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ABSTRACT: Adsorption desalination (AD) driven by low-grade Adsorption Desalination System
renewable energy or waste heat is a sustainable solution to the
water crisis. Recently, metal—organic frameworks (MOFs) with
excellent water adsorption performances have been recognized as
some of the most promising candidates for AD. However, previous
studies mainly focused on MOFs in powder form, causing pipe
clogging and a drastic pressure drop, which inspire the develop-
ment of shaped MOFs for industrial use. In this work, MIL- Brine
lOO(Fe) with high water stability, high adsorption capacity, and Silica  MI100(Fe) MIL-100(Fe)@PVB
mild synthesis conditions was chosen, and the optimal formulation e Granule

of the shaped MIL-100(Fe) granules using different binders was

explored. The high-performing MIL-100(Fe) @SPVB granule containing $% polyvinyl butyral (PVB) with outstanding adsorption
performance and mechanical strength was selected and massively prepared for AD system testing. It is found that, although binder
content decreased the surface area, pore volume, and water uptake of MIL-100(Fe), the mechanical strength and adsorption kinetics
of shaped MIL-100(Fe)@SPVB were enhanced, which favor its performance in an AD system. Moreover, system testing
demonstrated that the desalination performance of the AD system based on the adsorption beds of MIL-100(Fe)@SPVB
outperformed both silica gel and MIL-100(Fe) powder. The specific daily water production (SDWP) of the AD system based on
MIL-100(Fe)@SPVB (28.74 m®/ton/day) is 30% higher than that based on MIL-100(Fe) powder (19 m®/ton/day). Such a
phenomenon is mainly contributed by the improved water adsorption dynamics of MIL-100(Fe)@SPVB granules that favors the
mass transfer efficiency in the adsorption bed. This work opens up the possibility for the development of high-performing shaped
MOFs for adsorption desalination from the perspectives of formulation optimization and system testing.
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1. INTRODUCTION energy, or industrial waste heat enables the wide use of
renewable energy with reduced carbon emissions for water

With the demands of economic development and the v ) )
desalination and cooling. In the adsorption process, seawater

improvement of living standards, global fresh water use has

increased 6-fold in the last 100 years and is expected to evaporates in the evaporator and the resulting water vapor is
continuously grow in the future.”” Seawater desalination continuously adsorbed by the adsorbents. In the desorption
technology has been recognized as the solution to the fresh process, the desorbed water vapor enters the condenser to
water crisis since the ocean covers 70% of the earth’s surface. produce fresh water.”” During the adsorption/desorption
Currently, multistage flash (MSF), multieffect distillation cycles, both desalinated water and cooling capacity can be
(MED), and reverse osmosis (RO) technologies are widely produced. Thus, high-performing adsorbents are essential for
used desalination techniques, which account for more than desalination performance. Previous studies have focused on

90% of total capacity.” However, these desalination tech-
nologies may be accompanied by high energy consumption,
excessive carbon emissions, and expensive equipment main-
tenance costs,”” which cannot meet the demand of balanced
development of environment and energy. Therefore, it is
essential to develop a clean and renewable desalination
technology with remarkably low energy consumption and
carbon emissions.

Adsorption desalination (AD) driven by low-temperature
heat sources (50—85 °C’) such as solar energy, geothermal

conventional adsorbents such as silica gels and zeolites.
However, the unsatisfactory adsorption performance owing
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to the low adsorption capacity or high regeneration temper-
ature limits their application in AD systems. The specific daily
water production (SDWP) and specific cooling power (SCP)
of the silica-gel-based AD system are usually unsatisfactory.®

In recent decades, metal—organic frameworks (MOFs) have
been recognized as some of the most promising adsorbents
owing to outstanding water adsorption capacities resulting
from their ultrahigh surface areas and superior porosities.” Ou
et al. even developed a sunlight-responsive MOF for water
desalination which can produce 139.5 L of fresh water/kg of
adsorbent/day.'” Youssef et al.'' reported that, at the
regeneration temperature of 65 °C and evaporation temper-
ature of 10 °C, Al fumarate displayed an SDWP of 3.4 m?/ton/
day and a specific cooling power (SCP) of 70.34 W/kg, which
is 345 and 200% higher than those of AQSOA-Z02 and silica
gel, respectively. AD system tests based on Al fumarate® also
demonstrated its desalination performance superior to that of
conventional silica gel at the chilled temperatures of 15 and 20
°C. It was also revealed that the maximum SDWP of 22.8 m3/
ton/day could be achieved by an AD system based on CPO-
27(Ni) at an evaporator temperature of 40 °C, a condenser
temperature of 5 °C, and a regeneration temperature of 95
°C."* Elsayed et al.">'* evaluated the desalination performance
of three MOFs, ie., CPO-27(Ni), Al fumarate, and MIL-
101(Cr), by a Simulink model, in which MIL-101(Cr)
exhibited the highest SDWP of 11 m?/ton/day followed by
Al fumarate (6.3 m*/ton/day) and CPO-27(Ni) (4.6 m*/ton/
day). In order to improve the water adsorption performance of
MOFs, chemical functionalization and ion doping become
commonly used strategies. It has been reported that amino or
hydroxyl functionalized and protonated MIL-S3(Al) exhibited
significantly increased water uptake and faster adsorption
kinetics.”> The improved SDWP has also been observed in
functionalized aluminum fumarate, MOF-801(Zr), UiO-66
(Zr),'® protonated-amino-functionalized MIL-101(Cr), and
MIL-125(Ti)."”

However, experimentally synthesized MOFs were commonly
used in powder form for AD systems. The direct use of powder
MOFs may cause a series of problems such as equipment wear,
pipe clogging, and pressure drop,'®™*° leading to low SDWP
owing to the decreased water adsorption rate resulting from
the high mass transfer resistance of powder. To avoid such
issues, it is of great importance to develop shaped MOFs for
enhanced desalination performance in AD systems.”' However,
the unbiased comparison of desalination performances of
shaped MOFs and their counterparts in powder has yet to be
explored. It has been reported that the framework of shaped
MOFs obtained via pressurization may collapse with a
dramatically reduced surface area, causing decreased adsorp-
tion capacity.”> Thus, MOF shaping using binders is
commonly used. However, physically mixing of binders with
MOFs may impose negative effects on the adsorption capacity
of MOF granules. The reduced hydrogen uptake of shaped Zr
MOF using sucrose as binder has been reported.”® Similarly,
the slightly decreased acetylene uptake of four shaped MOFs,
i.e., SIFSIX-3-Ni, SIFSIX-2-Cu-i, GEFSIX-2-Cu-i, and TIESIX-
2-Cu-i, using polyvinyl butyral (PVB) binder compared with
their powder counterparts has also been reported, among
which the shaped SIFSIX-2-Cu-i exhibited the highest
adsorption capacity, indicating the dependence of adsorption
capacity of shaped granules on the type of MOF.** Regardless
of the decreased adsorption capacity, the improved mechanical
strength of shaped MOFs has been frequently observed; for
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example, shaped MOF-801 using polyvinyl butyral (PVB)
binder exhibits significantly higher mechanical stability than
that using sucrose (SUC) binder.”® In order to identify the
best binder for aluminum fumarate, MIL-160(Al), and MIL-
101(Cr), six hydrophilic organic binders were used to prepare
21 shaped MOFs, and it was found that 12 shaped MOFs
exhibited negligible pore blocking effects, leading to water
adsorption performances comparable with those of their
powder counterparts. Besides, the increased hydrophilicity of
shaped MIL-101(Cr) using hydrophilic binders favors the
improved water uptake at low pressure.”® Thus, choosing a
proper binder is of great importance to ensure the high
adsorption performance of shaped MOFs.

However, so far, only a few MOFs in powder form have
been tested in AD systems mostly owing to their high cost and
rigorous synthesis conditions. MIL-100(Fe) outperforms MIL-
101(Cr)” owing to its facile synthesis at mild conditions for
large-scale production.”” It has also been reported that MIL-
100(Fe) remains stable even after being exposed to boiling
water for weeks or after 40 water adsorption (40 °C)/
desorption (140 °C) cycles,”® which enables it a suitable
candidate for an AD system. In order to demonstrate the
superior desalination performance of shaped MOFs, in this
work, MIL-100(Fe) with high water stability, high adsorption
capacity, and mild synthesis conditions was chosen, and the
shaped MIL-100(Fe) granules were developed by formulation
optimization based on four commonly used binders including
polyvinyl butyral (PVB), hydroxyethyl cellulose (HEC), silica
sol (SS), and sucrose (SUC) in varying contents. After the
water adsorption performance and mechanical strength tests,
the top candidate was selected and prepared in large scale,
followed by a test in a manufactured two-bed AD system.

2. METHODOLOGY

2.1. Materials Synthesis. Ferrous chloride tetrahydrate (FeCl,-
4H,0, 98%) and polyvinyl butyral (PVB; C¢H,,0,-C,H,0,-C,H,0,
MW = 90000—120000) were purchased from Shanghai Macklin Bio-
Chem Technology Co. Benzene 1,3,5-tricarboxylic acid (H;BTC,
98%), sucrose (SUC; C;,H,,0;;, AR), and hydroxyethyl cellulose
(HEC; 3400—5000 mPa-s, 25 °C) were purchased from Shanghai
Aladdin Bio-Chem Technology Co. Sodium hydroxide (NaOH, AR)
and anhydrous ethanol (CH;CH,OH, AR) were purchased from
Shanghai Sinopharm Chemical Reagent Co., Ltd. Neutral silica sol
solution (SS; 30%) was purchased from Shanghai Yuanye
Biotechnology Co., Ltd. Deionized water was prepared in the
laboratory. All chemicals were used as received without any
purification.

2.2. MIL-100(Fe) Powder and Shaped Granule Preparation.
MIL-100(Fe) powder was synthesized under room temperature
according to the literature® as described in section 1 of the
Supporting Information. The shaped granules of MIL-100(Fe) were
prepared using four binders (PVB, HEC, SUC, and SS). After
dissolution of different amounts of binders in the solvent (HEC, SUC,
SS in deionized water, PVB in ethanol), respectively, S wt % binder
solution was added drop by drop to 0.9 g of MIL-100(Fe) powder at
room temperature with constant stirring to obtain a viscous slurry.
Then 1, 2, and 3 g of 5 wt % binder solution, respectively, were added
to 0.9 g of MIL-100 (Fe) powder to prepare granules with different
binder contents (5%/10%/15%). The above slurry was then dried at
80 °C in a mold, and the dried block was crushed and sieved to obtain
granules with a granule size distribution of 2—3 mm.

The preparation details can be found in section 2 of the Supporting
Information. Eventually, 12 MIL-100(Fe) granules with different
binder contents (5%/10%/15%) were prepared for each binder. The
prepared MIL-100(Fe) powder and shaped MIL-100(Fe)@SPVB
samples are displayed in Figure 1.

https://doi.org/10.1021/cbe.4c00008
Chem Bio Eng. 2024, 1, 817—-825
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Figure 1. Prepared MIL-100(Fe) powder and (b) MIL-100(Fe) @SPVB granules.
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Figure 2. Schematic diagram (a) and photograph (b) of the adsorption desalination system.

2.3. Characterization and Tests. The samples were charac-
terized by powder X-ray diffraction (PXRD) and scanning electron
microscopy (SEM), respectively (see details in section 3 of the
Supporting Information). The structure properties including surface
area, pore volume, and pore size distribution (PSD) were obtained
from N, adsorption isotherms at 77 K. Thermogravimetric analysis
was carried out on a Diamond thermogravimetric/differential thermal
analysis (TG/DTA) instrument using a heating rate of 20 °C/min
under flowing nitrogen. The mechanical strength of samples was
tested using a CMT4104 electronic universal testing machine. Water
adsorption isotherms of the samples were measured with a gas
adsorption analyzer by an Autosorb-iQ2 from Quantachrome
Instruments at 298 K. Water adsorption rates of samples were tested
in a constant temperature and humidity chamber.

2.4. AD System Test of Shaped MIL-100(Fe). The AD system
was designed and manufactured for the desalination performance test,
which mainly consists of two identical adsorption beds, an evaporator,
and a condenser (Figure 2). A complete operation cycle of AD
includes four steps: (1) The first step is the switching process in
which hot water is introduced into bed 1 and cold water into bed 2 by
controlling electric valves. When bed 1 is preheated, bed 2 is
precooled. At this stage, the valves between the beds and the
evaporator/condenser are closed. (2) The second step is the
adsorption/desorption process in which the valve between bed 2
and the evaporator is opened to allow adsorption and evaporation,
while the valve between bed 1 and the condenser is opened to allow
the desorption of water vapor from bed 1. In this process, the
evaporator and condenser output cooling and fresh water,
respectively. This process goes through one half cycle, followed by
another half cycle. (3) The third step is the switching process in
which the valves between the beds and the evaporator and condenser
are closed again. When bed 1 is precooled, bed 2 is preheated. (4) In
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the end of the adsorption/desorption process, the modes of the two
beds are switched.

In order to simulate the operating conditions, a hot water tank with
a volume of 12 L was used to provide heat for desorption. At the same
time, a chilled water tank equipped with a 1 kW heater was used to
provide chilled water. Seawater supply and freshwater collection
devices were also installed. A programmable logic controller (PLC)
was used to control the electric valves and pumps. Four electro-
magnetic flow meters and eight platinum resistance temperature
sensors were used to measure the flows and temperatures of hot
water, cold water, chilled water, and cooling water in real time. Four
pressure transmitters for measuring the pressure profile of the system
were also employed. Simulated seawater was prepared using 3.5 wt %
NaCl solution. MIL-100(Fe)@SPVB granules (Figure 1b) were
packed between the fins of the exchanger (Figure 3) and covered with
wire mesh. The structure parameters of the adsorption bed are
provided in Table 1.

Two parameters including specific daily water production (SDWP)
and specific cooling power (SCP) were used for assessing the
adsorption desalination performance. SDWP is the amount of fresh
water produced per tonne of adsorbent per day. SCP is the amount of
cooling produced per unit mass of adsorbent. These parameters can
be obtained using the following equations.

n
_ 2i=1 Cpmcooling(I;,cooling,out - ’E,cooling,in)

Qcon - n (l)
86400Q
SDWP = ————=¢
M, (2)
Q _ 2:‘:1 Cpmchi]led(’l—iv,chilled,in - T;,chj]led,out)

n 3)

https://doi.org/10.1021/cbe.4c00008
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Figure 3. Photograph of adsorption bed.

Table 1. Parameters of Wire Finned Tubes Heat Exchanger
in Adsorption Bed

parameter value units
length 415 mm
width 175 mm
fin pitch 3 mm
fin thickness 0.12 mm
tube outer diameter 9.52 mm
tube thickness 0.3 mm
number of heat exchangers/bed 2
adsorbent/bed 0.435 kg
adsorption bed metal mass 1.6 kg

SCP = %
M, 4)

M, is the mass of adsorbent in the adsorption bed (kg), r,, is the
latent heat of condensation of fresh water (kJ/kg), and ;g and
Mypeq are the mass flow rates of cooling water and chilled water,
T T

respectively. T;coolingout A0 T coolingin 2re the temperatures of cooling
water outflow and inflow to the condenser, respectively. T yjjeq,n and
T} chilled,out are the temperatures of chilled water inflow and outflow to
the evaporator, respectively, and n is the number of data collected

during the test.

3. RESULTS AND DISCUSSION

3.1. Structure Characterization of Shaped MIL-
100(Fe). The structure properties of MOFs are usually
modified upon shaping with binders. Thus, structure character-
ization of the shaped MIL-100(Fe) granules by powder X-ray
diffraction (PXRD) was carried out. It is found that the crystal
structure of MIL-100(Fe) was not remarkably disrupted during
the shaping process according to PXRD patterns of shaped
MIL-100(Fe)@SUC (Figure 4a), MIL-100(Fe)@SS (Figure
4b), MIL-100(Fe)@HEC (Figure 4c), and MIL-100(Fe)@
PVB (Figure 4d) regardless of the different binder types and
contents. The typical peaks in PXRD patterns of MIL-100(Fe)
are not changed upon binder integration. This is because
shaped MIL-100(Fe) granules were prepared by mixing the as-
prepared MIL-100(Fe) powder with binder molecules. Both
the smaller SUC molecules that possibly enter the pores of
MIL-100(Fe) and the big-sized HEC, SS, and PVB molecules
that are mostly present on the outer surface of MOF crystal
particles cannot disrupt the crystal structure of MIL-100(Fe).
At the high binder content, the peak intensity at 20 &~ 4.15°
and 20 & 6.45° of shaped MIL-100(Fe) granules with high
binder content (i.e., MIL-100(Fe)@1SHEC, MIL-100(Fe)@
1SPVB) is slightly lower than that of the powder. Such a trend
can be ascribed to the dilution effects of MIL-100(Fe) after
mixing with binders, which has been demonstrated in previous
reports on shaped MIL-160(Al) and MIL-101(Cr).*”*

The textural properties of the granules including BET
surface area, pore volume (Table 2), and pore size distribution
(PSD) that directly correlate with water adsorption perform-
ance were obtained based on the N, adsorption isotherms at
77 K (Figure S3). It was found that both the BET surface area
and pore volume of the shaped granules were lower than those
of the powder (Sgpr = 1983.2 m*/g, Vi = 1.196 cm®/g), and
the higher the binder content, the lower the surface area and
pore volume. This may be due to the pore blockage effects of
binders in shaped samples. The pore size distributions of MIL-
100(Fe)@SUC (Figure Sa), MIL-100(Fe)@SS (Figure Sb),
MIL-100(Fe) @HEC (Figure 5c), and MIL-100(Fe)@PVB
(Figure Sd) substantiated this anticipation, in which the
volume fraction of each pore in shaped granules is deceased
with increasing binder content, but no remarkable pore size
variation was inspected. Owing to the smaller molecular size

(a) (b)

Intensity(a.u.)

n.\IILvl(lO(Fe)EzISSl'('h H\ \ A MIL-100(Fe)@15SS A H‘
MIL-100(Fe)@ lOSl'('h’ k A ~ MIL-100(Fe)@10SS h"

MIL-100(Fe)@3SUC 4 f\ MIL-100(Fe)@5SS
MIL-100(Fe) powder ” ’. MIL-100(Fe) pm\'der” "
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Figure 4. PXRD patterns of MIL-100(Fe) granules and powder: (a) MIL-100(Fe)@SUC, (b) MIL-100(Fe)@SS, (c) MIL-100(Fe) @HEC, and

(d) MIL-100(Fe) @PVB.
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Table 2. Textural Properties of MIL-100(Fe) Granules and
Powder

pore volume (cm*/g)

b

sample Sper (m*/ g) View” Vit
MIL-100(Fe) powder 1983.2 1.196 0.638
MIL-100(Fe) @SPVB 1713.1 1.022 0.540
MIL-100(Fe) @10PVB 1534.2 0916 0.482
MIL-100(Fe) @15PVB 1431.6 0.823 0.459
MIL-100(Fe) @5SS 1616.6 1.063 0.508
MIL-100(Fe) @10SS 1550.2 1.004 0.506
MIL-100(Fe) @15SS 1409.3 0.860 0.432
MIL-100(Fe) @SHEC 1536.0 0.877 0.495
MIL-100(Fe) @10HEC 1517.5 0.856 0.484
MIL-100(Fe) @1SHEC 1389.1 0.805 0.442
MIL-100(Fe) @5SUC 1547.1 0.933 0.499
MIL-100(Fe)@10SUC 1438.4 0.857 0.463
MIL-100(Fe)@15SUC 1245.0 0.748 0.383

“Measured at P/P, = 0.995. "Calculated by t-plot.

and hydrophilicity of SUC, there is a high possibility for SUC
to enter the pores of MIL-100(Fe), thus leading to the
significantly decreased surface area and pore volume of shaped
MIL-100(Fe) @SUC. Differently, for the large molecular sized
polymer binders including PVB and HEC as well as the larger
colloidal particle size of SS, it is difficult for them to enter the
pores of MIL-100(Fe). Thus, there is a higher chance for these
binders to encapsulate the MIL-100(Fe) crystal surface,
leading to the blockage of some pore apertures on the crystal
surface. Thus, similarly decreased surface area and pore volume
can be observed. Compared with hydrophilic HEC and SS, the
butyraldehyde and acetate groups of PVB enable its high
hydrophobicity,”"*" which causes less evident pore blockage.
Therefore, the surface area and pore volume of shaped MIL-
100(Fe) using PVB binders are mostly retained (Figure 5d).
3.2. Water Adsorption Performance of Shaped MIL-
100(Fe). Similar to the structure properties, the equilibrium
water adsorption isotherms of the shaped MIL-100(Fe)@SUC
(Figure 6a), MIL-100(Fe)@SS(Figure 6b), MIL-100(Fe)@
HEC (Figure 6c), and MIL-100(Fe)@PVB (Figure 6d)
exhibited decreased water uptake compared to powder sample
regardless of binder type and content. However, the shape of

the adsorption isotherm of MIL-100(Fe) powder with two
steps at P/P, = 0.25 and P/P, = 0.4 was not changed upon
shaping, indicating similar adsorption behaviors of water
molecules in shaped samples. At low pressure, water
adsorption mostly occurs around metal sites of the large
pores, where water clusters around the hydrophilic sites may
formed. The two steps may correspond to continuous filling of
two types of pores in MIL-100(Fe).”"** The step position of
the isotherms of some MIL-100(Fe) granules slightly shifted
toward high pressure, which may be ascribed to the evidently
decreased micropores below 2 nm as evidenced by the PSD of
Figure 5 that enhances the hydrophobicity of adsorbents.

Moreover, the water adsorption capacities of all shaped
samples decreased with the increase of binder content, among
which MIL-100(Fe)@SPVB exhibited the highest water
capacity with a water adsorption capacity of 0.485 g/g at P/
P, = 0.9. With the increase of binder content, the adsorption
capacity of the shaped MIL-100(Fe) granules using SUC
binders showed a significant decrease. Such a trend is mostly
due to the evidently decreased surface area and pore volume of
MIL-100(Fe)@SUC granules (Table 2), since the smallest size
and high hydrophilicity enable the entrance of more SUC
binder molecules. In contrast, SS, HEC, and PVB binder
molecules are much bigger and are difficult to penetrate into
the pores of MIL-100(Fe). Instead, these binder molecules
tend to cover the outer surface of the MOF crystal, leading to
aperture blockage to some extent. Nevertheless, SS and HEC
are hydrophilic but PVB is strongly hydrophobic. Thus,
although the surface area and pore volumes of MIL-100(Fe)@
SS, MIL-100(Fe)@HEC, and MIL-100(Fe)@PVB are also
decreased, the water uptakes of high-binder-content MIL-
100(Fe)@SS and MIL-100(Fe) @HEC are higher than that of
MIL-100(Fe) @PVB owing to the strong hydrophobicity of
PVB binders. Their equilibrium water uptakes of high-binder-
content MIL-100(Fe) granules at P/P, = 0.9 still outperform
the silica gel (~0.35 g/g) and zeolite (0.1-0.3 g/g).”

3.3. Mechanical Strength and Water Adsorption
Dynamics of MIL-100(Fe)@PVB. Except for the water
adsorption performance, the mechanical strength of shaped
samples was also tested with an electronic universal testing
machine (Figure 7a). Based on the stress—strain curves (Figure

7b), it is revealed that, although the strength of the shaped

@ ®)

—— MIL-100(Fe) powder
——— MIL-100(Fe)@5SUC
——MIL-100(Fe)@10SUC
—— MIL-100(Fe)@15SUC

o
‘

—
o
L

o
)

=4
o
L

dV/dW (cm?®/(g.nm))

044 1)

—— MIL-100(Fe) powder
—— MIL-100(Fe)@5SS
—— MIL-100(Fe)@10SS
—— MIL-100(Fe)@155S

© @
—— MIL-100(Fe) powder
—— MIL-100(Fe)@SHEC
——MIL-100(Fe)@10HEC

—— MIL-100(Fe)@15SHEC

—— MIL-100(Fe) powder
—— MIL-100(Fe)@5PV B
——MIL-100(Fe)@10PVB
——MIL-100(Fe)@15PVB

T T T T T T T T T T T

2 3 4 5 6 23 4 5
Pore Width(nm) Pore Width(nm)

6

71 3

1 2 3 4 5 6 711 2 3 4 5 6
Pore Width(nm) Pore Width(nm)

Figure S. Pore size distributions of MIL-100(Fe) granules and powder: (a) MIL-100(Fe)@SUC, (b) MIL-100(Fe) @SS, (c) MIL-100(Fe) @HEC,

and (d) MIL-100(Fe)@PVB.
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Figure 7. (a) Single granule mechanical strength test instrument, (b) stress—strain curves, and (c) strength results for all granules.

MIL-100(Fe) granules increases with binder content, the
shaped samples using PVB binder exhibit significantly higher
crushing strength than other samples using SS, HEC, and SUC
binders (Figure 7c). This is probably due to the presence of a
large number of hydroxyl, butyral, and acetic acid groups in
PVB molecules, which possess high affinity toward both
organic and inorganic materials, leading to mechanical strength
improvement of shaped MIL-100(Fe). Although the strength
of the shaped granules prepared using SS and HEC binders is
not outstanding, they outperform commercial zeolite 4A
granules (~13 N).>* The thermogravimetric analysis (Figure
S4) suggested that the thermal stability of MIL-100(Fe)@
SPVB granules is nearly unchanged compared with MIL-
100(Fe) powder. Considering both the retained water
adsorption capacity and crushing strength of shaped samples,
MIL-100(Fe)@SPVB with a crushing strength of approx-
imately 42 N was selected for a further AD system test.
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Before the system test, to ensure the superiority of shaped
samples, the adsorption kinetics of MIL-100(Fe)@SPVB and
MIL-100(Fe) powder were evaluated (Figure 8). It is disclosed
that, although the equilibrium water adsorption capacity of
MIL-100(Fe) powder is higher than that of MIL-100(Fe)@
SPVB, the adsorption rate of MIL-100(Fe)@SPVB is faster.
Compared with the MIL-100(Fe) powder consisting of
micrometer sized crystal particles, the shaped MIL-100(Fe)
@SPVB composed of millimeter sized granules favors
enhanced permeability and decreased flow resistance, leading
to an increased adsorption rate.®> On the other hand, the
increased mesopore percentage of MIL-100(Fe) @SPVB is also
beneficial to the molecular diffusion and Knudsen diffusion of
water vapor within the granules.”® Such a result suggests the
higher porosity and lower pressure drop in the adsorption bed
of MIL-100(Fe)@SPVB granules than MIL-100(Fe) powder,
which is favorable for desalination performance in the AD
system.
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Figure 8. Dynamic adsorption curves of MIL-100(Fe) powder and
MIL-100(Fe) @5PVB (T = 298 K and RH = 60%).

3.4. AD Performance of MIL-100(Fe)@5PVB. Based on
the above results, 870 g of MIL-100(Fe) @SPVB was prepared
for a system test. The temperatures of hot water (T,,) for
desorption, cold water (T.yq) for precooling the adsorption
bed, cooling water (T,one) passing through the condenser,
and chilled water (Tchﬂlecj passing through the evaporator
impose effects on the performance of the AD system. In this
work, a typical operation condition of T}, = 80 °C, T4 = 25
°C) Tehiea = 20 °C, and Ty = 20 °C was employed
according to the literature.”® During the adsorption/desorption
cycle of the system, since the times for adsorption and
desorption are identical, the half time cycle (fycyq.) is defined
as the time for the adsorption or desorption process. In order
to identify the optimum time for the adsorption/desorption
cycle, the performance of the AD system based on MIL-
100(Fe) @SPVB was tested first at different half time cycles of
thalf cycle = 400, 600, 800, and 1000 s. It was found that both the
freshwater production (SDWP) and cooling capacity (SCP) of
the system (Figure 9) increased until #,,¢.q. = 600 s and then
decreased with the increase of the f ¢y Such a result
demonstrates that either a too short or a too long fqcyee is
unfavorable for the SDWP and SCP of the AD system. If
thalfeyde 1S too short, there is not sufficient time for the
adsorbents to achieve equilibrium or saturation uptake,
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Figure 9. Desalination and cooling performance of MIL-100(Fe)@
SPVB at different #;, ¢y values (Thot = 80 °C, Toq = 25 °C, fowitching =
70's, Togting = 20 °C, Tueq = 20 °C).

ooling
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resulting in poor water uptake and an unsatisfactory
desalination performance. Besides, for a short fy¢cyqe the
adsorption bed will be heated and cooled frequently within a
short time period, leading to serious energy consumption that
is detrimental to the energy utilization efficiency of the system.
However, when ¢ is too long, it takes a much longer time
for heating and cooling of adsorption beds, which in turn
significantly slows down the adsorption/desorption rate,
leading to low water production and cooling capacity.
According to Figure 9, the optimal ¢y for the AD system
based on MIL-100(Fe)@SPVB is 600 s.

In order to verify the excellent desalination performance of
MIL-100(Fe)@SPVB granules, the adsorption desalination
performance of the conventional adsorbent silica gel was also
tested at an identical operation condition (T, = 80 °C, T.qq =
25 °C, Tepiea = 20 °C, Teooling = 20 °C). It was revealed that
the optimal fj¢,q. f the AD system based on silica gel is 800
s (Figure S5); thus the SDWP and SCP at t, .. = 800 s were
used. In addition, the SDWP of an AD system based on MIL-
100(Fe) in powder form obtained from identical working
conditions in the literature’ was also adopted for comparison.
It was demonstrated that the SDWP and SCP of MIL-100(Fe)
@SPVB were about 3 times higher than those of silica gel
regardless of the chilled water temperature (Figure 10).
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Figure 10. Adsorption desalination comparative study between silica
gel, MIL-100(Fe), and MIL-100(Fe)@SPVB. The operation con-
ditions for MIL-100(Fe) @SPVB and silica gel are identical: T 4 = 25
°C) Teooling = 20 °C, and Ty, = 80 °C. MIL-100(Fe) powder was
tested at tygpyce = 700'S, Toig = 30 °C, Teooling = 20 °C, and Ty, = 95
°C.

Compared with MIL-100(Fe) powder, the SDWP of MIL-
100(Fe)@SPVB granules is significantly higher, which is
improved by approximately 300% at T4 = 15 °C and
50% at T yeq = 30 °C. Such a trend can be ascribed to the
improved water adsorption rate of MIL-100(Fe)@SPVB
resulting from its decreased mass transfer resistance compared
with MIL-100(Fe) powder, resulting in an outstanding
freshwater production performance. Such results illustrate the
counterbalance between the water adsorption capacity and
adsorption kinetics of shaped MOFs, which may dominate

their performance in systems.
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4. CONCLUSION

In order to demonstrate the superiority of shaped MOFs for
adsorption desalination, in this work, MIL-100(Fe) with high
water stability and adsorption performance was chosen for
shaped MOF development. In order to identify the optimum
formulation for shaped MIL-100(Fe), 12 shaped granules
using four different binders (i.e., SUC, HEC, PVB, and SS) and
contents (S, 10, and 15%) were prepared, characterized, and
tested for adsorption desalination. It is revealed that, although
the crystallinity of MIL-100(Fe) was not disrupted by shaping
using binders, the structure properties including the surface
area and pore volume of shaped MIL-100(Fe) were decreased
owing to the pore blockage by binder molecules. Among the
shaped granules, MIL-100(Fe) @SPVB granules with 5% PVB
content exhibiting both excellent water adsorption perform-
ance and mechanical strength were selected for large-scale
production and system tests. AD system tests revealed that, at
the optimal #, ¢, . of 600 s, the system based on MIL-100(Fe)
@SPVB exhibited 3 times higher SDWP (28.74 m®/ton/day)
than silica gel (6.17 m*®/ton/day), which is almost 30% higher
than that of MIL-100(Fe) in powder form (19 m*/ton/day).
Such a trend is mainly attributed to the outstanding water
adsorption rate of MIL-100(Fe)@SPVB that favors the mass
transfer efficiency in an AD system. This study paves the way
for the development of shaped MOFs for AD system
application from the perspective of materials science and
thermal engineering. It should be noted that both binder type
and MOF type may impose significant impacts on the
adsorption performance of shaped granules. Therefore, the
formulation optimization is necessary for each type of MOF.
Besides, given the high costs and low yields of most MOFs, not
all shaped MOFs can be tested in the AD system, which is the
main limitation for the exploration of high-performing MOFs
for adsorption desalination.
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Bl ABBREVIATIONS

AD adsorption desalination
SDWP specific daily water production, m*/ton/day
SCP  specific cooling power, W/kg
MOF  metal—organic framework
MED  multieffect distillation

MSF  multistage flash evaporation
RO reverse Osmosis

PVB  polyvinyl butyral

HEC  hydroxyethyl cellulose

SS silica sol

SUC  sucrose

Variables

P pressure, Pa

Q heat, W

M, mass of adsorbent, kg

C?  specific heat capacity, J/(kg-K)

r. water latent heat, J/kg

P, saturated pressure, Pa

q  water uptake, kg/kg

Aq working adsorption capacity, kg/kg
T temperature, K

t time, s

m  mass flow rate, kg/s

Subscripts
ads

des

cold

hot

chilled
cooling
half cycle
switching
con

adsorption
desorption
cold water
hot water
chilled water
cooling water
half cycle time
switching time
condensation
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