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influence of Cu/Mg ratio

Mohammad W. Kadi & H.M. Abd El Salam & T. Zaki & Reda M. Mohamed

Received: 1 March 2020 /Accepted: 21 April 2020
# Springer Nature B.V. 2020

Abstract A series of bimetallic metal-organic frame-
works (CuxMgy(BTC)2 MOFs) was synthesized. The
as-produced MOFs were described utilizing different
characterizations techniques. The dynamic adsorption
efficiencies of the prepared MOFs toward the carbon
dioxide (CO2) from the nitrogen stream at separate
temperatures and various total levels of flow were

achieved including the evaluation of the suitable kinetic
model. The results showed that copper ions could be
substituted successfully by magnesium ions up to molar
ratio 1:1 (Cu1.5Mg1.5(BTC)2 MOF), without obvious
deformation in the crystalline structure of the parent
Cu3(BTC)2.3H2O (HKUST-1). In all of the as-
synthesized MOFs, the introduction of magnesium ions
to the context of Cu-BTC had accompanied changes in
the morphological structure, porosity, and thermal be-
havior. The Cu1.5Mg1.5(BTC)2MOF showed significant
enhancing on its CO2 adsorption capacity (23.85 mmol/
g) compared with Cu-BTC MOF (5.95 mmol/g) and
Mg-BTC MOF (4.57 mmol/g), which indicated the
key-role of the central metals in the MOF in CO2 ad-
sorption. The second-order kinetic studies suited the
experimental work with more precise than pseudo-
first-order. Also, the reusability of the bimetallic adsor-
bent under the optimum temperature and flow rate was
evaluated for 5 cycles.
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Introduction

Global warming has a calamitous impact that influences
human potential. The emission of greenhouse gases
(GHGs) like carbon dioxide (CO2) is considered the
main cause of climate change for many decades (Zaki
2020). Nowadays, the global sales for the adsorbents, in
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the different industrial areas, exceed 10 billion USD. A
huge dominate, motivate scientists worldwide to devel-
op new materials having superior adsorption features
(Hu et al. 2019). Metal-organic frameworks (MOFs),
which are classified as coordinated networks or coordi-
nated polymers (Satheesh et al. 2016), are distinguished
by the soaring surface structure and tunability (Satheesh
et al. 2016). The superior characteristics of MOFs di-
rected the researches to evaluate its efficiencies in dif-
ferent applications such as the adsorption processes in
the different fluids, the catalytic reactions either conven-
tional or photo, energy storage, gas sensing, and drug
delivery (Hossain et al. 2019). Recently, extensive stud-
ies were attained in carbon dioxide’s capturing research
via the adsorption on metal-organic frameworks
(MOFs) (Liu et al. 2019), such as Cu-BTC (Liu et al.
2019; Li et al. 2014; Zhao et al. 2014 and Mua et al.
2018), MOFs-177 (Zn) (Millward and Yaghi 2005),
MOF-74 (Mg, Co, Ni, Zn) (Bao et al. 2011 and
Chaemchuen et al. 2013), MOF-210 (Furukawa et al.
2010), and Mg-DOBDC (Liu et al. 2016). Most of the
released reports attributed the high efficiencies of MOF
materials to the types of metals and linkers (Elsabawy
and Fallatah 2019). However, at low-pressure circum-
stances like the atmospheric pressure, the weak interac-
tive forces between the active sites and the carbon
dioxide species decrease the capabilities of MOFs to
capturing the CO2 molecules in its required high perfor-
mance (Ullah et al. 2020). Accordingly, numerous
works were concerned with enhancing the adsorption
capacity and discrimination of the parental MOFs
concerning the CO2 via different strategies such as
modifying the crystal structure (Landaverde-Alvarado
et al. 2017) or by changing the chemical features via
carbonization (Kukulka et al. 2019), functionalization
(Wang et al. 2014; Yan et al. 2014; Wang et al. 2015;
Tari et al. 2016; Flaig et al. 2017; Fei et al. 2017; Su
et al. 2017; Sun et al. 2018, and Li et al. 2020), cation
doping (Koh et al. 2013; Zhou et al. 2016), or synthe-
sizing MOF-composites (Bian et al. 2014; Xin et al.
2016; Moon et al. 2016; Chen et al. 2017a, b;
Szczęśniak and Choma 2020, and Majumdar et al.
2020). A few types of research concerned with the
performance of bimetallic MOFs to the adsorption of
CO2 (Gotthardt et al. 2015; He et al. 2020). He et al.
2020 found that the part ia l subst i tut ion of
Cu3(BTC)2.3H2O MOF (known as HKUST-1) by Mg
ions (Cu:Mg = 10:1) improved the surface properties of
the Cu-BTC MOF that subsequently enhances its

adsorption efficiency. To the best of our knowledge,
the influence of increasing the ratio of doped magne-
sium in the framework of the HKUST-1 in its structure
and adsorption efficiency is not explored yet. In this
work, copperMOFs substituted with higher percentages
of magnesium ions, i.e., higher than 10%, were pre-
pared. This research aims to appraise the impact of such
synthesis-route to the physical, chemical, and CO2 ad-
sorption capacities of the resulted products.

Experimental

Production and depiction of CuxMgy(BTC)2 samples

The synthesis procedures and categorization of the pro-
duced MOFs are presented in detail in the accompany-
ing supplementary materials file.

Adsorption experiments of CO2

The adsorption of CO2 was investigated utilizing a
homemade revolution curve machine. The apparatus
contains a U-type glass column having a total stretch
of 52 cm and a diameter of 1.2 cm. The column was
dosen with 1 g of adsorbent. The active adsorption
capability was measured by applying a gas mixture
constituted of 15% CO2 and 85% N2. This mixture can
be considered a standard model in industrial power
plants. The adsorption measurements were achieved at
25, 50, and 75 °C and total flow rates of 40, 70, and
100 mL min−1. Before each adsorption experiment, the
MOF sample was in situ dried under a stream of nitro-
gen gas of 40mLmin−1 at 120 °C for 1 h. To investigate
the reusability efficiency, the spent sample was heated at
120 °C for 3 h under a stream of nitrogen gas of
40 mL min−1 before each cycle. The gas evolved of
the column’s inlet and outlet was examined with a
Hewlett Packard Gas Chromatograph (HP 6890)
equipped with TCD/FID on time.

Results and discussion

Materials depiction

The elemental analysis of the Cu1.5Mg1.5MOF sample
via Atomic absorption (A.A.) spectrometry and the ele-
mental analysis revealed that it was comprised of
3.10 mol% copper and 3.14 mol% magnesium, which
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gives Cu/Mg molar ratio (0.99) very near to the targeted
value, i.e., 1. The composition analysis of the other
CuMg samples is listed in Table 1, which indicated the
success of magnesium incorporation. Figure 1 explains
the XRD patterns of the synthesized Cu3Mg0 and
Cu0Mg3 samples. The patterns suggested the accom-
plishment of synthesis compared with the formerly re-
ported studies related to Cu3(BTC)2.3H2O, also called
HKUST-1 (Yan et al. 2014; Campello et al. 2015), and
Mg3(BTC)2 (Mazaj et al. 2013 and Lestari et al. 2019a,
b) that prepared via applying the traditional heating
methods, while the pattern of Cu1.5Mg1.5 indicated
that the substituted of copper species by magnesium
did not alter the crystalline feature of HKUST-1 MOF.
In addition to that, XRD patterns of the other prepared
bimetallic MOF samples having distinct Cu/Mg molar
ratios (Fig. S1) showed only the reflections characterize
of HKUST-1 MOF, starting from Cu2.5Mg0.5 sample
(Fig. S1.a) until the Cu2Mg1 sample (Fig. S1.b). How-
ever, the Cu1Mg2 sample (Fig. S1.c) showed the reflec-
tions characterize Cu3(BTC)2.3H2O and Mg3(BTC)2
MOFs. Finally, the pattern of Cu0.5Mg2.5 sample
(Fig. S1.d) indicated a failure in the substitution process,
whereas the reflections of Mg3(BTC)2 (Mazaj et al.
2013 and Lestari et al. 2019a, b), became predominant.

The TGA behaviors of the produced samples (Figs. 2
and S2) shed light on the gradual changes in its thermal
performances, coinciding with the increment of the
doped percentages of magnesium from zero, i.e.,
HKUST-1 MOF (Cu3Mg0 sample, Fig. 2a), until the

complete change of the profile to become more stable as
in the magnesium MOF (Fig. 2c).

The TGA profile of the Cu3Mg0 sample (Fig. 2a)
displayed twoweight-loss actions. The first step launched
at 35 °C and completed at 200 °C relates to the loss of
physisorbed water and organic solvent molecules
(Schlichte et al. 2004). The second feature that appeared
in the 315–420 °C range can be ascribed to the break-
down of the metal-organic arrangement with a full con-
version to CuO (Schlichte et al. 2004 and Najafi Nobar
and Farooq 2012). By doping magnesium cations in the
structure instead of copper with ratio 1:1 (Fig. 2b), two
weight loss steps appeared in the ranges of 290–390 °C
and 540–650 °C, in addition to dehydration weight loss
step that occurred before 120 °C. These two steps may be
resulted from the destruction of the framework into CuO
and MgO, respectively (Schlichte et al. 2004 and Najafi
Nobar and Farooq 2012), and might indicate the differ-
ence of the thermal resistance of the same organic linker
when the central cation changed. On the other hand,
Fig. 2c, clarified the high thermal stability of the Cu0Mg3
sample up to 640 °C (Lestari et al. 2019a, b).

Upon the complete transformation of Cu3Mg0 and
Cu0Mg3 samples into the oxide forms, the specimen
lost around 60.94 and 51.10 wt%, continuously, which
is in accord with the formerly issued thermal depiction
for similar structures (Sanz et al. 2013; Kaur et al. 2019,
and Coates 2000).

The IR spectra of all prepared samples (Figs. 3 and
S3) showed bands in the region of 1400–1650 cm−1 that

Table 1 Chemical composition of the prepared samples

Sample code Cu(measured)
(mol%)

Mg (measured)

(mol%)
C (measured)

(mol%)
O (measured)

(mol%)
H (measured)

(mol%)
(Cu/Mg)Theor.
molar ratio

(Cu/Mg)measured

molar ratio

Cu3Mg0 2.99 – 18.03 39.00 39.98 – –

Cu2.5Mg0.5 4.16 0.85 29.96 31.69 33.34 5.00 4.87

Cu2Mg1 3.68 1.82 33.18 31.48 29.84 2.00 2.02

Cu1.5Mg1.5 3.10 3.14 37.44 31.13 25.18 1.00 0.99

Cu1Mg2 2.20 4.50 40.01 31.03 22.26 0.50 0.49

Cu0.5Mg2.5 1.05 5.66 39.65 30.88 22.76 0.20 0.18

Cu0Mg3 – 6.62 39.80 31.00 22.58 – –

Cu(measured) and Mg(measured) referred to the measured contents of copper and magnesium by A.A., respectively

C(measured), O(measured), and H(measured) referred to the measured contents of carbon, oxygen and hydrogen in the prepared samples,
respectively

(Cu/Mg)Theor. referred to the expected molar ratio of copper to magnesium in the prepared samples

(Cu/Mg)measured referred to themolar ratio of copper tomagnesium in the prepared samples that calculated based on the measured contents of
copper and magnesium by A.A.
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ensued as of the symmetric and asymmetric vibrations
of carboxylate functional groups (Chen et al. 2017a, b
and Qian et al. 2012). The spectra indicated the removal
of the residual non-reacted organic linker based on the
absence of the bands characterize it in the range 1680–
1750 cm−1 (Qian et al. 2012 and Lestari et al. 2019a, b).
Also, the spectra clarified the bands around 600 cm−1

that may due to in- and out-of-plane deflection of –CO2

groups (Pokhrel et al. 2018). In addition to that, the
bands resulted from the stretching of C–O single bonds
(Miller 2003) were found between 1250 and 1000 cm−1.
Finally, the stretching of C=C–C bonds in benzene

tricarboxylate (Coates 2000) was represented by the
bands at 750, 1000, and 1450–1510 cm−1.

The Raman spectra of Cu3Mg0, Cu1.5Mg1.5, and
Cu0Mg3 samples (Fig. S4) revealed the distinctive
bands of metal species, (C–H) bending modes, (C=C)
stretching modes, and symmetric and asymmetric ex-
tending of the carboxylates. The explanation of the
Raman spectra is discussed in the supplementary
materials.

All prepared MOF samples displayed type (IV)
IUPAC for nitrogen adsorption-desorption isotherm,
which characterizes the mesoporous materials that have
to some extent micropores within its surfaces (Fig. 4 and
Fig. S5). Table 2 demonstrates that Cu3Mg0 has the
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Fig. 1 X-ray diffraction patterns
of Cu3Mg0, Cu1.5Mg1.5(BTC)2,
and Cu0Mg3 samples

0 100 200 300 400 500 600 700

20

30

40

50

60

70

80

90

100

 Cu0Mg3

 Cu1.5Mg1.5(BTC)2

 Cu3Mg0

Temperature,�C

Fig. 2 TGA profiles of Cu3Mg0, Cu1.5Mg1.5(BTC)2, and Cu0Mg3
samples

4000 3500 3000 2500 2000 1500 1000 500

0

50

100

150

200

250

300

350
 Cu0Mg3

 Cu1.5Mg1.5(BTC)2

 Cu3Mg0

.u.a,ecnatti
msnarT

Wavenumber, cm-1

Fig. 3 FTIR spectra of Cu3Mg0, Cu1.5Mg1.5(BTC)2, and Cu0Mg3
samples

J Nanopart Res (2020) 22: 143Page 4 of 11143



largest particular surface area (961.2 m2 g−1), which is
comparable with the previous reports (Coates 2000).
While Cu0Mg3 has the smallest specific surface area
(44.78 m2/g). It should be noticed that the prepared
Mg3(BTC)2 MOF has relatively high surface features
comparing with the previously reported Mg−BTC
MOFs’ (Lestari et al. 2019a, b). The increase of the
percentage of the magnesium metal doping decreased
gradually the surface area of the samples from
727.1 m2 g−1 (Cu2.5Mg0.5 sample) to 45.56 m2 g−1

(Cu0.5Mg2.5 sample) and subsequently the pore vol-
ume from 0.408 to 0.080 cm3 g−1 for the same samples
successively. This comportment agrees also with the
prior studies for HKUST-1 MOF doped by other
metals such as Ni/Cu BTC (Lin et al. 2014; Hu
et al. 2014, and Abd El Salam et al. 2017) and Co/
Cu BTC (Tian et al. 2019).

Figure 5 presents the SEM images attained for
Cu3Mg0, Cu1.5Mg1.5, and Cu0Mg3. The distin-
guished octahedral shape of HKUST-1 MOF crystals
is obvious in Fig. 5a (Huang et al. 2014). Upon
substituting the copper species by magnesium ones,
the crystals of the as-synthesized Cu1.5Mg1.5MOF lost
its regular shape and directed to be spherical (Fig. 5b).
The absence of any octahedral crystals indicated the
presence of one phase and the succeeding of the substi-
tution step. On the other hand, the SEM image of
Cu0Mg3 (Fig. 5c) illustrated the hollow spherical shape
of Mg3(BTC)2 MOF (Lestari et al. 2019).

TEM images (Fig. 6) confirmed the related observa-
tions of SEM images (Fig. 5) for the samples Cu3Mg0,
Cu1.5Mg1.5, and Cu0Mg3, where Fig. 6a showed the
hexagonal shape, which can be defined as a perpendic-
ular prediction of the double octahedral crystals of the
copper MOF (Fig. 6a), while TEM images of doped
copper MOF and magnesium MOF showed similar
spherical aggregates (Fig. 6 b and c).

All of the previouslymentioned characterizations, for
the samples coded Cu2.5Mg0.5, Cu2Mg1, and
Cu1.5Mg1.5 indicated, obviously, the success of the
magnesium substitution process within the framework
of the parent HKUST-1. Such success could be attrib-
uted to the vigorous preparation conditions concerning
the previously reported conditions (Liu et al. 2018).

Evaluation and optimization of CO2 adsorption

Figure 7 and Fig. S6 showed the results of carbon
dioxide dynamic adsorption experiments for the differ-
ently prepared samples under the total flow rate of
40 mL/min and at temperature 25 °C. In general, the
curves indicated the achieving of the mass transfer re-
sistance phenomenon as the CO2 being adsorbed.
Whereas, the analysis of the outlet stream did not record
carbon dioxide for a certain time according to the ad-
sorption efficiency of the sample. After the saturation of
the adsorbent bed, the concentration of carbon dioxide
in the outlet stream started to increase gradually to form
the breakthrough curve.

The adsorption capacities of the different MOFs were
calculated based on the accumulated adsorbed amounts
for 120 min.

Figure 7 clarified the obvious high efficiency of
Cu1.5Mg1.5 (23.83 mmol CO2/g) for its parent MOFs
Cu3Mg0 (5.95 mmol CO2/g) and Cu0Mg3 (4.66 mmol
CO2/g). On the other hand, Fig. S6 indicated the
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Fig. 4 Nitrogen adsorption-desorption isotherms of Cu3Mg0,
Cu1.5Mg1.5(BTC)2, and Cu0Mg3 samples

Table 2 Textural properties of the prepared samples

Sample code SBET (m
2/g) Smicro (m

2/g) Vp

(cm3/g)
DH

(nm)

Cu3Mg0 961.2 493.9 0.510 2.12

Cu2.5Mg0.5 727.1 561.5 0.408 2.22

Cu2Mg1 593.3 430.2 0.329 2.24

Cu1.5Mg1.5 227.2 97.96 0.174 3.06

Cu1Mg2 58.84 5.79 0.089 6.04

Cu0.5Mg2.5 45.56 2.55 0.080 7.07

Cu0Mg3 44.78 0.56 0.043 7.14

BET surface area (SBET), micropores surface area (Smicro), total
pore volume (Vp), and average pore diameter (DH)
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adsorption capacity of the produced samples increased
as the percentage of the doped magnesium increased,
whereas the adsorption capacity of Cu3Mg0 increased
to be 5.97 and 10.96 mmol CO2/g for Cu2.5Mg0.5 and
Cu2Mg1 samples, respectively. But, such activities
started to decrease for sample Cu1Mg2 (19.86 mmol
CO2/g) and successively sample Cu0.5Mg2.5
(17.03 mmol CO2/g) the highest active sample
Cu1.5Mg1.5 (23.83 mmol CO2/g).

The previously mentioned experimental data results
may indicate that there is a particular doping percentage
for the substitution of magnesium ions in the bimetallic
Cu-Mg MOF for optimization of CO2 adsorption effi-
ciency via the influence on the location and arrangement
of the up-taken CO2 molecules.

Generally, the CO2 adsorption progression mainly
depends on two actions. The first is the strong Lewis

acid and Lewis base reactions over both oxygens in CO2

with the open metal ion sites (via the electrostatic inter-
action). The second is the carbon in CO2 with organic
ligands located at the cage window sites (via van der
Waals forces) (Hou et al. 2013). It is well known that the
interface between CO2 quadrupole and metal vacancy
position is stronger than the interaction with the cage
window sites (Zhou et al. 2011). Accordingly, the effi-
ciency of CO2 adsorption could be adjusted via the
electrostatic interaction strengths by changing metal
atoms (Yu et al. 2013). The substitution of copper
species of atomic radius 128 pm by larger ions of
magnesium of atomic radius 173 pm may lead to elec-
trostatic unbalance in the surface of the MOF, which
motivate the adsorption efficiency due to the created
synergetic phenomenon. Such influence started to de-
crease as the substitution of magnesium species

Fig. 5 SEM images of Cu3Mg0 (a), Cu1.5Mg1.5(BTC)2 (b), and Cu0Mg3 (c) samples
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exceeded 50% and became the predominant cation.
Whereas, due to the big atomic radius of the magne-
sium, the electrostatic forces among the metal ions and
CO2 started to be weaker gradually as the magnesium
wt% increase until it reached 100%.

Figure 8 clarified the influence of the stream flow rate
on the adsorption efficiencies of the highest active sam-
ple, i.e., sample Cu1.5Mg1.5 (23.83 mmol CO2/g). It is
clear that as the inlet flow rate increase, the up-taking
efficiency decrease, and the breakthrough time became
shorter, whichmay be attributed to decreasing the contact
time between the active sites and the adsorbate species.

The adsorption efficiency of the Cu1.5Mg1.5 sample
decreased with increasing the temperature of the adsorp-
tion bed (Fig. 9). This may indicate the physical spirit of

the adsorption progression on the MOF skim. In the
physical adsorption, the electrostatic or the van der
Waals interactions are playing the main roles (Zhao
et al. 2013). Accordingly, the higher the temperatures,
the CO2 molecules gained enough energy to overcome
the physical forces like the van der Waals and subse-
quently desorbed again to the gas stream (Simon et al.
2015; Borhan et al. 2019).

Several researches have studied CO2 adsorption on
Cu3(BTC)2.3H2O and its derivatives (Liu et al. 2013;
Zhu et al. 2016). Regarding the updated literature survey,
there no published work concerned with the carbon diox-
ide adsorption on Mg3(BTC)2. However, several works
had focused on Mg-MOF-74 and its composites (Qasem
and Ben-Mansour 2018). Only one research work had

Fig. 6 TEM images of Cu3Mg0 (a), Cu1.5Mg1.5(BTC)2 (b), and Cu0Mg3 (c) samples
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been achieved regarding the adsorption activity of Cu-Mg
MOF but with a low doping percentage of magnesium.

The optimum CO2 adsorption capacities that had
been mentioned in all of the previously mentioned re-
search works are listed for comparison versus the results
obtained in this work (Table S1). As far as we know, this
adsorption capacity of Cu1.5Mg1.5 sample at the opti-
mum experimental conditions is the highest, regarding
the measured activities for copper and magnesium
MOFs and its derivatives.

Adsorption kinetics

The adsorption kinetic experiments offer vital evidence
to expect the adsorption process. Consequently, the CO2

capturing by Cu1.5Mg1.5 sample as a function of time,
temperatures, and flow rates were examined by two
nonlinear kinetic models, namely, pseudo-first-order
(PFOM) and pseudo-second-order (PSOM) (Serna-
Guerrero and Sayari 2010 and Rehman et al. 2019).
The approximate kinetic constants are tabulated in
Table 3.

The nonlinear PFOM is expressed as

qt ¼ qe 1−exp −K1tð Þð Þ ð1Þ

The nonlinear POSM is given by

qt ¼ K2q2e t =1þK2qet ð2Þ

where K1 and K2 are the pseudo-first- and second-order
rate constants, qe and qt are the quantities of CO2

adsorbed at equilibrium (mmol/g) and time t (min),
individually.

Based on the coefficients (R2) value, it is apparent
that the PSOM is the finest, and the model could de-
scribe the adsorption of CO2 by Cu1.5Mg1.5 sample
better than PFOMwith R2 > 0.99 and R2 > ~ 0.98 values
through the different flow rates of the inlet stream (Fig.
S7) and the different adsorption temperatures (Fig. S8),
respectively.

Also, qe, calc the PSOM was closer to the investiga-
tional values of the equilibrium adsorption capacity, qe,
exp, than that of the PFOM. These outcomes confirmed
that the PSOM was an extremely agreeable model to
signify the CO2 uptake by bimetallic MOF adsorbent,
which may indicate the interaction of carbon dioxide
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molecules with different active sites in the MOF struc-
ture (Heydari-Gorji and Sayari 2011).

Reusability of the adsorbent

Figure S9 showed the results of carbon dioxide dynamic
adsorption experiments. The high efficiency through the
successive 5 cycles may be attributed to the substituted
magnesium ions that have small electronegativity than
the copper ions and subsequently, may adjust the carbon
dioxide isosteric heat of adsorption, which mainly con-
tributes in the regeneration development.

Conclusion

Magnesium-ion doping of HKUST-1 has been effectively
accomplished up to molar ratio 1:1. The structures of the
parent MOFs and the bimetallic MOFs were validated by
numerous characterizations. Cu1.5Mg1.5(BTC)2 achieved
the highest adsorption capacity for the carbon dioxide
molecules (23.85 mmol/g) from a binary gas stream
(CO2:N2 = 15:85) of total flow rate 40 mL/min and at
bed temperature 25 °C. The adsorption efficiency of
Cu1.5Mg1.5(BTC)2 MOF that based on the physical route
could be credited to the synergistic impact of copper and
magnesium ions on the carbon dioxide molecules.
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