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Innovating methods for treating industrial wastewater containing heavy metals frequently incorporate toxicity-
reduction technologies to keep up with regulatory requirements. This research reviews the latest advances,
benefits, opportunities and drawbacks of several heavy metal removal treatment systems for industrial wastewater
in detail. The conventional physicochemical techniques used in heavy metal removal processes with their
advantages and limitations are evaluated. A particular focus is given to innovative gas hydrate-based separation of
heavy metals from industrial effluent with their comparison, advantages and limitations in the direction of
commercialization as well as prospective remedies. Clathrate hydrate-based removal is a potential technology for
the treatment of metal-contaminated wastewater. In this research, a complete assessment of the literature is
addressed based on removal efficiency, enrichment factor and water recovery, utilizing the gas hydrate approach. It
is shown that gas hydrate-based treatment technology may be the way of the future for water management
purposes, as the industrial treated water may be utilized for process industries, watering, irrigation and be safe to
drink.

heavy metals wastewater hydrate-based desalination efficiency toxicity

| 1. Introduction

An ecosystem is the combination of biotic components, such as microbes, plants and animals, to develop a self-
contained entity with their abiotic, physicochemical environment. The connection between stability and ecosystem
has been extensively studied; in a way there should be more species, increased diversity gives greater resistance
to change, or stress has been thoroughly invalidated, as proven by ecosystem modelling and investigations .
Indeed, complex ecosystems are thought to be more fragile than relatively simple dynamically stable systems,
making them more vulnerable to human intervention. Because each ecosystem type reacts differently, it is

impossible to accurately evaluate the impact of contaminants and heavy metals on ecosystems.

Conventional treatment methods like adsorption, membrane, chemical precipitation and electrochemical
techniques are used to eliminate heavy metals from inorganic effluent 2Bl These techniques are robust but
faced with major disadvantages like less selectivity, limited removal of metal, excess energy requirements and
large amount of sludge generation. Many methods have been researched lately in order to advancel/yield more
economical and effective results in decreasing the quantity of wastewater generated and also enhancing the
treated water quality. Alternative ways to water recovery are still needed, with a focus on further reducing energy

demand while improving water recovery and yield.
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To overcome the aforesaid limitations, novel technologies must be studied in order to provide efficient and cost-
effective alternatives. In this context, clathrate hydrate-based technology has recently emerged as a viable option
for treating wastewater containing dissolved minerals and heavy metals RI8, Gas hydrates are a non-
stoichiometric crystalline structure in which the guests are encased within a crystal structure framework of host
water molecules €. There has been a huge interest in the application of gas hydrates in desalination sector.
Hydrates have three different crystal structures depending on the type of guest molecule: Structure | (methane,
ethane carbon dioxide), structure Il (propane, nitrogen, isobutane) and structure H. Each construction is made up
of cages of various sizes and forms that are held together by van der Walls forces. Depending on their structure
and formation conditions, different hydrate formers retain different numbers of water molecules. This hydration
property qualifies them for water treatment applications €. Thus, the elimination of heavy metal ions via formation
of the gas hydrate mechanism attracts substantial interest from researchers because of its ease of operation, low
toxicity and good selectivity. It has the advantage of purifying the water using the application of the gas hydrate
technique. The hydrate formation requires two basic raw materials, namely water and hydrate, the former which is
readily available and accessible. After dissociation of hydrate, 1 m® of hydrate generates about 164 m? of gas and
0.87 m?® of freshwater, which signifies a huge potential to produce treated water using gas hydrate applciation in
the desalination process [8. During this hydrate formation it eliminates all the metal ions, producing pure water.
Hence this method seems to be a promising technique compared to conventional methods. This would help to

address environmental problems and scarcity of water issues simultaneously.

| 2. Overview of Gas Hydrate Technology

The lattice of the host molecule is created by hydrogen-bound water molecules, inside which the guest molecule is
incorporated, is called gas hydrate and is nonstoichiometric in nature . The basic requirements for gas hydrate
formation are water and gas (guest molecule). The favorable conditions for formation of hydrate are low
temperature and high pressure. The guest molecule spins within the water cage during hydrate formation, causing
a physical change. The initial nucleation of gas hydrate crystals, followed by growth, and then dissociation of the
gas hydrate, are various stages of gas hydrate process. Pressure, temperature, gas composition and the system’s

thermodynamic behavior conditions play a major role in determining the hydrate formation, stability and structure
formation BIEIE,

Clathrate hydrates have been identified as a potential energy resource as well as a source of problems, primarily in
the area of flow assurance. On the plus side, the research discovered that gas hydrate can provide energy from a
different source, with an individual hydrate unit containing significant energy can make hydrate as as sustainable
energy resource. The relevance of gas hydrate as a sustainable energy resource, as well as the prospect of
employing gas hydrate for storage, transportation and capture can be applied to hydrate-based applications with
increased energy and environmental capabilities 9. Hydrate-based desalination and the development of gas
separation or capturing are two more prominent technical applications of hydrates. When the hydrate is formed, the
dissolved impurities/salts are dispersed from the hydrate. When the hydrate is heated the gas inside is then

released. This produces pure water 1. On the other hand, the flue gas from large power plants might be used to
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extract carbon dioxide, thereby reducing global warming and emissions using this mechanism. This concept has
advantages over present transportation techniques like liquefied natural gas (LNG) and compressed natural gas
(CNG) because they do not need cryogenic temperatures or high pressure requirements 12131141 Hydrates can be

employed as a secondary refrigerant in refrigeration systems 121,

2.1. Gas Hydrate-Based Desalination

Desalination is the process of desalinating salty water to produce drinkable water or water beneficial for agricultural
purposes 18, Many conventional desalination processes are energy intensive, together with multi-stage flash
distillation (MSF), reverse osmosis (RO) and multi-effect desalination (MED) 2. The recovery of pure water from a

saline water stream is an important factor in making any desalination process profitable or marketable.

In this hydrate-based desalination process, seawater acts as an electrolyte solution, with a gas hydrate former
(suitable guest molecule) at promising conditions of temperature and pressure. A detailed review of the gas
hydrate-based desalination developments has been discussed elsewhere 18I19I20121] A detailed process of
hydrate formation, dissociation and separation of pure water and residual water is shown in Figure 1. As salt has
no effect on the shape of the hydrate crystal, it acts as a thermodynamic hydrate inhibitor (THI) by shifting the
phase equilibrium curve to a higher pressure at a given temperature condition, thereby lowering the driving force
essential to form hydrates. The formed hydrate is then separated from the residual brine and further dissociated to

yield pure drinking water and the guest gas (hydrate former) could be further recycled 1811291,
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Figure 1. Hydrate formation, dissociation and water recovery process in hydrate-based desalination process.

The water recovery relates to the quantity of freshwater retrieved from the feed, and is estimated based on kinetics
of formation of hydrate. The fraction of the volume of water converted to hydrates, and the quantity of recoverable
hydrate crystals during the separation process, is estimated by hydrate formation kinetics 21 The maximum
amount of water that can be recovered is limited by the initial eutectic solution composition. Other statistics that
relate to assessing the efficiency of removing salt is salt rejection. This is defined as the change in concentration of
salt after hydrate formation to its initial value (18] Scientists started researching gas hydrates and their application
in the field of seawater desalination about four decades ago. Since then, numerous studies have been conducted
around the world to develop appropriate hydrate formers that are environmentally friendly, stable, non-toxic, easily
available and economically feasible 221 Some of the hydrate former studies available in the literature up to today
are based on propane (C3H8) 23241 cyclopentane (C5H10), LEIARSI6IRTIR8I29]  -5rhon dioxide (CO2), BB
refrigerants (HFC, HCFC, and CFC) B2B8IB4IESl ang sulphur hexafluoride (SF6) 8. Several studies have been

performed in determining the phase equilibrium through a pilot scale set up BAE8IEAMALI42] 3 the kinetics of
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hydrate formation have been boosted (by using secondary hydrate forming gases) (31441451461  Egqrly
commercialization of hydrate-based desalination was delayed based on the difficulty in separating the hydrate
phase from the residual brine; however, the efficiency of salt exclusion has been examined, and ways to improve

hydrate formation via subsequent treatment operations have been devised 48][47][48]49]

Following that, several improvements for hydrate separation from salt water, eliminating salt from the slurry and
reducing induction time are discussed below. Despite being atmospheric guest molecules (hydrate formers) like
CFC, SF6, HCFC and HFC, and also because of the influence of ozone depletion, these hydrate formers are
considered inapt and the flammability of cyclo-alkanes and alkanes generates threat for large-scale applications. A
thermodynamically integrated technique, on the other hand, suggests that propane and ethane are good guest
molecules 22, Several hydrate formers, namely liquid, gaseous and other additives, have been analyzed to check
the feasibility of the hydrate-based desalination process [22l. Moreover, after a thorough examination, cyclopentane
(CP) was discovered to be an atmospheric hydrate-forming agent and it forms a suspension which requires further
post-treatment 41, The economic viability must be examined as the cost of the operation is reliant on basic
variables like temperature of brine, favorable thermodynamic conditions of temperature and pressure,
concentration of salt, salt mobility and yield BBl Hydrate-based desalination methods are still desirable since

they are environmentally useful and energy efficient in terms of use in large-scale applications.

A hybrid system with an RO-hydrate system for seawater desalination has recently been proposed, along with an
optimum design strategy. Additionally, a novel desalination process based on hydrates has been developed and
simulated using LNG waste cold energy as a heat sink, and the economic viability of the method has been
assessed B2BE3B4 The outcome of substituting the external refrigeration cycle with an LNG plant is very
encouraging; as a result, desalination of high strength brine solution may be performed with little energy usage,
making the gas hydrate-based desalination technique commercially viable. An apparatus for multi-use desalination
by gas hydrate was developed, with several unit operations and its application as a continuous process with
multiple injection, separation and purging phases has been examined (3l The desalination efficiency was

determined to be greater than 80%, with a water recovery rate greater than 30%.

Utilizing CO2 as a hydrate former in hydrate formation has a dual role: It provides drinkable water from salt water
and also separates the gas. As a result, clathrate hydrates could be considered a viable working medium for CO2
storage and desalination purposes 231341551561 pespite the fact that only limited studies have been carried out so
far 27581 additional research based on the reactor design configuration, separation of hydrate from effluent and
enhancement of the kinetics of hydrate formation would undoubtedly open the door to more research in this area,
particularly concerning, e.g., appropriate thermodynamics and kinetics conditions combined with minimization of
cost. Recent scientific and economic breakthroughs have hastened the development of commercially viable
clathrate-hydrate desalination devices. More experimental research is desirable to lower the amount of salt stuck in
hydrate crystals throughout each cycle and to adjust important operational parameters based on hydrate former to

improve desalination efficiency.

2.2. Gas Hydrate Desalination Reactor Design Innovations
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The clathrate hydrate formation technique has been used to desalinate seawater worldwide. The slow kinetics and
the difficulty in separating the crystal from the brine and removing salt from hydrate that has occluded the surface
of the crystal have all been addressed by researchers. To separate the crystals, a conveyor belt was employed.
Hydrate formation and then later dissociation was performed in different compartments using a non-stirred reactor.
After dissociation of hydrate, some of the recovered water was utilized to wash the salts in the washing stage that
had stuck to the surface of hydrate 2. Ben produced hydrates at a certain depth in seawater and the hydrates
rose high due to the buoyancy effect and wash water was introduced to wash the hydrate above the hydrate

production zone 69,

Another breakthrough was the use of liquid propane as hydrate former to produce hydrates at the bottom of the
reactor. The formed hydrate rose higher through the brine due to the buoyancy effect. It was created to flow
through risers in partition plates, thereby efficiently separating hydrate crystals from saline solution. The wash
process was utilized by using the produced fresh water after dissociating the hydrate 61, To utilize the heat of
hydration for decomposition of hydrate and as a solvent for formation of hydrate, a heat exchange (HE) liquid that
was immiscible in water was used. To solve the problem of washing of the formed hydrate a HE liquid having a
specific gravity lower than aqueous saline solution was introduced to overcome washing of hydrate. The HE liquid
helped with the passage of formed hydrates from the hydrate formation zone to the dissociation section. The gas
and liquid utilized in HE were recycled back to the hydrate formation zone 2. A gas bubble was delivered by a
nozzle into precooled water in another invention, resulting in the production of hydrates. Because of pressure
variations between the pipeline and the mobile tank, hydrates were passed through the pipeline into the mobile

tanks and then depressurized in the tank (€3],

Using concentric and coaxial pipes, a high-pressure, low-temperature hydrate former was injected to an
appropriate ocean depth, leading to a large investment in injecting gas to further depths. The annular zone
generated hydrate slurry, which was retrieved from the surface 4. Another invention involves injecting methane at
a depth into columns and allowing hydrates to develop. Because of the buoyancy, the hydrate rose, and the heat
from the hydration was dissipated into the surrounding water 3. Atomized water is used inside the reactor to
improve the interaction and surface area of gas and liquid water. Hydrate crystals are deposited as they form on a
conveyor belt. Because of the porous moving surface, it was feasible to extract hydrate from feed. A roller and
grinder in the production area were used to carry the washed hydrates to the dissociation zone 68, Seawater was
introduced from the top of the reactor, while gas was pumped in from below. Hydrate particles served as fluidized
bed particles, thereby giving more surface area for gas—liquid contact. Fluidized hydrate particles obstruct the gas
and water flow, enhancing the residence time and helping in the formation of additional hydrates 2. The hydrate
formation and dissociation took place in a single reactor, resulting in crystal formation due to buoyancy. The
hydrate formed in the reactor’s bottom rose upward towards the decomposition zone due to positive buoyancy 8],
It was decided to use a desalination system with a porous constraint. A thick impermeable hydrate mat was
produced under this porous restriction. A thick layer of hydrate was blocking the entry of saltwater water. The
hydrate close to the restraint is separated by lowering the pressure on the collection side of the constraint B9 ¢
was discovered that employing a blend of hydrochlorofluorocarbons (HFCs), hydrofluorocarbons and

chlorofluorocarbon molecules might reduce the dendritic growth of the hydrate.
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In another invention, ice formation over hydration was implemented to minimize the need for washing. Salts that
have occluded on to the surface of crystal are washed by the melting of ice 2], A vertical tubular reactor with upper
and lower parts was employed for hydrate formation and decomposition, respectively. Stirring produced hydrate
production in the reactor’s lower half, and the buoyancy effect promoted easier crystal separation. The top of the
reactor produced pure water for recovery [/2. |t has been suggested that CO2 could be sequestered by dissolving
in seawater. Desalination using hydrates has been proposed as a method of concentrating brine solutions with
dissolved CO2 23], Desalination, thermal energy storage and natural gas storage have all been produced using
gas hydrate modular systems 4. A dual cylinder with a piston was employed in another design to compress the
slurry, and saline water was passed through the perforations. To boost the efficiency during salt separation,
concentrated saltwater from the reactor’s bottom was returned to the hydrate formation region; however,
maintaining hydraulic pressure requires a high energy throughput 3. In another invention a hydrate-forming gas
was pumped into a saline-water reactor utilizing a microbubble generating device for hydrate formation [Z8]. In order
to promote hydrate nucleation in gas bubbles with diameters between 1072 and 1072 mm, an ultrasonic transducer
was utilized to supply sonic energy. Solid material particles, such as silica gel, were introduced to the stream to
increase the surface area of gas—liquid contact. A wash column was used to remove the saline solution from the
interstitial pores of the crystal 4. In a recent reactor invention 8 where hydrate formation, separation, washing
and dissociation took place in a single reactor, the formation of CO2 hydrate in the presence of 2 wt.% brine

solution at different pressures was observed and there was a removal efficiency of 60.08% at 3.0 MPa.

The hydrate-based desalination method advances have mostly focused on resolving the fundamental problem of
efficient hydrate crystal separation from the residual brine. Because hydrate nucleation is a stochastic process,
researchers have tried to shorten induction time by using microbubbles, ultrasonic energy and localized
supercooling by depressurizing liquid propane. While various attempts to commercialize the HyDesal process have
been made, these efforts have failed due to additional technological obstacles like the difficulty in separating small
crystals from effluent and the fact that a few guest molecules are toxic and they pose environmental risks. Hence,
there is a need to address the challenges of energy efficiency and cost and crystal/brine separation and of course

to carry out the process in a manner that fully addresses potential environmental concerns.

2.3. Heavy Metal Separation Mechanism Based on Gas Hydrates

New strategies for removing heavy metals from wastewater, such as separation of heavy metal by hydrate method,
appear to be in high demand. The scientific relevance of this research into purification and separation using a gas
hydrate approach has pricked the interest of many scholars. Parker proposed a method for producing drinkable
water from highly saline sources using gas hydrate formation as early as 1942, and it has received a lot of interest
over the last decade [/, Hesse and Harrison observed a noteworthy reduction in interstitial water chlorinity when
they used hydrate in deep-water sedimentary layers, and they discovered that hydrate rejects salt ions from the
crystal structure, which affords the theoretical foundation for separating mixtures using hydrate-based methods B9,
Knox et al. presented a method for separating inorganic mixtures using seawater desalination, and a pilot plant
was built to test this process, which produced drinking water (22, Furthermore, Bulot et al. devised a method for

purifying a solute from an aqueous solution of water and solute B,
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Using experimental and thermodynamic models, Ngema et al. assessed the accurate phase equilibrium data of
hydrate formation in saline agueous solutions. They measured the hydrate phase equilibrium of R134a, R410a and
R507 in MgCl2, NaCl and CaCl2 to give the parameters for hydrate-based desalination. Despite the fact that the
hydrate phase equilibrium of many guest molecules has been extensively researched, most studies only look at a
single solute at low concentrations. As a result, experimental studies of phase equilibrium with mixed solutes of
higher concentration are required. Gas hydrate technology could be used to develop wastewater treatment and
desalination systems based on this information 4. Huang et al. used methyl bromide, trichlorofluoromethane and
1,1-difluoroethane for separation of organic mixtures to study the concentrations of apple, orange and potato juices
by gas hydrate method and found that this method removed 80% of water content 82, When comparing hydrate
desalination to reverse osmosis, Bradshaw et al. discovered that the water throughput rate and recovery are faster
with hydrate-based desalination 2. All this research suggests that hydrate-based separation methods can be

applied for desalination purposes to treat wastewater.

The hydrate-based water treatment technology facilitates the solid—liquid separation more efficiently at high
temperatures than conventional water freezing temperature by enriching the guest molecule with the water
molecules. The guest molecule can be recycled in the system after melting the gas hydrate crystals, which is
mostly freshwater, as addressed in detail in reviews elsewhere 1819 The following steps are followed in the
hydrate-based water treatment process, as indicated in Figure 2: (i) Creation of gas hydrates, (ii) hydrate
separation from effluent, (iii) post-treatment (e.g., washing, centrifuging) to improve water quality and (iv)

dissociation of hydrate crystals to produce treated water and reuse gas 83,

Song et al. proposed a system for isolating heavy metals from aqueous solution built on gas hydrates, based on
the aforesaid principles and mechanism. Raman spectroscopy was used to examine the separation efficiency of
this approach with various R141b—effluent volume ratios, as well as the influence of a washing operation on heavy
metal removal. The heavy metal ion concentration decreased from roughly 140 mg/L to less than 0.4 mg/L after
hydrate-based desalination, demonstrating that the heavy metal ions had been excluded from the hydrate
structure. The process employed is an intriguing method for separating heavy metal salts of different
concentrations from industrial effluents using an extrapolation of hydrate-based desalination. Cr®*, Cu?*, Ni* and

Zn%* were removed from an aqueous solution utilizing R141b as the hydrate forming in this research 4],
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Figure 2. Heavy metal ion removal by gas hydrate technique.

Yang et al. investigated hydrate-based treatment looked at using hydrates to treat Ni’*-contaminated wastewater.
At a volume ratio of 3:1, cyclopentane (CP) was added to a NiCl2 aqueous solution, and hydrates were produced
at 2 °C with agitation at 600 rpm. Overall, the separation efficiency of the hydrate-based approach varied from 62%
to 889 [BAIESIETIEE This research involved the separation of specific ions rather than series of metal ions. The
separation efficiency of the method is found to be dependent on the metal ion trapped on the solid hydrate. If
proper post-treatment is used, separation efficiency can be increased to up to 95% 471891 ¢ js worth noting that,

when the Ni®* concentration rises, the separation efficiency also improves.

Dong et al. devised a new hydrate-based approach for removing heavy metal ions by implementing stages of post-
treatment techniques. The formation of hydrate, separation of solid from liquid, dissociation of hydrate and analysis
of the effluent/residual are the four main steps in this system. They looked into a number of variables, including ion
exclusion and the process for removing the hydrate from the mother liquor. Following that, a unique approach was
developed to obtain high separation efficiency from high concentrations of heavy metal ions in wastewater. R141b
was used as the former and copper sulphate solutions were used 9 R141b reacts with water at temperatures
less than 8.4 °C and pressures greater than 42 kPa to form sll hydrate (20][24], Solid-liquid separation unit
operations were carried out once the hydrate formation was completed. The hydrate was then melted down by
adjusting the system’s temperature, and separation occurred due to R141b’s immiscibility with water. Cu?*
concentrations were measured using an inductively coupled plasma optical spectrometer (ICP), and electrical
conductivity variations were recorded using an electrical conductivity meter (ECM). Figure 3 shows a conceptual

picture of the hydrate process for removing heavy metals from aqueous solution.
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Figure 3. Schematic diagram for hydrate-based desalination process.

2.4. Water Recovery

Water recovery denotes the volumetric efficiency of the process. It is defined as the volume of water in the initial
feed that is converted into hydrate. However, in most situations, less than 100% of the hydrate crystals are
recovered. As a result, after the hydrate crystal separation process, the volume of hydrate recovered from the brine
is utilized to compute the amount of water recovered. The percentage of water recovered from the feed can be

stated as follows:

Volume of water converted to hydrate

100
Initial volume of feed solution :

Water recovery % =

Volume of water converted to hydratelnitial volume of feed s

Water recovery relies on the kinetics of hydrate formation and efficiency of separation. Higher water recovery
necessitates the production of more hydrates and efficient separation of crystals from salt water. Addition of
propane as co-guest molecule to guest molecules argon, nitrogen and carbon dioxide for hydrate-based
desalination using a fixed bed reactor was studied by Nambiar et al. 22, There was less than 2% water recovery
achieved using propane with argon and nitrogen, whereas with carbon dioxide it resulted in water recovery of
41.38% due to the formation of sll structure constituting 136 water molecules. However, the amount of water that
can be recovered is dependent on the wastewater concentration, hydrate former, stirring mechanism and
effectiveness in separation of crystal from hydrate 18, Babu et al. 23 used a unique cylindrical annular bed reactor
design that incorporated a scraper for scraping the generated hydrate crystals on the mesh. They looked into the
salt rejection rate and water recovery rate of a carbon dioxide/propane mixed gas used as a hydrate forming in
porous media, and discovered that the salt rejection rate and water recovery rate could both reach 87.5% and
34.85%, respectively. The hydrate crystals that detached from the salt solution, however, remained connected to

salt particles, which was unexpected.
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According to Dong et al. 24 the removal effectiveness of R141lb—effluent volume ratios on water recovery
increased from 1:4 to 1:6. Total water content would theoretically be converted to hydrate at a ratio of 1:3.21 for
R141b—effluent. As a result, there are less heavy metal ions trapped between hydrate crystal or adsorbed onto
their surfaces. At ambient temperature and pressure, the dissociation of hydrate occurs, leaving lesser metal ions
in the dissociated water. Therefore, an increased R141b—effluent volume ratio led to an increase in dissociated
water production. Y. Yang et al. studied an innovative hydrate-based method to separate Ni2* from wastewater with
cyclopentane at a ratio of 3:1 (v/v). This technique has a water recovery rate of about 43% (the average),
according to the findings of this research, when using a low-concentration feeding solution. In terms of water
recovery, this hydrate-based technique is on par with or even better than those used in traditional wastewater
treatment. The fact that the water recovery has been relatively stable shows that this approach can treat

wastewater with a wide concentration range 4],

An experimental study by Gaikwad et al. identified As®*, Pb%*, Cd?* and Cr3* in industrial effluents and prepared a
1000 ppm solution of each salt to imitate an industrial wastewater effluent. As the hydrate-forming gas, natural gas
was chosen, cyclopentane as a liquid co-former and as the promoter, lecithin (surfactant) was selected. A
maximum 30 percent water recovery has been recorded when the concentration of lecithin is increased up to 300
ppm. However, the individual metal ion removal efficiency is not discussed in this case 2. Another study, by
Nallakukkala et al. 23, found a water recovery of 66% when operating at 2.5 MPa using CO2 as hydrate former by
treating 2 wt% brine solution. This recovery is higher than that obtained by 22, in which the recovery was 41.38%
using 10% propane and 90% CO2. Ling et al. 28 evaluated the induction time, water recovery and desalination
effectiveness of the LiCl, LiBr and Lil salts on the production of cyclopentane hydrates. The results showed that
increasing the amount of lithium haloids improved desalination efficiency; nevertheless, these salts hinder induction
time and water recovery. The inhibitory impact of halide ions on the formation of hydrates and desalination was

discovered to be in the order I > Br~ > CI".

2.5. Removal Efficiency

The removal efficiency of the hydrate-based separation process is used to assess its effectiveness.

Tniti in feed — _. . :
Removal Efficiency % — nitial conc m' %e:d Cunc‘ in dissociated water « 100
initial conc. in feed

Song et al. investigated volume ratio of 1:6 using R141b—effluent. The removal effectiveness of hydrate crystals
without washing ranged from 67.82 to 71.87%. The highly concentrated residual effluent was retained on the
hydrate surface due to the porous structure of the hydrate crystal. As a result, the dissociated water still includes a
significant amount of heavy metal ion, resulting in poor removal efficiency. A washing technique was employed to
remove any leftover heavy metal ions, and resulted in a 19% increase in removal efficiency and a separation
efficiency range of 88.01 to 90.82% (&3],
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To perform multi-stage desalination, Yang et al. utilized an aqueous solution with a Ni%* concentration of 1000
mg/L. In a single stage an efficiency of 84% was produced, whereas two stages produced an efficiency of 96%.
The third-stage treatment produced efficiency of 99.2%, demonstrating that this hydrate-based technique can
deliver high-quality water 84!, For separation of heavy metals during the formation and dissociation phase, Dong et
al. reported that some pores inside the hydrate were interconnected and formed channels, and the hydrate former
R141b was trapped in the channels inside the bulk of the aqueous solution. The hydrate decomposition shattered
the small solution pockets, allowing them to pass through aqueous solutions in the hydrate slurry, thereby reducing
the removal efficiency. As a result, separating the trapped solution from hydrates slurries was crucial to improving
removal efficiency 23, This experimental research used five different hydrate washing unit processes, which were
referred to as: (1) No operation, (2) vacuum filtration (VF), (3) washing with a guest species followed by VF
(WHVF), (4) washing with fresh water followed by VF (WFVF) and (5) VF followed by centrifugation (VCF). The
highest removal efficiency was reached by utilizing VCF, which was 90.46%. When using fresh water for washing
and using the vacuum filtering method, better results were obtained. Fresh water can be conserved, costs can be
reduced and removal efficiency can be improved at all times with this method. This research led the researcher to
the conclusion that the solid-liquid separation process has a direct impact on hydrate-based ion elimination
efficacy, and that VF and centrifugation is the most successful solid—liquid separation method amongst those

investigated 8.

Heavy metals with concentrations of 500 ppm, containing Zn, Cu, Ni and Cr, were utilized in a system created by
Al-Hemeri et al. 27, together with CP as an additive. The removal efficiency for copper ions was as high as 92% in
a CP/water solution volume ratio of (1/6) v/v. Due to the low strength of heavy metal ions in the discharge, the
outcome in lower metal ion adherence to the hydrate crystal surface, hence the percentage removal efficiency,
improved when the volume ratio was changed from 1/2 to 1/6. Heavy metal ions pollute the fresh water during
hydrate dissociation by lowering the ion exclusion efficiency significantly. Increasing the water volume ratio from
0.115 to 0.192 to estimate the optimum volume, the removal efficiency was found to increase from 30.08% to
60.08% [22] when operated at 3.5 MPa. Effective desalination and kinetics of hydrate growth were observed by [
using 6 mole % CP and there was a water recovery of 25.72% As®* aqueous solution of 1000 ppm; similar results
were obtained using lecithin as a promoter along with 6 mole % CP. No further studies were mentioned related to

removal efficiency aspect.

2.6. Enrichment Factor (Ef)

Industrial waste has a significant environmental impact, as wastewater treatment regulations are very stringent.
Wastewater reduction and zero liquid discharge (ZLD) are important goals to remove waste from a system [28. The
enrichment factor is a crucial parameter in ZLD because it determines how much wastewater is reduced and how
difficult it is to produce value-added products from the residual aqueous  solution.

concentration of heavy ion in the residualeffluent.initial heavy metal ion cocncnetration in water solutio

concentration of heavy ion in the residualeffluent.

— : — — x 100
initial heavy metal ion cocncnetration in water solution

Enrichment Factor =
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The influence of volume ratios on the enrichment factor was investigated by Al-Hameri et al. 22, According to the
findings of the experiments, the (Ef) dropped when the volume ratio increased from 1/2 to 1/6 because heavy metal
ion concentrations in the residual effluent are a major determinant of the Ef. As a result of the lower
cyclopentane/water solution volume ratio, there was a higher (Ef) and the concentrated effluent accumulates a
significant percentage of heavy metal ions. The research removed heavy metals from industrial wastewater,
utilizing a cyclopentane as hydrate former in the production method, in which cyclopentane was used to form
hydrate due to its immiscibility, thermodynamic stability and non-toxicity. During the experiments it was noted that
the (Ef) was approximately equal for all four (Ni, Cr, Zn and Cu) heavy metal ions, despite the fact that each ions’
radii and charges are different. Yang et al. performed the investigation and extracted the water from the Ni%*-
contaminated wastewater using clathrate hydrate separation. The enrichment factor was found to be between 1.15
and 1.60. Like water recovery, the enrichment factor for Ni?* falls as the concentration of feeding solution
increases. Due to the fact that water activity decreases as Ni2* concentration increases, it was difficult to remove
water from concentrate and the feeding solution 4],

Dong et al. found that, when Cu?* concentration enhanced, the enrichment factor dropped, and it peaked at 2.80.
This was due to the fact that less hydrate formed when the aqueous solution concentration was greater.
Conversely, there was less leftover water due to increased hydrate formation. The adoption of gas hydrate
technology can therefore help to minimize wastewater by reducing liquid discharges B2, Song et al. found the
enrichment factor for each heavy metal ion, an indicator of how difficult it will be to treat any remaining wastewater.
They observed that the enrichment factor decreased when the R141b—effluent volume ratio was changed from 1:4
to 1:6. Even with varied ionic radii and charges, the enrichment factor was roughly the same for all four heavy
metal ions (Cu, Cr, Ni, Zn) [83],

2.7. Gas Hydrate and Hybrid Technologies

Another hybrid desalination process should be used as a post-treatment for the gas hydrate (GH) process to
produce fresh water to improve water quality. Reverse Osmosis (RO) uses GH to make freshwater that meets
design specifications, concentration and drinking water regulations 199, From the standpoint of the RO process,
the GH process is one of the pretreatment options for reducing the salinity of saltwater. Lee et al. 29 ysed a hybrid
GH-RO simulation to find the best RO recovery approach that used the least amount of energy. The GH and RO
units were connected in series in their system, and the seawater was fed into the GH system. The RO unit received
the desalinated product water from GH as feed, but the concentrate was rejected. The RO unit's permeate was
collected as product water, and the retentate was recycled into the GH process’ feed stream. Due to their intrinsic
reliance on thermal energy primarily obtained from fossil fuels, the conventional processes have significant capital
and operating costs and are regarded to be highly energy intensive. The optimum RO recovery values for GH
processes with salt rejections of 78, 84 and 90 percent were calculated to be 0.6, 0.8 and 0.8, respectively.
According to the simulation results, the maximum permissible energy consumption of the GH process is 1.4

kWh/m?3 (with GH salt rejection of 78 percent) to overcome the saltwater RO process with an energy recovery
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device, and it can be increased to 1.9 kWh/m3 when GH salt rejection is increased to 90 percent. The data
revealed that by merging these procedures, energy consumption might be reduced. In another hybrid process of
GH+.

Capacitive deionization (CDI) method 192 electrodes are made up of activated carbon to avoid the dissolution of
binder, polyvinyl alcohol (PVA) is a binder and glutaric acid acts like a crosslinking agent. The hydrate is allowed to
form and later is compacted into pellets with only a small amount of brine retained inside the pores. To boost the
salt removal efficiency, the CDI approach is utilized as a post-treatment step. The hybrid desalination process could
remove 82% of Na* and 100% of K*, Ca2* and Mg?* ions. The researcher studied the effects of NaCl, KCI, MgCI2
and CaCl2 on CO2 hydrate production and salt removal efficiency. These salts lowered the amount of water
converted to hydrate and desalination efficiency. As each of the traditional desalination processes has its own set
of advantages and demerits, researchers 28111031104 haye proposed hybrid approaches to increase desalination
efficiency while cutting costs. In hyper-saline water treatment, where the RO system becomes energy intensive and

expensive, such hybrid systems may be more useful.

References

1. Rosado, D.; Usero, J.; Morillo, J. Assessment of heavy metals bioavailability and toxicity toward
Vibrio fischeri in sediment of the Huelva estuary. Chemosphere 2016, 153, 10-17.

2. Ali, I.; Alharbi, O.M.; Alothman, Z.A.; Badjah, A.Y. Kinetics, thermodynamics, and modeling of
amido black dye photodegradation in water using Co/TiO2 nanopatrticles. Photochem. Photobiol.
2018, 94, 935-941.

3. Ali, I.; Alharbi, O.M.; ALOthman, Z.A.; Alwarthan, A.; Al-Mohaimeed, A.M. Preparation of a
carboxymethylcellulose-iron composite for uptake of atorvastatin in water. Int. J. Biol. Macromol.
2019, 132, 244-253.

4. Khan, N.A.; Ahmed, S.; Farooqi, I.H.; Ali, I.; Vambol, V.; Changani, F.; Khan, A.H. Occurrence,
sources and conventional treatment techniques for various antibiotics present in hospital
wastewaters: A critical review. TrAC Trends Anal. Chem. 2020, 129, 115921.

5. lgunnu, E.T.; Chen, G.Z. Produced water treatment technologies. Int. J. Low-Carbon Technol.
2014, 9, 157-177.

6. Sloan, E.D., Jr.; Koh, C.A. Clathrate Hydrates of Natural Gases, 3rd ed.; CRC Press: Boca Raton,
FL, USA, 2007; pp. 116-117.

7. Rehman Ur, A.; Zaini, D.B.; Lal, B. Application of Gas Hydrate Based Technique in Wastewater
Treatment—A Mini Review. In Proceedings of the Third International Conference on Separation
Technology 2020 (ICoST 2020), Kelantan, Malaysia, 15 August 2020; pp. 249-254.

https://encyclopedia.pub/entry/21777 14/21



Gas Hydrate Technology | Encyclopedia.pub

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

. Nallakukkala, S.; Kassim, Z.; Othman, N.A.; Lal, B. Advancement in Gas Hydrate Water Based

Produced Water Desalination: An Overview. In Proceedings of the Third International Conference
on Separation Technology 2020 (ICoST 2020), Kelantan, Malaysia, 15 August 2020.

. Lal, B.; Nashed, O. Chemical Additives for Gas Hydrates, 1st ed.; Springer Publication: Cham,

Switzerland, 2020; pp. 7-14.

Leopercio, B.C. Kinetics of Cyclopentane Hydrate Formation—An Interfacial Rheology Study.
Master’s Thesis, Pontifical Catholic University of Rio de Janeiro, PUC-Rio, Brazil, 2016.

Sangwai, J.S.; Patel, R.S.; Mekala, P.; Mech, D.; Busch, M. Desalination of seawater using gas
hydrate technology-current status and future direction. In Proceedings of the 18th International
Conference on Hydraulics, Water Resources, Coastal and Environmental Engineering, HYDRO,
Madras, India, 4—6 December 2013.

Kang, S.P.; Lee, H. Recovery of CO2 from flue gas using gas hydrate: Thermodynamic
verification through phase equilibrium measurements. Environ. Sci. Technol. 2000, 34, 4397—
4400.

Kezirian, M.T.; Phoenix, S.L. Natural gas hydrate as a storage mechanism for safe, sustainable
and economical production from offshore petroleum reserves. Energies 2017, 10, 828.

Zhou, H. Hydrate Slurry as Cold Energy Storage and Distribution Medium: Enhancing the
Performance of Refrigeration Systems. Master’s Thesis, Guangzhou Institute of Energy
Conversion, Guangzhou, China, 2017.

Aregbe, A.G. Gas hydrate—Properties, formation and benefits. Open J. Yangtze Oil Gas 2017, 2,
27-44.

Subramani, A.; Jacangelo, J.G. Emerging desalination technologies for water treatment: A critical
review. Water Res. 2015, 75, 64-187.

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
2013, 309, 197-207.

Babu, P.; Nambiar, A.; He, T.; Karimi, I.A.; Lee, J.D.; Englezos, P.; Linga, P. A review of clathrate
hydrate based desalination to strengthen energy—Water nexus. ACS Sustain. Chem. Eng. 2018,
6, 8093-8107.

Nallakukkala, S.; Lal, B. Seawater and produced water treatment via gas hydrate: Review. J.
Environ. Chem. Eng. 2021, 9, 105053.

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 2017, 413, 217-222.

https://encyclopedia.pub/entry/21777 15/21



Gas Hydrate Technology | Encyclopedia.pub

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Xu, C.; Li, X.; Yan, K.; Ruan, X.; Chen, Z.; Xia, Z. Research progress in hydrate-based
technologies and processes in China: A review. Chin. J. Chem. Eng. 2019, 27, 1998-2013.

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

Knox, W.G.; Hess, M.; Jones, G.E.; Smith, H.B. The clathrate process. Chem. Eng. Prog. 1961,
57, 66-71.

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

Nakajima, M.; Ohmura, R.; Mori, Y.H. Clathrate hydrate formation from cyclopentane-in-water
emulsions. Ind. Eng. Chem. Res. 2008, 47, 8933—-8939.

Corak, D.; Barth, T.; Hgiland, S.; Skodvin, T.; Larsen, R.; Skjetne, T. Effect of subcooling and
amount of hydrate former on formation of cyclopentane hydrates in brine. Desalination 2011, 278,
268-274.

Cai, L.; Pethica, B.A.; Debenedetti, P.G.; Sundaresan, S. Formation kinetics of cyclopentane—
methane binary clathrate hydrate. Chem. Eng. Sci. 2014, 119, 147-157.

Cai, L.; Pethica, B.A.; Debenedetti, P.G.; Sundaresan, S. Formation of cyclopentane methane
binary clathrate hydrate in brine solutions. Chem. Eng. Sci. 2016, 141, 125-132.

Misyura, S.Y.; Manakov, A.Y.; Morozov, V.S.; Nyashina, G.S.; Gaidukova, O.S.; Skiba, S.S.;
Volkov, R.S.; Voytkov, I.S. The influence of key parameters on combustion of double gas hydrate.
J. Nat. Gas Sci. Eng. 2020, 80, 103396.

Yang, M.; Song, Y.; Jiang, L.; Liu, W.; Dou, B.; Jing, W. Effects of operating mode and pressure on
hydrate-based desalination and CO2 capture in porous media. Appl. Energy 2014, 135, 504-511.

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 2014, 353, 84-90.

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: Denver, CO, USA, 2000.

Simmons, B.A.; Bradshaw, R.W.; Dedrick, D.E.; Cygan, R.T.; Greathouse, J.A.; Majzoub, E.H.
Desalination Utilizing Clathrate Hydrates (LDRD Final Report); National Technical Information
Service: Livermore, CA, USA, 2008.

Karamoddin, M.; Varaminian, F. Water desalination using R141b gas hydrate formation. Desalin.
Water Treat. 2014, 52, 2450-2456.

https://encyclopedia.pub/entry/21777 16/21



Gas Hydrate Technology | Encyclopedia.pub

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Ngema, P.T.; Petticrew, C.; Naidoo, P.; Mohammadi, A.H.; Ramjugernath, D. Experimental
measurements and thermodynamic modeling of the dissociation conditions of clathrate hydrates
for (refrigerant + NaCl + water) systems. J. Chem. Eng. Data. 2014, 59, 466—-475.

Seo, Y.; Moon, D.; Lee, C.; Park, J.W.; Kim, B.S.; Lee, G.W.; Yoon, J.H. Equilibrium, kinetics, and
spectroscopic studies of SF6 hydrate in NaCl electrolyte solution. Environ. Sci. Technol. 2015, 49,
6045—-6050.

Wang, L.J.; Zhang, X.M.; Li, H.H.; Shao, L.; Zhang, D.; Jiao, L. Theory research on desalination of
brackish water using gas hydrate method. Adv. Mater. Res. 2013, 616, 1202-1207.

Lee, D.; Lee, Y.; Lee, S.; Seo, Y. Accurate measurement of phase equilibria and dissociation
enthalpies of HFC-134a hydrates in the presence of NaCl for potential application in desalination.
Korean J. Chem. Eng. 2016, 33, 1425-1430.

Khan, M.N. Phase Equilibria Modeling of Inhibited Gas Hydrate Systems Including Salts:
Applications in Flow Assurance, Seawater Desalination and Gas Separation. Ph.D. Thesis,
Colorado School of Mines, Golden, CO, USA, 2016.

Zhang, Y.; Sheng, S.M.; Shen, X.D.; Zhou, X.B.; Wu, W.Z.; Wu, X.P.; Liang, D.Q. Phase
equilibrium of cyclopentane + carbon dioxide binary hydrates in aqueous sodium chloride
solutions. J. Environ. Chem. Eng. 2017, 62, 2461-2465.

Ho-Van, S.; Bouillot, B.; Douzet, J.; Babakhani, S.M.; Herri, J.M. Implementing cyclopentane
hydrates phase equilibrium data and simulations in brine solutions. Ind. Eng. Chem. Res. 2018,
43, 14774-14783.

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

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

Choi, W.,; Lee, Y.; Mok, J.; Lee, S.; Lee, J.D.; Seo, Y. Thermodynamic and kinetic influences of
NaCl on HFC-125a hydrates and their significance in gas hydrate-based desalination. Chem.
Eng. J. 2019, 358, 598-605.

Seo, S.D.; Hong, S.Y.; Sum, A.K,; Lee, K.H.; Lee, J.D.; Lee, B.R. Thermodynamic and kinetic
analysis of gas hydrates for desalination of saturated salinity water. Chem. Eng. J. 2019, 370,
980-987.

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 2014, 354, 17-22.

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

https://encyclopedia.pub/entry/21777 17/21



Gas Hydrate Technology | Encyclopedia.pub

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.
61.
62.

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.
2019, 9, 396-404.

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. 2017,
17, 4059-4062.

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

Ghalavand, Y.; Hatamipour, M.S.; Rahimi, A. A review on energy consumption of desalination
processes. Desalin. Water Treat. 2015, 54, 1526-1541.

Singh, J.; Lal, B. Prospectives on gas hydrates-based desalination. In Gas Hydrate in Water
Treatment, 1st ed.; Lal, B., Nallakukkala, S., Eds.; John Wiley & Sons, Inc.: Hoboken, NJ, USA,
2022; Volume 1, pp. 31-53.

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
2019, 463, 69-80.

He, T.; Chong, Z.R.; Zheng, J.; Ju, Y.; Linga, P. LNG cold energy utilization: Prospects and
challenges. Energy 2019, 170, 557-568.

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

Sarshar, M.; Sharafi, A.H. Simultaneous water desalination and CO2 capturing by hydrate
formation. Desalin. Water Treat. 2011, 28, 59-64.

Babu, P.; Kumar, R.; Linga, P. Unusual behavior of propane as a co-guest during hydrate
formation in silica sand: Potential application to seawater desalination and carbon dioxide
capture. Chem. Eng. Sci. 2014, 117, 342-351.

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 2015, 93, 1971-
1979.

Donath, W.E. Method and Apparatus for Producing Purified Water from Aqueous Saline Solutions.
U.S. Patent No. 2,904,511, 15 September 1959.

Buchanan, B.B. Removing Salt from Sea Water. U.S. Patent 3,027,320, 27 March 1962.
Walton, P.R. Continuous Saline Water Purification. U.S. Patent 3,132,096, 5 May 1964.

Klass, D. Hydrate Forming in Water Desalination. U.S. Patent No 3,856,492, 24 December 1974.

https://encyclopedia.pub/entry/21777 18/21



Gas Hydrate Technology | Encyclopedia.pub

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

Guo, B.; Bretz, R.E.; Lee, R.L. Method and Apparatus for Generating, Transporting and
Dissociating Gas Hydrates. U.S. Patent No. 5,473,904, 12 December 1995.

McCormack, R.A. Clathrate Freeze Desalination Apparatus and Method. U.S. Patent No.
5,553,456, 10 September 1996.

Max, M.D.; Pellenbarg, R.E. Desalination through Methane Hydrate. U.S. Patent No. 5,873,262,
23 February 1999.

Heinemann, R.F.; Huang, D.D.T.; Long, J.; Saeger, R.B. Process for Making Gas Hydrates. U.S.
Patent No. 6,028,234, 22 February 2000.

Heinemann, R.F.; Huang, D.D.T.; Long, J.; Saeger, R.B. Method for Producing Gas Hydrates
Utilizing a Fluidized Bed. U.S. Patent No. 6,180,843, 30 January 2001.

Max, M.D. Hydrate Formation and Growth for Hydrate-Based Desalination by Means of Enriching
Water to Be Treated. U.S. Patent No. 6,890,444, 10 May 2005.

Max, M.D.; Korsgaard, J. Hydrate-Based Desalination with Hydrate-Elevating Density-Driven
Circulation. U.S. Patent No. 6,969,467, 10 November 2005.

Simmons, B.A.; Bradshaw, R.W.; Dedrick, D.E.; Anderson, D.W. Complex Admixtures of Clathrate
Hydrates in a Water Desalination Method. U.S. Patent 7560028B1, 14 July 2009.

Phelps, T.J.; Tsouris, C.; Palumbo, A.V.; Riestenberg, D.E.; McCallum, S.D. Method for Excluding
Salt and Other Soluble Materials from Produced Water. U.S. Patent No. 7,569,737, 4 August
2009.

Li, D.; Liang, D.; Tang, C. Test Device for Desalination of Sea Water by Hydrate Method. CN
Patent CN101289231B, 6 June 2010.

Osegovic, J.P.; Max, M.D.; Tatro, S.R. Seawater-Based Carbon Dioxide Disposal. U.S. Patent No.
8,048,309, 1 November 2011.

Carstens, C.; Dickinson, W.; Dickinson, W.; Myers, J. Clathrate Hydrate Modular Storage,
Applications and Utilization Processes. U.S. Patent No. 7914749, 29 March 2011.

Park, K.N.; Hong, S.Y.; Lee, J.W.; Kang, K.C.; Lee, Y.C.; Ha, M.G.; Lee, J.D. A new apparatus for
seawater desalination by gas hydrate process and removal characteristics of dissolved minerals
(Na+, Mg2+, Ca2+, K+, B3+). Desalination 2011, 274, 91-96.

Katyal, A.A. System and Method for Hydrate-Based Desalination. U.S. Patent No. 9,643,860, 9
May 2017.

McCormack, R.A.; Ripmeester, J.A. Clathrate Desalination Process Using an Ultrasonic Actuator.
U.S. Patent 20140223958A1, 14 August 2014.

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

https://encyclopedia.pub/entry/21777 19/21



Gas Hydrate Technology | Encyclopedia.pub

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Hesse, R.; Harrison, W.E. Gas hydrates (clathrates) causing pore-water freshening and oxygen
isotope fractionation in deep-water sedimentary sections of terrigenous continental margins. Earth
Planet. Sci. Lett. 1981, 55, 453-462.

Willson lll, R.C.; Bulot, E.; Cooney, C. L Use of Hydrates for Aqueous Solution Treatment. U.S.
Patent No. 4,678,583, 7 July 1987.

Huang, C.P.; Fennema, O.; Powrie, W.D. Gas hydrates in agueous-organic systems: Il.
Concentration by gas hydrate formation. Cryobiology 1966, 2, 240-245.

Truong-Lam, H.S.; Kim, S.; Seo, S.D.; Jeon, C.; Lee, J.D. Water purifying by gas hydrate:
Potential applications to desalination and wastewater treatments. Chem. Eng. Trans. 2020, 78,
67-72.

Song, Y.; Dong, H.; Yang, L.; Yang, M.; Li, Y.; Ling, Z.; Zhao, J. Hydrate-based heavy metal
separation from aqueous solution. Sci. Rep. 2016, 6, 21389.

Yang, Y.; Zhou, H.; Li, F.; Shi, C.; Wang, S.; Ling, Z. Cyclopentane hydrate-based processes for
treating heavy metal containing wastewater. E3S Web Conf. 2019, 118, 10-13.

Li, X.S.; Yang, B.; Zhang, Y.; Li, G.; Duan, L.P.; Wang, Y.; Wu, H.J. Experimental investigation into
gas production from methane hydrate in sediment by depressurization in a novel pilot-scale
hydrate simulator. Appl. Energy 2012, 93, 722—732.

Ohmura, R.; Ogawa, M.; Yasuoka, K.; Mori, Y.H. Statistical study of clathrate-hydrate nucleation in
a water/hydrochlorofluorocarbon system: Search for the nature of the memory effect. J. Phys.
Chem. B 2003, 107, 5289-5293.

Murshed, M.M.; Faria, S.H.; Kuhs, W.F,; Kipfstuhl, S.; Wilhelms, F. The role of
hydrochlorofluorocarbon densifiers in the formation of clathrate hydrates in deep boreholes and
subglacial environments. Ann. Glaciol. 2007, 47, 109-114.

Kato, M.; lida, T.; Mori, Y.H. Drop formation behaviour of a hydrate-forming liquid in a water
stream. J. Fluid Mech. 2000, 414, 367-378.

Dong, H.; Zhang, L.; Ling, Z.; Zhao, J.; Song, Y. The Controlling Factors and lon Exclusion
Mechanism of Hydrate-Based Pollutant Removal. ACS Sustain. Chem. Eng. 2019, 7, 7932—-7940.

Gaikwad, N.; Nakka, R.; Khavala, V.; Bhadani, A.; Mamane, H.; Kumar, R. Gas Hydrate-Based
Process for Desalination of Heavy Metal lons from an Aqueous Solution: Kinetics and Rate of
Recovery. ACS ES&T Water 2021, 1, 134-144.

Nallakukkala, S.; Lal, B. Waste brine management. In Gas Hydrate in Water Treatment, 1st ed.;
Lal, B., Nallakukkala, S., Eds.; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2022; Volume 1, pp.
31-53.

https://encyclopedia.pub/entry/21777 20/21



Gas Hydrate Technology | Encyclopedia.pub

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Babu, P.; Nambiar, A.; Chong, Z.R.; Daraboina, N.; Albeirutty, M.; Bamaga, O.A.; Linga, P.
Hydrate-based desalination (HyDesal) process employing a novel prototype design. Chem. Eng.
Sci. 2020, 218, 115563.

Al-Hemeri, S.T.; Al-Mukhtar, R.S.; Hussine, M.N. Removal of heavy metals from industrial
wastewater by use of Cyclopentane-Clathrate Hydrate formation technology. In IOP Conference
Series: Materials Science and Engineering; IOP Publishing: Istanbul, Turkey, 2020; Volume 737,
p. 012178.

Fakharian, H.; Ganji, H.; Naderifar, A. Desalination of high salinity produced water using natural
gas hydrate. J. Taiwan Inst. Chem. Eng. 2017, 72, 157-162.

Nallakukkala, S.; Lal, B.; Shariff, M.A. Influence of water volume on CO2 hydrate-based
desalination of brine solution. Mater. Today Proc. 2021, 56, 2172-2177.

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 2019, 3, 31.

Johannsen, P.; Karlapudi, R.; Reinhold, G. High pressure reverse osmosis for wastewater
minimization and zero liquid discharge applications. Desalination 2006, 199, 84-85.

Nallakukkala, S.; Abulkhair, H.; Alsaiari, A.; Ahmad, I.; Alimatrafi, E.; Bamaga, O.; Mohd Shatriff, A.
Suitable Binary and Ternary Thermodynamic Conditions for Hydrate Mixtures of CH4, CO2, and
C3H8 for Gas Hydrate-Based Applications. ACS Omega 2022, 7, 10877-10889.

Falahieh, M.M.; Bonyadi, M.; Lashanizadegan, A. A new hybrid desalination method based on the
CO2 gas hydrate and capacitive deionization processes. Desalination 2021, 502, 114932.

Truong-Lam, H.S.; Seo, S.D.; Jeon, C.; Lee, G.P.; Lee, J.D. A gas hydrate process for high-
salinity water and wastewater purification. Desalination 2022, 529, 115651.

Dong, H.; Fan, Z.; Wang, B.; Xue, S.; Zhao, J.; Song, Y. Hydrate-based reduction of heavy metal
ion from aqueous solution. Energy Procedia 2017, 105, 4706—-4712.

Youssef, P.; Al-Dadah, R.; Mahmoud, S. Comparative Analysis of Desalination Technologies.
Energy Procedia 2014, 61, 2604—-2607.

Yun, S.H.; Woo, D.S. Analysis of seawater desalination energy consumption based on changes in
raw water characteristics and operating condition. J. Korean Soc. Water Wastewater 2019, 33,
281-289.

Lal, B.; Nallakukkala, S. Gas Hydrate in Water Treatment: Technological, Economic, and Industrial
Aspects, 1st ed.; John Wiley & Sons: Hoboken, NJ, USA, 2022; pp. 14-301.

Retrieved from https://encyclopedia.pub/entry/history/show/52431

https://encyclopedia.pub/entry/21777 21/21



