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Abstract
The structure modification of metal–organic frameworks (MOFs) is a promising technique to enhance its selective adsorption 
of carbon dioxide at room temperatures. However, to date, little is known on the structure-property relationship of MOFs 
for carbon capture. In this work, the effects of chemical composition of MOFs on selective adsorption of carbon dioxide 
were studied systematically. A series of aluminum-based MIL-53 with similar formula units but different organic ligands, 
Al(OH)BDC-X [BDC = terephthalate, X = H,  NH2,  NO2, 2(CH3)], were prepared and employed to the selective adsorption 
of  CO2/N2. It was found that the Al(OH)BDC-X series with various organic ligands affected the  CO2 capacity significantly. 
The decorations of functional groups with strong polarity on the BDC links remarkably enhanced the  CO2 uptakes. The 
experimental results were in good agreement with the equivalent adsorption heat calculations, which showed that the  CO2 
affinity of the ligands with polarity groups were thermodynamically more favored than those with non-polarity ones on the 
MOF structures. The interesting findings could provide a potential way to fabricate new metal organic frameworks with high 
carbon dioxide capture capacities at room temperature.

Keywords MIL-53(Al) · Polar functional groups · CO2/N2 selective adsorption · Equivalent adsorption heat

1 Introduction

Rising levels of atmospheric  CO2 from anthropogenic emis-
sions have motivated the development of new technologies 
for  CO2 capture and conversion. Designing and developing 

materials for  CO2 capture is one of the grand challenges in 
the 21st century, among which the separation of  CO2 from 
 N2 in flue gas is particularly important [1–6]. At present, the 
state-of-the-art technology is to use alkanolamine aqueous 
solution to capture  CO2 from the post-combustion flue gas 
[7]. However, this process involves the formation of carbon-
nitrogen bonds via the chemical interaction between amine 
functional groups and  CO2, causing the high cost for the 
regeneration of the adsorbent (the amine solution). There-
fore, it is urgent to develop efficient materials and related 
processes for  CO2 capture that can effectively reduce the 
regeneration cost. Compared with amine-based absorption 
systems, physical sorbents is a more promising energy-effi-
cient alternative. Therefore, great efforts have been devoted 
to developing physical sorbents for this purpose recently 
[8–14]. Still, limit material is capable of satisfying the cri-
teria of 90%  CO2 capture at less than 35% increase in the 
cost of electricity, established by the Department of Energy 
(DOE)/National Energy Technology Laboratory (NETL) 
[15–17].

Several classes of materials, including ionic liquids (ILs), 
zeolites, porous carbons, porous organic polymers, covalent 
organic frameworks (COFs) and metal–organic frameworks 
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(MOFs), have been developed for  CO2 capture and conver-
sion applications [18–28]. Particularly, MOFs have shown 
as a new class of crystalline porous materials with excellent 
performance in  CO2 capture, owing to their unique structural 
features and tunable physical and chemical properties. Espe-
cially, the functionalizable linkers, allowing for the incorpora-
tion of different capture sites, enable a fine-tuned properties 
of MOFs, making them promising materials for  CO2 capture. 
Enhancement of the interactions between the frameworks of 
MOFs and  CO2 has been developed as an efficient approach 
for  CO2 capture from  CO2/N2 gas mixtures.

A large number of MOFs have been claimed as promising 
materials for  CO2 capture, but only a few MOFs have real 
industrial interests [29–32]. Compared with other MOFs, 
Aluminum-based MIL-53 stands out thanks to their high sta-
bility (for water,  NOx,  SOx,  O2), low-cost and nontoxic [31, 
33, 34]. Another attractive aspect is that the adsorption and 
separation performance of  CO2/N2 can be improved by intro-
ducing suitable functional groups [32, 35–37]. To understand 
the key factors that affect the  CO2 capture in essence, Study the 
adsorption mechanism of MOFs materials is needed. However, 
to date, such a systematic study on the effects of structural and 
surface properties of MOFs is scarce [38].

Here we attempt to disclose the correlation between the 
chemical composition of MOFs (e.g., organic linker) and 
the  CO2/N2 selective adsorption. To achieve this, we chose 
a series of terephthalate-based MOFs (MIL-53 s) that had 
very close surface areas and chemical formula units. Four 
MIL-type MOFs, with similar formula unit (Al(OH)BDC-X, 
X = H,  NH2,  NO2, and 2(CH3), BDC = terephthalate) were 
investigated to elucidate the influence of organic ligands on 
 CO2/N2 selective adsorption. The  CO2 and  N2 adsorption iso-
therms of the Al(OH)BDC-X series materials were measured 
at 273 and 243 K. In comparing their  CO2 and  N2 uptake, 
correlations with their chemical compositions were discussed. 
Through this undertaking, the surface requirements of MOFs 
for a high  CO2/N2 selective adsorption may be formulated, and 
such understanding will facilitate a more rational design of 
new MOF materials for  CO2/N2 selective adsorption.

2  Experimental

The reagents used in materials preparation were commer-
cially available and without further purification. These MOF 
materials were initially synthesized and activated according 
to the previous reports [35–37].

2.1  Synthesis of Al(OH)BDC ‑X [X = H,  NO2,  NH2, 
2(CH3)] materials

2.1.1  MIL‑53(Al) (Al(OH)BDC‑H)

The MIL-53(Al) material was synthesized hydrothermally 
under autogeneous pressure according to the reported 
procedures [35]. In a typical synthesis, the metal salt of 
Al(NO3)3·9H2O was heated with terephthalic acid  (H2BDC) 
in  H2O with the molar ratio reported in the literature. The 
resultant solution was introduced into a teflon-lined stain-
less steel autoclave and then heated at 493 K for 72 h. The 
obtained MIL-53(Al) solids were dried overnight under 
vacuum at 573 K.

2.1.2  MIL‑53(Al)‑2CH3 (Al(OH)BDC‑2(CH3))

The MIL-53(Al)-2(CH3) material was synthesized hydro-
thermally under autogeneous pressure according to the 
reported procedures with slight changes [36]. In a typical 
synthesis, the metal salt of  AlCl3·6H2O was heated with 
2,5-dimethylterephthalic acid (BDC-2(CH3)) in  H2O with 
the molar ratio reported in the literature. The resultant solu-
tion was introduced into a teflon-lined stainless steel auto-
clave and then heated at 483 K for 12 h. The obtained MIL-
53(Al)-2CH3 solids were dried overnight under vacuum at 
423 K.

2.1.3  MIL‑53(Al)‑NH2 (Al(OH)BDC‑NH2)

The MIL-53(Al)-NH2 material was synthesized hydrother-
mally under autogeneous pressure according to the reported 
procedures [37]. In a typical synthesis, the metal salt of 
Al(NO3)3 was heated with 2-aminoterephthalic acid (HBDC-
NH2) in  H2O with the molar ratio reported in the literature. 
The resultant solution was introduced into a teflon-lined 
stainless steel autoclave and then heated at 403 K for 72 h. 
The obtained MIL-53(Al)-NH2solids were dried overnight 
under vacuum at 423 K.

2.1.4  MIL‑53(Al)‑NO2 (Al(OH)BDC‑NO2)

The MIL-53(Al)-NO2 material was synthesized hydrother-
mally under autogeneous pressure according to the reported 
procedures [38]. In a typical synthesis, the metal salt of 
Al(NO3)3·9H2O was heated with 2-nitroterephthalic acid 
(HBDC-NO2) in  H2O with the molar ratio reported in the 
literature. The resultant solution was introduced into a tef-
lon-lined stainless steel autoclave and then heated at 443 K 
for 12 h. The obtained MIL-53(Al)-NO2 solids were dried 
overnight under vacuum at 423 K.
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2.2  Characterization techniques

Powder X-ray diffraction (PXRD) patterns of the samples 
were obtained on a PW3040/60 X’ Pert PRO (PANalyti-
cal) diffractometer using Cu Kα radiation (40 kV, 40 mA, 
λ = 0.15432 nm). IR spectra were recorded on an ATI Mathe-
son Genesis in the spectral range 4000 − 400  cm−1 using the 
KBr disk method. Thermogravimetric (TG) analyses were 
carried out in air (75 mL/min, 35–800 °C, 4 °C/min) on 
a Netzsch STA-409CD. The BET surface area measure-
ments were performed with  N2 adsorption/desorption iso-
therms at 77 K on a Belsorp-max instrument. The samples 
were outgassed under vacuum at 423 K for 24 h prior to 
measurements.

2.3  Gas adsorption measurements

Carbon dioxide and nitrogen adsorption isotherm at 273 
and 243 K was measured using a static volumetric tech-
nique with an automatic adsorption apparatus (Belsorp-max, 
Japan). The sample holder was immersed in an ice water 
bath at 273 K (± 0.2 K) or ethanol water bath at 243 K(± 
0.2 K). The 243 K constant temperature bath is made by 
mixing ethanol and water (70/30, v/v) in dewar flask and 
then cooling it to 243 K with liquid nitrogen. The good ther-
mal insulation performance of dewar flask can keep the etha-
nol water bath at 243 K for 12 h. Typically, approximately 
200 mg of sample was used for each gas adsorption measure-
ment. Prior to the introduction of  CO2 or  N2 (99.99%), the 
samples were degassed in vacuum (at  10− 4 torr) at 423 K for 
at least 12 h to remove any residual guest molecules in order 
to obtain the highest gas adsorption capacity.

2.4  Equivalent adsorption heat calculations

The equivalent adsorption heat of the Al(OH)BDC -X series 
materials was calculated by fitting the static adsorption iso-
therm and using Clausius-Claperyron equation. The equiva-
lent adsorption heat  (Qst, kJ/mol) was calculated using the 
following equation (Eq. 1).

where p is the equilibrium adsorbate pressure (kPa), T is 
the adsorption temperature (K), R is the molar gas constant 
(8.314 J/(mol K)), and  na is the adsorption capacity  (cm3/g).

(1)Qst =
RT1T2

(T2 − T1)
ln

(

p2

p1

)

na

3  Results and discussion

3.1  Characterization of Al(OH)BDC‑X series 
materials

Powder XRD patterns for different Al(OH)BDC-X (X = H, 
 NO2,  NH2, 2(CH3)) materials are shown in Fig. 1. All the 
materials show a characteristic structure of the MIL-53(Al) 
[39, 41]. The diffraction peaks of Al(OH)BDC-X (X = H, 
 NO2,  NH2, 2(CH3)) materials were sharp and intense, indi-
cating their highly crystalline nature. No impurity peaks 
were observed, confirming the high purity of the products.

The FT-IR spectra of the Al(OH)BDC-X (X=H,  NO2, 
 NH2, 2(CH3)) materials are shown in the Figs. S1–S4 (see 
supporting information). In the IR spectra of all the com-
pounds, the strong absorption bands due to asymmetric and 
symmetric  CO2 stretching vibrations of the coordinated 
BDC-X linkers are located in the regions 1597–1616  cm−1 
and 1415–1463  cm−1, respectively [35]. The C–H stretching 
vibration of the -CH3 group attached with the BDC-2CH3 
linker exhibits weak absorption bands at about 2970 and 
2930  cm−1 in the IR spectra of Al(OH)BDC-2(CH3) [36]. 
The broad signals between 3000 and 2500  cm−1 in the IR 
spectra of Al(OH)BDC-NH2 are due to the aminotereph-
thalic acid in the pores [37].

To examine the thermal stability of all Al-MIL-53-X 
compounds, thermogravimetric analyses (TGA) were per-
formed on all the compounds in air atmosphere. On the basis 
of the TG analyses, all the compounds are thermally stable 
up to 325–450 °C. In the TG curves of all the compounds 
(Supporting Information, Figs. S5–S8), any weight loss step 

Fig. 1  PXRD patterns of Al(OH)BDC-X (X = H,  NO2,  NH2, 2(CH3)) 
series materials. MIL-53(simulated, gray), Al(OH)BDC-H (black), 
Al(OH)BDC-NH2 (red), Al(OH)BDC-NO2 (blue) and Al(OH)BDC-
2(CH3) (magenta) (Color figure online)
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that occurs below the decomposition temperature of the 
frameworks can be assigned to the removal of the occluded 
guest molecules  (H2O,  H2BDC-X linkers).

The specific surface areas of the Al(OH)BDC-X (X = H, 
 NO2,  NH2, 2(CH3)) were determined by  N2 physisorption 
measurements at 77 K (Fig. 2). The isotherms are identified 
as type I, which is characteristic of micro-porous materials. 
The BET surface areas, Langmuir surface areas, pore size 
and micro-pore volume of the different samples are summa-
rized in Table 1. Except Al(OH)BDC-2(CH3), other Al(OH)
BDC-X (X = H,  NO2,  NH2) showed similar  N2 isotherms 
with a similar BET surface area and micro-pore volume in 
the range of 850–1100  m2/g and 0.31–0.38  cm3/g. The BET 
surface area and micro-pore volume of the Al(OH)BDC-
2(CH3) was 741  m2/g and 0.19  cm3/g, which is slightly lower 
than the value obtained by Norbert Stock and coworkers on 
the material [36, 40].

Figure 3 is the pore size distributions of the Al(OH)
BDC-X series materials calculated by the density functional 
theory (DFT) model, it shows that most of the pores fall into 
the size range of 0.6 to 0.8 nm. Among them, Al(OH)BDC-
NO2 and Al(OH)BDC-2(CH3) have the smallest pore size, 

and the pore size of Al(OH)BDC-H (~ 0.8 nm) is coincident 
with the literature data [42–44].

3.2  Nitrogen and carbon dioxide isotherms

Figure 4 shows the nitrogen and carbon dioxide adsorp-
tion isotherms at 273 and 243 K for the Al(OH)BDC-X 
(X = H,  NO2,  NH2, 2(CH3)) samples. The  N2 and  CO2 
sorption properties of the Al(OH)BDC-X materials at 
100 kPa are summarized in Table 2. It can be seen that 
the Al(OH)BDC-X series with various organic ligands 
affected the  CO2 and  N2 capacity significantly. Al(OH)
BDC with functional groups can improve the adsorp-
tion capacity of  N2 and  CO2 simutaneously, with a more 
significant enhancement of  CO2 adsorption. It should be 
noted here that it seems ostensibly that the adsorption 
capacity of the Al(OH)BDC-2(CH3) is lower than that of 
Al(OH)BDC-H, but the specific surface area and micro-
pore volume of Al(OH)BDC-2(CH3) synthesized in this 
paper are much lower than those of Al(OH)BDC-H, and 

Fig. 2  Nitrogen adsorption (solid symbols) and desorption (empty 
symbols) isotherms for Al(OH)BDC-X (X = H,  NO2,  NH2, 2(CH3)) 
measured at 77  K. Al(OH)BDC-H (black, squares), Al(OH)BDC-
NH2 (red, down triangles), Al(OH)BDC-NO2 (blue, up triangles) and 
Al(OH)BDC-2(CH3) (magenta, circles) (Color figure online)

Table 1  BET and Langmuir 
surface areas, pore size and 
micro-pore volume for the 
Al(OH)BDC-X series materials

a Calculated over the relative pressure range P/P0 = 0.01–0.1
b Pore volume at P/P0 = 0.1

Al(OH)BDC-X SLangmuir(m2/g)a SBET(m2/g)a Pore size(nm) Vmicro(cm3/g)b

H 1063 894 0.80 0.38
NO2 847 698 0.65 0.31
NH2 950 789 0.80 0.35
2(CH3) 741 603 0.65 0.19

Fig. 3  The distribution of the pore size for Al(OH)BDC-X (X = H, 
 NO2,  NH2, 2(CH3)). Al(OH)BDC-H (black, squares), Al(OH)BDC-
NH2 (red, down triangles), Al(OH)BDC-NO2 (blue, up triangles) and 
Al(OH)BDC-2(CH3) (magenta, circles) (Color figure online)
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the micro-pore volume of the Al(OH)BDC-2(CH3) is even 
only half of the Al(OH)BDC-H, while the  N2 and  CO2 
uptake of the Al(OH)BDC-2(CH3) is more than half of 
the Al(OH)BDC-H. Therefore, it proves that the intro-
duction of  CH3 can improve the adsorption capacity of 
Al(OH)BDC-H for  CO2 and  N2. A similar conclusion was 
drawn in Zhong and co-works study, where the framework 
charges of the MOFs can effectively increase its adsorption 
capacity of  CO2 [45]. The high  CO2 adsorption capacity 
is attributed to the synergistic effect of pore structure and 
surface chemical properties of materials, and abundant 

micro-pores and nitrogen sites can significantly increase 
 CO2 adsorption capacity [46–48]. This is also confirmed 
by the adsorption-desorption experiment (Fig. S9) and 
repeated performance experiment (Fig. S10) of Al(OH)
BDC-NH2.

Table 2 showed the descending order of  CO2 uptake 
values at 100 kPa and 273 K is Al(OH)BDC-NH2 (110 
 cm3/g, 21.6 wt%) > Al(OH)BDC-NO2 (90.1  cm3/g, 17.7 
wt%) > Al(OH)BDC-H (35.7  cm3/g, 7.0 wt%) > Al(OH)
BDC-2(CH3) (26.7  cm3/g, 5.2 wt%). The  CO2 sorption 
capacities of the Al(OH)BDC-NH2 is larger than the value of 

Fig. 4  The  CO2 (red) and  N2 (blue) adsorption isotherms of the 
Al(OH)BDC-X (X = H,  NO2,  NH2, 2(CH3)) series materials meas-
ured at 273  K (up triangles) and 243  K (circles), respectively. a 

Al(OH)BDC-H, b Al(OH)BDC − 2(CH3), c Al(OH)BDC-NO2, 
dAl(OH)BDC -NH2 (Color figure online)

Table 2  CO2 uptakes,  N2 
uptakes and  RCO2/N2 of the 
Al(OH)BDC-X series materials 
at 273 and 243 K, and its 
isosteric heats of adsorption 
(Qst) for  N2 and  CO2

a At 100 kPa, bRCO2/N2 =  qCO2/qN2

CO2 uptake 
 (cm3/g)a

N2 uptake 
 (cm3/g)a

RCO2/N2
b Qst (kJ/mol)

Al(OH)BDC-X 273 K 243 K 273 K 243 K 273 K 243 K N2 CO2

H 35.7 42.1 2.5 3.9 14.3 10.8 15–17 24–26
NO2 90.1 135.9 5.6 11.8 16.1 11.5 17–18 30–32
NH2 110 190 6 14.9 18.3 12.8 18–20 30–32
2(CH3) 26.7 36.7 1.7 3.4 15.7 10.8 14–15 18–19
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the Kim and co-works (90 mg/g equal to 9 wt%) [49]. Except 
Al(OH)BDC-H and Al(OH)BDC-2(CH3), the adsorption 
capacity of the Al(OH)BDC-X materials in this paper were 
higher than that of the Norbert group (4-NO2 (10.8 wt%), 
298 K) [36] and the Abid group (-NH2 (75 cc/g), 273 K) 
[50]. The adsorption capacity of Al(OH)BDC-H is also 
lower than that of references [51–53] (6.58wt% at 303 K 
[51], 7.4 wt% at 288 K [52], 64  cm3/g at 273 K [53]),and 
Al(OH)BDC-2(CH3) is also lower than that of the Norbert 
group (6.8 wt% at 298 K) [36], which may be due to the fact 
that its micro-pore volume is half of that in the literature, 
because the linker of the Al(OH)BDC-2(CH3) in this paper 
is 2,5-dimethyl-1,4-Benzenedicarboxylicacid, while 2-Meth-
ylterephthalic acid is used by the Norbert group.

The order of  CO2 adsorption capacity of Al(OH)BDC-X 
series materials at 100 kPa and 243 K is consistent with that 
at 273 K, Al(OH)BDC-NH2 > Al(OH)BDC-NO2 > Al(OH)
BDC-H > Al(OH)BDC-2(CH3). The adsorption capacity of 
 CO2 at low pressure (100 kPa) is closely related to the polar-
ity of surface groups. The experimental results show that 
the materials modified by functional groups can improve 
their  CO2 adsorption capacity, and even the introduction of 
methyl with weak polar group can improve the  CO2 adsorp-
tion capacity of materials, which may be due to the fact 
that the introduction of methyl can enhance the interaction 
force between  CO2 and aromatic hydrocarbons, which is 
also confirmed by theoretical calculation [47]. Among them, 
Al(OH)BDC-NH2 has the highest  CO2 adsorption capacity, 
which may be due to the strong dipole-quadrupole interac-
tion between Al(OH)BDC-NH2 and  CO2 molecules with 
high polarizability and fourth-order moment. Torrisi and 
Vaidhyanathanalso reported similar results that the nitrogen-
containing materials can produce strong dipole-quadrupole 
interaction with  CO2 [41, 54].

In addition, the interaction between the functional group 
on the pore surface and  CO2 will also increase the selectivity 
of  CO2. It is an indisputable fact that functionalized MOFs 
can improve its selective adsorption performance for  CO2 
[55, 56]. Table 3 shows the comparison of  CO2/N2 selection 
factors of Al(OH)BDC-X series materials [49–51, 49–51]. 
The order of selective separation coefficient of  CO2/N2 is 
that the separation coefficient of polar functional groups is 
higher than that of nonpolar or weakly polar ones, which is 
mainly because the polarity and fourth moment of  CO2 are 
higher than that of  N2, resulting in higher interaction force 
between  CO2 and material surface than that of  N2 [46, 59]. 
Table 3 also shows that the selectivity in this paper is similar 
to that in most literatures, but lower than that in the Abid 
group [50]. They used different co-solvents to synthesize a 
series of amine-MIL-53 materials, the separation factors of 
amine-MIL-53 series materials for  CO2/N2 are quite differ-
ent, which indicates that the solvent in the synthesis of the 
amino-MIL-53 material has a great influence on the  CO2/N2 
selectivity of the materials. In summary, introducing func-
tional groups into MOF materials will enhance the  CO2/
N2 separation performance of the materials, especially the 
introduction of amino group.

Figure 5 show that the adsorption ratio of the Al(OH)
BDC-X series material for  CO2 at 273 K is greater than 
that at 243 K. This is mainly due to the weakening of the 
interaction force between Al(OH)BDC-X and  CO2 at low 
temperature, which increases the influence of micro-pore 
volume and pore size on  CO2 adsorption capacity, and pore 
diameter has a greater influence on  CO2 adsorption capacity.

The Henry’s law constants for  CO2 adsorption is shown 
in Table 4, The Henry’s constant  KH in the Henry’s law 
region was calculated by the standard procedures [60]. The 
Henry constant in Table 4 is expressed in three different 

Table 3  Comparison of the selectivity among Al(OH)BDC-X series materials

Material T(K) P(atm) Selectivity factor References

MIL-53(Al) 303 1 8 [48]
Amino-MIL-53 303 1 18 [48]
MIL-53(Al) 350 5 7.5 [49]
Al(OH)BDC-H 243(273) 1 10(14.3) This work
Al(OH)BDC-NO2 243(273) 1 11.5(16.1)
Al(OH)BDC-NH2 243(273) 1 12.8(18.3)
Al(OH)BDC-2(CH3) 243(273) 1 10.8(15.7)
MIL-53(Al) 298 1 10 [43]
MIL-53(Al)-NH2 298 1 20 [43]
Amino-MIL-53 273 1 43 [44]
Amino-MIL-53-DMA(dimethylformamide and methanol/acetic acid) 273 1 43 [44]
Amino-MIL-53-DM(dimethylformamide and methanol) 273 1 153 [44]
Amino-MIL-53-DEA(dimethylformamide and ethanol/acetic acid) 273 1 637 [44]
Amino-MIL-53-DE(dimethylformamide and ethanol) 273 1 637 [44]
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units to facilitate comparison with previous experimental 
results. The Henry constant of  CO2 in this paper is larger 
than that of most Silica, Silicalite, MOF, ZIF and MIL in 
the room temperature range, but smaller than X-type zeolites 
[61, 62]. So compared with the literature, Al(OH)BDC-X 

series materials used in this paper have high Henry constant 
for  CO2, which also proves that these materials have strong 
interaction with  CO2 and are good  CO2 adsorbents.

3.3  The equivalent adsorption heat

The experimental equivalent adsorption heat of  N2 showed 
the following order in terms of appended functional groups 
(Fig. 6a): -NH2 (18–20 kJ/mol) > -NO2 (17–18 kJ/mol) > -H 
(15–17 kJ/mol) > -2(CH3) (14–15 kJ/mol). It is also showed 
that at zero coverage, Al(OH)BDC-X shows a high equiva-
lent adsorption heat, and then drops sharply. The variation 
in  N2 sorption could potentially also arise from a difference 
in pore size distribution, with small pore sizes known to 
increase the adsorption capacity, as mentioned before. In 
particular, Al(OH)BDC-NO2 has the highest zero adsorp-
tion heats, which may be due to its smallest pore diameter 
(0.65 Å). This extremely small pore size leads to stronger 
host guest interactions. In addition, it could be possible that 
 NO2-groups of adjacent linker molecules could interact with 
the gas molecules.

The experimental equivalent adsorption heat of  CO2 
showed the following order in terms of appended func-
tional groups (Fig.  6b): -NH2 (30–32  kJ/mol) ≈ -NO2 
(30–32 kJ/mol) > -H (24–26 kJ/mol) > -2(CH3) (18–19 kJ/
mol). It shows that with the increase of surface coverage, 
the adsorption heat of Al(OH)BDC-X series materials for 
 CO2 decreases sharply at first, and then tends to be flat. The 
adsorption heat by Al(OH)BDC-NH2 is the highest in this 
series at zero coverage (ca. 57 kJ/mol). This is similar to 
the value of Kim’s team (60 kJ/mol) [49], but higher than 
Abid’s team (28 kJ/mol) [53]. The  Qst values of MIL-53(Al) 
obtained from the Sips and Toth models (Table 3) for  CO2 
(25 kJ/mol) and  N2 (13 kJ/mol) are in agreement with pre-
viously published data [51, 62, 63]. It is noteworthy that 

Fig. 5  The adsorption ratio of Al(OH)BDC-X (X = H,  NO2,  NH2, 
2(CH3)) series materials for  CO2/N2 adsorption (Color figure online)

Table 4   H’s constant (K) of  CO2 for Al(OH)BDC-X series materials

T(K) H NO2 NH2 2(CH3)

K(mmol/(g atm)) 273 0.9 11.4 17.7 4.8
243 21.9 43.8 76.8 13.2

K(mmol/(g kPa)) 273 0.01 0.11 0.18 0.05
243 0.22 0.44 0.77 0.13

K(cm3 /(g mmHg)) 273 0.096 0.33 0.52 0.14
243 0.64 1.28 2.25 0.39

Fig. 6  a and b are the isosteric heats of  N2 and  CO2 of the Al(OH)BDC-X series materials, respectively. Al(OH)BDC-H (black), Al(OH)BDC-
NH2 (red), Al(OH)BDC-NO2 (blue), and Al(OH)BDC-2(CH3) (magenta) (Color figure online)
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the nitro and amine group functionalized network, show the 
highest adsorption heat for  CO2. The results show that the 
polar groups in the materials can effectively improve the 
adsorption heat of  CO2, increase the adsorption capacity of 
 CO2, and then effectively separate  CO2/N2. This is consistent 
with the experimental and theoretical results in the literature 
[46, 59, 64].

In a word, the adsorption heat of Al(OH)BDC-X series 
materials for  CO2 is closely related to its functional group’s 
polarity. The greater the polarity, the greater the adsorption 
heat, so it is very important to choose appropriate functional 
groups to improve the adsorption capacity of  CO2 and the 
selectivity of  CO2/N2, which is similar to that reported in 
literature [59]. At the same time, their adsorption heat is 
between 25 and 35 kJ/mol, this medium adsorption heat 
is suitable for gas adsorption and separation application. 
This adsorption heat higher than that generated by physical 
adsorption (usually ~ 20 kJ/mol) is attributed to rich micro-
pores and strong dipole-quadrupole interaction between  CO2 
molecule and micro-porous polar framework.

4  Conclusions

The effects of organic ligand of MOFs on the selection 
adsorption of  CO2/N2 of the materials have been elucidated. 
A series of MOFs, Al(OH)BDC with formula units but dif-
ferent organic linkers were prepared and employed as the 
receptors for carbon dioxide. It was found that the MOFs 
with different organic ligand affected the storage capacities 
of MOFs significantly. The decoration of functional groups 
with strong polarity on the organic linkers in MOFs could 
facilitate the adsorption of carbon dioxide on the ligands 
and thus enhance the carbon dioxide uptakes. The experi-
mental results were in line with the equivalent adsorption 
heat calculations, which showed that the adsorption heat of 
the MOFs with polarity groups were much higher than those 
with non-polarity ones. Our findings could provide a poten-
tial way to fabricate new metal organic frameworks with 
high selective adsorption.

Supplementary Information The online version of this article con-
tains supplementary material available (https:// doi. org/ 10. 1007/ 
s10934- 021- 01141-w).
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