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Abstract: Carbon dioxide hydrates were formed in fresh water and in aqueous mixtures containing
ammonium sulfate, at concentrations equal to 1.9, 6.3, and 9.5 wt%. The moles of hydrates formed
were compared, to define the inhibiting strength of the electrolyte solution and the dependence of
inhibition from concentration. The addition of salt strongly inhibited the process and the number
of hydrates produced passed from 0.204–0.256 moles, obtained in fresh water, to 0.108–0.198 moles,
obtained at the lowest concentration tested. The further addition of salt still lowered the production
of the hydrates; at the highest concentration tested, only 0.092–0.177 moles were obtained. The
pressure-temperature evolutions of the hydrates were then discussed and compared with the ideal
process and with the experimental results obtained in demineralised water. Finally, further samples
of CO2 hydrates, produced in the presence of 9.5 wt% salt in the aqueous phase (corresponding
to 1.5 wt% NH4

+), were recovered and dissociated in a separated environment. The liquid phase,
resulting from their dissociation, was subjected to spectrophotometric analyses. Its NH4

+ content was
measured and compared with the initial concentration in water. Therefore, it was possible to quantify
the capability of the system to remove the (NH4)2SO4 from the water (involved in hydrate formation)
and to concentrate it in the remaining liquid phase. Considering the portion of water involved in
hydrates formation, the concentration of ammonium passed from 1.5 wt% to 0.38–0.449 wt%.

Keywords: gas hydrates; CO2 capture; ammonium ion removal; waste water treatment

1. Introduction

Clathrate hydrates are ice-like crystalline compounds composed of hydrogen-bonded
water molecules, which arrange themselves to form an ordered solid lattice [1]. The
formation of hydrates is possible in the presence of specific gaseous molecules, whose
presence allows the formation of crystalline structures. The molecules of gases are trapped
within the cavities formed in the lattice and ensure the stability of the whole structure [2].
For that reason, gases are referred to as “guests”, while water is a “host” [3]. Depending on
the type and properties of the guest and on the local thermodynamic conditions, different
hydrate structures can be obtained; however, only three of them were found to exist in
nature: the cubic structural I (sI), the cubic structural II (sII) and the hexagonal structural
H (sH) [4,5]. All these structures take place from five elementary crystalline cavities,
distinguished by a specific number. The number is “nmi

i ”, where the base represents the
number of edges in the face “i”, while the exponent indicates the number of faces having
no edges. Based on this nomenclature, the cages can be referred to as 512, 51262, 51264,
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435663 and 51268. The most widespread structure in nature is the cubic sI, since it forms in
the presence of guests as methane and carbon dioxide. The presence of hydrocarbons as
ethane, propane and butane, leads to the formation of sII [6]. Thus, if natural gas sources
contain relevant quantities of these gases, such a structure could be easily encountered. The
less diffused structure is the hexagonal sH. For that reason, its existence was definitively
confirmed only in 1987 [7]. To form, this structure needs at least two different guests: one
having a relatively small size, such as methane or hydrogen sulfate, and one other having a
relatively large size, such as 2,2-dimethylbutane [3].

The interest in gas hydrates is mainly due to the enormous quantities of natural gas
diffused worldwide under the form of clathrate [8,9]. The quantity of methane, contained
in naturally occurring hydrate reservoirs, was estimated to range from 1015 to 1017 m3;
therefore, hydrate reservoirs can theoretically provide more than twice the energy which
can still be produced with all the conventional energy sources available for humans [10,11].
These natural reservoirs are mainly distributed in deep oceans and in continental margins,
where approximately 97% of the known deposits were discovered; the remaining 3% were
found in permafrost regions [12].

Nevertheless, the quantities of natural gas hydrates, as soon mentioned, cannot be
considered a renewable energy source, since their formation would be slower than their
(potential) consumption. However, if appropriately exploited, this source can be made
carbon neutral via the so-called replacement strategies. During extraction, the molecules
of methane can be replaced with a theoretically equal number of molecules of carbon
dioxide. The exchange process was proposed for the first time in 1980, with the triple
scope of improving the recovery efficiency for methane, reducing the dissociation of
hydrate structures, thus avoiding the local deformation of soils and balancing the emissions
associated with the combustion of the extracted methane [13]. Hydrate structures form in
the presence of hydrophobic guest species; in this sense, carbon dioxide is an exception [3].
Mainly due to its larger size, the capture of CO2 molecules is easier than those of methane. It
can also be explained in terms of the enthalpy of formation, which is equal to −57.98 kJ/mol
for methane hydrates and −54.49 kJ/mol for carbon dioxide hydrates. As a consequence of
it, once CO2 is injected in proximity to natural gas hydrates, the exchange process occurs
spontaneously [14]. Unfortunately, the kinetics of the exchange process is altogether low
and several mechanical and physical hindrances occur during the field tests [15–18].

Since the replacement techniques are far from being competitive and suitable for
industrial-scale applications, several researchers opted to keep, the recovery of methane
and the storage of carbon dioxide, separated [19,20].

The final disposal of CO2 in deep oceans was proposed for the first time in 1997 [21].
Clathrate structures are capable to host large quantities of gas per unit of volume, until
reaching concentrations similar to pressurized vessels [22,23]. The storage of carbon dioxide
in the form of hydrates, in deep oceans, is a kinetically favoured process [24,25]. Moreover,
it would have high safety standards, both for humans and for the environment. It was
proved that, in the presence of appropriate conditions, carbon dioxide would remain in
the liquid phase and its density allows us to prevent any leak from the injection area.
Moreover, due to the solubility of this gas in water, the formation of hydrates is highly
favoured [26,27].

The production of clathrate hydrates is also considered a valid option for energy gas
storage and transportation. Gaseous methane can be trapped at temperatures above 0 ◦C
and, at the same time, at pressures lower than 50 bar [28]. The energy density achievable
under these conditions is comparable with that of liquid methane which, on the contrary,
requires −83 ◦C and at least 50 bar [29,30].

In addition to the production of energy and the storage and transportation of gases,
the unique properties of clathrate hydrates can be advantageously applied in several key
sectors; among them: gas mixture separation, food concentration, cold storage, removal of
contaminants from water and desalination [31–34].
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This latter application was proposed for the first time in 1940, even though twenty
years passed before it started being seriously considered [35,36]. Similar to ice, the crys-
talline structure of hydrate cannot include ions dissolved in water [37]. Therefore, the
production of hydrates in contaminated water allows us to concentrate the hydrates in the
aqueous phase, while fresh water can be obtained from the dissociation of hydrates [38].

The presence of salts reduces the activity of water [39,40], or its capability for hydrogen
bonding with the surrounding molecules of water, due to the competition between the hy-
drogen bond forces and the Coulombic forces between the salts and water molecules [41,42].

As a consequence of it, only the formation of hydrates is inhibited in the presence of
salts, while the dissociation phase remains unvaried [43]. The inhibiting effect changes
as a function of the typology of ions dissolved in water [44] and, in particular, with their
size and charge. Smaller ionic sizes and higher charge numbers enhance the process
inhibition [45,46]. Conversely, ions having the opposite properties show minor effects on
the process and greater quantities of hydrates are produced in their presence. It means that
their removal from water is favoured since the removal efficiency is proportional to the
quantity of water involved in the formation of hydrates.

Ions with relatively large sizes show lower diffusion in water and a consequent lower
action on the process [47]; therefore, their removal is easier [48]. On average, cations
have a larger size than anions; however, anions have a stronger interaction with the water
molecules in the electrolyte solution. Finally, it was proved that the removal efficiency is
similar for anions and cations [47].

The removal of salts from seawater remains the most accredited application of the
hydrate-based desalination techniques. However, this method might be advantageously
applied in further fields, such as agriculture. The continuous growth in the production
of agricultural biomass is becoming an environmental hindrance [49]. During anaerobic
digestion, the absence of oxygen makes nitrification limited and leads to the excessive
concentration of nitrogen, which condensates under the form of ammonia (NH3) or ammo-
nium ion (NH4

+). High concentrations of these species affect the methanogen activity and
reduce the overall production of biogas [50].

The currently most adopted techniques, to keep the concentration of these compounds
under control, are sorption [51], ammonia stripping and struvite concentration [52]. How-
ever, the weight of these phases on the overall process is not negligible from an economic
point of view. Thus, the definition of a less energy-intensive and potentially equally effec-
tive, strategy, is highly recommended and is attracting numerous investments [53]. For
that reason, in the last two decades, several innovative methods, to purify water from
contaminants, have been proposed [54,55].

This research aims to experimentally deepen the effect of carbon dioxide hydrates
formation and dissociation, due to the release of ammonium sulfate in the aqueous phase, at
different initial concentrations. Finally, the composition of water, both involved in hydrate
formation and remained in the liquid phase, was analysed, in order to characterize the
feasibility of exploiting the hydrate formation process to remove NH4

+ from water.

2. Materials and Methods
2.1. Experimental Apparatus

Carbon dioxide hydrates were produced in a lab-scale experimental apparatus, com-
posed of two equal unstirred reactors inserted within a cooling room. The reactors are
entirely made with 316 stainless steel, in order to avoid corrosion and any possible interac-
tion with the process. The internal volume is 1000 cm3 and the shape is cylindrical. The
bottom is sealed with a plate, while the top with a flange, whose tightness is guaranteed
by inserting a spiro-metallic gasket (model DN8U PN 10/40 316-FG C8 OR) between the
two plates.

Dimensions including the internal and external height and diameters of the two reac-
tors, are provided in Figure 1.
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Figure 1. Technical scheme and geometrical details of the two reactors used for the production of
hydrates [56].

The channels used for gas injection/ejection and for the measured devices are posi-
tioned on the flange and at the bottom of the reactors. The perimetral walls are coated with
an integrated coil, which can be used for liquid nitrogen circulation when high and fast
subcooling is required.

The injection of carbon dioxide was carried out from the top; the related channel is
directly connected to a cylinder containing pure CO2, placed within the cooling room (as
the reactors) in order for the flowing gas to have the same temperature as the internal
volume of the reactors. However, it could be easily performed from the bottom, as preferred.
Additionally, the ejection of gases occurs from the top. Figure 2 shows the two reactors and
their connection with CO2 cylinders and measured devices.

Figure 2. Picture of the completely assembled experimental apparatus.
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The internal pressure is measured with a digital manometer, model MAN-SD (by
Kobold), with an accuracy equal to ±0.5% of full scale, while six Type K thermocouples,
having Class Accuracy 1 (by TC Direct), are used for temperature measurements. The
thermocouples were inserted at different depths, for monitoring the whole volume and to
detect the occurrence of gradients (since the formation process is exothermic). The experi-
mental procedure followed in this study avoided the formation of gradients. Therefore, the
temperature used to describe experiments and produce diagrams, shown in the next section,
consists of the mean values of the measurements obtained with all the thermocouples.

The positioning of each sensor is visible in Figure 3, where the depth section for each
thermocouple can be also found.

Figure 3. The positioning of sensors is equal for both reactors [56].

All sensors were connected to a data acquisition system (by National Instrument)
controlled in LabView. Since the apparatus has been used for previous studies, more details
about it can be found elsewhere in the literature [12].

2.2. Materials

The reactors were filled with 0.744 L of silica sand and 0.236 L of demineralised
water/ammonium sulfate mixture ((NH4)2SO4, by J.T. Baker, Phillipsburg, NJ, USA). The
sediment consists of spherical glass beads, having diameters between 250 and 400 µm. The
porosity of the sediment was measured with a Porosimeter, model Thermo Scientific Pascal
140. It is equal to 35% and considers the porosity of single grains and, mainly, the free
space remaining between grains. Such space is of particular importance for the process
since hydrates exploit the superficial roughness of grains as a nucleation site and then grow
within the porous medium.

Figure 4 confirms this latter assumption as it shows the roughness of the grains (above)
and the growth of the CO2 hydrates within the sediment (below).

Finally, ultra-high purity carbon dioxide (purity degree higher than 99.99%) was used
for the experiments.
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Figure 4. Picture above: scanning microscope high-resolution image of a single grain (scale: 200 nm).
Picture below: the porous sediment extracted from the reactor after the formation of CO2 hydrates.
The clathrate structures formed between grains and cemented the whole sediment.

2.3. Experimental Procedure

As explained in the introduction paragraph, this article deals with two different scopes:
the thermodynamic characterization of carbon dioxide hydrates formation and dissociation
in aqueous solutions, containing different concentrations of ammonium sulfate, and the
evaluation of the capability of hydrates to concentrate ions in the liquid phase, with the
same aqueous solutions.
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Hydrates were first formed in pure demineralised water. Then, the same process was
repeated at the following (NH4)2SO4 concentrations:

- 1.9 wt%, corresponding to 0.3 wt% (NH4)2SO4 in the aqueous solution;
- 6.3 wt%, corresponding to 1.0 wt% (NH4)2SO4 in the aqueous solution;
- 9.5 wt%, corresponding to 1.5 wt% (NH4)2SO4 in the aqueous solution.

The porous medium, described in Section 2.2, was used to obtain a more intimate
contact, between the gas and water molecules, not only in correspondence with the water-
liquid interface, but also along the whole reactor. This arrangement allows us to define the
dissociation phase with accuracy and to compare the results achieved with data available
in the literature.

Once the internal volume was filled with sand and the selected mixture, the reactors
were closed and carbon dioxide was fluxed within. The injection phase was performed at
relatively high temperatures (above 15 ◦C), to prevent the formation of hydrates during
the phase. After injection, the reactors were closed and the cooling room was set at 0 ◦C.
The lowering of temperature and the presence of suitable conditions caused the formation
of hydrates. The formation process is exothermic and, in small and confined volumes, its
occurrence often causes a typical temperature peak. Such a peak is widely visible when
the process is carried out at low temperatures. In the present case, the tests started at high
temperatures and then the system was gradually lowered. For that reason, the peak, as soon
described, is less pronounced. However, it can be easily observed in the diagrams related
to hydrates formation in pure demineralized water, where it can be seen as a temporary
reversion of the temperature trend, exclusively related to the formation phase. Moreover,
the formation phase rarely shows the same trend, even if the process is carried out under
the same conditions. The reason can be attributed to several variables, both intrinsic
properties of the process, such as memory effect, formation and growth of initial hydrate
clusters and nuclei, and also to the environmental parameters, such as the presence of
sites feasible for nucleation (their diffusion, physical and geometrical properties), together
with concerns related to heat and mass transfer within the formation environment. The
stabilization of pressure, at the lowest temperature fixed for the system, signed the end of
hydrate formation. The cooling room was then switched off and the increase in temperature
brought the dissociation of hydrates. Differently from the previous phase, the dissociation
of hydrates is more deterministic and, in the presence of the same process conditions, it
always assumes the same trend, since it depends only on heat transfer and not on mass
transfer properties. The test finished as soon as the pressure of the system approached its
initial value. The thermodynamic conditions have been continuously monitored and, for the
production of diagrams, saved every 30 s. The moles of hydrates formed, in correspondence
with each salt concentration tested, were calculated by considering the Equation of State
for gases, where the compressibility factor was calculated according to the Peng-Robinson
Equation, and assuming the molar density of hydrates equal to 0.005986842 mol/m3, as
widely reported in the literature [13].

Four tests were carried out for each aqueous mixture, for a total of sixteen experiments
(including those carried out in pure demineralised water).

For the second purpose of the study, CO2 hydrates were exclusively formed, according
to the procedure previously described. Once the process ended, the reactors were opened
and the hydrate phase separated from the liquid one and positioned in a second cooling
room, set at −40 ◦C, to prevent their dissociation at room pressure. Finally, the samples
of hydrates were dissociated and the resulting liquid water was used for ammonium ion
determination, which was carried out via spectrophotometric analyses (Spectrophotometer
model T70, by EsseCi Group).

The determination of NH4
+ in the samples was made with Nessler’s reagent. The

quantitative determination was possible due to the presence of the iodide and mercury ions
contained in the reagent which, in the presence of alkaline conditions, react with the NH4

+

and produce a reddish-brown complex of Millon’s base iodide, showing an absorption peak
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at 490 nm. The absorbance of ammonium ions was used to calculate their concentration in
the aqueous mixture, by using the calibration curve provided in Figure 5.

Figure 5. Calibration curve obtained with default concentrations of ammonium sulfate.

3. Results and Discussion

This experimental section contains two main subheadings. The first describes the
formation and dissociation of carbon dioxide hydrates in pure demineralised water and in
aqueous mixtures containing different concentrations of ammonium sulfate. The second
subheading deals with the colourimetric analyses of water resulting from the dissociation
of hydrates and allows us to define the feasibility of using hydrates formation as an option
for ions removal from water.

3.1. Formation and Dissociation of CO2 Hydrates in Fresh Water and in Mixtures
Containing (NH4)SO4

This paragraph shows and discusses sixteen experiments dealing with carbon dioxide
hydrates formation and dissociation. Four of them were carried out in pure demineralised
water and the remaining were equally divided for the three concentrations of salts selected.
Table 1 resumes the tests described in this section and, for each of them, provides the
concentration of (NH4)SO4 in the aqueous phase and the corresponding concentration
of NH4

+.

Table 1. Experiments were carried out to study the formation of CO2 hydrates in
H2O + (NH4)SO4 mixtures.

(NH4)SO4 in Water [wt%] Corr. NH4
+ in Water [wt%] Test n◦

0 0

1

2

3

4
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Table 1. Cont.

(NH4)SO4 in Water [wt%] Corr. NH4
+ in Water [wt%] Test n◦

1.9 0.3

5

6

7

8

6.3 1.0

9

10

11

12

9.5 1.5

13

14

15

16

Figure 6 provides a diagram showing the range of final pressures reached in each
group of tests. Since the initial pressure of the system, or the quantity of gas present within
the reactors, was approximately always the same, this diagram allows us to immediately
detect and quantify the inhibiting action due to electrolytes diffusion in the aqueous phase.

Figure 6. Pressures measured in the reactors after completion of carbon dioxide formation and as a
function of salt concentration.

The addition of ammonium sulfate caused a visible increase in the final pressure,
proving that the formation of hydrates was inhibited. The values of pressure used in
Figure 6 are provided in Table 2.
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Table 2. Pressures measured at the end of hydrates formation, shown as a function of ammonium
concentration in the aqueous phase.

Final Pressure Values [bar]

Tests 1–4 Tests 5–8 Tests 9–12 Tests 13–16

0 wt% NH4
+ 0.3 wt% NH4

+ 1.0 wt% NH4
+ 1.5 wt% NH4

+

28.18 32.91 33.62 35.77

29.83 33.17 35.63 35.64

27.9 32.99 33.64 35.64

28.09 32.85 35.22 35.78

The addition of 1.9 wt% (NH4)2SO4 to the system made the final pressure higher
than approximately four bar than the values measured in fresh water. A further increase
was noticed by varying the concentration of salt from 1.9 wt% to 6.3 wt%. According to
it, the maximum values were obtained in the presence of 9.5 wt% (NH4)2SO4, however,
the difference between these two latter groups of values is less pronounced, as visible
in Figure 6. According to the literature, at the lowest temperatures reached during the
experiments, the equilibrium pressure for the carbon dioxide hydrates would range from
12 to 15 bar [57,58]. To quantify the inhibiting action, the results obtained in Tests 5–16 must
not be compared with these latter values, but with the results obtained in Tests 1–4, since
they describe the formation of pure carbon dioxide hydrates in the absence of additives and
also include the whole properties of the system. As will be visible in the following diagrams,
the formation of hydrates did not reach the ideal conditions indicated in the literature,
even in the absence of electrolytes. The difference between the experimental values and
those coming from the literature can be attributed to the size and shape of the reactor, its
geometry, the respective quantities of gas, water and sand inserted within reactors and the
extension of the gas-liquid interface, among others. Therefore, it would be hazardous to
directly compare the values obtained with different apparatuses and conditions, where all
of these mentioned properties could vary.

Since the concentrations of ammonium sulfate, selected for the experiments, were
close to each other, and due to the possible heterogeneous formation of hydrates within
the reactors, the ranges of final pressures obtained in the presence of salts depicted an
almost continuous interval in Figure 6, proving a linear dependency between the salt
concentrations and the inhibiting effect. Conversely, the data obtained in fresh water
did not follow that trend. Therefore, to define the dependency of inhibition from the
concentration, in the range of 0–0.3 wt% NH4

+, further experiments are necessary.
The process inhibition was quantified by calculating the moles of hydrates obtained in

each test. Comparing these values, it was possible to define the lowering in production,
expressed as a percentage and indicated in Table 3.

Table 3. Moles of CO2 hydrates formed, shown as a function of ammonium concentration in the
aqueous phase.

Moles of Hydrates Formed [mol]

Tests 1–4 Tests 5–8 Tests 9–12 Tests 13–16

0 wt% NH4
+ 0.3 wt% NH4

+ 1.0 wt% NH4
+ 1.5 wt% NH4

+

0.237 0.198 0.101 0.175

0.204 0.108 0.183 0.092

0.256 0.140 0.184 0.177

0.228 0.108 0.110 0.132
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Following the data shown in Table 2, the main difference, in terms of moles of hydrate
produced, can be referred to as the presence or the absence of an additive. With fresh
water, the number of hydrates formed varied from 0.204 to 0.256 moles, while the addition
of 1.9 wt% (NH4)2SO4 to the system dropped this value to 0.108–0.198 moles. With the
increasing of additives in the mixture, the moles of hydrate formed lowered, but the
overall difference, between the three groups of tests carried out in the presence of salt,
was not particularly pronounced. The reduction in hydrates formed can be expressed as a
percentage by using the following equation:

%red =
hyd0wt% − hydxwt%

hyd0wt%
× 100 [%] (1)

The equation consists of the difference between the number of hydrates formed in fresh
water (hyd0wt%) and the ones formed in the presence of “x” wt% (NH4)2SO4 (hydxwt%),
divided by the first quantity mentioned. The following results were reached:

- Reduction in the presence of 1.9 wt% (NH4)2SO4: from 14.29 to 53.25%;
- Reduction in the presence of 6.3 wt% (NH4)2SO4: from 20.34 to 56.28%;
- Reduction in the presence of 9.5 wt% (NH4)2SO4: from 23.38 to 60.17%.

The thermodynamic evolution of the tests further highlighted the role of ammonium
sulfate. The following diagrams describe each experiment on a pressure-temperature
diagram. Each figure shows one group of tests. Figure 7 describes the process carried out
in fresh water, while Figures 8–10 refer to the tests made in the electrolyte solutions, in
ascending order of (NH4)2SO4 concentration.

Figure 7. Cont.
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Figure 7. Cont.
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Figure 7. CO2 hydrates formation (in black) and dissociation (in dark grey) in pure demineralised
water, compared with the phase boundary equilibrium for this species, defined with experimental
data collected from the literature [59–62].

In these diagrams, two different types of inhibition are visible. The first occurred
during the formation of hydrates and is due to the action of salts. The second appeared
during the dissociation of hydrates and mainly depended on the porous medium and its
properties. Ions dissolved in water almost exclusively affected the formation phase since
they reduce the availability of water molecules to form clathrate structures. Conversely,
ions cannot participate in the dissociation phase, which is theoretically only a function of
pressure, temperature and the properties of the crystalline lattice. Conversely, the porous
medium favours the production of hydrates along the whole internal volume and not
exclusively in correspondence with the gas-liquid interface. However, it could also cause
changes in the conditions required for hydrate dissociation. Properties of the sediment,
such as porosity, thermal conductivity and permeability, often play a relevant role during
dissociation and are responsible for systematic variations in the thermodynamic conditions
required [63]. That explains why the dissociation curve always appeared above the phase
equilibrium. In the case of the exclusive action of electrolytes, these two curves should
have appeared completely overlapped.

The initial treatment of hydrate dissociation always showed a temporary independence
between pressure and temperature. The increase of this latter parameter, provoked by
the external to carry out the dissociation phase, was not accompanied by any increase in
pressure. Conversely, a further reduction of it was observed during this phase. This atypical
behaviour does not represent a further kind of inhibition, it is a function of the apparatus,
with its geometry, the quantities of water, sand and gas present within the reactor and also
depends on the applied experimental procedure. According to the diagrams of Figure 7, at
the lowest temperatures reached during experiments, the corresponding pressures should
have been significantly lower. When the phase equilibrium is reached, a little increase in
temperature leads to a consequent dissociation of the water structures and to the following
increase in temperature. In these tests, the pressure initially remains constant even when the
temperature increase was relevant. It means that, at the conditions fixed for the experiments,
the system was not capable to reach the equilibrium. Furthermore, time played a role in
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this context. The further and slight drop in pressure during the initial temperature increase
denoted that the formation phase was not completely ended and, with time, the internal
pressure would drop further.

Figure 8 shows the evolution of the tests carried out with the addition of 1.9 wt%
(NH4)2SO4 to the aqueous phase, corresponding to 0.3 wt% NH4

+.

Figure 8. Cont.
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Figure 8. CO2 hydrates formation (in black) and dissociation (in dark grey) in an aqueous mixture
containing 1.9 wt% (NH4)2SO4 to the aqueous phase, corresponding to 0.3 wt% NH4

+.

In these diagrams, the inhibiting effect of ammonium sulfate, previously confirmed
with the values expressed in Tables 2 and 3, clearly shows that the formation curves are
strongly “flattened” and are far from the ideal trend. For that reason, the phase equilibrium
curve for pure CO2 hydrates was not inserted in these diagrams, since the direct comparison
would not have been meaningful.
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Similarly to the previous group of experiments, the dissociation phase can be divided
into two steps. The first treatment is horizontal, the increase in temperature was not
accompanied by any relevant variation in pressure. Conversely, the second step deals with
the effective dissociation of hydrates and the P–T diagram approached the theoretical trend
until the pressure reached its initial value.

The overall dissociation trend is similar in both groups of tests, however, some differ-
ences occurred, especially during the first portion of such a phase. In the presence of pure
demineralised water, when the temperature started increasing, the pressure approximately
remained constant and exclusively showed a slight further decrease. Conversely, in the
presence of 1.9 wt% ammonium sulfate, the opposite trend was noted with the pressure
slightly increasing. Such a difference further denotes the inhibiting role of ammonium
sulfate in the process. In Tests 1–4, at the end of the formation phase, the system was still
far from the phase boundary equilibrium (widely within the hydrate stability zone) and,
with time, it would have reached lower pressures. As a consequence of it, during the initial
portion of the dissociation phase, the excess of time prevailed on the temperature increase
and led to further production of hydrates within the reactors.

In the second group of tests, the configuration achieved at the end of the hydrates
formation was closer to the phase boundary equilibrium (in the presence of electrolytes
and at the same temperature, the corresponding equilibrium pressure is clearly higher than
that related to the formation in fresh water). Therefore, the increase in temperature was
the main driving force of this phase and the pressure consequently increased, denoting a
slight dissociation of hydrates (with the only exception being Test 5, which showed a P–T
evolution similar to those of Tests 1–4 during the whole dissociation phase).

Finally, Figures 9 and 10 respectively describe the tests carried out in aqueous mixtures
containing 6.3 and 9.5 wt% (NH4)2SO4, respectively.

Figure 9. Cont.
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Figure 9. Cont.
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Figure 9. CO2 hydrates formation (in black) and dissociation (in dark grey) in the aqueous mixture
containing 6.3 wt% (NH4)2SO4 to the aqueous phase, corresponding to 1.0 wt% NH4

+.

Figure 10. Cont.
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Figure 10. Cont.
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Figure 10. CO2 hydrates formation (in black) and dissociation (in dark grey) in the aqueous mixture
containing 9.5 wt% (NH4)2SO4 to the aqueous phase, corresponding to 1.5 wt% NH4

+.

As expected, the further addition of ammonium sulfate to the aqueous phase led to a
less pronounced formation of hydrates. In all the tests, the formation and dissociation curve
results almost completely overlapped, proving that the P–T trend was mainly defined by
the equation of state for gases, while the hydrate formation process played a secondary role.

The dissociation curve lost the character traits shown in Tests 1–8. The initial indepen-
dency of pressure from temperature disappeared, the higher quantity of salts changed the
equilibrium conditions for the system and, at the end of the formation phase, the system
reached the limits of the stability zone for hydrates, thus, a little increase of temperature
caused the partial dissociation of hydrates and the pressure consequently grew. Addi-
tionally, the remaining part of the experiments was different. For the reasons previously
asserted, the dissociation of hydrates did not follow the theoretical model.

In the absence of salts in the aqueous phase (or in the presence of only a few concentra-
tions of it), the dissociation curve always remained below the formation one. This condition
is typical and is widely documented in the literature [3]. The reason can be attributed to
the stochastic nature of hydrates formation, which depends on intrinsic properties, mainly
related to the nucleation phase and the growth of first labile clusters in the bulk phase,
and to macroscopic variables, such as the heterogeneous distribution of guest molecules in
the liquid phase, the presence of gradients in temperature and others [63]. Conversely, at
relatively high concentrations of ammonium sulfate, especially at 6.3 wt%, the dissociation
phase often occurred at more severe thermodynamic conditions (higher pressures and/or
lower temperatures) than the associated formation and the order of the two corresponding
curves appeared reversed in the diagrams of Figure 9.

The experiments carried out and shown in this study are not thought to describe this
phenomenon, which is worthy of investigation and will be deepened in future studies. The
next paragraph discusses the possibility of exploiting the hydrate formation process as a
preliminary step for ammonium sulfate removal from water.
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3.2. Determination of (NH4)SO4 Content in Hydrate Phase, via Spectrophotometric Analyses

In this paragraph, the possibility of exploiting the hydrate formation process as a
preliminary and high-efficiency step for ammonium sulfate removal from wastewater
was studied and discussed. Six further experiments were carried out, and the carbon
dioxide hydrates were formed in the presence of 9.5 wt% of salt, corresponding to the
1.5 wt% ammonium. Once formed, the hydrate phase was removed and dissociated. The
obtained liquid phase was destined for spectrophotometric analysis to detect the quantity
of ammonium present in it. Among the three different concentrations studied in this work,
only the highest one was taken into account for this latter purpose. In order to be an
effective solution for water purification, the formation of CO2 hydrates must show two
main properties: high selectivity and abundant production of hydrates. The experiments
described in this study showed that, even if the increase in salt concentration drastically
changed the P–T evolution, the production of hydrates only slightly decreased. As visible
in Table 3, the main reduction was observed between Tests 1–4, made of pure demineralised
water, and Tests 5–8, carried out in the presence of 1.9 wt % (NH4)2SO4. Conversely, the
difference, in terms of moles of hydrates produced, between the groups of tests made in
the presence of additives, was not particularly relevant (respectively, 0.108–0.198 moles in
Tests 5–8 against 0.092–0.177 moles in Tests 13–16).

Figure 11 shows some pictures of hydrate samples extracted from the two reactors.

Figure 11. Pictures of hydrate samples extracted from the reactors.

The formation of hydrates cemented the sediment. However, the formation was het-
erogeneous. Figure 11 shows some samples denoting the coexistence of regions completely
overrun by the formation of hydrates and adjacent areas, where the formation was weak
and, without specific analyses, can be visibly proved only for the compactness of silica
sand grains, which was achieved also at temperatures higher than 0 ◦C (therefore, it was
not due to the formation of common ice).

Table 4 shows, for each test, the quantity of water involved in the formation of hydrates
and its NH4

+ content.

Table 4. Water involved in hydrate formation and its corresponding concentration of ammonium
(initial concentration in the aqueous phase prior to hydrate formation equal to 1.5 wt%).

Test Water into Hydrates [mol] NH4
+ in Water [wt%]

A 0.624 0.428

B 0.786 0.407

C 0.588 0.400

D 0.702 0.449

E 0.834 0.380

F 0.732 0.428
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In the table, the quantity of water was calculated by multiplying the moles of hydrates
formed, calculated according to Equation 1, for the hydration number. Considering the
typology of the guests selected for the tests, the corresponding hydrate structure is the
cubic sI, whose hydration number (which indicates the moles of water involved in the
hydrate lattice for each molecule of guests capture) can vary between 5.75 and 19, and is,
on average, equal to 6 [3]. Therefore, the moles of hydrates formed were not indicated,
however, by dividing the values in the first column, times the hydration number, it can be
easily observed that the results achieved perfectly agree with the values shown in Table 3.
The results proved the feasibility of forming hydrates to remove (NH4)2SO4 from water.
The initial concentration of ammonium passed from 1.5 to 0.38–0.449 wt%. However,
similar to ice, the crystalline structure of hydrate should not involve ions and, by itself,
cannot justify the concentrations reported in Table 4. The reason can be attributed to
several factors. Firstly, the heterogeneous growth of hydrate crystals, which is highlighted
in Figure 12.

Figure 12. Particulate of CO2 hydrate extracted from the reactors; the growth of crystals caused
the formation of numerous macro cavities, where the high NH4

+ concentration-liquid phase was
physically captured.

The hydrate framework extracted from the reactors contained numerous macroscopic
cavities, where the liquid phase contained a concentration of ammonium equal to or higher
than the initial value of 1.5 wt%. The following dissociation of hydrate samples caused the
mixing of water involved in the process with the aqueous phase contained in those cavities.
Moreover, since the formation process was carried out at temperatures equal to and/or
higher than 0 ◦C, the samples of hydrates were found immersed in the liquid phase. Thus,
the hydrate samples were wet and further traces of the electrolyte solution were taken
with them.

In the conclusion of this section, it clearly emerges that the hydrate formation process
can be advantageously exploited as a technique for ammonium sulfate removal from water.
However, such a process can reach maximum efficiency only when carried out continuously.
The realization of this latter solution would require larger-scale apparatuses and is out of
the scope of the present study. Conversely, batch processes, such as the one described in
this manuscript, can be considered a desirable preliminary step, capable to purify, on one
side, part of the contaminated water and, on the other side, thickening the electrolytes in
the remaining liquid phase, thus allowing it to reach higher removal efficiencies for the
next treatments.
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4. Conclusions

The presence of electrolytes in the aqueous phase lowers the capability of water
molecules to form hydrogen bonds with the surrounding molecules, thus reducing the
production of hydrates. This phenomenon shows different intensities as a function of the
size and charge of the involved ions. During formation, the electrolytes are not involved
in the crystalline lattice. Therefore, the formation of hydrates in the contaminated water
allows us to recover fresh water (from the following dissociation of crystals) and concentrate
ions in the remained liquid phase, thus improving the efficiency of the next treatments.

This study deals with the formation of carbon dioxide hydrates in the aqueous phases
containing ammonium sulfate at different concentrations, respectively equal to 1.9, 6.3
and 9.5 wt%. The results were then compared with those obtained during tests, carried
out with the same procedure and the same guests, but in the absence of additives. Am-
monium sulfate inhibited the process and the number of hydrates produced passed from
0.204–0.256 mol, obtained in fresh water, to 0.108–0.198 mol in the presence of 1.9 wt%
(NH4)2SO4 and to 0.092–0.177 mol at the highest concentration studied. The electrolyte
solution strongly inhibited the process and the inhibiting effect was found to increase with
the initial concentration, but with low intensity. Conversely, the pressure—temperature
evolution of the tests changed drastically with the concentration and, in the presence of
6.5 wt%, the experimental trend completely deviated from the ideal one, both during the
formation and dissociation phases.

The feasibility of using hydrate for ammonium removal from wastewater was fi-
nally studied and validated. Further samples of CO2 hydrates were produced at initial
(NH4)2SO4 concentrations equal to 9.5 wt%, corresponding to 1.5 wt% NH4

+. The samples
were then analysed via spectrophotometric analyses. The NH4

+ concentration passed from
the initial 1.5 wt% to 0.38–0.449 wt%. Therefore, it can be concluded that the production of
CO2 hydrates in aqueous mixtures containing ammonium sulfate, even if carried out in
batch conditions, can be considered a high-efficiency intermediate strategy for ions removal
from water, due to the low energy requirements and the removal efficiency proved in
this research.
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