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estigation of the dehumidification
and decarburization performance of metal–
organic frameworks in solid adsorption air
conditioning

Liu Chen * and Famei Yang

Solid adsorption air conditioning systems use solid adsorption materials to co-adsorb water vapor and

carbon dioxide, allowing the humidity and carbon dioxide concentration in the air-conditioned room to

be controlled. Exploring the co-adsorption mechanism of H2O and CO2 is essential for the screening of

adsorbent materials, system design, and system optimization in solid adsorption air conditioning systems.

A fixed-bed adsorption–desorption device was built, and the dynamic adsorption properties of three MIL

adsorbent materials MIL-101(Cr), MIL-101(Fe), and MIL-100(Fe) for co-adsorption of H2O and CO2 were

studied. The results showed that all three MIL adsorbent materials are capable of performing co-

adsorption of H2O and CO2 and meet the requirements of solid adsorption air conditioning systems.

MIL-101(Cr) is recommended for solid adsorption air conditioners where dehumidification is the main

focus, while MIL-100(Fe) is recommended for solid adsorption air conditioners where carbon removal is

the main focus.
1. Introduction

Under the serious threat of global fossil energy depletion and
environmental pollution, countries around the world are
exploring the path of sustainable development. With the
development of the economy and society, demands for air
conditioning continue to increase. According to the statistical
data, building energy consumption is 40–60% of China's total
energy consumption, with air conditioning operations
accounting for 50% of building energy consumption.1,2

Adults exhale about 18 L of CO2 per hour in a quiet state.
When the concentration of CO2 in an air-conditioned room
exceeds 0.1%, they will experience a headache and the electro-
lyte balance in the body is disrupted, causing blood acidosis,
and at a CO2 concentration of 2.0% to 3.0%, severe headache,
respiratory distress and unresponsiveness will occur.3–5 So, the
air conditioning should be able to perform the following func-
tions in summer: cooling, dehumidication and control of
indoor CO2 concentration. The traditional air conditioning
system based on the principle of vapor-compression refrigera-
tion cools the air below its dew point temperature in order to
meet the needs of cooling and dehumidication at the same
time, resulting in massive energy consumption.6 In addition,
the large supply of hot and humid outdoor fresh air for diluting
d Technology, Yanta Road, Xi'an 710054,

; Fax: +86 29 85583143; Tel: +86 29
indoor CO2 further contributes to the energy consumption of
the air conditioning systems by up to 30% or more.7

The use of low-grade energy air conditioning is an effective
way to alleviate dependence on fossil energy. Solid adsorption
air conditioning systems (SAACs) is a kind of device which can
use waste heat, solar energy and other low-grade energy to
achieve the purpose of dehumidication and cooling.
Compared with the traditional vapor compression systems,
SAACs are of great interest because they do not consume large
amounts of electricity and do not require the use of chloro-
uorocarbons (CFCs), which pollute the atmosphere, as
refrigerants.

Due to the high energy consumption of the traditional air
conditioning system, SAACs are attracting more attention.8,9

SAACs are energy efficient and environmentally friendly
because they can be driven by solar energy, geothermal energy
or waste heat and use water as a refrigerant.10,11 SAACs
composed of a solid adsorption unit for dehumidication and
an evaporative cooling unit for cooling.12

The solid adsorption unit is a key component in the appli-
cation of SAACs since it directly affects the dehumidication
efficiency and system energy consumption.13 One of the keys to
the high energy efficiency of the solid adsorption unit is the
adsorbing material.14 Currently, the commonly used adsorbent
materials are silica gel, zeolite and activated alumina. The
major drawbacks of these adsorbent materials are a low
adsorption capacity and a high regeneration temperature.13

Therefore, the selection of new adsorbent materials and their
© 2023 The Author(s). Published by the Royal Society of Chemistry
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adsorption properties are the research focus of SAACs. The
conventional solid adsorption unit are available in xed bed,
desiccant wheel, and desiccant coated heat exchangers. In xed
bed solid adsorption unit, desiccant granules are tightly packed
on a xed bed. Fixed-bed solids adsorption units have the
outstanding advantage of simple design and easier fabrica-
tion.14 The desiccant wheel has to be loaded with desiccant
material onto a ber paper carrier to achieve continuous
dehumidication and regeneration.15 Desiccant coated heat
exchangers is where the desiccant is attached to the surface of
the compact heat exchanger in order to enhance the dehu-
midication of the heat exchanger.16

Metal–organic frameworks (MOFs) have attracted much
attention due to their large specic surface area, controllable
structure and composition.14 MOFs have been widely used for
adsorption H2O and CO2.17,18 MOFs are expected to be used for
co-adsorption of H2O and CO2 in SAACs to reduce energy
consumption for fresh air.

The MIL (MIL: Material Institut Lavoisier) series are the
MOFs studied by Ferey's research group.19 MIL-100 andMIL-101
have attracted the attention of many researchers.20,21 MIL-100
and MIL-101 have abundant porosity and large specic
surface area, possessing both micropores and mesopores, with
most signicant advantage being their high water stability.22,23

MIL-101 and MIL-100 are potentially promising materials to be
used for the co-adsorption of H2O and CO2 in SAACs due to their
high specic surface area and very excellent stability.24–27

In the application of SAACs, the focus is on the H2O
adsorption capacity, water stability and cycling performance of
adsorbent material. MIL-101(Cr) showed excellent water
absorption capacity of 1.5–1.7 g g−1.28 Küsgens et al.29 tested
H2O adsorption properties of various MOF, and the results
showed that MlL-100(Fe) and MIL-101(Cr) had not only high
hydrothermal stability, but also had high H2O capacity, up to
0.80–1.28 g g−1. Ehrenmann et al.30 found that MIL-101(Cr)
could adsorb and desorb H2O at 40 °C and 90 °C, and the
adsorption capacity of H2O was still as high as 0.939 g g−1 aer
multiple cycles.

MIL-101 and MIL-100 have an excellent adsorption capacity
on low concentrations of CO2. MIL-101 and MIL-100 exhibited
high CO2 adsorption capacities of 40 mmol g −1 and 18 mmol g
−1, respectively.31 Xian et al.32 have reported that H2O enhances
CO2 adsorption capacity of MIL-100(Fe), with a 150% increase
in CO2 adsorption capacity when the relative humidity of the air
was varied from 0% to 50%.

Appropriate MOFs for in SAACs have been studied. MIL-
101(Cr), MIL-101(Fe) and MIL-100(Fe) have high dehumidica-
tion performance, low regeneration temperature and good long-
term stability.33,34 However, there is more or less CO2 in the air-
conditioned room. When there are more people, the CO2

concentration will exceed the standard. Similar to the tradi-
tional air conditioning system, the existing SAACs also use the
dilution to control CO2 concentration, resulting in a large
amount of energy consumption.

The three MIL adsorbent materials (MIL-101(Cr), MIL-
101(Fe) and MIL-100(Fe)) not only capture H2O but also
adsorb CO2 from the air. There is an urgent need to investigate
© 2023 The Author(s). Published by the Royal Society of Chemistry
the co-adsorption properties of H2O and CO2 on the three MIL
adsorbent materials, which provides important guidance for
new xed bed solid adsorption unit in SAACs. The adsorbent
material determine the design and operation effectiveness of
the simultaneous dehumidication and decarburization device,
so it is necessary to explore co-adsorption of H2O and CO2 of the
adsorbent material in air conditioning environment. Three MIL
adsorbent materials, MIL-101(Cr), MIL-101(Fe) and MIL-
100(Fe), were selected as co-adsorbent material for dehumidi-
cation and decarburization. A xed-bed adsorption–desorp-
tion device was built to explore the inuence of air conditioning
environment (temperature, humidity and CO2 concentration)
on the co-adsorption effect, with the aim of providing a refer-
ence for the design of simultaneous dehumidication and
decarburization of three MIL adsorbent materials in a solid
adsorption air conditioning system.
2. Experimental materials and
method
2.1. Materials synthesis

2.1.1 Synthesis of MIL-101(Cr). MIL-101(Cr) was synthe-
sized using hydrothermal synthesis procedures reported by
Ferey et al. and the purication was carried out.28 First, 4.00 g
chromium(III) nitrate Cr(NO3)3$9H2O and 1.64 g 1,4-benzene
dicarboxylic acid H2BDC were dissolved into 48 mL deionized
water and stirred for 10 min. Then, 0.3 mL uorhydric acid was
added and stirred for an additional 10 min. The mixture was
transferred into an autoclave reactor, kept at 220 °C for 8 h.
When the mixture is cooled to room temperature, N,N-dime-
thylformamide (15 mL) was added, and the mixture was stirred
for 30 min with a magnetic stirrer. Aer adding 100 mL of
ethanol, the mixture was then added to an autoclave reactor and
kept at 100 °C for 20 h. A NH2F aqueous solution (30 mmol L −1)
was added and soaked at 60 °C for 10 h. Finally, the reaction
mixture was ltered and washed with deionized water and
nally dried at 150 °C for 12 h to obtain green MIL-101(Cr). The
above products were mixed with 15mL N,N-dimethylformamide
and 100 mL ethanol for 30 min, and then put into the reaction
kettle, heated at 100 °C for 20 h. 30 mmol L −1 NH4F aqueous
solution was added and stored at 60 °C for 10 h. The product
was ltered, cleaned, and dried at 150 °C for 12 h to obtain
a green MIL-101Cr.

2.1.2 Synthesis of MIL-101(Fe). MIL-101(Fe) was synthe-
sized by solvent thermal method via adding iron alkoxides
precursor solution and the purication was carried out.35

0.5 mmol FeCl3$6H2O was added into 15 mL ethylene glycol,
stirring at 40 °C for a certain time, marked as Solution A.
1.24 mmol terephthalic acid and 2.5 mmol FeCl3$6H2O were
added into 20 mL N,N-dimethylformamide, marked as Solution
B. Solution A was poured into Solution B with stirring. Then it
was transferred to Teon-sealed autoclave and heated at 110 °C
for 20 h. Upon cooling down the reactants to room temperature,
MIL-101(Fe) was obtained through centrifugation and cleaning
ve times with N,N-dimethylformamide and absolute meth-
anol. Moreover, The washed adsorbent was transferred to
RSC Adv., 2023, 13, 808–824 | 809
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a drying oven for vacuum drying for 12 h, and the drying
temperature was 80 °C, MIL-101 (Fe) was obtained.

2.1.3 Synthesis of MIL-100(Fe). MIL-100(Fe) was synthe-
sized using hydrothermal synthesis procedures and the puri-
cation was carried out.36 0.9713 g of iron powder, 2.4063 g of
1,3,5-benzene tricarboxylic acid, 700 mL of hydrouoric acid and
665 mL of nitric acid were mixed in 70 mL distilled water. The
mixture was placed in 100mL Teon lined autoclave and heated
at 423 K for 24 h. The pH remains acidic (<1) throughout the
synthesis. The light-orange solid product was recovered by
ltration and washed with deionized water A treatment in hot
deionised water (80 °C) for 3 h was applied to decrease the
amount of residual trimesic acid (typically, 1 g of MIL-100(Fe) in
350 mL of water), then ltered and vacuum dried at 373 K for
12 h. Finally, MIL-100(Fe) was obtained.

2.1.4 Silica gel. The conventional dehumidication mate-
rial for SAACs is mainly used silica gel (SG). In order to make
comparison, the co-adsorption properties of H2O and CO2 on
SG was investigated at the same time. The conventional dehu-
midication material SG (Type A) purchased from Qingdao
Meirong silica gel desiccant Co., Ltd.
2.2. Materials characterization

N2 adsorption–desorption isotherms were obtained using
ASAP2020 at 77 K. The surface area was calculated by Langmuir
and Brunauer–Emmett–Teller (BET) methods, and pore size was
calculated using Barrett–Joyner–Hatenda (BJH) model. Powder
X-ray diffraction (PXRD) patterns of three materials were ob-
tained using a Bruker D8Advance X-ray automatic diffractom-
eter with Cu Ka radiation. The test conditions were a tube
pressure of 30 kV, a tube current of 30 mA, a scan speed of 2°
per min, and a scan range of 2° to 50°. Before analyzing the
Fig. 1 Schematic diagram of the adsorption–desorption experimental d

810 | RSC Adv., 2023, 13, 808–824
crystal morphology and particle size distribution of the dehu-
midication material by scanning electron microscopy and
energy dispersive spectrometer (SEM-EDS), the prepared dehu-
midication material samples were ground and dried. Before
the test, the sample was sprayed with gold.
2.3. Experiments

An adsorption–desorption experimental device was established
in order to investigate the effects of temperature, humidity and
CO2 concentration in an air-conditioned environment on the
co-sorption performance of H2O and CO2. In addition, the
stability characteristics of the adsorption–desorption cycle of
three MIL adsorbent materials were also investigated.

The schematic diagram of the adsorption–desorption
experimental device is shown in Fig. 1 and a photograph of the
experimental device is shown in Fig. 2. The experimental device
consists of a simulated gas generator, a heater, a xed adsorp-
tion bed and ameasurement and control system. The simulated
gas generator is comprised of gas cylinders and a water vapor
generator. The simulated gas generator is designed to provide
the gas mixture required for the experiments with N2 as the
carrier gas. The water vapor is generated by a water heater with
a thermostat. The heater is used to control the temperature of
the mixed air. The xed bed reactor is cylindrical with quartz
sand at both ends and adsorbent material in the middle. The
measurement and control system controls the ow rate of each
gas path as well as the testing and controlling of the air pres-
sure, air temperature, air humidity, and air CO2 concentration
of the incoming and outgoing xed adsorption bed. The sample
is degassed for 2 hours at a temperature of 100 °C and a ow
rate of 10 mL min−1 of N2. The outlet concentration was
detected using a humidity sensor and a carbon dioxide sensor,
evice.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Photograph of the adsorption–desorption experimental
device.
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and degassing is deemed complete when there is no longer any
detectable water vapor or carbon dioxide. Degassing tempera-
ture 100 °C is determined based on the regeneration tempera-
ture obtained from a study of three MOF materials in in
SAACs.13,37 Before adsorption, N2 is heated to 80 °C and the
pipeline is purged for 0.5 hours to get rid of any remaining gases
and moisture. The samples are tested three times in parallel
using 4 g of the adsorbent material in each experiment, and the
test results are used as the evaluation value. The air-conditioned
environment is at atmospheric pressure, so the experiments are
conducted at atmospheric pressure. Pressure sensors, temper-
ature sensors, humidity sensors and CO2 concentration sensors
were used to collect and record the experimental data via
a computer. The measurement parameters used for the exper-
imental device as well as the type and accuracy of the sensor are
shown in Table 1. The sensor locations are illustrated in Fig. 1.
2.4. Performance index

2.4.1 Isoteric heat of adsorption. Isoteric heat of adsorp-
tion can be calculated using the following equation:38

lnPv ¼ �DH

RT
þ K (1)
Table 1 The parameters of the measuring instrument

Measuring instrument Specication model

Pressure sensors MIK-P300
Temperature sensors PT100
Humidity sensor TH800ST5
CO2 sensor RS-CO2WS-N01
Gas ow meter AMS2106

© 2023 The Author(s). Published by the Royal Society of Chemistry
where DH is the isoteric heat of adsorption (kJ mol−1); Pv is the
vapor partial pressure (Pa); R is the molar gas constant, kJ mol−1

°C−1; T is the temperature (K); K is the integral constant.
2.4.2 Saturation dehumidication capacity (W). Saturation

dehumidication capacity (W) is calculated as follows:

W ¼ MH2OfC1;W

m

ðsW
0

�
1� C2;W

C1;W

�
ds

¼ MH2Of

m

�
C1;WsW �

ðsW
0

C2;Wds

�
(2)

where W is the saturation dehumidication capacity, mg g−1;
MH2O is the molar mass of water, 18 g mol−1; f is inlet gas ow
rate, L s−1; C1,W and C2,W are the inlet and outlet H2O
concentration, mmol L−1; m is the adsorbent material mass, g;
sW is the saturation dehumidication breakthrough time, s, sW
is the time when the outlet H2O concentration is 95% of the
inlet H2O concentration.

The relationship between H2O concentration and relative
humidity is as follows:

CW ¼ 0:04154Ps

P� 4Ps

(3)

where CW is H2O concentration, mmol L −1; 4 is relative
humidity%; Ps is saturated vapor pressure of water vapor, Pa; P
is atmospheric pressure, Pa.

2.4.3 Saturation decarburization capacity (C). Saturation
decarburization capacity (C) is calculated as follows:

C ¼ MCO2
fC1;C

m

ðsC
0

�
1� C2;C

C1;C

�
ds

¼ MCO2
f

m

�
C1;CsC �

ðsC
0

C2;Cds

�
(4)

where C is the saturation carbon removal capacity, mg g −1;
MCO2

is the molar mass of CO2, 44 g mol −1; C1,C and C2,C are the
inlet and outlet CO2 concentration, mmol L −1; sW is the satu-
ration decarburization breakthrough time, s, sW is the time
when the outlet CO2 concentration is 95% of the inlet CO2

concentration.
2.4.4 Air conditioning dehumidication capacity (AW).

When the H2O concentration reaches 0.493 mmol L −1, the
dehumidication capacity meets the air supply requirements of
the air-conditioned room.39,40 The corresponding breakthrough
time and adsorption volume are the air conditioning dehu-
midication breakthrough time and the air conditioning
dehumidication capacity. When the outlet H2O concentration
reaches 0.493 mmol L −1, the corresponding breakthrough time
is sAW, AW is calculated as follows:
Measuring range Measuring accuracy

−0.1 Mpa–60 Mpa �1%
−40 °C–100 °C �0.15 °C
0–100% �2%
0 ppm–10 000 ppm �(50 ppm + 3% F.S)
0 mL min−1–200 mL min−1 �3% F.S

RSC Adv., 2023, 13, 808–824 | 811
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Fig. 3 Powder X-ray diffraction patterns of the adsorbentmaterials: (a)
MIL-101(Cr), MIL-101(Fe) and MIL-100(Fe), (b) SG.
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AW ¼ MH2OfC1;W

m

ðsAW

0

�
1� C2;AW

C1;W

�
ds

¼ MH2Of

m

�
C1;WsAW �

ðsAW

0

C2;AWds

�
(5)

2.4.5 Air conditioning decarburization capacity (AC).When
the outlet CO2 concentration is 0.1%, the decarburization
capacity meets the air supply requirements of the air-
conditioned room.39,40 The corresponding breakthrough time
and adsorption volume are the air conditioning decarburization
breakthrough time and the air conditioning decarburization
capacity. When the outlet air CO2 concentration reaches 0.1%,
the corresponding breakthrough time is sAC, AC is calculated as
follows:

AC ¼ MCO2
fC1;C

m

ðsAC

0

�
1� C2;AC

C1;C

�
ds

¼ MCO2
f

m

�
C1;CsAC �

ðsAC

0

C2;ACds

�
(6)

3. Results and discussion
3.1. Characterization of three MIL adsorbent materials

3.1.1 Pore structure analysis. The pore structure parame-
ters of the three MOFs adsorbent materials and the silica gel are
listed in Table 2, with MIL-101(Cr) having the largest specic
surface area and total pore volume, followed by MIL-101(Fe),
MIL-100 (Fe) is smaller and SG is the smallest. For compar-
ison, the pore structure parameters of the three MOFs adsor-
bent materials synthesized by hydrothermal or solvent thermal
method reported in other literatures are listed in Table 2.

From the data in the table, it can be seen that the BET
surface area and pore volume of MIL-101(Cr) and MIL-101(Fe)
obtained in this paper are similar to those reported in the
literature. The BET surface area and pore volume of MIL-100(Fe)
obtained in this work are meaningful different from those re-
ported in the literature, which may be caused by the difference
in the respective synthesis and purication methods used,
especially for the solvent concentration.41

3.1.2 PXRD analysis. Fig. 3 depicts the powder X-ray
diffraction (PXRD) patterns of the three MOF adsorbent
Table 2 Pore structure parameters of adsorbent materials

Adsorption materials
BET surface
area (m2 g−1)

Pore volume
(cm3 g−1) Ref.

MIL-101(Cr) 2831 1.54 This work
MIL-101(Cr) 3017 1.61 21
MIL-101(Cr) 2578 1.25 42
MIL-101(Fe) 2308 1.23 This work
MIL-101(Fe) 1413 0.75 43
MIL-101(Fe) 2350 1.36 44
MIL-100(Fe) 1089 0.43 This work
MIL-100(Fe) 1917 1.00 45
MIL-100(Fe) 1549 0.82 46
SG 312 0.22 This work

812 | RSC Adv., 2023, 13, 808–824
materials and silica gel before and aer adsorption (SG).
Adsorption conditions: temperature 303 K, relative humidity
50%, CO2 concentration 0.3%. The PXRD patterns of the
adsorbed materials before and aer adsorption are essentially
the same, as shown in Fig. 3. It means that there was no
chemical reaction before or aer adsorption. According to the
literature,47 the two distinct characteristic peaks of MIL-101(Cr)
are located at 8.4° and 9.2°, as shown in Fig. 3a. MIL-101(Fe) has
distinct characteristic peaks of 8.8°, 16.5°, and 18.6°, which are
consistent with the literature results.48 The characteristic peaks
of MIL-100(Fe) are 10.5° and 11.3°, which are in accordance
with the ndings of the literature.49 The results indicate that the
prepared the three MIL adsorbent materials have a high purity.
Combined with the scanning electron microscopy (SEM)
photographs, it was determined that the three MOF adsorbent
materials were good crystallinity. The PXRD pattern of the silica
gel is shown in Fig. 3b. It can be seen from Fig. 3b that a rela-
tively signicant amorphous silica peak package appears in the
PXRD spectrum, indicating that the prepared silica gel sample
is composed of amorphous silica. In addition, no other sharp
crystal diffraction peaks are found in the spectrum.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 SEM image and EDS analysis of MIL-101(Cr).

Fig. 5 SEM image and EDS analysis of MIL-101(Fe).

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 808–824 | 813
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Fig. 6 SEM image and EDS analysis of MIL-100(Fe).
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3.1.3 SEM-EDS analysis. The surface morphology, crystal-
lization and composition of the adsorbent material were
analyzed by SEM and EDS. As shown in Fig. 4, MIL-101(Cr) is an
octahedral material with uniform particle size and contains C,
O and Cr elements with 49.35%, 24.24% and 27.36% by mass,
respectively, with morphology and composition approximating
those of the literature.50 As shown in Fig. 5, MIL-101(Fe) is
a regular octahedron and contains C, O, Cl and Fe elements
with 67.42%, 22.90%, 1.28% and 8.39% by mass, respectively,
with morphology and composition approximating those of the
literature.35 As seen in Fig. 6, MIL-100(Fe) is a typical octahedral
structure and contains C, O and Fe elements in amounts of
53.58%, 30.94% and 15.32% by mass, respectively, with
approximates the morphology and composition of the literature
(Fig. 7).35
3.2. Isosteric heat of adsorption of H2O on the three MIL
adsorbent materials

The isosteric heat of adsorption of H2O on the three MIL
adsorbent materials were calculated for a binary gas (H2O/N2)
with N2 as carrier gas and a relative humidity of 80% and the
isosteric heat of adsorption of a ternary gas (H2O/N2/CO2) with
N2 as carrier gas and a relative humidity of 80% and a CO2

concentration of 0.3%. Fig. 8 illustrates the isosteric heat of
adsorption of H2O on the three MIL adsorbent materials. It can
814 | RSC Adv., 2023, 13, 808–824
be seen from Fig. 8 that the DH H2O on three MIL adsorbent
materials decreases with an increase in the W. This is due to in
the dehumidication process, the strong adsorption sites are
occupied, the dehumidication capacity of the three adsorption
materials is gradually consumed. The magnitude of the isos-
teric heat of adsorption of H2O for the three MIL adsorbent
materials is: DH (MIL-101(Cr)) > DH (MIL-101(Fe)) > DH (MIL-
100(Fe)). At surface coverage 100–200 mg g −1, the isosteric
heat of adsorption of H2O on silica gel was 27.1–29.3 kJ mol −1.
All three MIL adsorbent materials had higher isosteric heats of
adsorption than silica gel.

The interaction of H2O with the adsorbent materials is
stronger in the binary gas mixtures compared to the ternary gas
mixtures. At low surface coverage (W = 108 mg g −1), the isos-
teric heats of adsorption of t MIL-101(Cr), MIL-101(Fe) and MIL-
100(Fe) in the binary gas mixtures were 50 kJ mol −1, 39 kJ mol
−1 and 35 kJ mol −1, compared with the ternary gas mixtures,
which increased by 4.0%, 5.1% and 8.6%. At medium surface
coverage (W = 324 mg g −1), the isosteric heats of adsorption of
MIL-101(Cr), MIL-101(Fe) and MIL-100(Fe) in the binary gas
mixtures were 47 kJ mol −1, 37 kJ mol −1 and 23 kJ mol −1,
compared with the ternary gas mixtures, which increased by
4.3%, 5.4% and 8.7%. At high surface coverage (W = 540 mg g
−1), the isosteric heats of adsorption of MIL-101(Cr), MIL-
101(Fe) and MIL-100(Fe) in the binary gas mixtures were
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 SEM image and EDS analysis of SG.

Fig. 8 Isosteric heat of adsorption H2O on the three MIL adsorbent
materials.
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44 kJ mol −1, 33 kJ mol −1 and 18 kJ mol −1, compared with the
ternary gasmixtures, which increased by 6.8%, 3.0% and 11.1%.

3.3. Dehumidication and decarburization performance

The temperature, humidity and CO2 concentration in SAACs
vary within a certain range depending on the outdoor meteo-
rological parameters and the personnel in the room. Therefore,
it is important to investigate the effects of temperature,
© 2023 The Author(s). Published by the Royal Society of Chemistry
humidity and CO2 concentration on the dehumidication and
decarburization performance of adsorbent materials. The
dehumidication and decarburization performance of the
conventional dehumidication material silica gel (SG) was also
tested for comparison purposes. The breakthrough curves of
three MIL adsorbent materials for H2O and CO2 were tested at
different temperatures, humidity and CO2 concentrations for
ternary gas (H2O/N2/CO2) with N2 as the carrier gas at atmo-
spheric pressure and an inlet gas ow rate of 65 mL min−1. The
outlet concentration of 10% and 95% of the inlet concentration
are set as the breakthrough and saturation points, the outlet
H2O concentration of 0.493 mmol L −1 is set as the air condi-
tioning dehumidication point, and an outlet CO2 concentra-
tion of 0.1% is set as the air conditioning decarburization point.

3.3.1 Effect of temperature on dehumidication and
decarburization performance. The effect of temperature on the
dehumidication and decarburization performance of three
MIL adsorbent materials and SG were investigated at a relative
humidity of 50% and a CO2 concentration of 0.3%. The
breakthrough curves of adsorption (dehumidication and
decarburization) are shown in Fig. 9 and 10. The saturation
dehumidication capacity and saturation decarburization
capacity and air conditioning dehumidication capacity and
air conditioning decarburization capacity are shown in Fig. 11
and 12.

As shown in Fig. 9 and 10, the breakthrough time, saturation
time and air conditioning time of three MIL adsorbent
RSC Adv., 2023, 13, 808–824 | 815
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Fig. 9 Effect of temperature on dehumidification performance: (a)
MIL-101(Cr), (b) MIL-101(Fe), (c) MIL-100(Fe), (d) SG.

Fig. 10 Effect of temperature on decarburization performance: (a)
MIL-101(Cr), (b) MIL-101(Fe), (c) MIL-100(Fe), (d) SG.
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materials and SG for H2O and CO2 decreased gradually as the
temperature rose from 303 K to 313 K. This is because the
adsorption reaction of three MIL adsorbent materials and SG
816 | RSC Adv., 2023, 13, 808–824
are exothermic, and the adsorption reaction is inhibited by high
temperatures, resulting in a decrease in the adsorption
capacity.51
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Effect of temperature on dehumidification capacity.

Fig. 12 Effect of temperature on decarburization capacity.
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As shown in Fig. 11, as the temperature rose from 303 K to
313 K, the saturation dehumidication capacity and the air
conditioning dehumidication capacity of MIL-101(Cr)
decreased by 13.5% and 12.5%, respectively. The saturation
dehumidication capacity and the air conditioning dehumidi-
cation capacity of MIL-101(Fe) decreased by 18.9% and 13.3%.
The saturation dehumidication capacity and the air condi-
tioning dehumidication capacity of MIL-100(Fe) decreased by
23.3% and 31.6%. MIL-100(Fe) showed the largest drop in
dehumidication capacity, indicating that the dehumidica-
tion capacity of the MIL-100(Fe) was most affected by
temperature.

As shown in Fig. 12, as the temperature rose from 303 K to
313 K, the saturation decarburization capacity and the air
conditioning decarburization capacity of MIL-101(Cr) decreased
by 16.7% and 23.8%. The saturation decarburization capacity
and the air conditioning decarburization capacity of MIL-
101(Fe) decreased by 15.0% and 14.3%. The saturation decar-
burization capacity and the air conditioning decarburization
capacity of MIL-100(Fe) decreased by 15.8% and 18.2%. The
© 2023 The Author(s). Published by the Royal Society of Chemistry
decarburization capacity of MIL-101(Cr) decreased the most,
indicating that the decarburization capacity of MIL-101(Cr) was
most affected by temperature.

The dehumidication capacity of three MIL adsorbent
materials and SG followed the sequence of MIL-101(Cr) > MIL-
101(Fe) > MIL-100(Fe) > SG. The decarburization capacity of
three MIL adsorbent materials and SG followed the sequence of
MIL-100(Fe) > MIL-101(Cr) > MIL-101(Fe) > SG. At 303 K, the
dehumidication capacity of MIL-101(Cr) is 6.9 times that of SG
and the decarburization capacity of MIL-101(Cr) is 13.1 times
that of SG.

In summary, the temperature has a signicant effect on
dehumidication and decarburization performance of three
MIL adsorbent materials and SG, with MIL-100(Fe) having the
greatest effect on dehumidication and MIL-101(Cr) having the
greatest effect on decarburization. In practice, the adsorption
can be carried out by pre-cooling, which can increase both
dehumidication and decarburization capacity.

3.3.2 Effect of humidity on dehumidication and decar-
burization performance. The effect of relative humidity on the
dehumidication and decarburization performance of three
MIL adsorbent materials and SG were investigated at a temper-
ature of 303 K and a CO2 concentration of 0.3%. The break-
through curves of adsorption (dehumidication and
decarburization) are shown in Fig. 13 and 14. The saturation
dehumidication capacity and saturation decarburization
capacity and air conditioning dehumidication capacity and air
conditioning decarburization capacity are shown in Fig. 15 and
16.

As shown in Fig. 13 and 14, as the relative humidity
increased from 30% to 80%, the breakthrough dehumidica-
tion time, saturation dehumidication time and air condi-
tioning dehumidication time of the three MIL adsorbent
materials and SG increased, the breakthrough decarburization
time, saturation decarburization time, air conditioning decar-
burization time decreased gradually for MIL-101(Cr) and MIL-
101(Fe), and the breakthrough decarburization time, satura-
tion decarburization time, air conditioning decarburization
time increased rst and then decreased for MIL-100(Fe),
reaching a maximum at a relative humidity of 50%.

As shown in Fig. 15 and 16, as the relative humidity
increased from 30% to 80%, the saturation dehumidication
capacity and air conditioning dehumidication capacity of MIL-
101(Cr) increased by 36.8% and 12.4%, and the saturation
decarburization capacity and air conditioning decarburization
capacity of MIL-101(Cr) decreased by 50.0% and 54.5%. As the
relative humidity increased from 30% to 80%, the saturated
dehumidication capacity and air conditioning dehumidica-
tion capacity of MIL-101(Fe) increased by 69.3% and 27.1%, and
the saturated decarburization capacity and air conditioning
decarburization capacity of MIL-101(Fe) decreased by 51.2%
and 34.6%. The BET surface area of three MIL adsorbent
materials aer adsorption at high humidity were tested. The
results showed that compared to the BET surface area before
adsorption, the BET surface area of MIL-101(Cr) aer adsorp-
tion decreased from 2831 m2 g−1 to 2503 m2 g−1, the BET
surface area of MIL-101 (Fe) decreased from 2308m2 g−1 to 2106
RSC Adv., 2023, 13, 808–824 | 817
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Fig. 13 Effect of humidity on dehumidification performance: (a) MIL-
101(Cr), (b) MIL-101(Fe), (c) MIL-100(Fe), (d) SG.

Fig. 14 Effect of humidity on decarburization performance: (a) MIL-
101(Cr), (b) MIL-101(Fe), (c) MIL-100(Fe), (d) SG.
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m2 g−1, and the BET surface area of MIL-100 (Fe) decreased
from 1089 m2 g−1 to 970 m2 g−1. This further indicates that H2O
occupies the pore channels of MIL-101(Cr) and MIL-101(Fe) at
818 | RSC Adv., 2023, 13, 808–824
high humidity, reducing the amount of CO2 adsorbed by MIL-
101(Cr) and MIL-101(Fe).32 As the relative humidity increased
from 30% to 80%, the saturation dehumidication capacity and
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 Effect of humidity on dehumidification capacity.

Fig. 16 Effect of humidity on decarburization capacity.
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air conditioning dehumidication capacity of MIL-100(Fe)
increased by 83.1% and 39.3%. As the relative humidity
increased from 30% to 80%, the saturation decarburization
capacity and air conditioning decarburization capacity of MIL-
100(Fe) increased by 52.0% and 10.0%. This is due to the fact
that at higher humidity (50%), water vapor combined with MIL-
100(Fe) undergoes hydrolysis, forming new alkaline adsorption
sites and improving the adsorption performance of MIL-
Table 3 Dehumidification capacity comparison of MIL-101(Cr) and MIL-

Adsorption materials
Temperature
(K)

Relativ
(%)

MIL-101(Cr) 298 50
MIL-101(Cr) 293 60
MIL-101(Cr) 293 60
MIL-100(Fe) 288 60
MIL-101(Cr) 303 50
MIL-100(Fe) 303 50

© 2023 The Author(s). Published by the Royal Society of Chemistry
100(Fe).52 With an increase in relative humidity from 50% to
80%, the saturation decarburization capacity and air condi-
tioning decarburization capacity by MIL-100(Fe) decreased by
39.5% and 13.6%. This is because at high humidity (80%), water
vapor causes collapse of some of the pore channels of MIL-
100(Fe), reducing the carbon removal performance of MIL-
100(Fe).

Air conditioning dehumidication capacity of three MIL
adsorbent materials and SG: MIL-101(Cr) > MIL-101(Fe) > MIL-
100(Fe)> SG. Air conditioning decarburization capacity of three
MIL adsorbent materials and SG: low humidity: MIL-101(Fe) >
MIL-101(Cr) > MIL-100(Fe) > SG, medium and high humidity:
MIL-100(Fe) > MIL-101(Fe) > MIL-101(Cr) > SG.

The available literature mostly focuses on dehumidication
using MIL-101(Cr) and MIL-100(Fe), but MIL-101(Fe) was
primarily used at much higher CO2 concentrations than in this
work and is therefore not comparable. Table 3 compares MIL-
101(Cr) and MIL-100(Fe) used in this work with MIL-101(Cr)
and MIL-100(Fe) from the literature in terms of saturation
dehumidication capacity. When comparing the temperature
and humidity in the literature, the temperature and humidity in
this work were essentially close, and the higher dehumidica-
tion capacity was caused by the lower temperature in the
comparative literature. Compared with the dehumidication
capacity, the dehumidication capacity in this work are basi-
cally in line with the literature, indicating that the effect of CO2

on the dehumidication capacity is small, suggesting that MIL-
101(Cr) and MIL-100(Fe) can achieve better co-adsorption of
H20 and CO2.

3.3.3 Effect of CO2 concentration on dehumidication and
decarburization performance. The effect of CO2 concentration
on the dehumidication and decarburization performance of
three MIL adsorbent materials and SG were investigated at
a temperature of 303 K and a relative humidity of 50% (corre-
sponding to a H2O concentration of 0.930 mmol L −1). The
breakthrough curves of adsorption (dehumidication and decar-
burization) are shown in Fig. 17 and 18. The saturation dehu-
midication capacity and saturation decarburization capacity and
air conditioning dehumidication capacity and air conditioning
decarburization capacity are shown in Fig. 19 and 20.

As shown in Fig. 17, the breakthrough dehumidication
time, saturation dehumidication time and air conditioning
dehumidication time decreased for three MIL adsorbent
materials and SG as the CO2 concentration increased. As shown
in Fig. 18, the breakthrough decarburization time, saturation
100(Fe)

e humidity Dehumidication
capacity (g mg −1) Ref.

916 53
900 54

1080 34
690 55

1006 This work
600 This work
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Fig. 17 Effect of CO2 concentration on dehumidification perfor-
mance: (a) MIL-101(Cr), (b) MIL-101(Fe), (c) MIL-100(Fe), (d) SG.

Fig. 18 Effect of CO2 concentration on decarburization performance:
(a) MIL-101(Cr), (b) MIL-101(Fe), (c) MIL-100(Fe), (d) SG.
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decarburization time and air conditioning decarburization time
increased with increasing CO2 concentration for three MIL
adsorbent materials and SG.
820 | RSC Adv., 2023, 13, 808–824
As shown in Fig. 19, saturation dehumidication capacity
and air conditioning dehumidication capacity of MIL-101(Cr)
decreased by 32.4% and 52.0% when the CO2 concentration
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 19 Effect of CO2 concentration on dehumidification capacity.

Fig. 20 Effect of CO2 concentration on decarburization capacity.
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increased from 0 to 0.4%. Saturation dehumidication capacity
and air conditioning dehumidication capacity of MIL-101(Fe)
decreased by 47.5% and 39.8% when the CO2 concentration
increased from 0 to 0.4%. Saturation dehumidication capacity
and air conditioning dehumidication capacity of MIL-100(Fe)
decreased by 41.2% and 45.0% when the CO2 concentration
increased from 0 to 0.4%. This is because the pore space of the
material is occupied by CO2 molecules in the presence of CO2.

As shown in Fig. 20, the MIL-101(Cr) saturation decarburi-
zation capacity and air conditioning decarburization capacity
increased by 40.0% and 25.0%, when the CO2 concentration
increased from 0.2% to 0.4%. The MIL-101(Fe) saturation
decarburization capacity and air conditioning decarburization
capacity increased by 47.6% and 58.8%, when the CO2

concentration increased from 0.2% to 0.4%. The MIL-100(Fe)
saturation decarburization capacity and air conditioning
decarburization capacity increased by 17.6% and 14.3%, when
the CO2 concentration increased from 0.2% to 0.4%.
© 2023 The Author(s). Published by the Royal Society of Chemistry
As a result, CO2 inhibits the adsorption rate and capacity of
the adsorbent materials for H2O. Even at high CO2 concentra-
tions, three metal–organic framework materials can meet the
co-adsorption requirements of dehumidication and decarbu-
rization for air conditioning. When the CO2 concentration is
0.4%, the air conditioning dehumidication of MIL-101(Fe) is
5.6 times that of SG, and the air conditioning decarburization is
14.2 times that of SG. In practice, MIL-101(Fe) is recommended
for solid adsorption air conditioning at high CO2 concentra-
tions due to its high co-adsorption capacity for both H2O and
CO2 at high CO2 concentrations.
3.4. Multiple adsorption–desorption cycles

Adsorption–desorption cycle characteristics are one of the most
critical parameters in evaluating the performance of an adsor-
bent material.

Fig. 21 shows six continuous adsorption–desorption cycles
on three MIL adsorbent materials and SG. Adsorption was at
303 K with a relative humidity of 50% and a CO2 concentration
Fig. 21 Adsorption–desorption cycle characteristic: (a) H2O, (b) CO2.
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of 0.3%. Three metal–organic framework materials are revers-
ible for H2O and CO2 adsorption. Aer six cycles of regenera-
tion, the air conditioning dehumidication capacity of MIL-
101(Cr), MIL-101(Fe), and MIL100 (Fe) decreased by 1.1%,
1.3% and 1.9%, respectively, and the air conditioning decar-
bonization capacity decreased by 1.5%, 1.8% and 1.3%,
respectively, all within 2%. There was no signicant loss of
adsorption capacity of the three metal–organic framework
materials. The loss of dehumidication capacity was generally
consistent with the experimental ndings of Seo et al.55 Aer six
consecutive adsorption–desorption cycles of SG, the dehumid-
ication of air conditioning decreased by 30.0%, and the
decarburization of air conditioning decreased by 21.7%. The
results show that the three metal–organic framework materials
have good co-adsorption reversibility for H2O and CO2.
4. Conclusion

Three metal–organic framework materials, MIL-101(Cr), MIL-
101(Fe) and MIL-100(Fe), were successfully synthesized by the
hydrothermal method. The co-adsorption performance of three
MIL adsorbent materials and SG on H2O and CO2 was studied
comparatively by building a xed bed adsorption/desorption
experimental device. Ternary gas N2/H2O/CO2 breakthrough
experiments were carried out at different temperatures,
humidity and CO2 concentrations to consider co-adsorption in
different air-conditioned environments. All metal–organic
framework materials can collectively adsorb H2O and CO2.
Under high humidity conditions (at 80% relative humidity, 303
K, 0.3% CO2 concentration), MIL-101(Cr) showed an air condi-
tioning dehumidication capacity of up to 805 mg g −1, which is
4.4 times that of SG. The MIL-100(Fe) showed an air condi-
tioning decarburization capacity of up to 19 mg g −1, which is
10.6 times that of SG. At high CO2 concentrations (at 0.4% CO2

concentration), 50% relative humidity, 303 K, MIL-101(Cr)
shows up to 573 mg g −1 of air conditioning dehumidication
capacity, which was 6.7 times that of SG. TheMIL-101(Fe) shows
up to 27 mg g −1 of air conditioning decarburization capacity,
which was 14.2 times that of SG.
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28 G. Férey, C. Mellot-Draznieks, C. Serre, F. Millange,
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