80 (Sorbitan Monooleate)
(Catalog No. 6706AF),. https://aksci.com/sds/6706AF_SDS.pdf (2024).
Ingram, A. I., Butterworth, K. R., Gaunt, I. F., Grasso, P. & Gangolli, S.
D. Short-term toxicity study of sorbitan mono-oleate (Span 80) in
rats. Food Cosmet. Toxicol. 16, 535-542 (1978).

Kihr, S. et al. Silver nanoparticles in sewage treatment plant
effluents: chronic effects and accumulation of silverin the freshwater
amphipod Hyalella azteca. Environ. Sci. Eur. 30, 1-11 (2018).
Ghaffour, N., Missimer, T. M. & Amy, G. L. Technical review and
evaluation of the economics of water desalination: current and future
challenges for better water supply sustainability. Desalination 309,
197-207 (2013).

Toth, A. J. Modelling and optimisation of multi-stage flash distillation
and reverse osmosis for desalination of saline process wastewater
sources. Membranes 10, 265 (2020).

Al-Mutaz, I. MSF challenges and survivals. Desalin. Water Treat. 177,
14-22 (2020).

Mutai, A. K. A Research Report on Desalination Case Study
Australia, Jomo Kenyatta University of Agriculture and
Technology, Kenya (2013).

Okampo, E. J. & Nwulu, N. Optimisation of renewable energy
powered reverse osmosis desalination systems: a state-of-the-art
review. Renew. Sustain. Energy Rev. 140, 110712 (2021).
Shahzad, M. W., Burhan, M., Ang, L. & Ng, K. C. Energy-water-
environment nexus underpinning future desalination sustainability.
Desalination 413, 52-64 (2017).

Mayor, B. Growth patterns in mature desalination technologies and
analogies with the energy field. Desalination 457, 75-84 (2019).
Semiat, R. Multi-effect distillation (MED). Therm. Desalin. Process. 2,
1-41 (2014).

Al-Sahali, M. & Ettouney, H. Developments in thermal desalination
processes: design, energy, and costing aspects. Desalination 214,
227-240 (2007).

Younos, T. The economics of desalination. J. Contemp. Water Res.
Educ. 132, 39-45 (2005).

Zhao, D. et al. Electrodialysis reversal for industrial reverse osmosis
brine treatment. Sep. Purif. Technol. 213, 339-347 (2019).

Kalista, B., Shin, H., Cho, J. & Jang, A. Current development and
future prospect review of freeze desalination. Desalination 447,
167-181 (2018).

399.

400.

401.

402.

403.

404.

405.

406.

407.

408.

409.

410.

411.

412.

413.

414.

415.

416.

417.

418.

Cao, W., Beggs, C. & Mujtaba, I. M. Theoretical approach of freeze
seawater desalination on flake ice maker utilizing LNG cold energy.
Desalination 355, 22-32 (2015).

Chen, Y., Yang, S., Wang, Z. & Elimelech, M. Transforming
membrane distillation to a membraneless fabric distillation for
desalination. Nat. Water 2, 52-61 (2024).

Ye, Y. et al. Microbubble aeration enhances performance of vacuum
membrane distillation desalination by alleviating membrane scaling.
Water Res. 149, 588-595 (2019).

Warsinger, D. M., Swaminathan, J., Guillen-Burrieza, E. & Arafat, H.
A. Scaling and fouling in membrane distillation for desalination
applications: a review. Desalination 356, 294-313 (2015).

Tong, T., Wallace, A. F., Zhao, S. & Wang, Z. Mineral scaling in
membrane desalination: Mechanisms, mitigation strategies, and
feasibility of scaling-resistant membranes. J. Memb. Sci. 579, 52-69
(2019).

Su, C. et al. Robust superhydrophobic membrane for membrane
distillation with excellent scaling resistance. Environ. Sci. Technol.
53, 11801-11809 (2019).

Nguyen, T. A. H. et al. Applicability of agricultural waste and by-
products for adsorptive removal of heavy metals from wastewater.
Bioresour. Technol. 148, 574-585 (2013).

Feria-Diaz, J. J., Correa-Mahecha, F., Lopez-Méndez, M. C.,
Rodriguez-Miranda, J. P. & Barrera-Rojas, J. Recent desalination
technologies by hybridization and integration with reverse osmosis:
areview. Water 13, 1369 (2021).

Khayet, M. Solar desalination by membrane distillation: dispersionin
energy consumption analysis and water production costs (a review).
Desalination 308, 89-101 (2013).

Lépez-Porfiri, P., Ramos-Paredes, S., Nufiez, P. & Gorgojo, P.
Towards the technological maturity of membrane distillation:
the MD module performance curve, NPJ Clean. Water 6, 18
(2023).

Hung, D. C., Nhan, P. D., Tinh, N. Van, Thao, P. M. & Nguyen, N. C.
Membrane distillation for seawater desalination applications in
Vietnam: potential and challenges. Vietnam J. Sci. Technol. 55,
659-682 (2017).

Curcio, E. & Drioli, E. Membrane distillation and related operations —
areview. Sep. Purif. Rev. 34, 35-86 (2005).

Zaragoza, G., Andrés-Manfas, J. A. & Ruiz-Aguirre, A. Commercial
scale membrane distillation for solar desalination. NPJ Clean. Water
1,20 (2018).

Ve, Q. L., Do, M. C., Nguyen, T. C., Nguyen, Q. H. & Nguyen, Q. L.
Energy aspects and cost analysis in direct contact membrane
distillation using commercial PTFE membranes. Indian J. Eng. 21,
e8ije1683 (2024).

Karanikola, V. et al. Economic performance of membrane distillation
configurations in optimal solar thermal desalination systems.
Desalination 472, 114164 (2019).

Kim, S.-H. & Lim, H. K. Energy efficiency evaluation of a compact
direct contact membrane distillation system using thermoelectric
modules. Desalin. Water Treat. 201, 55-62 (2020).

Boukhriss, M., Timoumi, M. & Bacha, H. Ben Experimental of
membrane distillation unit coupled with a DCMD using solar energy.
Sol. Compass 7, 100055 (2023).

Shirazi, M. M. A. & Kargari, A. A review on applications of membrane
distillation (MD) process for wastewater treatment. J. Membr. Sci.
Res. 1,101-112 (2015).

Shi, C. Ying, Hui Ting, L. L. & Seng, O. Boon Membrane distillation for
water recovery and its fouling phenomena. J. Membr. Sci. Res. 6,
107-124 (2020).

Tong, T. & Elimelech, M. The global rise of zero liquid discharge for
wastewater management: drivers, technologies, and future
directions. Environ. Sci. Technol. 50, 6846-6855 (2016).

npj Clean Water| (2025)8:52

32


https://iris.epa.gov/document/&deid=237157
https://iris.epa.gov/document/&deid=237157
https://www.fishersci.ie/store/msds?partNumber=10540361&countryCode=IE&language=en
https://www.fishersci.ie/store/msds?partNumber=10540361&countryCode=IE&language=en
https://www.fishersci.ie/store/msds?partNumber=10540361&countryCode=IE&language=en
https://www.fishersci.ie/store/msds?partNumber=10540361&countryCode=IE&language=en
https://www.climalife.co.uk/docs/MSDS-cyclopentane-v13.2.pdf
https://www.climalife.co.uk/docs/MSDS-cyclopentane-v13.2.pdf
https://www.climalife.co.uk/docs/MSDS-cyclopentane-v13.2.pdf
https://www.chemicalbook.com/msds/sodium-dodecyl-sulfate.htm
https://www.chemicalbook.com/msds/sodium-dodecyl-sulfate.htm
https://www.chemicalbook.com/msds/sodium-dodecyl-sulfate.htm
https://www.fishersci.com/store/msds?partNumber=BP166500&productDescription=SDS+500G&vendorId=VN00033897&countryCode=US&language=en
https://www.fishersci.com/store/msds?partNumber=BP166500&productDescription=SDS+500G&vendorId=VN00033897&countryCode=US&language=en
https://www.fishersci.com/store/msds?partNumber=BP166500&productDescription=SDS+500G&vendorId=VN00033897&countryCode=US&language=en
https://www.fishersci.com/store/msds?partNumber=BP166500&productDescription=SDS+500G&vendorId=VN00033897&countryCode=US&language=en
https://www.fishersci.com/store/msds?partNumber=BP166500&productDescription=SDS+500G&vendorId=VN00033897&countryCode=US&language=en
https://aksci.com/sds/6706AF_SDS.pdf
https://aksci.com/sds/6706AF_SDS.pdf
www.nature.com/npjcleanwater

https://doi.org/10.1038/s41545-025-00484-0

Review

419.

420.

421.

422.

423.

424,

425.

426.

427.

428.

429.

430.

431.

432.

433.

434,

435.

436.

437.

438.

439.

440.

Deshmukh, A. et al. Membrane distillation at the water-energy
nexus: limits, opportunities, and challenges. Energy Environ. Sci. 11,
1177-1196 (2018).

Al-Obaidani, S. et al. Potential of membrane distillation in seawater
desalination: thermal efficiency, sensitivity study and cost
estimation. J. Memb. Sci. 323, 85-98 (2008).

Meindersma, G. W., Guijt, C. M. & De Haan, A. B. Desalination and
water recycling by air gap membrane distillation. Desalination 187,
291-301 (2006).

Kang, J. et al. Direct energy recovery system for membrane
capacitive deionization. Desalination 398, 144-150 (2016).

Zhao, R., Porada, S., Biesheuvel, P. M. & Van der Wal, A. Energy
consumption in membrane capacitive deionization for different
water recoveries and flow rates, and comparison with reverse
osmosis. Desalination 330, 35-41 (2013).

Gonzélez, D., Amigo, J. & Suarez, F. Membrane distillation:
perspectives for sustainable and improved desalination. Renew.
Sustain. Energy Rev. 80, 238-259 (2017).

Fan, X. et al. A siphon-based spatial evaporation device for efficient
salt-free interfacial steam generation. Desalination 552, 116442
(2023).

Wu, S. et al. Spill-SOS: self-pumping siphon-capillary oil recovery.
ACS Nano 13, 13027-13036 (2019).

Najim, A. A review of advances in freeze desalination and future
prospects. Npj Clean. Water 5, 15 (2022).

Kadi, K. E. L. & Janajreh, |. Desalination by freeze crystallization: an
overview. Int. J. Therm. Environ. Eng. 15, 103-110 (2017).

Najim, A. & Krishnan, S. Experimental study on progressive freeze-
concentration based desalination employing a rectangular channel
crystallizer. Environ. Sci. Water Res. Technol. 9, 850-860 (2023).
Erlbeck, L., Wossner, D., Kunz, T., Radle, M. & Methner, F.-J.
Investigation of freeze crystallization and ice pressing in a semi-
batch process for the development of a novel single-step
desalination plant. Desalination 448, 76-86 (2018).

Erlbeck, L. et al. Investigation of a novel scraped surface crystallizer
with included ice-pressing section as new purification technology.
Sep. Purif. Technol. 228, 115748 (2019).

Abdel-Fatah, M. A. Nanofiltration systems and applications in
wastewater treatment. Ain Shams Eng. J. 9, 3077-3092 (2018).
Matin, A., Rahman, F., Shafi, H. Z. & Zubair, S. M. Scaling of reverse
osmosis membranes used in water desalination: phenomena,
impact, and control; future directions. Desalination 455, 135-157
(2019).

Garg, M. C. Renewable energy-powered membrane technology:
cost analysis and energy consumption. In Current Trends and Future
Developments on (Bio-) Membranes 85-110 (Elsevier, 2019).
Omran, K. A., EI-Shamy, A. S. & Goher, M. E. Application of
electrodialysis desalination technique of the red seawater to utilize in
aquacultural, industrial, agricultural and municipal usages. Egypt. J.
Aquat. Biol. Fish. 27, 443-459 (2023).

Shannon, M. A. et al. Science and technology for water purification in
the coming decades. Nature 452, 301-310 (2008).

Gude, V. G. Energy consumption and recovery in reverse osmosis.
Desalin. Water Treat. 36, 239-260 (2011).

Semiat, R. Water purification: materials and technologies. In
Encyclopedia of Materials-Science and Technology (eds Buschow,
K.H.J., Cahn, R.W.,, Flemings, M.C., lischner, B., Kramer, E.J.,
Mahajan, S. & Veyssiére, P.) 1-4. https://doi.org/10.1016/B978-
008043152-9.02230-2 (Elsevier, 2010).

Anvari, A. et al. What will it take to get to 250,000 ppm brine
concentration via ultra-high pressure reverse osmosis? And is it
worth it? Desalination 580, 117565 (2024).

Wau, J. & Hoek, E. M. V. Current opportunities and challenges in
membrane-based brine management. Curr. Opin. Chem. Eng. 47,
101079 (2025).

441. Lee, S.H., Lee, J. D., Lim, D.-H. & Park, K. Conceptual design of a
sustainable hybrid desalination process using liquefied natural gas
cold energy. ACS Sustain. Chem. Eng. 9, 13559-13572 (2021).

442. Vu, H. H. & Cho, B.-Y. A study on boron removal by mineral cluster
coagulant for seawater desalination application. Environ. Eng. Res.
16, 227-230 (2011).

443. Davenport, D. M., Deshmukh, A., Werber, J. R. & Elimelech, M. High-
pressure reverse osmosis for energy-efficient hypersaline brine
desalination: current status, design considerations, and research
needs. Environ. Sci. Technol. Lett. 5, 467-475 (2018).

444. Wang, Z., Feng, D., Chen, Y., He, D. & Elimelech, M. Comparison of
energy consumption of osmotically assisted reverse osmosis and
low-salt-rejection reverse osmosis for brine management. Environ.
Sci. Technol. 55, 10714-10723 (2021).

445. Wang, Z., Deshmukh, A., Du, Y. & Elimelech, M. Minimal and zero
liquid discharge with reverse osmosis using low-salt-rejection
membranes. Water Res. 170, 115317 (2020).

446. Atia, A. A,, Allen, J., Young, E., Knueven, B. & Bartholomew, T. V.
Cost optimization of low-salt-rejection reverse osmosis.
Desalination 551, 116407 (2023).

447. Bartholomew, T. V., Siefert, N. S. & Mauter, M. S. Cost optimization
of osmotically assisted reverse osmosis. Environ. Sci. Technol. 52,
11813-11821 (2018).

448. Zhang,Z.,Atia, A. A.,Andrés-Mafas, J. A., Zaragoza, G. & Fthenakis,
V. Comparative techno-economic assessment of osmotically-
assisted reverse osmosis and batch-operated vacuum-air-gap
membrane distillation for high-salinity water desalination.
Desalination 532, 115737 (2022).

449. Lim, J., Park, J., Park, K. & Kim, J. Design of hybrid desalination
process using waste heat and cold energy from LNG power plant
increasing energy and economic potential. J. Clean. Prod. 452,
141998 (2024).

450. Lee, H. et al. An optimal design approach of gas hydrate and reverse
osmosis hybrid system for seawater desalination. Desalin. Water
Treat. 57, 9009-9017 (2016).

451. Alsehli, M. Innovative solar-assisted direct contact membrane
distillation system: dynamic modeling and performance analysis.
Chem. Eng. J. Adv. 20, 100671 (2024).

452. Zhang, J. et al. Evaluation of direct contact membrane distillation
coupled with fractionation and ozonation for the treatment of textile
effluent. J. Water Process Eng. 40, 101789 (2021).

453. Duong, H. C., Cooper, P., Nelemans, B., Cath, T. Y. & Nghiem, L. D.
Optimising thermal efficiency of direct contact membrane distillation
by brine recycling for small-scale seawater desalination.
Desalination 374, 1-9 (2015).

454, Van Houghton, B. D. et al. Pilot scale demonstration of low-salt-
rejection reverse osmosis (LSRRO) desalination of high salinity
brines. ACS EST Water 4, 5089-5104 (2024).

455. Both, A. K., Gao, Y., Zeng, X. C. & Cheung, C. L. Gas hydrates in
confined space of nanoporous materials: new frontier in gas storage
technology. Nanoscale 13, 7447-7470 (2021).

456. Schicks, J. M. Gas hydrates in nature and in the laboratory:
necessary requirements for formation and properties of the resulting
hydrate phase. ChemTexts 8, 13 (2022).

457. Alhathal Alanezi, A., Abdallah, H., EI-Zanati, E., Ahmad, A. & Sharif, A.
O. Performance investigation of O-ring vacuum membrane distillation
module for water desalination. J. Chem. 2016, 9378460 (2016).

458. Al-Karaghouli, A., Renne, D. & Kazmerski, L. L. Solar and wind
opportunities for water desalination in the Arab regions. Renew.
Sustain. Energy Rev. 13, 2397-2407 (2009).

Acknowledgements

The authors would like to acknowledge the Natural Sciences and
Engineering Research Council of Canada (NSERC) (Grant No. RGPIN-2020-
04262), the Fonds de recherche du Québec-Nature et technologies

npj Clean Water| (2025)8:52

33


https://doi.org/10.1016/B978-008043152-9.02230-2
https://doi.org/10.1016/B978-008043152-9.02230-2
https://doi.org/10.1016/B978-008043152-9.02230-2
www.nature.com/npjcleanwater

https://doi.org/10.1038/s41545-025-00484-0

Review

(Programme de recherche en partenariat/Développement durable du
secteur minier-lIl. Concours 2024-2025) for the financial support of this
research. The graphical abstract was created with BioRender.com.

Author contributions

Ali Jalili: Conceptualization, Formal analysis, Investigation,
Visualization, Writing —original draft. Georgios Kolliopoulos:
Conceptualization, Resources, Writing—review & editing,
Visualization, Supervision, Funding acquisition.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to
Georgios Kolliopoulos.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional
claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

npj Clean Water| (2025)8:52

34


http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
www.nature.com/npjcleanwater

	A review of fundamentals, challenges, prospects, and emerging trends in hydrate-based desalination
	Outline placeholder
	Salt rejection
	Water recovery

	Fundamental insights into hydrates and recent innovations in HBD
	Hydrates and their structures
	Thermodynamic analysis of hydrates
	Hydrate formation and its kinetics

	Insights into thermodynamic hydrate promoters and kinetic hydrate promoters in HBD
	State-of-the-art and recent advanced THPs
	Tetrahydrofuran (THF, C4H8O)
	Propane (C3H8)
	Cyclopentane (CP, C5H10)
	Tetrabutylammonium bromide (TBAB, C16H36NBr)

	State-of-the-art and recent advances in KHPs
	Surfactants
	Amino acids
	Nanoparticles
	Micro-nanobubbles (MNBs)

	Separation, dissociation, and recovery

	Environmental and safety concerns
	Economic viability and energy efficiency of HBD
	Challenges and prospects
	Conclusions
	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




