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A B S T R A C T   

HKUST-1 MOF is considered among the most promising materials for methane adsorption. However, the huge 
decrease in adsorption capacity under humid conditions, due to water hydrolysis of the structure and blockage of 
open metal sites, decreases its potential. To address this issue, composites of HKUST-1 and γ-Al2O3 particles were 
synthesized and tested for methane adsorption. MOF impregnation on large particles reduces the pressure drop 
through the fixed-bed, whereas the known hydrophilicity of the alumina is expected to minimize the water 
damage to the MOF. Impregnation was performed using two different methods (drip impregnation and sol
vothermal) with different HKUST-1/Al2O3 initial mass ratios (0.05–1.29 g/g) in a PTFE autoclave. The loading, 
dispersion and main morphological features were confirmed by PXRD, XPS, SEM, BET, DRIFT and TGA. Water 
influence was determined by ageing samples in a fixed bed under air with 100% RH for 24 h and 3 consecutive 
cycles, and methane adsorption capacity was checked before and after the humid treatment. Adsorption capacity 
of HKUST-1 decreases by about 37%, while composites with low MOF loads (<9%) withstand and even improve 
the methane adsorption capacity by more than 38%. This effect is more noticeable for a more heterogeneous 
MOF distribution on the alumina surface, following a similar principle to the methane hydrate formation through 
a surface promoter, but at milder conditions. Surprisingly, these composites also show a significant improvement 
in thermal stability.   

1. Introduction 

HKUST-1, Cu3(C9H3O6)2, known commercially as Basolite C300, is a 
promising material for gas adsorption and separation, establishing a 
benchmark in methane adsorption [1]. In fact, previous works have 
demonstrated its ability to concentrate methane from low-grade streams 
on a fixed bed [2]. Methane molecules, with considerable polarizability, 
are selectively attracted to the open metal sites (OMS) of the structure 
above other major components of the stream, such as nitrogen. HKUST-1 
has been synthesized and studied in many published articles, showing 
very good performance under different scenarios, but in most cases at 
laboratory scale and mild conditions [3]. However, the scaling-up of 
processes based on these materials is still challenging. 

The first handicap to overcome is the detrimental effect of the 
moisture on MOF performance [4,5]. The presence of water leads to the 
hydrolysis of organic ligands within the MOF’s structure and a strong 
affinity towards OMS, resulting in the adsorption sites obstruction and 
hindering the practical application of HKUST-1 in large-scale processes 

[6]. Consequently, there has been a growing interest in enhancing the 
water stability of this material. Initially, various modifications were 
proposed for the original MOF synthesis route. For instance, Goyal et al. 
[7] introduced iron (Fe3+) ions into the structure, while Wu et al. [8] 
incorporated glycine, and Kanno et al. [9] synthesized the MOF through 
plasma in the liquid phase. Although these alterations yielded im
provements, they also induced changes in the MOF’s morphological and 
crystalline structure, making them challenging and expensive to 
implement, particularly on a large scale. More recently, researchers 
have suggested the synthesis of composites by combining post-synthetic 
HKUST-1 with another material, which allows for the preservation of the 
MOF’s structure and simplification of the synthesis process. In this vein, 
Pan et al. [10] have deposited graphene oxide on the surface of 
HKUST-1, and Majaz et al. [11] have crystallized HKUST-1 within the 
mesoporous cavities of silica FDU-12. Despite the promising outcomes, 
most of these composites are created using costly materials such as 
graphene or techniques that consume significant energy, like electro
deposition [12,13]. Consequently, these factors contribute to 
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excessively high costs, also hampering the potential industrial-scale 
synthesis of these materials. 

One of the major obstacles hindering the industrial application of 
HKUST-1 is the substantial pressure drop associated with fixed-bed 
adsorption processes, primarily due to its fine powder form during 
synthesis and manufacturing [3]. To address this issue, a commonly 
employed and cost-effective technique is the palletisation of HKUST-1 
through mechanical pressure [14]. Shaping the material into larger 
pills or pellets helps reduce the pressure drop and enhances particle 
density, which can be advantageous for certain gas adsorption and 
storage applications [15]. However, palletisation has been found to 
cause structural amorphization and a significant decrease in the 
adsorption capacity of HKUST-1. These effects are attributed to a 
notable reduction in specific surface area and total pore volume, leading 
to the collapse of micropores [16,17]. HKUST-1 has also demonstrated 
challenges in forming large structures, which could potentially alleviate 
the issues associated with pressure drop. In fact, it is not stable in the 
commonly used dispersion solvents for binders [17]. Consequently, one 
possible solution that addresses both the harmful effects of moisture and 
the pressure drop is the combination of HKUST-1 with another material 
in a composite, aiming to improve its mechanical properties. Therefore, 
an ideal material for this purpose would be one that can be easily shaped 
into larger particles, such as commercially available extrusions of 
common catalyst supports like alumina (Al2O3) or silica (SiO2). 
Although this approach has been tested in the design of membranes for 
small molecule separation and enhancing thermal resistance in catalytic 
reactions, its application in fixed-bed adsorption and gas separation 
processes has received limited attention [18,19]. 

The objective of this study is to prepare composites of HKUST-1 and 
alumina to reduce pressure drop and mitigate the effects of moisture in 
adsorption processes. The primary goal is to identify an economical and 
straightforward approach to achieve these improvements. Methane 
adsorption is used as a reference (probe molecule) due to its favourable 
results under mild conditions and in small fixed-bed setups, although 
there are no previous records of scaling up [2]. Impregnation of 
HKUST-1 onto large alumina particles (355–710 μm) is carried out using 
solvothermal and drip impregnation methods. Alumina is a 
cost-effective and easily pelletizable material with high hydrophilicity. 
The larger particle size of alumina is expected to significantly reduce 
pressure drop, and its hydrophilicity has shown promise in modifying 
the polar character of porous membranes when combined with alumina 
particles [20]. Thus, it is anticipated that the composites will exhibit 
improved resistance to water damage. Solvothermal and drip impreg
nation methods are selected for their simplicity and low cost, as they are 
commonly used for MOF impregnation onto mesoporous supports [21]. 
Successful synthesis and adsorption testing of these composites could 
represent a significant breakthrough in the practical utilization of 
HKUST-1, as no previous studies have effectively addressed these chal
lenges in such a simple and cost-effective manner. 

2. Materials and methods 

2.1. Materials 

Alumina (γ-Al2O3) pristine pellets were obtained from BASF (CAS: 
1344-28-1), with an original particle size of 2 mm. The remaining 
chemicals were used for the HKUST-1 synthesis: cupric nitrate trihy
drate, Cu(NO3)2⋅3H2O, purchased from CAYMAN Chemical Company, 
trimesic acid, C9H6O6, purchased from PRS PANREAC, ultrapure 
ethanol (99.99%), C2H5OH, purchased from VWR Chemicals, and 
distilled water, H2O. All the gases used (air, methane, nitrogen and 
helium) were supplied by Air Liquide with purities above 99.995% mol. 

2.2. Synthesis of HKUST-1/Al2O3 

Firstly, Al2O3 particles, between 355 and 710 μm, were obtained by 

crushing in a mortar and a subsequent sieving of the original alumina 
pellets (2 mm). On the other hand, HKUST-1 was synthesized through 
the procedure indicated by Gascon et al. [22]: 0.875 g of Cu 
(NO3)2⋅3H2O were diluted in 12 ml of distilled H2O, whereas 0.42 g of 
C9H6O6 were diluted in 12 ml of C2H5OH. Both solutions were mixed 
and stirred for 30 min at ambient conditions. The final mixture was 
introduced into a PTFE autoclave of 100 ml and heated in an oven at 
383 K for 18 h. The product was filtered and threefold washed with 
distilled water. Finally, resulting material was introduced into the oven 
at 383 K overnight, obtaining a fine dark-blue powder. 

For the synthesis of HKUST-1/Al2O3 composites, two different 
methodologies were used (Fig. S1). Firstly, the solvothermal method 
[23]: 2.02 g of alumina particles were mixed with the precursors of 
HKUST-1 in the same proportions as above, and the mixture was taken to 
the PTFE autoclave (383 K, 18 h). The product was washed with distilled 
water and filtered. Secondly, the drip impregnation method [22]: 2.02 g 
of alumina particles were impregnated dropwise with the liquid ob
tained from the filtration of HKUST-1 (mother liquor) and taken to an 
oven at 393 K, until the complete solvent evaporation. Then, particles 
were washed with ethanol and filtered. The product was introduced into 
the PTFE autoclave with the HKUST-1 precursors (383 K, 18 h) and 
subsequently washed with distilled water and filtered. 

Some modifications have been made to the procedures described 
above. Alumina quantity was reduced to 1 g in all cases, the total contact 
volume in the autoclave has been modified to 3 different values (1, 2.4 
and 24 ml), and the original concentration of the precursors of HKUST-1 
in the contact volume was modified in some cases (100 and 10%). In this 
way, six different composite materials were synthesized for the process. 
Nomenclature indicates by numbers (100, 240 and 2400) the amount of 
MOF in the contact volume, and by letters (v and V) the total contact 
volume (Table 1). 

Once synthesized, the amount of MOF impregnated on alumina for 
each sample was estimated by thermogravimetry decomposition. Ther
mograms were obtained on a thermobalance TGA 55 (TA Instruments) 
for 15–30 mg of each sample, under nitrogen atmosphere (40 ml/min) 
and a temperature ramp of 5 K/min from ambient temperature to 800 K. 
At this temperature, the residual mass corresponds to either the inor
ganic support or the metal of the MOF. Therefore, by using a system of 
two algebraic equations that account for the total mass of the sample 
before and after the thermal treatment, and where the independent 
variables represent the mass of alumina and MOF in the original sample, 
the MOF loading of each composite can be determined. The accuracy of 
the measurements according to the manufacturer is: temperature accu
racy, ±1 K, and weighing precision, ±0.01%. Additionally, experiments 
were duplicated. 

2.3. Adsorbents characterization 

The textural features of specific surface area and pore volume were 
obtained by nitrogen physisorption at 77 K in a Micromeritics ASAP 
2020 surface area and porosity analyser. Physisorption data were pro
cessed using Brunauer-Emmett-Teller (BET), Barrett-Joyner-Halenda 
(BJH) and Dubinin-Radushkevich (DR) approaches for determining 
surface area, total mesopores and micropores volume, respectively. The 

Table 1 
Different materials synthesized and the corresponding nomenclature used.  

Nomenclature Procedure Contact volume (ml)a Precursors (%)b 

DI100v drip impregnation 1 100 
DI240 drip impregnation 2.4 100 
DI240V drip impregnation 24 10 
S240 solvothermal 2.4 100 
S2400V solvothermal 24 100 
S240V solvothermal 24 10  

a Total volume of liquid in the autoclave. 
b Concentration respect to the original precursors of HKUST-1 [22,23]. 
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total volume of pores is the sum of both values (BJH and DR). Pore size 
distributions were obtained using Horvath-Kawazoe method for MOF- 
containing materials (due to the relevance of microporous contribu
tion) and BJH for the parent alumina. 

The surface of the composite samples was analysed by X-ray photo
electron spectroscopy (XPS) using a SPECS system equipped with a 
Hemispherical Phoibos detector. Scanning electron microscopy (SEM) 
images and EDX analyses were carried out by using a JEOL 6610LV 
scanning electron microscope. Samples were coated with gold prior to 
observation. Infrared spectra were acquired by DRIFT spectroscopy with 
a Thermo Nicolet FT-IR equipped with a MCT/A detector. The adsorbent 
sample was placed inside the temperature-controlled chamber. The 
reflectance measurement was done during the flow of dry-methane. 
Spectra were recorded in the 650-4000 cm− 1 wavenumber range, sub
tracting the correspondent KBr standard background. Finally, the crys
tallographic structures of the materials were determined by powder X- 
ray diffraction (PXRD) using a Philips PW 1710 diffractometer, working 
with the Cu-Kα line (λ = 0.154 nm) in the 2θ range 5-85◦ at a scanning 
rate of 2◦/min. 

2.4. Adsorption experiments 

Pure methane adsorption was evaluated by a thermal gravimetric 
analyser (TGA 55, TA Instruments). Samples (15–30 mg) were pre
treated in situ at 423 K and 0.1 MPa in pure nitrogen flowing at 40 ml/ 
min for 2 h. Afterwards, 40 ml/min of methane were flowed at 298 K for 
20 h. All weight changes respect to the adsorption data were corrected 
using a blank calibration. Purge gas was nitrogen flowing continuously 
at 60 ml/min. 

Water ageing of the materials was performed in a stainless-steel tube, 
45 and 0.65 cm in length and diameter, respectively. It is filled with 
0.15 g of each material. The temperature of the fixed bed was controlled 
by an electric tubular furnace (Nabertherm). Water was introduced in 
liquid form by a syringe (Hamilton) of 5 ml powered by a Legato 100 
syringe pump (KdScientific), being immediately vaporized due to the 
action of several isolated heaters along the conductions, at 383 K. The 
gas flow of air (72 ml/min) was introduced by a mass flow controller 
(MFC) previously calibrated (Bronkhorst) for 24 h. Operation tempera
ture was 298 K, with a total pressure of 0.1 MPa. Water flowrate was 
selected according to the relative humidity (RH) desired: 0.2 ml/h for 
100% RH, corresponding to 59000 ppm. In the cleaning stage, 72 ml/ 
min of dry air were flowed through the fixed-bed and the temperature 
was increased up to 423 K for 2 h. Three consecutive water-ageing cycles 
were applied to each sample. Afterwards, pure methane adsorption ca
pacity was checked again on the thermobalance (20 h, 298 K). Subse
quently, a thermal decomposition up to 873 K was carried out for all the 
samples (N2, 5 K/min, 40 ml/min, 0.1 MPa), analysing the effluent gases 
by a mass spectrometer Pfeiffer Vacuum Omnistar previously calibrated. 
All the adsorption experimentation was done at least twice. 

3. Results and discussion 

3.1. Adsorbents characterization 

The MOF content of composites was calculated by thermal decom
position (Fig. S2), considering that the residual mass by comparison 
with pristine materials. Table 2 shows the MOF content of each of the 
studied materials. HKUST-1 shows a slight loss of mass at low temper
atures, related to water physisorbed, and a next collapse of the structure 
by means of the breakage of the organic ligand at 593 K, with a mass loss 
around 45%. In case of alumina, only a loss related to water linked to the 
surface (11%) is registered in the whole temperature range. All the 
composite decomposition curves obtained are intermediate between 
alumina and HKUST-1, being closer to the alumina. Interestingly, it is 
observed that the collapse of the organic ligand of the MOF occurs at 
higher temperature for composite materials, around 650 K, and in a less 

abrupt way than in the case of pristine HKUST-1. This change in the 
thermograms is consistent with the results obtained by other authors, in 
which the synthesis of composites with HKUST-1 achieve more ther
mally stable materials [24]. The bonds between the MOF and the sup
port strengthen the whole composite structure. 

Nitrogen physisorption isotherms are shown in Fig. S3. Pristine 
HKUST-1 exhibits a type-I adsorption isotherm, with a pronounced in
crease at low partial pressures (~500 cm3/g), which is indicative of the 
large importance of micropores, followed by a flat zone up to P/P0 = 1. 
For the composite materials, intermediate curves between the MOF and 
the alumina are observed. In fact, the specific surface area follows the 
same order as the MOF amount on the alumina, Table 2, showing the 
large contribution of the MOF to the available surface of the composite, 
with less influence on the total pore volume. Consequently, the higher 
the amount of MOF in the composite, the greater adsorption in the area 
corresponding to low partial pressures, related to the micropores 
importance. This effect is especially relevant in the case of S2400V, with 
36.6% HKUST-1. However, all the isotherms correspond to a type-IV, as 
alumina, with a hysteresis cycle that indicates the apparition of capillary 
condensation in the mesopores, add to a characteristic multilayer 
adsorption. Thus, MOF impregnation does not modify the large meso
porous properties of pristine alumina, except in case of high MOF load, 
like S2400V. Hence, S240V, with a very low MOF content, exhibits a 
behaviour very close to alumina. 

Fig. 1 shows the influence of MOF loading, obtained by thermog
ravimetry, on the BET specific surface area of each composite. All the 
materials follow a linear trend between alumina and HKUST-1 (R2 =

0.99), except S2400V and DI100v. In fact, these composites differ in the 

Table 2 
Main features of the considered materials.  

Material % HKUST- 
1a 

BET 
(m2/g) 

Micropore volume 
(cm3/g) 

Mesopore volume 
(cm3/g) 

HKUST- 
1 

100 1680 0.723 0.110 

Al2O3 0 246 0.0062 0.498 
DI100v 1.0 300 0.028 0.498 
DI240 17 445 0.057 0.582 
DI240V 6.6 278 0.021 0.479 
S240 8.6 319 0.038 0.498 
S2400V 36 550 0.112 0.299 
S240V 4.4 247 0.021 0.420  

a From thermogravimetry. 

Fig. 1. Relation between the BET specific surface area and the quantity of MOF 
in each material. HKUST-1 (blue stripped), Al2O3 (orange stripped), DI240 
(black), DI100v (grey), DI240V (yellow), S240 (purple), S240V (green) and S2400V 
(red). Black line guides the view. 
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synthesis process, since both start with different HKUST-1/Al2O3 ratio 
(1.29 and 0.05 g/g, respectively), whereas in the other cases the ratio 
remains constant, 0.13 g/g. A similar behaviour was reported by Yang 
et al. [25] in the synthesis of ZIF-8/CNT composites from values greater 
than 20% CNT. In fact, limited MOF loadings can be homogeneously 
distributed on the alumina surface, maximizing the exposed MOF area. 
However, high MOF/alumina ratio could promote MOF multilayering 
instead of a thin-layer distribution, with the subsequent blockage of 
surface and pores, decreasing the surface availability and reducing the 
adsorption efficiency. Yu et al. [26] described the same effect in the 
impregnation of TiO2 with CNTs, with a decrease of available specific 
surface and morphological properties at high CNTs load. In contrast, 
other authors refer to the crystal size of HKUST-1 as very decisive in the 
available BET specific surface area [27]. Therefore, it could be also 
considered that both the amount of MOF impregnated, as well as the 
variation of the initial MOF/alumina ratio, influence the crystallization. 
Differences between both impregnation methodologies are observed in 

the total pore volume, larger in drip impregnation method (Table 2). It 
may be due to the recrystallization step in the autoclave for drip 
impregnation procedure, which enhances the removal of unreacted 
substances initially blocking the pores of the MOF. Sule et al. [28] 
previously described this effect in the synthesis of composites of 
multi-walled carbon nanotubes and HKUST-1. Finally, the pore size 
distribution of the composite materials calculated by the Horváth-Ka
wazoe (HK) model is shown in Fig. S4. For the composites prepared by 
the drip impregnation method, the predominant pore size descends in 
the following order: DI240 (1.40 nm) > DI100V (1.31 nm) > DI240V (1.05 
nm), while for those prepared by the solvothermal method, the order 
will be S240V (1.40 nm) > S240 (1.24 nm) > S2400V (0.98 nm), with the 
latter case showing a band between 3 and 5 nm. 

Crystalline structures were obtained by PXRD (Fig. S5). In case of 
original HKUST-1, a very crystalline structure is observed, with well 
resolved peaks along the angle range 2θ = 5-45◦. The angle position of 
the main peaks (2θ = 9.5, 11.6, 13.5◦) confirms the typical face-centred 

Fig. 2. Low-angle diffractograms of HKUST-1 (blue), S2400V (red), DI240 (black), S240 (purple) and DI240V (yellow). Discontinuous rectangle points out the original 
position of the characteristic peak of HKUST-1 taken as reference (9.5◦). Discontinuous green line points out the new peak appearance at 8.2◦. 
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cubic (fcc) structure of HKUST-1, elucidated by Miller indexing [16]. On 
the other hand, the diffractogram of alumina shows an amorphous 
material, with three wide characteristic peaks at high diffraction angles 
(2θ = 37, 46, 67◦) [29]. Alumina phase is clearly observed for all the 
composite materials, as it is the main component. However, in the 
low-angle corresponding to HKUST-1, greater differences are observed 
between composite materials. 

Materials with the highest MOF content show the best defined peaks 
in the range 2θ = 5-15◦. These materials are S2400V, DI240, S240 and 
DI240V, and the intensity of the main peaks follow the same order than 
MOF amount impregnated on the alumina. Contrary, DI100v and S240V 
MOF load is very low, and no crystalline phase presence is distinguished 
by PXRD. Fig. 2 shows a comparative of the main peaks at low angle 
range for composite materials respect to pristine HKUST-1, where the 
peak 2θ = 9.5◦ is taken as reference. For S240 and DI240V, it is observed a 
little shift to lower values (9◦), with absence of new diffractogram peaks, 
and an important intensity loss. According to Emami et al. [30], these 
little shifts correspond to a preferred crystals orientation on the basal 
space after the composite formation, and not necessarily to a phase 
change. In addition, other authors indicate that it can also correspond to 
an expansion of the unit cell [31], accompanied in this case by a 
decrease in the crystal size, deduced by the growth of the full width at 
half maximum (FWHM) of the reference peak, following Scherrer 
equation. These results suggest that the crystal structure of the MOF is 
not affected by the composite formation, but it greatly influences the 
total crystallinity of HKUST-1 when combined with an amorphous ma
terial at low loads. Similar results were described by Martak et al. [32] in 
the study of the combination of HKUST-1 and Al2O3 particles. 

On the other hand, different patterns are obtained for materials with 
the highest MOF loadings. Concerning S2400V, it maintains the original 
crystalline phase, with peaks at 2θ = 9, 11.5 and 13.3◦, again with a 
slight shift respect to pristine HKUST-1. However, the presence of 
several new small peaks: 9.6, 11, 13.5 and 14◦ is observed, close to the 
characteristic HKUST-1 peaks indicated above, pointing out a splitting 
of these initial ones. Ma et al. [33] obtained similar results, which were 
attributed to an adequate crystallization of HKUST-1 in combination 
with high proportion of alumina, which decreases the relative intensity 
of MOF peaks, leading to this diffraction peaks splitting effect. Surpris
ingly, in the case of both S2400V and DI240, a new peak appears at 8.2◦. To 
the best of the authors’ knowledge, no previously published work on 
HKUST-1 composites has reported the presence of the new diffractogram 
peak observed in this study. According to the results presented by Zheng 
et al. [34], trimesic acid, which is the organic ligand that conforms the 
structure of HKUST-1, show a characteristic peak at 2θ values around 8◦. 
In fact, a possible combination of trimesic acid and aluminium ions 
(from alumina particles) may result in MIL-96(Al) MOF, with charac
teristic diffraction peaks in the environment of 8◦ [35]. Alternatively, 
the emergence of the new diffractogram peak could be attributed to 
alterations in the crystallization pattern occurring at high MOF loads on 
the alumina substrate. Similarly, other studies have documented similar 
effects on the crystallization of HKUST-1 when combined with other 
materials to form composites [36]. XPS analyses were conducted to 
investigate the electronic properties of the materials under study. 
High-resolution spectra of C1s, O1s, and Cu2p were deconvoluted to 
compare the chemical states of these atoms in HKUST-1, Al2O3, and the 
composite materials (Fig. S6A). In case of HKUST-1, C1s spectra show 
peaks at binding energies of 284 (C––C), 286 (C–O) and 288 (O––C–O) 
eV, which are characteristic of the trimesic acid. O1s spectra show a 
main peak at 531 (C–O–Cu) eV, characteristic of the structural copper 
open metal sites. In addition, Cu2p spectra show peaks at binding en
ergies of 934 (Cu2+), 954 (Cu2+), 932 (Cu+) and 952 (Cu+), which 
demonstrates the presence of copper ions in both possible oxidation 
states. In case of pure alumina, the absence of peaks in Cu2p spectra 
clearly indicates that there is no structural copper, as expected. On the 
opposite, all the composite materials show peaks in the Cu2p spectra, 
which indicates presence of copper ions in the structure (Fig. S6B). 

Further, it is observed a clear reduction in the counts related to the O1s 
spectra in composites, which corresponds to a decrease in trimesic acid 
concentration respect to pure HKUST-1. 

This arrangement is tried to be confirmed by scanning electron mi
croscopy (SEM) combined with EDX (Table S1). Comparing composite 
materials with simple materials images, it is possible to identify HKUST- 
1 particles on the alumina surface, with different sizes and distribution 
(Fig. S7). Defined diamond-shaped particles appear for HKUST-1, 
octahedral structure characteristic of this crystalline material. In 
contrast, alumina does not show any regular shape, with large 
agglomeration in certain zones, probably due to the initial crushing. In 
case of the composite with the lowest MOF content, DI100v, very small 
particles are observed on the alumina surface, and there is absence of 
MOF crystals, as it is also obtained by EDX in terms of copper (0.97% 
Cu). The next composite material, S240V, shows the presence of some 
crystals (2.04% Cu), with a fairly homogeneous distribution and certain 
alumina agglomerations. Then, SEM images and MOF content of S240 
and DI240V are very similar, but the distribution of crystals on the surface 
is more homogeneous in the solvothermal one. It is demonstrated by 
differences in the copper content on the surface: 1.25 and 5.19%, 
respectively. For a given HKUST-1 loading, drip impregnation compos
ites show more MOF-concentrated areas than solvothermal ones. 
Therefore, it is noteworthy the more homogeneous distribution of MOF 
particles on alumina in the case of materials synthesized by the sol
vothermal method. 

Finally, and in the same line than PXRD analyses, notable differences 
are observed in case of DI240 and S2400V, the composites with the highest 
MOF load. Both composites, especially DI240, show a new phase mixed 
with alumina particles and HKUST-1 crystals, not observed in simple 
materials case, in the form of elongated fibers or nanotubes (Fig. 3). 
These results could be attributable to the appearance of the new crys
talline phase in these two materials. In fact, some authors have reported 
that 1,3,5-BTC may be in the shape of fibers in synthesis at high con
centration [37]. In addition, the typical morphological shape of MIL-96 
(Al) is very similar to the registered in this case [35]. On the other hand, 
an EDX analysis conducted on an area consisting of these fibers in DI240 
revealed a copper content of 7.2%. This suggests the presence of 
HKUST-1 or even semi-crystalline copper precursors. Interestingly, the 
morphology of these fibers bears a strong resemblance to Cu(OH)2 
nanotubes reported by Zhang et al. [38], which were subsequently uti
lized as precursors for HKUST-1 by Okada et al. [39]. However, the 
diffractogram of Cu(OH)2, characterized by distinct peaks at high 
diffraction angles, does not align with the observed new phase. 

3.2. Methane adsorption at mild conditions 

Methane adsorption experiences are carried out on a thermobalance 
at 298 K and 0.1 MPa for 20 h. Results show a pure methane adsorption 
capacity of 31.8 and 10.6 mg/g for HKUST-1 and Al2O3, respectively. 
For composites, adsorption capacity decreases as both MOF content, 
crystallinity, specific surface area and mean pore size decrease. How
ever, DI100v (9.84 mg/g) and DI240V (9.12 mg/g) present even worse 
methane adsorption capacity than simple alumina (Fig. 4), although 
both materials show an initial kinetic trend coincident with S240V, above 
alumina. This initial phase corresponds to the methane adsorption by 
HKUST-1, more selective towards methane than alumina. 

Regarding the kinetic behaviour, adsorption curves have been fit to 
the Langmuir kinetic model (Equation (1)), based on the appropriate 
results obtained for Basolite C300 in a previous work under similar 
conditions [40]. Adsorption curves are similar in all cases and fit well to 
the Langmuir kinetic model (Fig. S8), which considers the rate of 
adsorption proportional to the percentage of unoccupied active sites for 
adsorption, which in case of methane are predominantly the OMS [41]. 
Thus, the good fitting suggests that methane adsorption occurs mainly in 
the MOF. 
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qt = qe⋅
kads

kads + kdes

(
1 − e− (− kads+kdes)t

)
(Equation 1) 

The desorption constant (kdes) of the model has been found to be 
negligible, lower than 9⋅10− 7 s− 1, for all the studied materials, and 
therefore not further considered. Likewise, the kads decreases as the 
mean pore diameter of the materials increases. As seen in Table 3, sol
vothermal composites show higher methane adsorption capacities and 
lower Langmuir adsorption constants that drip impregnation compos
ites, except in S2400V case. Therefore, it suggests that the MOF impreg
nated by the solvothermal method is more effective for adsorption than 
the impregnated by drip impregnation, in agreement with previous re
sults. As shown by SEM analysis, it can be related with the more 

homogeneous distribution on the surface for solvothermal composites, 
which proves to be key in adsorption processes of composite materials 
[42]. Heterogeneity in drip impregnation materials causes faster (higher 
Langmuir constant) but less effective (lower adsorption capacity) satu
ration kinetics. In order to corroborate this assumption, Fig. 5 relates the 
methane adsorption capacity and the load of MOF for each material. The 
straight line joining HKUST-1 and alumina indicates a linear behaviour 
between MOF load and adsorption capacity. Materials above the line 
indicate that the MOF is located on the alumina in an arrangement that 
favours the adsorption, the opposite in case of materials below the line. 
As seen, solvothermal materials stay on or above the line, whereas drip 
impregnation materials stay clearly below the line, especially DI240V. 

3.3. Fixed-bed performance and ageing in presence of water 

In order to test the fixed-bed performance and the water resistance of 
the materials studied, 72 ml/min of air with 100% RH (59000 ppm) are 
flowed continuously through a fixed-bed of each material (0.15 g) for 24 
h, at 298 K and 0.1 MPa. Firstly, pressure drop of a fixed-bed packed 
with pristine HKUST-1 (20 μm) was measured, resulting in 4.7⋅105 Pa/ 
m, due to its large compaction and low void space. In contrast, alumina, 
with much larger particle size (355–710 μm), exhibits a practically 
negligible pressure drop, 3.1⋅104 Pa/m. The same trend is followed in 
case of composites, with a particle size similar to alumina, and a pressure 
drop around 3.2⋅104 Pa/m in all cases. In addition, composite particles 
do not show attrition when conforming the fixed-bed. Therefore, com
posite particles perform much better than HKUST-1 in a fixed-bed in 

Fig. 3. Enlargement of the DI240 SEM image in which the elongated fibers can be seen, and the corresponding EDX analysis of the zone (pink rectangle).  

Fig. 4. Methane adsorption curves at 298 K and 0.1 MPa. HKUST-1 (blue 
striped), Al2O3 (orange striped), DI240 (black), DI100v (grey), DI240V (yellow), 
S240 (purple), S240V (green) and S2400V (red). 

Table 3 
Pure methane adsorption capacity (298 K, 0.1 MPa) and value of Langmuir 
adsorption constant for each material.  

Material CH4 capacity (qe, mg/g) kads (s− 1) R2 

HKUST-1 32.1 ± 0.6 1.33⋅10− 4 0.95 
Al2O3 10.6 ± 0.2 8.11⋅10− 5 0.99 
DI100v 9.84 ± 0.3 1.45⋅10− 4 0.98 
DI240 12.5 ± 0.2 1.52⋅10− 4 0.97 
DI240V 9.12 ± 0.3 1.68⋅10− 4 0.98 
S240 12.3 ± 0.6 1.29⋅10− 4 0.98 
S2400V 22.1 ± 0.4 2.01⋅10− 4 0.99 
S240V 11.6 ± 0.2 1.11⋅10− 4 0.98  

Fig. 5. Relation between pure methane adsorption capacity obtained by ther
mobalance (298 K, 0.1 MPa) and the MOF load on each composite. HKUST-1 
(blue), Al2O3 (orange), DI240 (black), DI100v (grey), DI240V (yellow), S240 (pur
ple), S240V (green) and S2400V (red). 
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physical terms, in which the pressure drop of the MOF can entail very 
high associated costs. 

Secondly, after the humid treatment for 24 h, materials are treated at 
423 K under dry air for 2 h. This procedure simulates an actual 
adsorption process with an intermediate regeneration cycle at high 
temperature, similar to a temperature-swing adsorption (TSA) process. 
Then, methane adsorption capacity is tested in the previous conditions. 
In case of HKUST-1, the methane adsorption capacity decreases 14.4% 
respect to the pristine material, whereas alumina shows a loss of 4.8%. 
As expected, HKUST-1 performance suffers greatly under humid con
ditions, as water present high attraction towards OMS, reducing the 
availability of active adsorption sites for methane. On the contrary, 
alumina withstands the water presence, and shows great hydrophilicity 
already reported by other authors [43]. HKUST-1 shows a reduction in 
the Langmuir kinetic constant (6.4⋅10− 5 s− 1), suggesting a slight alter
ation of the active sites for methane adsorption. The same trend is fol
lowed by the composites with the highest MOF loadings, S2400V and 
DI240, with 5.9 and 9.4% decrease in methane adsorption capacity, 
respectively. The presence of alumina diminishes a little the water ef
fect, but the MOF continues to be greatly affected. On the contrary, the 
trend completely shifts by reducing the MOF loading on alumina par
ticles. All the composites with medium and low MOF loading present an 
increase in methane adsorption capacity (Fig. 6). Further, the capacity 
increase is larger for drip impregnation composites. This is surprising, 
since drip impregnation composites are also the materials with the 
poorest MOF distribution for adsorption, as shown in Fig. 5. This fact 
suggests that the MOF heterogeneity on the alumina surface increases 
the MOF stability in presence of water and enhances the methane 
adsorption capacity, but only at reduced MOF loadings. 

Several authors have proposed HKUST-1 as a powerful precursor to 
methane-hydrate formation, due to its large pore wettability [31,44]. 
Furthermore, it was demonstrated that it is largely favoured at low 
HKUST-1 loadings on a metal-oxide support material, like alumina [45], 
and even more effective the more the heterogeneous distribution, 
making up MOF clusters [46]. This could explain the larger improve
ment registered for drip impregnation materials in case of low MOF 
loadings, with a more heterogeneous distribution of HKUST-1 on the 
alumina surface. Although high pressure and low temperature are 
required to methane hydrates formation, and these conditions do not 
apply in this case, the arrangement of HKUST-1 on the alumina surface, 
add to the wetting of the high pore volume of the MOF, may favour 

methane-water-composite contact in a similar way to the hydrates for
mation. In fact, several works have demonstrated the improvement in 
the methane adsorption capacity after wetting the pores of a 
large-porous material [47]. In general terms, water forms a cage struc
ture in MOF pores with certain affinity towards methane. Furthermore, 
other authors have demonstrated improvements in the water resistance 
of HKUST-1 after combining it with other materials in a composite [48, 
49]. This behaviour is tentatively explained by the surface roughness 
created by the MOF crystals bound in the matrix, which also agrees with 
the observation that the drip coating method, causing greater surface 
heterogeneity, increases stability against humidity. 

This effect was also checked by PXRD, looking for changes on the 
crystalline structure of the considered materials after the humid 
adsorption cycle (Fig. S9). The greatest changes are observed for S2400V 
and DI240, materials with the highest MOF loading. Both materials lose 
intensity at several peak positions (9.5, 11.6 and 13.4◦), in the same way 
than pure HKUST-1, which shows a large decrease in crystallinity after 
the water treatment. It is also observed an increase in the amorphous 
phase after the humid treatment. Further, it is remarkable that both 
S2400V and DI240 maintain the peak at 8.2◦. On the other hand, water 
does not affect alumina peaks at all. Therefore, it is observed that the 
adsorption performance of composites does not depend on its crystal
linity. Similar results are obtained by SEM imaging after the humid 
treatment, in which it is observed that only HKUST-1 is actually affected, 
with the appearance of surface fractures (Fig. S10). The rest of the 
materials do not present any type of surface change observable neither 
by SEM nor by N2 adsorption isotherm and pore size distribution. 

In this sense, diffuse reflectance infrared spectroscopy (DRIFT) 
technique has been applied to check changes in the molecular bonds of 
the composites after the humid treatment (Fig. S11). First, analyses 
show an adequate impregnation of HKUST-1 on alumina, since although 
the stretching-bending bands related to alumina (800-1100 cm− 1) pre
dominate, bands relative to C––O (1373 and 1618 cm− 1) and COO–Cu2 
(1350-1750 cm− 1), corresponding to HKUST-1, are also observed in all 
cases. After the humid treatment, pure HKUST-1 shows some changes, 
mainly related to a decrease in the intensity of the bands. The presence 
of moisture weakens the bonds of the structure, and can even cause a 
structural breakdown. On the other hand, alumina shows an intense 
peak growth at 1652 cm− 1 after the water treatment. This peak position 
can be ascribed to the vibration bands of hydroxyl groups and H–O–H 
from surface-adsorbed water on alumina [23]. This band appears in all 
composites, showing that water binds to alumina, as no significant 
changes are observed in the areas related to the MOF. Therefore, despite 
the decrease in crystallinity, it seems that the MOF maintains its struc
ture and its bond to the alumina after the humid treatment. 

Finally, to verify changes in the water-composite interaction, the 
materials have been exposed to thermal decomposition after humid 
ageing. Fig. S12 plots the effluent gases (CO2 and H2O) profiles obtained 
by mass spectroscopy. In case of HKUST-1, two main water desorption 
peaks are observed (343 and 473 K), the first one attributed to phys
isorbed water. Additionally, it is observed a CO2 large peak at 593 K, 
related to the structure decomposition, coincident with thermogravim
etry results shown in Fig. S2. For alumina, a large water desorption peak 
at 473 K is observed, related to chemisorbed water. However, the trend 
clearly shifts in the case of composites. These materials show two well- 
differentiated water desorption peaks, 373 and 523 K, except for S2400V 
and DI100v, materials with the highest and lowest MOF loadings, 
respectively. The presence of a predominant water desorption peak at 
523 K, even in composites with high MOF loadings, suggest the forma
tion of stronger bonds between the water molecule and the surface of 
composites than on alumina or MOF alone. These results suggest that 
water is preferentially bound by chemisorption to the alumina surface, 
which is more water-selective than HKUST-1, thus protecting the MOF 
structure, although there is also water retained in the porous structure of 
the MOF. This water wetting the MOF pores causes the enhanced 
methane adsorption, as seen above. Further, it is noteworthy the absence 

Fig. 6. Variation of methane adsorption capacity after the water-ageing cycle 
applied to each material. HKUST-1 (blue striped), Al2O3 (orange striped), DI240 
(black), DI100v (grey), DI240V (yellow), S240 (purple), S240V (green) and 
S2400V (red). 
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of the CO2 peak from MOF loads of less than 10%, approximately. This is 
consistent with the results obtained by thermogravimetry, which show 
greater thermal resistance of composites than HKUST-1. Therefore, the 
synergy between the MOF and the alumina dramatically increases 
thermal and moisture stability. 

The same humid treatment is applied by three consecutive cycles on 
all the considered materials in order to confirm the trend (Fig. 7). At the 
last cycle, HKUST-1 losses about 37% of the original methane adsorption 
capacity, whereas alumina maintains practically the loss registered at 
the first cycle, around 5%. The kinetic constants of the proposed kinetic 
Langmuir model are similar than the corresponding to the tests with the 
parent composites (6.1⋅10− 5 s− 1), suggesting that adsorption mecha
nism is essentially the same, despite the losses in the adsorption ca
pacity. This suggests that water blocks OMS for adsorption, decreasing 
the Langmuir constant, but it does not destroy the MOF structure. 
Concerning composites, S2400V and DI240 loss again an important part of 
their adsorption capacity after the third cycle, 27.3 and 15.8%, respec
tively. Again, at low MOF loadings on the composites, the water effect is 
the opposite, and the methane adsorption capacity continues above the 
original capacity. In fact, in some composites, such as DI240V, it even 
increases from the first to the third cycle. Therefore, these results 
confirm the previously proposed assumption. Table 4 shows the 
adsorption capacities registered with cycles. 

Finally, Fig. 8 relates the capacity loss after the third cycle with the 
MOF content in each composite. As seen, there is a gap between DI240 
and S240, and it goes from a loss of 15.8% to a capacity gain of 18.9% 
after three humid cycles. Therefore, it can be indicated that in this gap, 
which include around 9% of MOF load variation, an arrangement of 
HKUST-1 occurs on the alumina surface that greatly favours the 
methane-water-composite interaction. Below this value, and regardless 
of the impregnation method, the presence of water seems favourable in 
the methane adsorption by HKUST-1/Al2O3 composites, reaching even 
an improvement of 38% in the case of DI240V. These results suggest that 
the performance improvement occurs only for low MOF loads, and with 
larger intensity in the case of a more heterogeneous distribution (drip 
impregnation), which agrees with the assumptions previously made. 

4. Conclusions 

This study has successfully demonstrated the significant advantages 
of HKUST-1/Al2O3 composites compared to the pristine MOF. These 

advantages primarily include the ability to operate with minimal pres
sure drop in fixed-bed adsorption and improved stability in the presence 
of water. 

Different HKUST-1/Al2O3 composites (prepared using various 
preparation methods and MOF loadings) have been tested for methane 
adsorption. Alumina particles were selected for their large particle size 
and high hydrophilicity, which can reduce the pressure drop in a fixed- 
bed and protect the MOF from water, respectively. Composites with a 
high MOF load follow the same trend as pristine HKUST-1, although 
with lower capacity losses. Surprisingly, in the case of composites with 
HKUST-1 loads lower than 9%, the presence of water increases the 
methane adsorption capacity by up to 38% compared to the original. 

This effect is more striking in the case of drip impregnation com
posites, with a more heterogeneous distribution on the MOF, so higher 
surface roughness, giving rise to clusters that follow a similar principle 
to the methane-hydrate formation, but at milder conditions. The 
alumina selectivity towards water protects the HKUST-1 structure. In 
addition, thermal decomposition essays show an increase in the thermal 
stability of the MOF when forming the composites, confirming the 
synergy between the MOF and the alumina, strengthening the structure. 
Further, pressure drop is negligible in all composite cases. Results open 
the possibility of using these composites in actual operations. 
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Fig. 7. Variation of methane adsorption capacity through the water-ageing 
cycles applied to each material. HKUST-1 (blue striped), Al2O3 (orange stri
ped), DI240 (black), DI100v (grey), DI240V (yellow), S240 (purple), S240V (green) 
and S2400V (red). 

Table 4 
Variation in methane adsorption capacity after one and three consecutive cycles 
in presence of water (100% RH).  

Material Original (mg/g) 1st cycle (mg/g) 3rd cycle (mg/g) 

HKUST-1 32.1 ± 0.6 27.3 ± 0.6 21.2 ± 0.6 
Al2O3 10.6 ± 0.2 10.1 ± 0.3 10.1 ± 0.2 
DI100v 9.84 ± 0.3 12.4 ± 0.6 12.1 ± 0.2 
DI240 12.5 ± 0.2 11.4 ± 0.1 10.6 ± 0.3 
DI240V 9.12 ± 0.3 12.1 ± 0.4 12.6 ± 0.2 
S240 12.3 ± 0.6 15.4 ± 0.5 14.7 ± 0.1 
S2400V 22.1 ± 0.4 20.7 ± 0.4 16.1 ± 0.3 
S240V 11.6 ± 0.2 13.1 ± 0.1 13.7 ± 0.2  

Fig. 8. Relation between the methane adsorption capacity loss after three cy
cles of water ageing (24 h, 100% RH) on a fixed-bed and the HKUST-1 load on 
each composite. The shaded area indicates the trend change. DI240 (black), 
DI100v (grey), DI240V (yellow), S240 (purple), S240V (green) and S2400V (red). 
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