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AbstractUiO-66 and Cu3(BTC)2, two well-known metal organic frameworks (MOFs), were aminated through in-
situ modification approach to improve CO2/N2 separation. UiO-66 was synthesized by solvothermal method, while
Cu3(BTC)2 was synthesized with two electrochemical and solvothermal approaches for the sake of comparison. NH2-
UiO-66 structure was optimized by evaluating the effect of key parameters, such as synthesis temperature, ligand to
metal salt molar ratio, and modulator to metal salt molar ratio, on CO2/N2 selectivity. The effect of different weight per-
centage of 2-aminoterephthalic acid (NH2-BDC) on electrochemical synthesis of NH2-Cu3(BTC)2 was also investi-
gated. Products were characterized by FTIR, BET, FESEM, XRD, and TGA analyses. Single CO2 adsorption experiment
for NH2-UiO-66 showed higher capacity compared to UiO-66. However, for NH2-Cu3(BTC)2, an opposite trend was
observed. The CO2 adsorption capacity for NH2-UiO-66 and NH2-Cu3(BTC)2 at 1 bar and 25 oC was 3.32 and 3.86
mmol/g, respectively. CO2/N2 selectivity with fixed concentration ratio (15/85 vol%) was also studied for aminated sam-
ples, and the values of 120 and 53 were determined for NH2-UiO-66 and NH2-Cu3(BTC)2, respectively. NH2-Cu3(BTC)2
showed the highest isosteric heat of adsorption among all samples (43 kJ/mol).
Keywords: NH2-UiO-66, NH2-Cu3(BTC)2, CO2/N2 Adsorption, Selectivity

INTRODUCTION

Currently, about 86% of energy demand in industrial plants is
provided by fossil fuels, which results in massive CO2 emission to
the atmosphere. Hence, finding ways to control the CO2 emission
to mitigate global warming is crucial. Among different methods for
CO2 capture and sequestration, absorption-based processes using
aqueous alkanolamines have been applied for decades. However,
these methods suffer from several drawbacks, such as high energy
consumption and low CO2 loading capacity [1,2]. Carbon Capture
and Storage (CCS) in porous materials is another technique with
many advantages compared to other technologies, mainly less energy
consumption, higher selectivity, and minimal environmental impacts
[3]. Carbon based materials such as metal oxides [4], zeolites [5,6],
and organic-inorganic frameworks [7,8] are well-stablished mate-
rials for CCS processes.

Covalent organic framework (COF) and metal organic frame-
work (MOF) are two subclasses of organic-inorganic framework.
These porous coordination polymers, due to their tunable poros-
ity, flexible structure, and high surface area [9,10], have been cho-
sen as viable candidates for various applications such as gas storage
[11,12], drug delivery [13,14], catalysis [15,16], and sensors [17].
COFs are emerging class of porous crystalline polymers comprised
of light elements such as H, C, N, B and O, which crystallize into
2D layers or 3D networks [18]. Among various COFs, covalent tri-
azine frameworks (CTFs) have been widely used in CO2 adsorp-

tion due to its nitrogen-rich nature. Its high nitrogen content and
considerable surface area can improve CO2 capture through phy-
sisorption  system. CTFs are also capable to be functionalized by
polar functional groups such as inorganic ions or oxygen contain-
ing groups [19]. Furthermore, COFs can also be applied in thin films
in which they act as 2D templates by introducing adsorbed mole-
cules into the system. By means of this strategy functional surfaces
that would be beneficial for CO2 adsorption could be formed; how-
ever, this potential application needs to be more developed [20].
On the other hand, MOFs have been developed as a class of crys-
talline materials that consist of infinite inorganic nodes intercon-
nected by organic linkers [21,22]. Among numerous identified and
synthesized MOFs, many of them have been used in CCS process
based on their characteristics, such as Cu3(BTC)2, MIL-101, CPM-
5, MOF-177, UiO-66 [23]. The present study deals with synthesize
and application of two well-known MOFs (i.e., Cu3(BTC)2 and UiO-
66) in CO2/N2 separation. UiO-66 is one of the Zr-based MOFs
which is constructed of six Zr cations coordinated by square-anti-
prismatic geometry connected to eight oxygen atoms forming a sec-
ondary building unit (SBU). Each SBU is interconnected to twelve
ditopic 1,4-benzenedicarboxylate (BDC) that form octahedron and
tetrahedron cages with pore sizes of 11 and 8 Å, respectively [24].
UiO-66 has attracted much interest due to its high thermal stability
(up to 500 oC), its high resistance to humidity [25,26], and keep-
ing its crystalline structure after treatment in acidic (pH=1) and
basic (pH=14) medium [27]. On the other hand, Cu3(BTC)2 is
another well-known MOF with similar geometry to UiO-66 (octa-
hedral). However, the main pore diameter, corner tetrahedral pock-
ets, and connecting triangular channels are different in size. The SBU
of Cu3(BTC)2 includes paddle-wheel type metal corners bounded
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to four tricarboxylate linkers. The crystalline structure of Cu3(BTC)2

has large central cavities (pore size of 9 Å) surrounded by small
pockets (pore size of 5Å). These side channels are connected through
triangular windows of 3.5 Å which forms the central cage of crys-
tal structure [28]. This kind of MOF has shown good affinity to
CO2 molecules due to unsaturated metal sites that would be avail-
able after the activation step.

For gas adsorption and separation, amine functionalization is a
frequent technique to boost the adsorption capacity and CO2/N2

selectivity. It is possible to modify the surface of BDC linker avail-
able in the synthesis solution of UiO-66 by introducing -NH2 func-
tional groups to form NH2-UiO-66 MOF. In other words, NH2-
UiO-66 is constructed of zirconium metal clusters and 2-amino-
1,4-benzene dicarboxylate (NH2-BDC) ligand with the same topol-
ogy of UiO-66, which turns it to an interesting material for CO2

adsorption [29]. In the case of Cu3(BTC)2 amination, since synthe-
sis of amine functionalized BTC linkers is comprised of a series of
complex reactions, a mixture of ligands, i.e., BTC and NH2-BDC,
were employed with different mixing ratios to form NH2-Cu3(BTC)2

[30].
Note that using NH2-BDC ligand in synthesis of amino modi-

fied MOFs may bring different results. In NH2-Cu3(BTC)2, the pres-
ence of aminated ligand may cause some distortion in octahedral
structure of Cu3(BTC)2, since this linker occupies the place of one
carboxylate group (out of three) of BTC linker, which would cause
a reduction in coordination number of copper atoms. Consequently,
a gap would be generated between copper dimmer and linker mole-
cule. However, NH2-BDC keeps the crystalline structure of MOF
intact and neither sign of distortion nor defect could be observed
in NH2-UiO-66 structure.

In this research, two synthesis approaches (solvothermal and elec-
trochemical) were applied for Cu3(BTC)2 synthesis and the results
were compared. Then, the one with better textural properties and
higher CO2 adsorption capacity was selected for further actions.
Regarding the synthesis of UiO-66, since Zr electrode could not be
provided, conventional solvothermal method was chosen as the
synthesis procedure. Afterward, amine functionalization of these
two MOFs was performed to study the effect of amination on sep-
aration of CO2 from N2. For this purpose, ideal adsorbed solution
theory (IAST) was applied to determine CO2/N2 selectivity by means
of data obtained from single gas adsorption experiments. Note that
the reason for choosing UiO-66 and Cu3(BTC)2 for this study was,
first, related to similar crystal structures (i.e., octahedral shape) and
the presence of open metal sites in the structure of these MOFs
that can interact with CO2 molecules. Second, UiO-66 is of partic-
ular interest due to its ease of exchanging functional groups on the
terephthalic linker that can cause a change in the adsorption prop-
erties of this MOF [25]. However, because of limitation in using
aminated form of H3BTC, a mixture of ligands (as mentioned earlier)
was applied for NH2-Cu3(BTC)2 synthesis. Therefore, the compari-
son of CO2 adsorption capacities, between an MOF with aminated
ligand and the one with mixture of ligands, was another reason for
picking up these two types of MOFs.

The present study shows some novelties compared to the abun-
dant literature available on amino-modified MOFs for some reasons.
First, two synthesis methods (solvothermal and electrochemical) of

Cu3(BTC)2 were compared to determine which one could result in
better physical characteristics as well as CO2 adsorption. Moreover,
from synthesis point of view, the electrochemical synthesis method
was more convenient, easier to control and implemented in shorter
time compared to solvothermal one. Second, the electrochemical
technique was applied successfully for the first time to synthesize
NH2-Cu3(BTC)2. Third, CO2/N2 selectivity of 120, which was ob-
tained by NH2-UiO-66, was among the highest values that has been
reported for this type of MOF so far. Fourth, unlike the default prem-
ises, it was revealed that amine functionalization does not neces-
sarily improve CO2 adsorption on MOFs; however, it could improve
CO2/N2 selectivity due to changes happening in textural proper-
ties as well as surface chemistry of the adsorbent.

MATERIALS AND METHODS

1. Materials
All chemical substances including, terephthalic acid (H2BDC),

2-amino terephthalic acid (NH2-BDC), ZrCl4, 1,3,5-benzen tricar-
boxylic acid (H3BTC), ethanol, tetrabutyl ammonium tetrafluoro
borate (TBATFB), dimethyl formamide (DMF) and acetic acid
(CH3COOH) were purchased from Sigma-Aldrich and Merck
without further purification. CO2 (99.99%) and N2 (99.99%) pure
gases were purchased from Faran Gas Co., Iran.
2. Synthesis Procedure
2-1. Synthesis and Amination of UiO-66

UiO-66 was synthesized based on previous report [31] with small
modifications in crystals purification step in which, instead of soak-
ing precipitates in methanol for three days, they were stirred in etha-
nol vigorously for three times and each time for one hour. Typically,
0.223 g ZrCl4 was dissolved in 50 ml DMF and then sonicated for
10 min. Afterward, 0.174 g BDC was added and the solution was
sonicated for another 10 min. Then, 2 ml acetic acid as a modula-
tor was introduced to the resulting solution and the solution soni-
cated for 5min prior to be transferred into the Teflon-lined autoclave.
The autoclave was placed in an oven for 24 h at 120 oC. The system
was cooled to room temperature for 8 h. The precipitates were col-
lected by means of centrifuge and washed with DMF for three times
and subsequently the solvent was exchanged by ethanol to remove
residual DMF from interior parts of the product. Finally, the prod-
uct was dried for 12 h at 120 oC. NH2-UiO-66 was also synthe-
sized similar to the UiO-66 procedure except that NH2-BDC was
used as ligand.

Influential parameters considered for optimization of NH2-UiO-
66 synthesis procedure were ligand-to-metal salt molar ratio (S : L),
modulator-to-metal salt molar ratio (S : M), and synthesis tempera-
ture. In this study, optimization was based on the one factor at a
time method (OFAT) to find the adsorbent with the highest CO2/
N2 selectivity. Range of values associated with each parameter was
1.0-1.5, 0.5-1.0, and 100-140 oC for S : L, S : M, and synthesis tem-
perature, respectively.
2-2. Synthesis and Amination of Cu3(BTC)2

Solvothermal synthesis procedure of Cu3(BTC)2 was adapted from
our previous report [32] in which 1.75 g copper (II) nitrate trihy-
drate and 0.84 g H3BTC were mixed in 48 ml pure ethanol for 30
min. Then, the homogeneous solution was transferred into a Teflon-
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lined autoclave and placed in an oven for 14 h at 120 oC. After the
reaction was completed, the autoclave was cooled. The precipi-
tates were collected, washed with ethanol and centrifuged for three
sequential cycles. Finally, the crystals were dried at 100 oC overnight.

Cu3(BTC)2 synthesis via electrochemical route was implemented
based on our previous study with some modifications [33]. Two
copper electrodes with 6 cm2 effective area spaced 1 cm from each
other, placed in the electrolysis cell filled with 100 ml ethanol. 1 g
H3BTC and 0.65 g TBATFB were used as ligand and electrolyte salt,
respectively. A constant voltage (25 V) was applied between two
electrodes for 2 h. Gradually, a thin layer of MOF formed on the
surface of the anode and precipitated at the bottom of the cell. When
the synthesis process finished, precipitates were collected and cen-
trifuged twice. In each run, the used solvent was replaced with a
fresh one to remove unreacted ligands. Finally, the solid phase was
dried and activated in oven for 12 h at 150 oC.

For the synthesis of NH2-Cu3(BTC)2, since aminated form of
the trimesic acid linker (H3BTC) was not possible to synthesize
[30], a mixture of H3BTC and NH2-BDC was applied. In this regard,
different weight percentages of NH2-BDC (10, 20 and 25 wt%) were
combined with H3BTC to study the performance of final product
around CO2 separation from N2.
3. Characterization Techniques

Adsorption-desorption isotherms of nitrogen were measured by
BELSORP mini II at 77 K under pressure ranges 0-100 kPa, after
the samples were pretreated at 150 oC for 3 h. The BET surface area,
micropore volume, and micropore size distribution were calculated
by Brunauer-Emmett-Teller (BET), t-plot, and micropore (MP) plot,
respectively. The presence of amine group in NH2-UiO-66 and
NH2-Cu3(BTC)2 was investigated by Fourier transform infrared
(FTIR) spectroscopy (Spectrometer Spectrum 65 - PERKIN-ELMER,
USA). Each scan was obtained by applying definite number of scans
in the range of 400-4,000 cm1 with the resolution of 4 cm1. Ther-
mogravimetric analysis (TGA) was carried out for determining ther-
mal stability of samples (Rheometric Scientific, STA 1500, USA)
under air flow at the heating rate of 10 oC/min from room tempera-
ture to 800 oC. X-ray diffraction (XRD) patterns were employed to

determine the probable variation in crystalline structure of samples
after amine modification using X-Pert Pro diffractometer (Ger-
many). This analysis was implemented in 2=5-80 o with accelera-
tor voltage of 40 kV and current of 40 mA. Finally, the morphology
of MOFs was characterized by field emission scanning electron
microscopy (FESEM) analysis (FEI NOVA NANOSEM 450, USA)
at 15 kV for better conductivity.
4. Gas Adsorption Measurements

CO2 and N2 adsorption on as-synthesized MOFs were studied
experimentally through volumetric method, which was described
in detail in our previous report [33]. All experiments were per-
formed over a pressure range of 0-7 bar and at different adsorption
temperatures (25, 35, and 45 oC). CO2/N2 selectivity was calculated
based on ideal adsorption solution theory (IAST) which is well
described in supporting information (section 1).

RESULTS AND DISCUSSION

1. Optimization of NH2-UiO-66 Synthesis Procedure
1-1. Effect of Synthesis Temperature

Temperature is one of the crucial items that must be considered
in synthesis of MOFs. For this purpose, three different temperatures
(100, 120 and 140 oC), were considered for NH2-UiO-66 synthesis
(samples are called NHU-100, NHU-120 and NHU-140, respec-
tively) and the synthesis procedure was implemented at a fixed
S : L : M molar ratio (1.0 : 1.25 : 0.75). Table 1 (Part I) summarizes
the obtained results from BET analysis for samples synthesized at
aforementioned temperatures. From Table 1 it is clear that the tex-
tural properties of NHU-100 and NHU-140 samples are lower than
NHU-120, which would undoubtedly influence the gas adsorption
capacity. Although increasing the synthesis temperature (up to
120 oC) improves the crystallinity of NH2-UiO-66, further increase
in the synthesis temperature may cause slight agglomeration due to
rapid crystal growth, which in turn results in lower CO2/N2 selectiv-
ity [34]. This result can also be inferred from FESEM images (Fig.
1) in which clear octahedral structures can be observed for NHU-
120 (Fig. 1(b)). However, in the case of Fig. 1(a) which belongs to

Table 1. Effect of synthesis parameters on textural characteristics of NH2-UiO-66 and comparison of optimum sample with textural proper-
ties of UiO-66

Code Temp.
(oC)

S : L
molar
ratio

S : M
molar
ratio

SBET

(m2/g)

Pore
volume
(cm3/g)

Average pore
diameter (nm)

CO2 uptake at
1 bar & 25 oC

(mmol/g)

N2 uptake at
1 bar & 25 oC

(mmol/g)
Part I: Effect of

Temperature
NHU-100 100 1.0 : 1.25 1.0 : 0.75 1105 0.47 1.76 2.58 0.17
NHU-120 120 1.0 : 1.25 1.0 : 0.75 1118 0.49 1.73 3.32 0.10
NHU-140 140 1.0 : 1.25 1.0 : 0.75 1013 0.44 1.74 2.85 0.12

Part II: Effect of
Ligand

NHU-1 120 1.0 : 1.0 1.0 : 0.75 1254 0.54 1.72 3.11 0.25
NHU-1.25 120 1.0 : 1.25 1.0 : 0.75 1118 0.49 1.73 3.32 0.10
NHU-1.5 120 1.0 : 1.5 1.0 : 0.75 1067 0.45 1.74 2.51 0.19

Part III: Effect of
Modulator

NHU-0.5 120 1.0 : 1.25 1.0 : 0.5 1091 0.47 1.72 2.56 0.13
NHU-0.75 120 1.0 : 1.25 1.0 : 0.75 1118 0.49 1.73 3.32 0.10
NHU-1* 120 1.0 : 1.25 1.0 : 1.0 1128 0.50 1.76 2.73 0.14

Part IV: Final
results

NH2-UiO-66 120 1.0 : 1.25 1.0 : 0.75 1118 0.49 1.73 3.32 0.10
UiO-66 120 1.0 : 1.25 1.0 : 0.75 1401 0.61 1.75 2.58 0.44
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NHU-100 sample, it is clear that the angles are a bit undistinguish-
able compared to Fig. 1(b). Moreover, when the temperature was
increased to 140 oC agglomeration occurred, which is clearly obvi-
ous from Fig. 1(c).

IAST method was applied to determine the ability of these sam-
ples in separation of CO2 from N2. Results revealed that NHU-120
has the highest selectivity (120) compared to NHU-100 and NHU-
140 that were equal to 90 and 45, respectively. This finding con-
firms assumptions and obtained results around BET surface area
reported in Table 1.

1-2. Effect of Ligand to Metal Salt (S : L) Molar Ratio
To evaluate the effect of ligand to metal salt molar ratio, three

different values (1.0, 1.25 and 1.5) were used in the synthesis of
NH2-UiO-66, and subsequently CO2/N2 selectivity was investigated
in each case. With this regard, 0.174, 0.217, and 0.260 g NH2-BDC
were added to the synthesis solution and NH2-UiO-66 was syn-
thesized based on reported methodology (Sec. 2.2.1) at 120 oC. All
samples were characterized using BET analysis and results are sum-
marized in Table 1 (Part II). As can be seen from the second part
of Table 1, NHU-1 has the highest SBET in comparison to NHU-1.25

Fig. 1. FESEM micrographs of NH2-UiO-66 synthesized at (a) 100, (b) 120 and (c) 140 oC.

Fig. 2. FESEM micrographs of NH2-UiO-66 synthesized with different S : L molar ratio (a) 1 : 1, (b) 1 : 1.25 and (c) 1 : 1.5.
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and NHU-1.5 samples. Besides, by comparing FESEM images of
Fig. 2, it is clear that, although increasing the amount of S : L molar
ratio from 1.0 to 1.25 (Figs. 2(a) and (b)) did not alter the NH2-
UiO-66 morphology considerably, increasing this parameter to 1.5
clearly suppressed the formation of ideal UiO-66 crystals (Fig. 2(c)).

Findings from BET analysis were in contrast with IAST results
where NHU-1.25 revealed higher CO2/N2 selectivity (120) com-
pared to other samples (60 and 25 for NHU-1 and NHU-1.5,
respectively). This result can be explained by the fact that by intro-
ducing more NH2 functional groups, part of the internal volume
including central octahedral cages and triangular windows might
be occupied resulting in lower surface area. On the other hand,
higher CO2 adsorption capacity and selectivity of the NHU-1.25
sample may be attributed to the adequate amount of NH2 groups
in the structure of this sample, leading to more interaction between
CO2 and amine groups. Meanwhile, increasing the linker to metal
salt molar ratio or introducing excess amounts of linker would ter-
minate the growth of NH2-UiO-66 particles through limiting the
deprotonation of ligand implemented by solvent [35]. In addition,
since the amount of modulator is fixed, it would not be possible
for modulator to compete with high concentration of ligand to
slow down the rate of crystal formation [35,36].
1-3. Effect of Modulator to Metal Salt Molar Ratio

After determination of optimum S : L molar ratio, the effect of
modulator amount on textural properties of NH2-UiO-66 as well
as its CO2/N2 selectivity was investigated. It is known that, during
synthesis of some types of MOFs, especially Zr-MOFs, applica-
tion of acid modulator can help and facilitate the crystal growth
through controlling the reaction kinetics. It is assumed that modu-
lators have two essential roles in synthesis of Zr-MOFs: (1) help-
ing in formation of Zr6O4(OH)4 clusters, which leads to growth of
crystals, and (2) inhibiting fast precipitation of amorphous solids
through slowing the rate of crystal growth [37].

To recognize the effect of modulator, different S : M molar ratios
(0.5, 0.75 and 1.0) were added to the homogenized solution con-
taining 0.223 g ZrCl4 and 0.22 g NH2-BDC. Then, the synthesis pro-
cess was continued based on the protocol discussed in sec. 2.2.1.
Afterward, samples were characterized by BET analysis to figure
out which sample possesses better textural properties. From Table
1 (Part III), it can be understood that, raising the S : M molar ratio
improves the textural properties. This may be attributed to this fact
that at lower S : M molar ratio (0.5), the amount of modulator was
not sufficient to slow the rate of crystal growth. This claim can also
be confirmed by XRD analysis and the details about as-synthesized
samples are discussed in supporting information (section 3). Fig.
3(a) shows that NHU-0.5 has intergrown crystal solids. Formation
of intergrown solids could result in reduction in SBET of sample
NHU-0.5 as well as adsorption capacity of the adsorbent. On the
other hand, increasing the amount of S : M molar ratio usually im-
proves the crystallinity as well as porosity (Fig. 3(b) and 3(c)). Nev-
ertheless, this may lead to increase in formation of defects in SBU
of MOFs, which may cause imperfection inside crystals [38] and,
consequently, it would influence adsorption capability of MOFs.
Therefore, it is crucial to study CO2/N2 selectivity of these samples
and results revealed that sample NHU-0.75 has the highest selec-
tivity (120) in comparison to NHU-0.5 (36) and sample NHU-1*

(33) samples. The result confirmed that adding more amount of
modulator resulted in decrease in CO2 adsorption (due to the for-
mation of defects) and hence, NHU-0.75 sample demonstrated bet-
ter CO2 uptake as well as selectivity compared to NHU-1*. Therefore,
amount of 0.75 was selected as optimum S:M molar ratio in syn-
thesis of NH2-UiO-66. 

Based on obtained results from the optimization process, the opti-
mum condition for synthesis of NH2-UiO-66 was S : L : M molar
ratios of 1.0 :1.25 :0.75 and temperature of 120 oC. The fourth part of
Table 1 compares textural characteristics of the optimum NH2-UiO-

Fig. 3. FESEM micrographs of NH2-UiO-66 synthesized with different S : M molar ratio (a) 1 : 0.5, (b) 1 : 0.75 and (c) 1 : 1.
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66 and pristine UiO-66 samples. In addition, Fig. 4 compares FESEM
images of UiO-66 and NH2-UiO-66. From Fig. 4(a), the triangular-
based pyramid morphology of UiO-66 particles can be observed
which is completely uniform and in accordance with previous stud-
ies [9,39]. Moreover, as could be seen, after replacing the primary
ligand with amine containing BDC, the morphology of NH2-UiO-
66 did not change significantly in comparison to the UiO-66 sam-
ple. However, a slight agglomeration can be observed in Fig. 4(b),
which might be due to the existence of amine functional groups.

Although UiO-66 showed higher specific surface area, however,
its CO2/N2 selectivity was much lower (10) than its aminated one
(120). The main difference in textural properties of NH2-UiO-66
and UiO-66 lies in their total pore volumes, which was reduced sig-
nificantly in aminated sample. Generally, to achieve maximum ad-
sorption capacity, it is necessary to have access to the pores of MOF.
UiO-66 has rather small pores which include narrow triangular
windows with pore diameter of 6 Å, octahedral and tetrahedral cavi-
ties with diameter of 11 and 8 Å, respectively [40]. When the BDC
ligand is substituted by NH2-BDC, the mentioned pore volume was
reduced (20% on average) due to the presence of amine group on
the linker, which may cause loss in intraparticle voids in the micro-
pore regime as well as potentially confined diffusion. As can be
observed from Table 1, this would also affect the N2 adsorption on
the MOF since the sole mechanism of nitrogen adsorption in both
pristine and aminated samples is diffusion through the pores [41].
Meanwhile, N2 is non-reactive gas molecules which could not inter-
act with amine groups. On the other hand, CO2 has small molecule
size, higher quadrupole moment and polarizability in comparison
to N2. CO2 is considered as a polar and Lewis acidic gas and can
interact with NH2 groups as a Lewis basic site [9]. All above-men-
tioned reasons justify why N2 molecules unlike CO2 molecules
showed lower adsorption capacity (Table 1).

To have better understanding about the adsorption capacity of
as-synthesized NH2-UiO-66, CO2 and N2 adsorption on mentioned
MOFs were implemented at 25 oC and the results are illustrated in
supporting information (Fig. S1).
2. Effect of NH2-BDC Ligand on CO2/N2 Selectivity of Cu3BTC2

Cu3(BTC)2 samples, synthesized by two solvothermal and elec-
trochemical methods, were compared from the viewpoint of BET
surface area and CO2 adsorption capacity as well. Results demon-
strated that Cu3(BTC)2 synthesized through electrochemical approach
had the BET surface area of 1,627 m2/g and CO2 adsorption capac-
ity of 4.4 mmol/g at 25 oC and pressure of 1 bar. These values were

higher than those obtained from solvothermal method (1,306 m2/
g and 3.2 mmol/g) [32]. Therefore, electrochemical technique was
chosen for synthesis of NH2-Cu3(BTC)2.

NH2-Cu3(BTC)2 based MOFs synthesized electrochemically with
different weight percentage of NH2-BDC, were almost similar in
terms of color to the original one (dark blue). The BET analysis was
carried out to evaluate the effect of adding aminated ligand to the
structure of Cu3(BTC)2 and results are shown in Table 2. Note that
the term “Pristine” refers to the Cu3(BTC)2 sample synthesized elec-
trochemically without any amount of NH2-BDC linkers within the
primary synthesis solution.

As can be seen from Table 2, by adding more NH2-BDC, the spe-
cific surface area and total pore volume decreased, while the aver-
age pore diameter increased compared to the pristine Cu3(BTC)2.
Since in this study amine was incorporated in the MOF structure
by using amine containing ligand rather than amine surface modi-
fication, the interior voids were partially occupied only by NH2

groups and this could justify diminishing of the pore volumes. This
observation was also reported by Ghaffari Nik et al. [30] who ob-
served a reduction in the surface area and total pore volume of
NH2-Cu3(BTC)2 after substitution of part of BTC ligand with NH2-
BDC one. They confirmed that this reduction is attributed to the
presence of primary amine group that partially occupied the microp-
ores of NH2-Cu3(BTC)2.

Similarly, to understand the performance of each aminated sam-
ple toward CO2 separation from N2, single component adsorption
experiments were carried out for all samples (Fig. 5). Among syn-
thesized aminated Cu3(BTC)2, the NHCu-20 sample showed the
highest CO2/N2 selectivity (53) in comparison to NHCu-10 and
NHCu-25 samples with CO2/N2 selectivity of 23 and 22, respec-
tively. From Fig. 5 it is clear that adding amine groups could result
in reduction of CO2 uptake compared to the pristine sample. How-

Fig. 4. FESEM micrographs of (a) UiO-66 and (b) NH2-UiO-66.

Table 2. Effect of different weight percent of NH2-BDC on textural
properties NH2-Cu3(BTC)2

Sample NH2-BDC
(wt%)

SBET

(m2/g)
Pore volume

(cm3/g)
Average pore

diameter (nm)
NHCu-10 10 1455 0.66 1.81
NHCu-20 20 1303 0.59 1.81
NHCu-25 25 1205 0.56 1.95
Pristine - 1627 0.69 1.69
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ever, for the NH2-BDC (20 wt%) sample no significant change was
observed compared to NH2-BDC (10 wt%). Since it was presumed
that adding more aminated ligand might lead to increase in CO2

adsorption; interestingly, no significant change was observed in CO2

adsorption behavior. This inconsistency in CO2 affinity can be at-
tributed to the presence of NH2 groups that might make more carba-
mates with CO2, which improves CO2 separation and prevents
further CO2 reduction [42]. In addition, there was a reduction in
nitrogen adsorption after adding aminated ligand to 20 wt%, which
led to an increase in the CO2/N2 selectivity. Meanwhile, further in-
crease in NH2-BDC to 25 wt% caused a reduction in CO2 adsorp-
tion capacity associated with an increase in nitrogen adsorption
capacity, leading to a drop in the CO2/N2 selectivity. This observa-
tion can be interpreted from two different chemical and physical
view of points. On one hand, by exchanging one BTC molecule
with NH2-BDC, one carboxylate group (out of three) of a linker is
substituted by one amine containing aromatic ring. This may bring

distortion in paddle-wheel structure of Cu3(BTC)2 and a gap may
be created between copper dimmer and linker molecule. As the
amount of NH2 increased, the coordination number of copper
atoms was decreased, and this caused remaining a positive charge
in the structure. Therefore, positive charge might be compensated
by nitrogen species [43]. Besides, the compensation of positive
charge would take place through interaction between copper atom
and electron donor atom (i.e., amine group) and consequently, CO2

would not get the chance to interact with amine groups. Therefore,
the more amount of NH2-BDC linker, the less open metal sites
seem to be available for CO2 gas molecules [44]. On the other hand,
increasing the amount of amine containing ligand causes reduc-
tion in total pore volume and, more importantly, increase of aver-
age pore diameter which allows nitrogen molecules compete more
easily with CO2 molecule for diffusion to the adsorbent pores in
comparison to pristine sample. To sum up, this occurrence leads
to decrease in CO2 adsorption capacity of NH2-Cu3(BTC)2.

Cu3(BTC)2 octahedral particles are clearly shown in Fig. 6(a).
However, using mixed ligand (20 wt% NH2-BDC) distorted the
appearance of the particles considerably (Fig. 6(b)). This can be
attributed to replacement of a part of trimesic acid (BTC) with NH2-
BDC that caused whisker-like roughness on the surface of crystals,
which was previously reported in literature [30,42].

Preserving the crystalline structure of MOF is an important
principle that must be considered in synthesis of functionalized
MOFs. In this regard, XRD analysis of both types of MOFs was
implemented and their spectra are shown in Fig. 7.

The intact XRD spectra of UiO-66 and Cu3(BTC)2 before and
after NH2-BDC linker exchange (Fig. 7) demonstrated that amina-
tion did not change the primary crystal structure. This can be proved
by the justification that the locations and intensities of peaks did
not vary after using amine groups in synthesis procedure.

Results of other complementary characterizations associated with
as-synthesized products (FTIR and TGA) are given in supplemen-
tary information for review. According to FTIR analysis of pristine
UiO-66, Cu3(BTC)2 and their amine containing moieties (Fig. S3),
the presence of amine groups could be confirmed based on dis-
crepancy in formation of relevant peaks. Besides, comparing TGA

Fig. 5. CO2 and N2 adsorption on NH2-Cu3(BTC)2 with different
weight percent of NH2-BDC.

Fig. 6. FESEM micrographs of (a) Cu3(BTC)2 and (b) NH2-Cu3(BTC)2.
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analysis of as-synthesized samples (Fig. S4) revealed that linker
exchange in UiO-66 brought drastic reduction in thermal stability
of UiO-66 rather than Cu3(BTC)2.
3. Comparative Study of As-synthesized MOFs Performances

Fig. 8 shows CO2 and N2 adsorption capacity of UiO-66, Cu3(BTC)2

and their aminated derivatives (optimum condition) at 25 oC in
the pressure range of 0-7bar. Since CO2 has smaller molecule, higher
quadrupole moment and is more polarizable than N2, it would be
adsorbed more preferentially on as-synthesized MOFs. From Fig.
8, it is clear that pristine Cu3(BTC)2 had the highest CO2 capacity,
while pristine UiO-66 had the lowest. Since both pristine MOFs
possess CUS, this finding might be attributed to lower BET sur-
face area and consequently fewer available active sites (such as octa-
hedral cages) of UiO-66. These active sites, which are usually located
inside the pores, play the hosting role for guest molecules and the
adsorption process will take place by occupation of these vacant
sites. As long as the pore diameter of UiO-66 was wider compared

to Cu3(BTC)2, the role of porosity or size exclusion mechanism was
less effective during adsorption process [37]. Therefore, lower CO2

adsorption in pristine UiO-66 would enhance the competition be-
tween CO2 and N2 molecules for occupying vacant sites, which
results in lower CO2/N2 selectivity.

In the case of NH2-UiO-66, higher CO2 adsorption in compari-
son to pristine UiO-66 could be attributed to reversible selective
chemical reaction between CO2 and NH2 groups. This reaction fol-
lows carbamate zwitterion mechanism which was first proposed
by Caplow [45] and Danckwerts [46]:

CO2+RNH2 ⇌ RNH2
+COO (1)

NH2+COO+RNH2 ⇌ RNHCOO+RNH3
+ (2)

In the first reaction, one CO2 molecule reacts with one amine mol-
ecule to produce zwitterion intermediate and then the carbamate
ion would be formed after another deprotonation by a secondary
amine. Therefore, while chemisorption would be the dominant
mechanism for CO2 adsorption, N2 is physically adsorbed due to
its non-reactive nature [47]. This difference in adsorption mecha-
nisms enhances the CO2/N2 selectivity in NH2-UiO-66. Meanwhile,
unlike what happened for NH2-Cu3(BTC)2, replacing BDC with
NH2-BDC does not bring either distortion or defect to crystalline
structure of Zr-MOF. Therefore, there would be no interaction
between amine group and CUS, and the polar functional groups
are available only for CO2 molecules and increase in CO2 adsorp-
tion would be a certain consequence. Carbamate zwitterion mech-
anism was also correct about CO2 adsorption on NH2-Cu3(BTC)2.
However, as stated before (sec. 3.4), the adsorption capacity de-
creased after utilizing functionalized linker in the structure of
Cu3(BTC)2. Table 3 summarizes CO2 and N2 adsorption capacity
of as-synthesized MOFs (at 25 oC and 1 bar) as well as their calcu-
lated CO2/N2 selectivity using IAST methodology.

Enhancement in CO2/N2 selectivity is not just limited to chemi-
cal reactions between CO2 molecules and amine groups. Reduc-
tion in N2 adsorption is another important reason which can be
discussed from two different point of views: I) Physical and chem-
ical aspects: In general, probability for nitrogen molecules with larger

Fig. 7. XRD patterns of pristine and aminated form of (a) UiO-66 and (b) Cu3(BTC)2.

Fig. 8. CO2 and N2 adsorption capacity of UiO-66, Cu3(BTC)2 and
their optimized aminated derivatives at 25 oC.
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kinetic diameter (0.365 nm) to pass through adsorbent pores is
smaller than CO2 with kinetic diameter 0.330 nm. Besides, nitro-
gen molecules possess lower quadrupole moment and polarizability
as opposed to CO2 molecules. This leads to a weaker interaction
between nitrogen molecules and CUS than CO2 molecules. There-
fore, in comparison to CO2 adsorption capacity, MOF would defi-
nitely adsorb lower amount of nitrogen molecules. II) Textural
properties of MOF: When functional groups are incorporated in
an MOF structure (in this study “amine group”) the accessible spaces
as well as vacant active sites for guest molecules will be confined.
This restriction in adsorption becomes more significant with an
increase in concentration of functional groups. This fact can be
proved by looking at textural properties of as-synthesized MOFs
given in Tables 1 and 2 (compare total pore volume for pristine and
aminated MOFs). In general, this limitation exists for both gases;
however, it is more crucial for nitrogen molecules, which is com-
pletely a nonreactive and neutral gas and is rejected more in the
presence of amine groups [9]. This reduction in nitrogen adsorp-
tion will improve CO2/N2 selectivity, which is the main objective
of the present study.

To throw some light on the performance of as-synthesized sam-
ples in this research, Table 4 presents results of some studies con-
cerning with CO2 adsorption and separation. As one can see, the
amount of CO2 storage obtained by NH2-UiO-66 in this study is
among the highest values that have been reported so far for this
type of MOF via solvothermal method. This is also true about NH2-
Cu3(BTC)2 in which there is no report about CO2 adsorption capac-
ity higher than the recorded amount of this study.
4. Isosteric Heat of Adsorption

To evaluate the interaction between the adsorbent surface and

guest molecules, isosteric heat of adsorption has to be considered
as an important thermodynamic parameter [52]. The isosteric heat
of adsorption presented by Clausius-Clapeyron is defined as follows:

(3)

Since the Langmuir isotherm model fitted the equilibrium data
with reasonable accuracy, the temperature-dependent form of this
model was used for calculation of heat of adsorption. Substituting
temperature-dependent constants of the Langmuir equation in the
original formula, the Langmuir isotherm model becomes the fol-
lowing equation [53]:

(4)

where q0 is the adsorption capacity (mmol/g) at reference tempera-
ture which was assumed to be 298 K,  is a parameter which is
related to expansion coefficient (1/K). From thermodynamic point
of view, thermal expansion coefficient explains the tendency of mat-
ter to change in volume with respect to alteration in temperature.
To be more specific, when a substance is heated, it enhances the
kinetic energy, which results in increase in vibration and move-
ment of molecules [54]. KL0 is the adsorption affinity at reference
temperature (L/mmol) and Q is the heat of adsorption at zero cover-
age (J/mol). Fig. 9 illustrates the behavior of equilibrium data which
were fitted by temperature dependent form of Langmuir isotherm
model at 25, 35 and 45 oC and constants are listed in Table 5.

The isosteric heat of adsorption can be obtained through sub-

Qst   RT2  Pln
T
-----------

 
 
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Q

RT
-------

 
 q0  T   T0  Pexpexp

1 KL0
Q

RT
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 
 Pexp
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Table 3. CO2 and N2 adsorption capacity of as-synthesized MOFs and their selectivity at 1 bar and 25 oC

MOF BET
(m2/g)

CO2 uptake
(mmol/g)

N2 uptake
(mmol/g)

CO2/N2

selectivity
Pore volume

(cm3/g)
Average pore

diameter (nm)
NH2-UiO-66 1254 3.32 0.11 120 0.49 1.73
NH2-Cu3(BTC)2 1242 3.86 0.24 053 0.59 1.81
UiO-66 1401 2.32 0.73 10 0.61 1.75
Cu3(BTC)2 1627 4.40 0.37 033 0.69 1.69

Table 4. A comparative study about CO2 adsorption between previous and current studies
MOF Synthesis method BET (m2/g) Temp. (oC) Pressure (bar) CO2 uptake (mmol/g) Ref.
NH2-UiO-66 Solvothermal 1258 25 1 3.20 0[9]
NH2-UiO-66 Solvothermal 1220 23 1 2.86 [48]
NH2-UiO-66 Solvothermal 0842 25 1 1.10 [49]
NH2-UiO-66 Microwave 1118 25 1 3.50 [34]
NH2-UiO-66 Solvothermal 1123 25 1 3.00 [50]
NH2-UiO-66 Solvothermal 0826 35 1 1.64 [30]
NH2-Cu3(BTC)2 Solvothermal 0650 35 1 1.84 [30]
NH2-Cu3(BTC)2 Solvothermal 0797 35 1 0.82 [42]
UiO-66-NO2-NH2 Solvothermal 0868 23 1 2.68 [51]
NH2-UiO-66 Solvothermal 1254 25 1 3.32 This study
NH2-Cu3(BTC)2 Electrochemical 1242 25 1 3.86 This study
UiO-66 Solvothermal 1401 25 1 2.32 This study
Cu3(BTC)2 Electrochemical 1627 25 1 4.40 This study
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stitution of temperature dependent form of Langmuir model into
Eq. (4):

(5)

where Q and  are obtained through fitting the temperature-de-
pendent form of Langmuir isotherm model, m is the product of R,
and T2 and  is the fractional loading expressed by q/qmax. From
Fig. 10, it can be deduced that changing adsorption temperature
does not affect isosteric heat of adsorption of all samples, which
proves that the enthalpy of adsorption is temperature indepen-
dent. Although the temperature used for thermodynamic analysis
was in a narrow range, it was recognized by Armstrong et al. that
for wider range of temperature, 280 to 350 K, the isosteric heat of
adsorption remains unchanged [55]. Note that gas separation pro-
cesses involving higher temperatures are impractical.

It can be seen that aminated MOFs showed higher Qst for CO2

as opposed to the parental ones. This is in accordance with the
mentioned justification that the existence of amine groups increases
the interaction between the adsorbent and CO2 and also causes a
chemical reaction, which ultimately raises the Qst for CO2. Among
all samples, NH2-Cu3(BTC)2 showed the highest isosteric heat of
adsorption with 43 kJ/mol in comparison to Cu3(BTC)2 (33 kJ/

Qst   Q  
m

1  
----------

Fig. 9. Adsorption isotherms of CO2 and N2 on (a) NH2-UiO-66, (b) UiO-66, (c) NH2-Cu3(BTC)2 and (d) Cu3(BTC)2 at three different tem-
peratures. Closed symbols represent experimental data and dashed lines denote fitting with temperature dependent Langmuir model.

Table 5. Temperature-dependent Langmuir model constants for CO2
adsorption on MOFs

Sample Constants CO2

NH2-UiO-66 q0 (mmol/g) 8.445
 (K1) 0.01301
KL0 (L/mmol) 1.86E-5
Q (J/mol) 46050
R2 0.989

UiO-66 q0 (mmol/g) 8.892
 (K1) 0.00017
KL0 (L/mmol) 2.43E-5
Q (J/mol) 32462
R2 0.992

NH2-Cu3(BTC)2 q0 (mmol/g) 9.844
 (K1) 0.00975
KL0 (L/mmol) 4.913E-5
Q (J/mol) 54251

Cu3(BTC)2 q0 (mmol/g) 10.885
 (K1) 0.00041
KL0 (L/mmol) 3.15E-5
Q (J/mol) 34149
R2 0.989
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mol), UiO-66 (25.6 kJ/mol) and NH2-UiO-66 (34.7 kJ/mol), which
was in accordance with similar studies in which they applied NH2-
BDC linker as a ligand [22,56-59].

High isosteric heat of adsorption (>60 kJ·mol1) can occur in
liquid phase where CO2 easily diffuses through amine solution and
strongly reacts with amine to form carbamate. In the solid phase,
CO2 should diffuse through the pores of a porous solid (MOF),
which occurs with much slower rate compared to liquid phase. The
lower of CO2 diffusion leads to weaker reaction with amine and
therefore lower rate of carbamate formation. Hence, the isosteric
heat of adsorption remains lower than the value normally needed
for carbamate formation. In addition, as loading increases, a rela-
tively high heat of adsorption accompanied by relative sharp drop

can be observed, which is attributed to presence of dipole moment
of amine group which provides strong adsorption sites [50].
5. Cyclic Adsorption/Desorption

For long-term operation, it is necessary to evaluate the stability
of the adsorbent in keeping its adsorption capacity during several
adsorption-desorption cycles. If the adsorbent loses its durability
in a few sequential cycles, it would not be recommended even for
application in pilot scale. As matter of fact, this idea is indeed inde-
pendent of scale. Fig. 11 illustrates adsorption/desorption of CO2

on UiO-66, NH2-UiO-66, Cu3(BTC)2 and NH2-Cu3(BTC)2 for six
sequential cycles. For this purpose, the adsorption process was car-
ried out at 25 oC under pressure range of 0.5-7 bar, while, for de-
sorption process the used samples were degassed at 150 oC under
atmospheric pressure for 24 h. It is clear that the CO2 adsorption
capacity did not change significantly during six cycles, which proves
the durability of synthesized MOFs.

CONCLUSION

NH2-UiO-66 and NH2-Cu3(BTC)2 were successfully synthesized
through solvothermal and electrochemical methods, respectively.
For NH2-UiO-66, the effects of synthesis parameters, including
synthesis temperature, ligand to metal salt molar ratio (S : L) and
modulator to metal salt molar ratio (S : M) on CO2/N2 selectivity,
were investigated. The best result was obtained at synthesis tem-
perature of 120 oC and S : L : M molar ratio of 1 : 1.25 : 0.75 with
CO2/N2 selectivity of 120 at 25 oC and 1 bar. NH2-Cu3(BTC)2 con-
taining 20 wt% NH2-BDC showed better CO2/N2 separation per-
formance (selectivity of 53) than parental Cu3(BTC)2, since the
reduction of N2 adsorption in aminated form was more consider-
able than the pristine one. CO2 isosteric heat of adsorption study
revealed that amine containing MOFs released higher heat of adsorp-
tion due to interaction and chemical reaction between CO2 and
NH2 groups in the structure of MOFs. Six sequential adsorption/
desorption process showed that all MOFs were steady in CO2 ad-
sorption for long-term operations. From this study, it can be con-
cluded that NH2-UiO-66 with the CO2/N2 selectivity of 120 could
be a better candidate for CO2 and N2 mixture separation as opposed
to NH2-Cu3(BTC)2 with the CO2/N2 selectivity of 53, because the
absence of distortion and defects in crystalline structure of MOF
makes the functional group accessible for CO2 molecules.

SUPPORTING INFORMATION

Additional information as noted in the text. This information is
available via the Internet at http://www.springer.com/chemistry/
journal/11814.
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1. IAST Calculation
IAST method is a technique to determine selectivity of a two-

component mixture by means of data available around adsorption
isotherms of its constituents [1,2]. In this research, IAST method
was employed to calculate the selectivity of CO2/N2 (15/85 vol%)
at 298 K. IAST is based on the following equation which is similar
to Raoult’s law in vapor/liquid equilibrium:

Pyi=Pi=xiPi
0(), i=1, 2, 3, …, N (S1)

where yi and xi are the mole fractions of component i in the gas
phase and adsorbed phase, respectively, and Pi

0() is the pressure
of component i at the same spreading pressure as that of the mix-
ture.  (so-called spreading pressure) is as follow:

(S2)

where A is the specific surface area of the adsorbent (m2/kg), Rg is
the universal gas constant (J/mol·K), T is the temperature (K), and
q is the amount of adsorption (mmol/g) at pressure of P (MPa). z
which is the reduced spreading pressure of the sorbed phase is as
follow:

(S3)

By combination of Langmuir and IAST (Eq. (3)) models, the fol-
lowing equation is obtained:

(S4)

Because, the reduced spreading pressures at the equilibrium state
is taken to be equal for each component, hence:

z1=z2 (S5)

where subscripts 1 and 2 denotes CO2 and N2, respectively. On the
other hand, by combining Eqs. (1), (4) and, (5), we have:

(S6)

where (qmax, CO2, bCO2) and (qmax, N2, bN2) are Langmuir fitting con-
stants for pure CO2 and N2, respectively and the unknown param-
eter (x) could be calculated at known P and y. Consequently, fol-
lowing equation could be used for calculation of CO2/N2 selectiv-
ity (SCO2/N2):

(S7)

Since in the current study, CO2 and N2 adsorption equilibrium
data were fitted well with Langmuir isotherm model for all sam-
ples and in all experiments, the obtained constants were used to
evaluate the performance of samples toward CO2/N2 separation.
2. CO2 and N2 Adsorption Capacity on Synthesized NH2-UiO-
66

Fig. S1 depicts CO2 and N2 adsorption capacity of all as-synthe-
sized NH2-UiO-66. It is clear that, NHU-120, NHU-1.25 and NHU-
0.75 which are actually the same, showed the highest CO2 and low-
est N2 adsorption capacity among all samples.
3. XRD Analysis

The XRD analysis for NHU-0.5, NHU-0.75 and NHU-1* is de-
picted in Fig. S2. As can be observed from Fig. S2, by raising the
modulator to metal salt molar ratio, the intensity of the peaks at
2=7.4o and 2=8.5o became greater. In addition, the peaks at these
points became narrower as well which means that a higher crys-
tallinity of NH2-UiO-66 is achieved with more amount of modu-
lator [3]. This issue was also confirmed by FESEM micrographs
where the crystals became more well-shaped by adding the M : S
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Fig. S1. CO2 and N2 adsorption capacity of all seven NH2-UiO-66
at 25 oC.
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molar ratio.
4. FTIR Analysis

Fig. S3 represents the FTIR spectrum of UiO-66 and Cu3(BTC)2

and their aminated moieties. In Fig. S3(a), the band at 750 and 660
cm1 might be associated with symmetric and asymmetric stretch-
ing O-Zr-O bonds, respectively [4]. The weak band at 1,500 cm1

can be attributed to C=C aromatic absorption bond. At 1,570 cm1

a sharp peak can be observed which is probably corresponded to
the reaction of -COOH with Zr4+ ions [5]. In Fig. S3(a), for NH2-
UiO-66, an absorption band around 1,267 cm1 is ascribed to C-N
stretching free amine group. The symmetric and asymmetric NH2

vibrating groups can be found at 3,410 and 3,505cm1 which belong
to amine on the organic linker. Since there is an interaction between
C=O groups of 2-amino terephthalic acid and the O-H groups of
metal center, the intensity of the peak reduced which approves the
presence of NH2 groups [6]. FTIR spectrum of Cu3(BTC)2 was
discussed in detail in our previous report [7]. From Fig. S3(b) it
can be understood that there are some slight differences between
the aminated Cu3(BTC)2 and its original one. The weak peak aroundFig. S2. Effect of different M:S molar ratio on XRD pattern of NH2-

UiO-66 crystal structure.

Fig. S3. FTIR spectrum of UiO-66, Cu3(BTC)2 and their aminated derivatives.

Fig. S4. TGA curves for UiO-66, Cu3(BTC)2 and their aminated derivatives.
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1,162 cm1 is ascribed to stretching C-N bond and peaks at 3,143
and 3,240 cm1 are related to N-H bond that confirms the pres-
ence of amino group in NH2-Cu3(BTC)2 [8].
5. TGA Analysis

Fig. S4 depicts the TGA plot for pristine and aminated UiO-66
and Cu3(BTC)2 which was carried out from 25 to 800 oC. In Fig.
S3(a), it can be observed that there is a weight loss up to 100 oC
which is related to the release of trapped water molecules. How-
ever, the moisture content in pristine sample was less (10 wt%) than
the aminated one (20 wt%) which can be attributed to the presence
of polar NH2 groups. The second slight weight loss that occurred
up to 350 and 500 oC for NH2-UiO-66 and UiO-66, respectively
are associates with the removal of solvent molecules (DMF) that
did not exchange with ethanol. The drastic mass loss that happened
around mentioned temperatures is assigned to the decomposition
of ligands to the CO, CO2 and ZrO2 [9].

Fig. S4(b) shows thermal stability of NH2-Cu3(BTC)2 and
Cu3(BTC)2. Similar to Fig. S4(a), two major weight losses can be
seen in thermogravimetric analysis of these samples. In the first
section, the weight loss corresponds to the moisture removal that
happens around 100 oC and after that there is an insignificant mass
drop that is related to loss of ethanol from adsorbent pores and
cages. The final drop that occurred for both samples around 300 oC

is attributed to the decomposition of 2-aminoterephthalic and tri-
mesic acid to copper oxide and metallic copper [10].
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