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A hydrate-based zero liquid discharge method for
high-concentration organic wastewater: resource

recovery and water reclamation

Lingjie Sun', Hongsheng Dong?, Yi Lu', Lunxiang Zhang ®'3%, Lei Yang

'3, Jiafei Zhao'*™ and Yongchen Song'?

High-concentration organic wastewater has become a great challenge for wastewater treatment due to its toxicity and non-
biodegradability. Traditional water treatment methods focus on removing or destroying organic pollutants rather than considering
the high-concentration organic wastewater as a resource. As an ambitious sustainability goal, resource recovery from wastewater to
achieve zero liquid discharge (ZLD) has attracted widespread attention. Here, a hydrate-based method is proposed to treat textile
wastewater to facilitate the reuse of dyes and enhance water reclamation. The mechanism of interaction between hydrate and
organic pollutants was invested. The results show that organic pollutants are rejected from the growing hydrate lattice and
concentrated in the residual solution. This method can achieve a max removal efficiency of 93.6% and a water production rate of
80%. In the range of 0-2000 mg/L, the concentration of organic pollutants does not affect the removal effect and water production
rate. The concentrated dye can be reused again. The proposed method exhibits potential for recovering resource and clean water

from wastewater while achieving ZLD.
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INTRODUCTION

Wastewater discharged from textile or chemical industries is
conventionally characterized by a high concentration of organic
pollutants. High-concentration organic wastewater tends to be
toxic, carcinogenic, and non-biodegradable. It is hazardous and
harmful to the environment and humans'—. Thus, advanced
treatment of these high-concentration organic wastewater to
achieve water reuse and regeneration will significantly promote
sustainable water management*>,

The textile industry is one of the primary creators of high-
concentration organic wastewater due to its special dyeing
operation. Conventional dyeing involves the chemical and
physical adsorption of organic dyes on fibers, and these
interactions are often weak. Hence, significant dye and water
are utilized in the dyeing process®. The production of a ton of
dyed textiles is estimated to consume more than 200 m® of clean
water, generating enormous textile wastewater’%. Unfortunately,
these low-molecular-weight dyes are easily dissolved and
dispersed in water, and separating them from water is very
difficult. Therefore, a large amount of unused dye is present in the
wastewater®®, Coloring agents in particular are present at high
concentrations; these can severely pollute the environment and
threaten human health because of their associated toxicity and
carcinogenic properties®'°. Thus, it is essential to recycle water
and dye resources to reduce environmental pollution. Over the
past decades, multiple biological, chemical, and physical meth-
ods'’""7 (e.g., treatment using microorganisms, oxidation, adsorp-
tion, and photocatalysis) have been proposed to treat textile
wastewater. Nonetheless, because of the high concentrations and
non-biodegradable characteristics of some components in textile
wastewater, the treatment to remove these toxic pollutants from
textile wastewater is often inadequate'®°,

In general, textile wastewater has been considered as a waste
rather than a resource for reusing dyes and water reclamation®®2!
According to estimates, ~700,000 tons of synthetic dyes are
produced annually, but more than 20% of dyes are lost through
wastewaters from textile dyeing and finishing because of the low
efficiency of the process??23, The recovery of dyes and water from
textile wastewater can realize the zero liquid discharge strategy
(ZLD) and significantly reduce costs in the dyeing industry and
environmental pollution’®?%25, However, existing treatment
methods focus on the removal or destruction of dyes, which
limits their recovery?®27,

In recent years, membrane technologies and evaporation have
been used in wastewater treatment to achieve the near-ZLD of
water reclamation and resource recovery?®?°. Some researchers
reported an integrated membrane and thermal-based system for
wastewater treatment with near-ZLD and realized the reuse of
high-salinity water®®. Zeng et al. proposed new nanofiltration
membranes by adding glycerol as an environmentally friendly co-
solvent to enhance the permeability of membranes3'32, In spite of
these advantages, membranes are inherently sensitive to mem-
brane fouling and scaling, and the accumulating contaminants
during wastewater treatment would lead to higher operating
pressure, poorer water quality and shorter membrane life. The
expensive material cost also limits the large-scale application of
membrane technology33. Hence, new methods for recovering
dyes and water resources from textile wastewater are still urgently
needed.

Clathrate hydrates represent ice-like, non-stoichiometric crystal-
line solid compounds formed through the encapsulation of guest
molecules (such as CH,;, CO,, CCI,FCH;3) in a cage-like skeleton of
hydrogen-bonded water molecules, under high pressure or low
temperature conditions>*3°, Natural gas hydrates are wildly found
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Hydrate as a wastewater treatment material. a Schematic diagram of the wastewater treatment process, where liquid water

molecules were converted into solid hydrates. And the pure solid hydrate after solid-liquid separation can be decomposed to produce fresh
water. b Performance of the treatment via hydrate method. The front panel represents a high removal efficiency and water production rate.
The right panel depicts a high-concentration treatment capacity. ¢ Schematic diagram of the system used for experiments.

in continental margins and beneath permafrost regions*¢3’; one
volume of hydrate can disassociate into 164 volumes of methane
at standard temperature and pressure3®. Thus, they are also
considered an enormous potential energy resource. During the
hydrate formation process, guest molecules with specific size can
be enclathrated in a cage-like skeleton, converting liquid water
into solid hydrates. Reversibly, the pure solid hydrate can be
decomposed into pure water and guest molecules again via
heating or depressurization3®3°, Due to the unique feature of
hydrate, the hydrate-based technologies have attracted much
attention and become a hot topic in recent years in desalination*°,
gas storage?', cold storage?’, gas separation, and even CO,
capture for net-zero emissions®*.

The schematic diagram of the wastewater treatment process is
shown in Fig. 1. The unique structure and chemical properties of
hydrates make hydrates have the potential to achieve ZLD in
wastewater treatment. Compared with thermal evaporation and
membrane distillation, the latent heat of CCI,FCH; (R141b)
hydrates is 344 ki/kg which is smaller than that of water
(2444 kJ/kg)**~*®, so the energy consumption of hydrate formation
is lower than thermal evaporation and membrane distillation. On
the other hand, the membrane synthesis process is complex, while
the wastewater treatment using the hydrate method is simple and
maneuverable. Membrane distillation processes also need further
development with emphasis on energy efficiency, lower tempera-
ture and concentration polarizations*’*8, However, few studies
focus on the behavior of hydrate formation in organic solution
because of the high concentrations and complexity of such
components emanating. Furthermore, the interaction between
organic contaminants and hydrate cages is unclear, which limits
the application of the hydrate wastewater treatment technology.
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In the present study, a hydrate-based method for the recovery
of dyes and water from textile wastewater was proposed. This
study provides an avenue to recycle raw materials and realize ZLD.
It could be regarded as an environmentally friendly approach for
treating textile wastewater. The mechanism and characteristics of
the exclusion during hydrate formation in dye-containing waste-
water were simulated to further understand the interaction
between organic dye molecules and hydrate cages. The effects
of the concentration of the dye and the hydrate formation time on
wastewater treatment were also studied. The hydrate technology
is promising for the treatment of dye-containing wastewater and
purification in other industries, such as the food and pharmaceu-
tical industries.

RESULTS AND DISCUSSION
Exclusion mechanism during the hydrate formation process
During the hydrate formation process, water molecules form cage
skeletons through hydrogen bonds in which guest molecules
become trapped. The other solutes are rejected from the growing
hydrate lattice and concentrated in the residual solution. This
process is termed hydrate exclusion effect. Although previous
studies indicated that inorganic molecules (such as Na +, Cl—) are
excluded from the lattice during the hydrate formation pro-
cess?®>1, it is still not clear whether some organic molecules such
as methylene blue (MB) could be excluded from the cages of the
growing hydrate crystals. The exclusion mechanism during the
formation process remains controversial.

To understand the mechanism and characteristics of hydrate
formation in a solution containing MB, molecular dynamics
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lllustration of the exclusion effect during the hydrate formation process in dye-containing wastewater. a—c depict the hydrate

formation process. a Initial stage of the simulation: MB molecules are dispersed in the solution. b Nucleation occurred and solid hydrate was
formed; the MB molecules were excluded from the hydrate cage skeletons. ¢ More water molecules turned into solid hydrate and more MB
molecules were gradually enriched in the solution. d Variation in the MB concentration in the solution during the simulation process of
hydrate formation. e Schematic diagram of MB diffusion into the solution from the hydrate formation boundary layer due to the exclusion

effect during hydrate formation.

simulations were performed. As shown in Fig. 2a-c, during the
hydrate formation process, the cage structures were continuously
formed, and the guest molecules are encapsulated in the cage
structures. On the contrary, MB molecules were rejected from the
growing hydrate lattice, and this caused enrichment of MB in the
residual solution. In Fig. 2d, the increase in the MB concentration
in the residual solution also confirmed the existence of the
hydrate exclusion effect. The accumulation of massive MB
molecules excluded from hydrate cage skeletons leads to an
increase in the MB concentration at the hydrate boundary layer.
Thereafter, the high concentration of MB at the hydrate boundary
layer gradually diffuses into the solution and forms a concentra-
tion gradient (Fig. 2e)°2. These results imply that the hydrate
obtained after the separation contained just water and guest
molecules. Thus, clean water production is possible after the
dissociation, and this highlights the feasibility of regenerating
dyes and water for resource reclamation from textile wastewater
using the hydrate method.

The Raman spectra of MB in dw, R141b, the hydrate formed in
dw, and the hydrate formed in the MB aqueous solution (aq) are
displayed in Fig. 3. Regarding the MB aqueous solution, peaks are
observed at 450.12, 502.10, 1400.96, and 1625.98 cm~', and the
largest peak is assigned to stretching vibrations of the C-C band.
Relatedly, the peaks at 450.12 and 502.10cm~" are associated
with the bending of the C-N-C skeleton, whereas the peak at
1400.96 cm~" is attributed to the (C-H) in-plane ring deforma-
tion>>>*. The pure liquid R141b has a prominent peak at
589.19 cm~" and the peak was also found in the hydrate formed
in dw and the MB solution. Nevertheless, these MB vibration peaks
are missing in the spectrum of the hydrate formed in the MB
solution. These results demonstrate that molecules of the MB were
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excluded from the structure of the hydrate during its formation.
This could be explained that the size of MB molecules was
1.38nm, which was larger than that of hydrate cages
(0.39-0.57 nm)3%>>, In addition, the crystal structures of hydrate
formed in dw and MB solution were also analyzed. According to
previous studies, the R141b forms the sll hydrate. Typical PXRD
patterns of the sll hydrate and ice Ih® are depicted in red and blue
in Fig. 3c. The PXRD results show that hydrates formed in dw and
MB solution are cubic sl hydrate with the space group Fd3m. The
peak attributed to ice also displays its maximum intensities in the
two samples. The intensity of the ice peak corresponded to the
amount of residual water after the centrifugation. These PXRD
results demonstrate that the structure of the R141b hydrate was
unaffected by the MB molecules.

Effects of hydrate formation characteristics on wastewater
treatment

According to the chemical reaction equation of ref. 5, the
volumetric ratio of water to R141b needed to completely convert
the water molecules into hydrate is 3.5. As the amount of R141b
increases, the centrifugal removal efficiency decreases, whereas
the water production rate decreases as the amount of R141b
declines. Thus, in the present study®?, the optimum volumetric
ratio of water to R141b was found to be 4. As the formation time
increased, the hydrate morphology changed from a suspension to
a slurry, and then to a block. After a formation duration of
approximately 11 h, the hydrate retained a block morphology, and
the strength of the hydrate block increased as time increased. The
images of hydrate morphology at different times could be found
in Supplementary Fig. 1.
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Fig. 3 Raman spectra of the MB aqueous solution, liquid R141b, and hydrates. a Raman spectra of an MB aqueous solution with a
concentration of 2000 mg/L. The main characteristic Raman peaks of MB are at 1625.98 cm~', 1400.96 cm ', 502.10cm~", and 450.12cm".
The characteristic Raman peak of liquid R141b is at 589.19 cm~'. The characteristic peak of R141b in hydrate formed in deionized water and
MB aqueous solution both are at 596.92 cm~'. b Pure R141b hydrate and the LinKkam cold stage for Raman analysis. ¢ The PXRD patterns of

R141b hydrate formed in deionized water and MB aqueous solution.

After hydrate formation, a solid-liquid separation was con-
ducted via a vacuum filtration or centrifugation. The dye removal
efficiencies, water production rates, and enrichment factors
associated with different hydrate formation times are displayed
in Fig. 4. The removal efficiency related to centrifugation was
stable at ~90%, and this indicates that the formation time
minimally affected the efficiency. Nevertheless, regarding vacuum
filtration, the removal efficiency decreased from 51.1 to 31.7% as
the hydrate formation time increased. Owing to the increased
strength of the hydrate block as the formation time increased,
small amounts of the residual liquid were trapped and isolated
between particles of the hydrate. Thus, the separation of the
residual liquid from the hydrate through vacuum filtration was
difficult. The release of these residual liquid pockets after the
decomposition of the hydrate explains the lower efficiency of the
vacuum filtration®%°8,

As the hydrate formation time increases, the conversion of
water to hydrate increases. The water production rate changed
from 48.5% to 78.1% as the formation time increased from 3 to
24 h. Relatedly, dye molecules were further concentrated in the
residual liquid, and thus the enrichment factor increased from 1.34
to 1.78. Although the water production rate and enrichment factor
were elevated as the formation time increased, the difficulty
involved in the hydrate-residual liquid separation was also
enhanced. Consequently, to improve the removal efficiency,
effective separation of the hydrate from the residual liquid is vital.

Controlling factors and optimization of the wastewater
treatment procedure

Despite the high efficiency of the hydrate-residual liquid separa-
tion linked to the centrifugation, the energy consumption is
considerably high®®. To understand the factors controlling the
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separation and to optimize the treatment procedure accordingly,
hydrate particles formed at different times were analyzed, and the
results are shown in Fig. 5. As the formation time increased from 1
to 10h, the hydrate particles remained between 5.8-7.7 um
(Fig. 5e, f), but the amount of hydrate increased from 20.5g to
3644.

As displayed in Fig. 5a-d, the removal efficiency linked to
centrifugation was stable at ~90%, whereas that related to the
vacuum filtration decreased from 62.6% to 19.2% as the amount
of hydrate increased. Meanwhile, both the water production rate
and the enrichment factor increased. These results demonstrate
that the residual pockets of liquid were linked to the increased
amount of hydrate instead of the size of the hydrate particles.
Therefore, controlling the amount of hydrate is crucial for the
enhancement of the removal efficiency and optimization of the
treatment procedure. According to experimental data, a formation
time varying between 6 and 8h is optimal because the slurry
hydrate is easier to filter. Thus, a higher removal efficiency can be
obtained through centrifugation. If the formation time exceeds
10 h, the morphology of the hydrate is a block. Evidently, the
formation time minimally affected the water production rate and
the enrichment factor, but it negatively impacted the removal
efficiency and energy consumption.

Suitability of the hydrate method for varying initial
concentrations of MB

Figure 6 shows the impact of the initial concentration of MB on
the characteristics of its removal. As the concentration of MB
increased from 101.9 to 982.6 mg/L, the removal efficiency via
centrifugation remained between 924 and 96.2%. Conversely,
the concentration of MB in the liquid pockets trapped in the
hydrate and the amount of MB adsorbed on the surface of the
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Fig. 4 The effect of the hydrate formation time on wastewater treatment. a Removal efficiency via centrifugation, b enrichment factor,
c removal efficiency through vacuum filtration, and d water production rate. Conditions: initial concentration of MB = 101.9 mg/L. Each
experiment was repeated three times (n = 3). Error bar represents standard deviation.

hydrate increased as the initial concentration of MB increased.
Consequently, the removal efficiency through vacuum filtration
decreased, whereas the water production rate and the enrichment
factor remained stable at ~80% and 1.7, respectively. Compared
with that seen using traditional methods, the hydrate method is
unaffected by the concentration of the dye, and it exhibits
extensive adaptability. The dissociation water could be recovered
and reused. Following several cycles of hydrate formation and
decomposition, even pure water could be obtained. The highest
enrichment factor is 2.17 in Fig. 6b. It meant that although the
initial concentration in wastewater is 398.2 mg/L, the concentra-
tion in concentrated solution could reach 864.1 mg/L. Thus, it is
easier to recover dyes further from concentrated solution by
adsorption, nanofiltration or other methods®".

Therefore, we proposed a hydrate-based ZLD strategy for
industrial wastewater treatment as illustrated in Fig. 7. First, the
wastewater from the dyeing factory and R141b are transported
into the hydrate formation system. The temperature in the
hydrate formation system maintains below 281.55K>2 to promote
hydrate formation at atmospheric pressure. Then, water molecules
and R141b molecules are converted into solid hydrate. After
hydrate formation, filtration is conducted to separate the solid
hydrate and residual liquid. After that, solid hydrate is placed in a
centrifuge to further remove interstitial water. Finally, pure
hydrate is dissociated into water and R141b in the dissociation
system. Then, the treated water could be obtained and recycled
again. The R141b can also be reused. The residual concentrated
solution is rich in the dye, so it is easier to further recover dyes
from the concentrated solution by adsorption, nanofiltration or
other methods to reduce dye consumption%®', It is estimated
that more than 140,000 dyes are lost through wastewater from
textile dyeing and finishing?>?3. The hydrate method has the
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potential as an alternative to conventional textile wastewater
treatment to realize resource recovery and water reclamation.

To further evaluate the economic cost of a hydrate-based
wastewater treatment system, we conducted thermodynamic
calculations to obtain the energy consumption and analysis the
operation costs. The economic cost of a hydrate-based wastewater
treatment system was compared with other method wastewater
treatment methods in Table 1.

Conventional water production costs from wastewater recovery
and reuse typically lie in the range between 0.20 and 1.26 $/t527%,
depending on which level the treatment is initiated and the
treatment level required for its reuse®. For membrane-based
processes for wastewater recovery such as reverse osmosis or
membrane distillation system, the quality of treated water is higher
than that of conventional wastewater methods. Still, the cost is also
higher than conventional wastewater and the membrane fouling
and scaling remain challenges®>%6, In this manuscript, the hydrate
method is unaffected by the concentration of the dye, and it
exhibits extensive adaptability. The cost of the hydrate method is
2.28 $/t, which is lower than that of thermal evaporation and
membrane distillation. The results demonstrated that the hydrate
method showed a high potential in industrial application.

In summary, we report a hydrate-based ZLD method for the
treatment of textile wastewater for the recovery of dyes and reuse
of water>2, Different from the conventional methods that involve
destroying dyes to realize wastewater purification, the hydrate-
based method directly extracts water molecules from wastewater.
In the process of hydrate formation, water molecules form cage
skeletons through hydrogen bonds; only hydrate-forming mole-
cules can be trapped in the cage skeletons. The contaminant can
thus be excluded from the growing hydrate lattice and enriched in
the residual solution. Pure water could be obtained by dissociation
of the solid hydrate. The dye contaminants enriched in the
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residual solution can also be reused by simple green routes. More
remarkably, hydrate can also form at high dye concentrations in
wastewater, a unique feature in comparison to the capabilities of
other traditional methods. The outcomes of this study demon-
strate the strong potential for water reclamation and resource
recovery in wastewater treatment as well as desalination, food,
and medical dehydration purification applications.

npj Clean Water (2023) 49

METHODS
Experimental materials and apparatus

The methylene blue utilized was purchased from J & K
Scientific, Beijing, P.R.C. The hydrochlorofluorocarbon (R141b)
was acquired from Juhua Group Corporation, Zhejiang Pro-
vince, P.R.C, whereas deionized water (dw) was obtained from a
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Fig. 7 Industrial flowsheet using hydrate-based technology for resource recovery and water reclamation from wastewater. Clathrate
hydrate-based dye-containing wastewater treatment which is characterized by zero liquid discharge.

Table 1. The cost comparison of different wastewater treatment

methods.

Technology Operating and maintenance costs Reference
($/m3)

Activated sludge 0.2-1.26 62-64

Membrane bioreactor ~ 0.48-2.29 63.67,68

Seawater reverse 2-4.5 69

0smosis

Membrane distillation  10-16 70

Propane hydrate 2.76-4.23 7

This work 2.28 -

water purification system in the lab. A hydrate reactor with an
internal volume of 200 mL was used to form hydrate. The
temperature of the reactor was controlled using a water bath
(F38-EH, JULABO Inc., Germany).

Hydrate formation and separation procedure

Before the experiment, 40 g of simulated wastewater and 13.3 g of
R141b were added to the reactor. Then the reactor was put into
the water bath. The temperature of the water bath was
maintained at 275.15K. Then, the temperature of the reactor
was decreased to 275.15 K to form hydrate. A magnetic stirrer was
used to promote the nucleation of hydrate.

Following the completion of the hydrate formation, vacuum
filtration was conducted to separate the solid hydrate and residual
liquid. Then, solid hydrate was placed in a centrifuge and
centrifuged at 3000 rpm for 3 min to further remove interstitial
water. After separation, the hydrate was transferred to a
decomposer, where the hydrate decomposed into water and
R141b at 293 K and atmospheric pressure. Then the R141b could
be separated from the R141b-water mixture based on its
immiscibility with water. Finally, the R141b was collected and
reused. The residual solution obtained through vacuum filtration

Published in partnership with King Fahd University of Petroleum & Minerals

or centrifugation also contained reconcentrated dye, which can be
reused in dye production and textile dyeing. More details could be
found in our previous work>%°,

Analysis of samples

The absorption spectra of wastewater were recorded by using a
UV-Vis-NIR spectrophotometer (Lambda750S, USA). Calibration
was performed to establish the relationship between the UV
absorption intensity and the concentration of MB.

To clarify the mechanism and characteristics of the exclusion
and understand the effect of the dye on the structure of the
hydrate and the distribution of guest molecules in the cage,
hydrate samples produced in dw and the simulated wastewater
were characterized via powder X-ray diffraction (PXRD, D8
ADVANCE, Bruker, German) and Raman spectroscopy.

Efficiency, enrichment, and production rate calculation

Based on the concentrations of MB measured, the removal
efficiency, enrichment factor, and water production rate were
calculated as follows:

C—Cq

Removal Efficiency = x 100% (M

1

where C; and C, are the concentrations of MB in the simulated
wastewater and water from the decomposition. The C, includes
water obtained from decomposition through vacuum filtration or
centrifugation.

Enrichment Factor = % )]
i

where C, is the concentration of MB in a concentrated solution.

Vi—V
Water Production Rate = — v L % 100% 3)
i
where V; is the initial volume of simulated wastewater in the
reactor and V, is the volume of the residual solution after vacuum
filtration or centrifugation.
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