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Abstract: In this study, the hydrothermal method was used to synthesize MIL-101(Cr), and activated
carbon (AC) with different content was incorporated in to MIL-101(Cr), thereby obtaining AC-MIL-
101(Cr) composite material with a huge specific surface area. The physical properties of MIL-101(Cr)
and AC-MIL-101(Cr) were characterized by powder X-ray diffraction (PXRD), scanning electron
microscopy (SEM), thermogravimetric analysis (TGA), nitrogen adsorption and desorption and
specific surface area testing, and ethanol vapor adsorption performance testing. The results show that
with the increase of activated carbon content, the thermal stability of AC-MIL-101(Cr) is improved.
Compared with the pure sample, the BET specific surface area and pore volume of AC-MIL-101(Cr)
have increased. In the relative pressure range of 0–0.4, the saturated adsorption capacity of AC-MIL-
101(Cr) to ethanol vapor decreases slightly. It is lower than MIL-101(Cr), but its adsorption rate is
improved. Therefore, AC-MIL-101(Cr)/ethanol vapor has a good application prospect in adsorption
refrigeration systems. The exploration of AC-MIL-101(Cr) composite materials in this paper provides
a reference for the future application of carbon-based/MOFS composite adsorbent/ethanol vapor
working fluid in adsorption refrigeration.

Keywords: MIL-101(Cr); activated carbon; adsorption; ethanol vapor; kinetic analysis

1. Introduction

Electricity consumption caused by the demand for cooling and heating, as a result of
the continuous development of the social economy, is expected to increase tenfold from
2010 to 2100 [1]. In response to the global call for energy conservation and emission reduc-
tion, it is particularly important to explore and develop energy-saving technologies that
utilize low-grade thermal energy, such as solar energy and industrial waste heat. Tradi-
tional compression cooling systems consume a large amount of high-grade driving energy
while cooling and heating. Adsorption heat pumps (AHPs) use adsorption beds instead
of compressors to achieve cooling and heating purposes during the process of adsorbent
adsorption and desorption and adsorbate evaporation and condensation. Overcoming the
limitations of mechanical compression systems and liquid–vapor absorption systems, it has
the advantages of being able to use low-grade heat, no moving parts, and solid adsorbents
with good heat storage performance. Most importantly, it can be adapted to the needs
of different applications by adjusting the combination of adsorbent/refrigerant working
fluid pairs [2]. At present, the more traditional working fluid pairs include activated
carbon/ammonia, activated carbon/methanol vapor, zeolite/water, silica gel/water, etc.,
which usually exhibit medium adsorption capacity and/or extremely high adsorption
enthalpy, which cannot meet the requirements of high-performance AHPs [3]. Therefore,
exploring working fluids with stable performance and good absorption and desorption
performance has become an important direction for the study of adsorption heat pumps.
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Among the common refrigerants, ethanol vapor has the characteristics of low freezing
points (−114 ◦C) that water does not have, which satisfies its application under low temper-
ature conditions; compared with methanol vapor, ethanol vapor is non-toxic, ecologically
compatible, and compatible with various materials, but its latent heat is 30% lower than
methanol vapor.

Among the common adsorbents, activated carbon has many sources and is low
in price, and activated carbon has a large adsorption capacity for refrigerant ethanol
vapor, and its desorption temperature and adsorption heat are low. Therefore, there are a
large number of related reports on the application of activated carbon-ethanol vapor to
adsorption refrigeration. A. Frazzica and others used the activated carbon/ethanol vapor
working pair to evaluate the thermodynamic performance that can be achieved under air
conditioning and refrigeration conditions through the design, implementation, and testing
of a new small adsorption refrigerator prototype, and carried out experimental activities
to determine the market The best activated carbon available [4]. I.I. El-Sharkawy et al. [5]
compared the adsorption performance of high-porous activated carbon Maxsorb III-ethanol
vapor and activated carbon fiber (ACF)-ethanol vapor working fluid pairs. Experimental
results show that Maxsorb III can adsorb 1.2 kg of ethanol vapor per kg of adsorbent.
Theoretical calculations show that the specific cooling power (SCP) of Maxsorb III-ethanol
vapor working fluid pair is 420 kJ/kg when the evaporation temperature is 280 K and the
desorption temperature is 353 K.

In recent years, metal-organic frameworks (MOFs) have been rapidly developed as
a new type of adsorbent with excellent performance. This new type of porous material
is freely assembled by metal clusters and organic ligands, with ultra-high specific sur-
face area (up to 6000 m2/g [6]) and porosity. Moreover, its pore structure is adjustable.
These excellent properties mean MOFs have broad potential application, such as heteroge-
neous catalysis [7], drug delivery [8], sensor technology [9], and especially gas adsorption
and storage.

Rezk [10] and Janiak [11] studied the ethanol vapor adsorption performance of MIL-
101(Cr) and MIL-100 (Cr), and the results showed that the ethanol vapor adsorption
isotherms of MIL-101(Cr) could be regarded as two combinations of I-type isotherms,
one of which occurs in the low-pressure stage and the other in the medium pressure
stage. In addition, after 20 adsorption–desorption cycles, the structure can still remain
intact. Although the adsorption interval of MIL-100 (Cr) occurs at a lower pressure, the
saturated adsorption capacity is much lower than that of MIL-101(Cr). When the adsorption
temperature is 303 K, 1 kg MIL-101(Cr) can adsorb 1.1 kg ethanol vapor.

Ma et al. [12] studied the adsorption refrigeration performance and cyclic adsorption
stability of the molded MIL-101-ethanol vapor on an adsorption refrigeration simulation
device. The results show that: at 298 K, the equilibrium adsorption capacity of ethanol
vapor on the molded MIL-101(Cr) is 0.74 kg/kg, the desorption peak temperature is
327 K, and the complete desorption temperature is about 373 K. When the desorption
temperature is 353 K, MIL-101(Cr)-ethanol vapor working pair has a cooling capacity
of 283 kJ/kg, which is 2.2 times that of activated carbon–ethanol vapor. After 60 cycles,
the formed MIL-101(Cr) has no significant decrease in ethanol vapor absorption, and its
Brunauer–Emmett–Teller (BET) surface area only decreases by 3.3%.

de Lange et al. [13] investigated the applicability of 18 different MOF structures for ap-
plication in adsorption-driven heat pumps (AHP) and chillers (AC) using either methanol
or ethanol as the working fluid, based on adsorption measurements and thermodynamic
assessment. Although the adsorption capacity of MIL-101 for methanol and ethanol is
relatively high, the resolution temperature of mil is relatively high at low relative pressure,
which is not suitable for use in AHPs/ACs and the most suitable MOFs identified in this
work are UiO-67, CAU-3, and ZIF-8, from a thermodynamic perspective, for both methanol
and ethanol.

Although both MIL-101(Cr) and activated carbon (AC) have good adsorption prop-
erties for ethanol vapor, there is currently no research on making them into composite
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adsorption materials and applying them to ethanol vapor adsorption. In this paper, acti-
vated carbon-MIL-101(Cr) (AC-MIL-101(Cr)) composite materials with different AC ratios
(5 and 10 wt%) were prepared by an in-situ composite method and named 5% AC-MIL-
101(Cr) and 10% AC-MIL-101(Cr). Through XRD, SEM, TGA, N2 adsorption–desorption
isotherm and other characterization methods, the characteristics of AC-MIL-101(Cr), such
as image, crystallinity, thermal stability, and pore structure, were studied. The adsorption
performance of AC-MIL-101(Cr) on ethanol vapor was explored for the first time, indi-
cating the application potential of AC-MIL-101(Cr)/ethanol vapor working fluid in solid
adsorption refrigeration systems.

2. Experimental
2.1. Reagents and Materials

The reagents used in the experiment are as follows: Chromium (III) nitrate nine hy-
drate (Cr(NO3)3·9H2O, ≥99% purity; Braunwell Technology Co., Ltd., Beijing, China),
and 1,4-benzenedicarboxylic acid (H2BDC, ≥99.0% purity); Beijing Sinopharm Chemical
Reagent, Beijing, China), N,N-Dimethylformamide (DMF, ≥99% purity; Braunwell Tech-
nology Co., Ltd., Beijing, China), Hydrofluoric acid (HF, ≥40% purity; Tianjin Kermel
Chemical Reagent Co., Ltd., Beijing, China), ammonium fluoride (NH4F, ≥96% purity; Bei-
jing Sinopharm Chemical Reagent, Beijing, China), absolute ethanol vapor (≥99.7% purity;
Beijing Sinopharm Chemical Reagent, Beijing, China), activated carbon (SBET = 560 m2/g),
deionized water (homemade in the laboratory of Beijing University of Technology, Bei-
jing, China).

2.2. Synthesis of MIL-101(Cr)

According to the literature [14], MIL-101(Cr) was synthesized by the hydrothermal
method. The specific synthesis process went as follows: first, we put 12 g of Chromium
(III) nitrate nine hydrate, 4.92 g of 1,4-benzenedicarboxylic acid, and 144 mL of distilled
water in a three-necked flask, and heated and stirred the three-necked flask in a 313 K
oil bath for 30 min to make it uniformly mixed. The mixture was then transferred to a
Teflon lined autoclave; 1.5 mL of HF was added to the mixture. Then the mixture was
heated in an oil bath at 493 K for 8 h. After the reaction was over, we took out the reactor
and cooled it to room temperature. We heated and stirred the crude product (without the
incompletely reacted terephthalic acid crystals) and 60 mL of N,N-dimethylformamide
at 313 K for 1 h. Finally, the obtained mixture was filtered; the filtrate was centrifuged,
and washed with ammonium fluoride, water, and ethanol vapor in sequence. The product
obtained by centrifugation was vacuum dried at 423 K for 12 h.

2.3. Synthesis of AC-MIL-101(Cr)

The preparation method of AC-MIL-101(Cr) [15] went as follows: first of all, 150 mg
AC (about 5 wt.% of final product of pristine MIL-101(Cr)) and 300 mg AC (about 10 wt.%
of the final product of pristine MIL-101(Cr)) were attended to the solution composed of
Chromium (III) nitrate nine hydrate (Cr(NO3)3·9H2O, 12 g), 1,4-benzenedicarboxylic acid
(H2BDC, 4.92 g), and distilled water (144 mL), respectively. The next steps are shown in
Section 2.2. By adding different contents of AC, two composite materials were obtained:
5% AC-MIL-101(Cr) and 10% AC-MIL-101(Cr).

2.4. Characterization

In this study, the Bruker D8 Advance X-ray diffractometer was used to characterize
the crystallinity of the synthetic material. The test conditions were: at room temperature,
using CuKα (λ = 0.15432 nm) rays, the scanning speed was 6◦/min, and the scanning
range was 5–30◦. A Hitachi S-488 scanning electron microscope was used to conduct
powder tests on the materials to observe the morphological characteristics of the composite
materials. The thermo gravimetric analysis (Seiko TG/DTA6300) was applied to determine
the thermal stability of synthetic materials. The sample dosage was about 4 mg, under
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argon gas flow of 20 mL/min, the heating rate was 10 K/min, and the test temperature
range was: 303 K–1073 K. The N2 adsorption–desorption isotherm, the BET and Langmuir
equations were used to calculate the BET and Langmuir specific surface area of the sample,
and the BJH and HK equations were used to calculate the pore size distribution of the
porous material. The test conditions were: after the sample was vacuum pretreated at
373 K for 6 h, the N2 absorption and desorption test was performed at 77 K (Micromeritics
ASAP 2020HD88).

In this study, the adsorption isotherms and adsorption kinetics of MIL-101(Cr) and
AC-MIL-101(Cr) samples were measured by 3H-2000PW gravimetric adsorption analyzer
(Beishide Instrument Technology (Beijing) Co., Ltd., Beijing, China), and the adsorption
effect of the samples on ethanol vapor was analyzed. Ethanol vapor adsorption measure-
ment process: (1) pretreatment: in order to remove the water vapor in the air adsorbed by
the sample and the solvent molecules in the sample crystals, the samples (approximately
40 mg) were dried at 373 K in a vacuum for 12 h. (2) We set the adsorption temperature to
303 K and the relative pressure range was 0–1.

3. Results and Discussion
3.1. Sample Yield

Through the methods shown in Sections 2.2 and 2.3, three sample finished products
of MIL-101(Cr) 3.802 g, 5%-AC-MIL-101(Cr) 3.960 g, and 10%AC-MIL-101(Cr) 4.554 g were
prepared. As shown in Figure 1, there is no difference in appearance of the three samples,
all of which were green powder. It shows that the addition of AC has little effect on the
output of the material.

Figure 1. Three sample finished products.

3.2. XRD Analysis

The XRD spectra of MIL-101(Cr), 5% AC-MIL-101(Cr), and 10% AC-MIL-101(Cr)
are shown in Figure 2. From the XRD spectrum data, it can be clearly seen that the
characteristic diffraction peak data (2θ = 5.98◦, 8.56◦, 9.18◦, 10.30◦, 16.54◦) of MIL-101(Cr)
fits well with the data reported in the early literature [16,17], indicating the success of
MIL-101(Cr) preparation. Compared with MIL-101(Cr), the characteristic diffraction peaks
of 5% AC-MIL-101(Cr) and 10% AC-MIL-101(Cr) have no change in the position of the
characteristic diffraction peaks, indicating that the addition of AC will not affect the skeletal
crystal structure of MIL-101(Cr), but the intensity of the characteristic diffraction peak of
the composite material decreases slightly.
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Figure 2. XRD pattern.

3.3. SEM Analysis

The SEM image of the synthesized sample is shown in Figure 3. The MIL-101(Cr)
crystal clearly presents a regular octahedral structure; 5% AC-MIL-101(Cr) crystal and
10% AC-MIL-101(Cr) crystal have the same structure as MIL-101(Cr) crystal, similar to the
octahedral facade structure, but the composite crystal surface presents certain defects [18].

Figure 3. SEM images of (a) MIL-101(Cr); (b) 5% AC-MIL-101(Cr) and (c) 10% AC-MIL-101(Cr) samples.

3.4. Thermogravimetric Analysis

The thermal stability of the material was studied by thermogravimetric analysis (TGA).
Figure 4 shows the thermogravimetric analysis results of the three materials. The test results
fit the data in the literature [15]. Each material exhibits three steps: the weight loss in the
first two stages may be due to adsorption. The water molecules in MIL-101(Cr) and AC-
MIL-101(Cr) desorbed from the large and small cages of MIL-101(Cr) and AC-MIL-101(Cr)
when heated, and the weight loss at this time was about 30%. The first stage was from
303 to 393 K, the weight loss was about 13%; the second stage was from 423 to 623 K, the
weight loss was about 17%. For the last stage, from 643 to 823 K, the weight loss was about
50%, which was caused by the heat elimination of OH/F groups in the MIL-101(Cr) and
AC-MIL-101(Cr) frameworks [19]. Compared with MIL-101(Cr), AC-MIL-101(Cr) has less
weight loss and better thermal stability at the same temperature.
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Figure 4. TG curves of the MIL-101(Cr) and the AC-MIL-101(Cr) composites.

3.5. Surface and Pore Analysis

Figure 5 shows the N2 adsorption–desorption isotherms of MIL-101(Cr) and AC-MIL-
101(Cr) materials at 77 K. At 77K, the N2 adsorption–desorption isotherm of the composite
material AC-MIL-101(Cr) has basically the same shape as the original MIL-101(Cr) N2
adsorption–desorption isotherm, showing an I-type isotherm. Under low relative pressure,
the adsorption capacity of the three samples on N2 increased sharply. AC-MIL-101(Cr)
has a second adsorption at a relative pressure of 0.15–0.2, while MIL-101(Cr) has a second
adsorption at a relative pressure of 0.2–0.25, indicating that the synthesized samples contain
two kind of different cages [20]. Compared with the original MIL-101(Cr), the equilibrium
adsorption capacity of AC-MIL-101(Cr) has been greatly improved, and with the increase of
the activated carbon content, the greater the improvement effect of the composite material
on the adsorption performance of N2. The equilibrium adsorption capacity of MIL-101(Cr)
is about 260 cm3/g, and the maximum adsorption capacity is 307.3 cm3/g. The equilibrium
adsorption capacity of 5% AC-MIL-101(Cr) is about 600 cm3/g, the maximum adsorption
capacity is 866.6 cm3/g. The equilibrium adsorption capacity of 10% AC-MIL-101(Cr)
is about 750 cm3/g, and the maximum adsorption capacity is 947.6 cm3/g. The BET
specific surface area and pore volume of MIL-101(Cr) and AC-MIL-101(Cr) are calculated
as shown in Table 1. The BET specific surface area of MIL-101(Cr) is 814 m2/g, pore volume
0.475 cm3/g; when the addition amount of AC is 5% and 10%, the specific surface area of
5% AC-MIL-101(Cr) and 10% AC-MIL-101(Cr) increase by 2.3 and 2.48 times, respectively.
The pore volume was expanded by 2.82 times and 3.09 times, respectively. The pore size
distribution curve is shown in Figure 6. MIL-101(Cr), 5% AC-MIL-101(Cr), and 10% AC-
MIL-101(Cr) all have two pore structures. This finding is in good agreement with the result
of the N2 adsorption–desorption isotherm. The addition of AC leads to defects on the
crystal surface and defects in the MIL-101(Cr) unit, which helps to open the mesopores,
but does not help the opening of the micropores much [21].
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Figure 5. N2 adsorption–desorption isotherms measured for MIL-101(Cr), 5% AC-MIL101(Cr) and
10% AC-MIL-101(Cr). (Filled symbols represent adsorption and open symbols represent desorption).

Table 1. Structural properties of table MIL-101(Cr) and AC-MIL-101(Cr).

Sample SBET m2/g Smi m2/g Sme m2/g Vtotal cm3/g Vmi cm3/g Vme cm3/g

MIL-101(Cr) 814 145 319 0.475 0.101 0.202
5%AC-MIL-101(Cr) 1863 508 686 1.340 0.245 0.776
10%AC-MIL-101(Cr) 2018 643 734 1.466 0.330 0.745

Figure 6. Pore diameter distribution of MIL-101(Cr) and AC-MIL-101(Cr): (a) micropore; (b) mesoporous.

3.6. Ethanol Vapor Adsorption Isotherm

The adsorption isotherms can be used to analyze the equilibrium adsorption capacity
and the interaction between the adsorbent and the refrigerant at a specific adsorption
temperature. For adsorption refrigeration, the adsorption performance of the adsorbent
materials should show the characteristics of rapid adsorption in the low and medium
relative pressure range [22]. For the adsorption refrigeration system using ethanol vapor as
the refrigerant, it is very necessary to explore the adsorption performance of the adsorbent
at a relative pressure of 0.05–0.4.
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Figure 7 shows the ethanol vapor adsorption isotherm of MIL-101(Cr) and AC-MIL-
101(Cr) at 303 K. It can be seen from the figure that the ethanol vapor adsorption isotherms
of the three materials present “type I” adsorption isotherms [12]. The main adsorption
interval of MIL-101(Cr) and AC-MIL-101(Cr) is at a relative pressure of 0–0.4. Moreover,
when the relative pressure is 0–0.05, all three materials exhibit rapid adsorption ability. This
phenomenon can be attributed to the CUS (coordination of unsaturated metal sites) [11,23].
When the relative pressure is 0.05 (the evaporation temperature is 283 K), the adsorption
capacity of MIL-101(Cr), 5%AC-MIL-101(Cr), 10% AC-MIL-101(Cr) for ethanol vapor is
about 0.4 g/g, 0.25 g/g, 0.22 g/g, respectively. When the relative pressure is 0.4 (the
evaporation temperature is 288 K), the adsorption capacity of MIL-101(Cr), 5%AC-MIL-
101(Cr), 10% AC-MIL-101(Cr) for ethanol vapor is about 0.9 g/g, 0.62 g/g, 0.55 g/g,
respectively. At 303 K, the saturated adsorption capacity of MIL-101(Cr) for ethanol vapor
is about 0.97 g/g, the saturated adsorption capacity of 5% AC-MIL-101(Cr) for ethanol
vapor is about 0.7 g/g, and 10% AC-MIL-101(Cr) for ethanol vapor is about 0.61 g/g.
The ethanol vapor saturated adsorption capacity of MIL-101(Cr) prepared in this study is
slightly lower than the results reported in the literature [10]. It is caused by the heating
rate, purification, pressure, etc., [24]. Compared with the pure sample MIL-101(Cr), the
saturated adsorption capacity of 5% AC-MIL-101(Cr) is reduced by 28%, and 10% AC-MIL-
101(Cr) dropped by 37%. The results show that MIL-101(Cr) and AC-MIL-101(Cr) can be
better used in ice making and refrigeration conditions.

Figure 7. Ethanol vapor adsorption isotherms of MIL-101(Cr) and AC-MIL-101(Cr) at 303 K.

3.7. Adsorption Kinetics of Ethanol Vapor

This work uses adsorption kinetic analysis to study the adsorption rate of adsorbent
materials. In an actual adsorption refrigeration system, the speed of adsorption will
directly affect the SCP of the adsorption material in the system. Therefore, it is necessary to
study the adsorption kinetics of adsorbents. Figure 8 shows the ethanol vapor adsorption
kinetic curves of MIL-101(Cr), 5% AC-MIL-101(Cr), and 10% AC-MIL-101(Cr) at 303 K.
Observation shows that the adsorption of ethanol vapor by the three materials is mainly
concentrated at a relative pressure of 0–0.4, which corresponds well to the results shown
by the ethanol vapor adsorption isotherm. When the relative pressure of AC-MIL-101(Cr)
is 0.05, the adsorption rate is higher. In other pressure ranges, AC-MIL-101(Cr) shows a
uniform adsorption rate.
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Figure 8. Ethanol vapor adsorption kinetic curves of adsorbent materials at 303 K: (a) MIL-101(Cr),
(b) 5% AC-MIL-101(Cr), (c) 10% AC-MIL-101(Cr).
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4. Conclusions

In this study, MIL-101(Cr), 5% AC-MIL-101(Cr) and 10% AC-MIL-101(Cr) were
successfully prepared by the hydrothermal method. XRD, SEM, TGA, and N2 adsorp-
tion/desorption isotherms were performed on MIL-101(Cr) and AC-MIL-101(Cr), and the
adsorption performance of the samples to ethanol vapor was also explored.

(1) The XRD results showed that the three samples were successfully prepared, and the
addition of AC did not affect the skeletal crystal structure of MIL-101(Cr).

(2) SEM results showed that the three samples had similar regular octahedral structures,
but the addition of AC would cause certain defects on the crystal surface of AC-
MIL-101(Cr).

(3) Compared with MIL-101(Cr), the thermal stability of AC-MIL-101(Cr) improved.
(4) At 77K, N2 adsorption and desorption isotherm results showed that the specific

surface area and pore volume of AC-MIL-101(Cr) significantly increased, and the
three samples had two different cage structures. The addition of AC is conducive to
the opening of the mesopores.

(5) When the relative pressure P/P0 ≤ 0.4, the three samples showed rapid adsorption of
ethanol vapor. Although the ethanol vapor adsorption capacity of AC-MIL-101(Cr)
decreased, AC-MIL-101(Cr) exhibited a more uniform adsorption rate. This illustrates
the application prospect of AC-MIL-101(Cr) in adsorption refrigeration systems.

The exploration of AC-MIL-101(Cr) composite materials in this paper provides a
reference for the future application of carbon-based/MOFs composite adsorbent/ethanol
vapor working fluid in adsorption refrigeration.
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