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Abstract

In this paper, the NO adsorption performance of Rh/MOF-177 was studied by pulse method. Based on further confirming the

literature molecular simulation results which NO, O2 and CO2 were adsorbed very little and N2 was hardly adsorbed, it was

found that the MOF-177 material showed great carrier function, and promoted the atomic-sized high dispersion and stability

of almost supported Rh particles on MOF-177. The adsorption properties of NO was greatly improved after Rh was introduced

into MOF-177 which the adsorption capacity of Rh/MOF-177 with 3% Rh loading can reach about 310×10-3 mmol[?]g-1 by

pulse method and was about 15-20 times higher than that of O2 and CO2 with near 90% adsorption selectivity in simulated

flue gas atmosphere. The NO adsorption capacity of Rh/MOF-177 was related to the reduced Rh0 which one reduced Rh0

adsorbed three NO molecules, and NO adsorption form on Rh/MOF-177 should be a trinitro-group (Rh(NO)3) species.
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Highlights

• Almost atomic-sized Rh particles with high dispersion and high stability were firstly prepared by
loading method on MOF-177, the Rh/MOF-177 material showed high NO adsorption capacity and
adsorption selectivity, and preliminarily exhibited the potential of adsorptive-separating purification
and resource utilization of atmospheric pollutant NO in flue gas.

• The experiment verified the literature molecular simulation results of MOF-177 that NO, O2 and CO2

were adsorbed very little and N2 was hardly adsorbed.
• The structure-function relationship between the chemical and dispersion state of Rh/MOF-177 and NO

adsorptive properties was obtained. The NO adsorption capacity of Rh/MOF-177 was related to the
reduced Rh0 and increased proportionally with the increase of Rh loadings. One reduced Rh0 adsorbed
three NO molecules and the adsorption form of NO on Rh/MOF-177 should be the adsorbed trinitro
group species Rh(NO)3.

Abstract: In this paper, the NO adsorption performance of Rh/MOF-177 was studied by pulse method.
Based on further confirming the literature molecular simulation results which NO, O2 and CO2 were adsorbed
very little and N2 was hardly adsorbed, it was found that the MOF-177 material showed great carrier function,
and promoted the atomic-sized high dispersion and stability of almost supported Rh particles on MOF-177.
The adsorption properties of NO was greatly improved after Rh was introduced into MOF-177 which the
adsorption capacity of Rh/MOF-177 with 3% Rh loading can reach about 310×10-3 mmol[?]g-1 by pulse
method and was about 15-20 times higher than that of O2 and CO2 with near 90% adsorption selectivity
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. in simulated flue gas atmosphere. The NO adsorption capacity of Rh/MOF-177 was related to the reduced
Rh0 which one reduced Rh0 adsorbed three NO molecules, and NO adsorption form on Rh/MOF-177 should
be a trinitro-group (Rh(NO)3) species.

Keywords: MOF-177;Rh component;NO adsorption properties;dispersed state;Structure-function relation-
ship

0 Introduction

At present, nitrogen oxide (NOx) pollutants exhausted by flue gas of power plants and industrial kilns
are mainly treated by selective catalytic reduction technology with an usual supported catalysts loaded
on titanium dioxide and molecular sieve as carriers, which need to consume a large amount of reducing
agent NH3 or urea, and the engineering operation cost was generally higher [1-2]. In recent years, with
the development of new metal organic framework porous materials, the adsorption and separation of NOx

in the flue gas has aroused the interest of researchers, intending to adsorb, separate and enrich the NOx

component in the flue gas and then produce nitrate compounds such as fertilizer by desorption, oxidation
and absorption, so as to achieve the resource utilization of nitrogen oxide (NOx) pollutants. For example,
Yang et al.[3] used MFM-520 metal organic framework materials (metal nodes were divalent Zn ions, organic
ligands were 4,4-bipyridyl-3,3’,5,5’-tetracarboxylate) to achieved efficient adsorption of NO2. At 298 K and
0.001MPa, the adsorption amount of NO2 reached 4.2 mmol*g-1, and the IAST theoretical selectivity to
CO2 was as high as 675, at the same time, the adsorbed NO2 could be converted into HNO3 quantitatively.

More than 90% of the nitrogen oxides (NOx) in the flue gas exist in the form of NO component [1,4]. It has a
great engineering significance to study the adsorption and separation of NO. Therefore, the adsorption and
storage and separation of NO gas by MOFs has been extensively studied[5-11]. Some MOFs materials show
good NO adsorbing effect through the opening metal sites and amine group functionalization. For example,
the unsaturated copper atomic metal sites of HKUST-1 store and release medical NO, and the adsorption
capacity of NO at room temperature and pressure was 3 mmol*g-1 [6]. The NO adsorption capacity of
Ni2(dhtp)(H2O)2*8H2O (dhtp: 2, 5-dihydroxyterephthalic acid) MOFs material was 6.1 mmol*g-1 [10]. In
general, the NO adsorption capacity of Co-CPO-27 and Ni-CPO-27 MOFs was about 6˜7 mmol*g-1 [7-8, 12-13].
After amine functionalization of MOFs materials, there was an adsorption chemical reaction between it
and NO to form N-diazeniumdiate (NONOate) structure, and then conducted NO adsorption at metal
sites. Therefore, MOFs also has a relatively large NO adsorption capacity, such as IRMOF-3 and UMCM-
1-NH2NO, which respectively have 6.4mmol*g-1 and 1.67mmol*g-1 [14]. The co-adsorption characteristics
under mixed atmosphere by density functional theory (DFT) calculations showed that the NO adsorption
capacity of Cu-BTC reached the maximum (10 mmol*g-1) when the adsorption pressure was 5 atm at
room temperature, but the CO2 adsorption capacity also reached the maximum (21 mmol*g-1) at 50 atm
adsorption pressure, in other words, compared with NO, more CO2 was adsorbed by Cu-BTC with the
adsorption pressure increasing, and the adsorption selectivity of NO became poor [15]. CO2 adsorbed on
M-MOF-74 (M = Mg, Co, Ni) was difficult to be replaced by NO molecules, although NO molecules had
a higher binding energy than CO2 at the MOF-74 metal sites[16]. In general, MOFs materials have shown
excellent NOx adsorption and storage performance at the beginning. However, current studies mainly focus
on the storage and adsorption of NO gas molecules with high purity, such as biomedical NO gas, which is
at a disadvantage in competitive adsorption with other gases such as CO2 and has limited selectivity. From
the point of view of engineering application, both of the adsorption selectivity and adsorption capacity of
NOx are very important for the adsorption and separation of atmospheric pollutant NOx under complex
atmosphere.

The MOFs materials have a developed pore structure, their skeleton can be chemically modified, and this
is a higher design and adjustability in structure and performance [17-18]. As a catalyst carrier, the active
center is introduced into MOFs through impregnation, deposition or adsorption to prepare highly dispersed
metal or metal oxide nanoparticles with high stability, which greatly improves the adsorptive and catalytic
performance of the active sites of metals[19-21]. For example, Pd nanoparticle dispersed in the pores of
Pd/MIL-101, and in the process of Heck reaction of acrylic acid and selective hydrogenation of styrene, nano-
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. Pd can hardly drop from MIL-101 with excellent catalytic reaction performance[22]; Pd@Cu-BDC coupling
reaction[23], Pt@UIO-66-NH2 dimensional selective hydrogenation [24], NiMo@MIL-101[25] and Ru-PT@UIO-
67 [26]photocatalytic hydrogen evolution, etc. The high dispersion and high stability of the metal active sites,
which were customized by anchoring in the MOFs material, showed excellent catalytic performance. In view
of this, it is of great application significance to further improve the adsorption and separation performance
of MOFs to NO gas by improving the loading of metal nanoparticles on MOFs materials.

MOF-177, as a MOFs material with small density, large specific surface area, uniform pore distribution and
good thermal stability, has shown unique advantages in gas adsorption and separation[27-31]. According to the
molecular simulation research results of Smit et al. [29], at 298 K and 0.1MPa, the NO adsorption capacity
of MOF-177 can reached about 0.5mmol*g-1, but the adsorption capacity of CO2 was also high, reached
about 1.0mmol*g-1, and the adsorption selectivity of NO was low. Because the MOF-177 was weak in O2

and N2 adsorption and can serve as a good NO adsorption carrier, moreover Rh active component supported
on oxide carrier showed excellent selective performance for the catalytic elimination of NOx pollutants
[32-33]. Therefore, if Rh is introduced into MOF-177 material to improve its NO adsorption selectivity, NO
adsorption performance should be improved. This paper intends to combine noble metal Rh with porous
MOF-177 material to form a composite material and explores its adsorption performance of NO in flue gas,
so as to provide reference information for the purification and resource recovery of atmospheric pollutant
NO.

1 Experimental Section

1.1Material preparation

(1)Carrier preparation

MOF-177 was synthesized by solvent-thermal method[27]. 0.950 g (3.193 mmol) hexahydrate zinc nitrate
(Zn(NO3)2*6H2O, AR), 0.190 g(0.433 mmol), 1, 3, 5-trisol (4-carboxyl phenyl) benzene (H3BTB,AR), and
50 mL (99%) N, N-diethylformamide (DEF) were mixed into 100mL Teflon vessel and stirred until the solid
was completely dissolved and the solution was pale yellow. The vessel was put into a vacuum drying oven at
room temperature for 30 min before vacuum degassing, and then slowly put into a Teflon reaction kettle to
prevent the influence of air on the reaction. The reaction kettle was placed in an electric thermostatic blast
drying oven for 48 hours at 90 degC, and the temperature was cooled at 0.1 degC*min-1rate. After taken
out, the synthetic product was washed three times by ultrasonic oscillation with adding 10mL DEF, and then
separated by centrifugation. The product was continually washed for 24 h with adding 20mL chloroform
(CHCl3) in a water bath at 70 degC to remove the residual impurities. After removing the chloroform, the
product was dried in an oven to obtain a light yellow MOF-177 crystal。

(2)Noble metal element loading and sample reduction

Taking the above MOF-177 product as carrier, x Rh/MOF-177 (x =1%, 2%, 3%, mass fraction) was prepared
by impregnation method. Taking 3% Rh/MOF-177 as an example, 0.91 g 9% Rh(NO3)3 solution was diluted
with distilled water in a beaker, then 0.97 g MOF-177 was added into the solution and mixed well at room
temperature, the mixture was stirred for 4h, then centrifuged. The solid was dried and calcinated for 2 h
under air atmosphere to get 3% Rh/MOF-177 powder.

0.1 g Rh/MOF-177 powder was put into the U-shaped quartz reaction tube and reduced for 2 h at 250°C
under hydrogen flow. The reduced xRh/MOF-177 was denoted as R- x Rh/MOF-177 (x =1%, 2%, 3%, mass
fraction).

1.2NO pulse adsorption

Pulse adsorption method was used to measure the pure gas adsorption capacity of Rh/MOF-177, gas si-
gnal was detected by gas chromatographic TCD detector, and gas group components were calibrated and
calculated from chromatographic peak by external reference method. With the maximum pulse gas peak
(i.e. adsorption saturation) as the base, the reduction amount of each pulse peak was the single adsorption

3
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. amount, and the accumulation of the adsorption amount was the pure gas adsorption capacity. The specific
process was as follows:

0.1 g sample was placed to the U-shaped quartz reaction tube, and He carrier gas flow was purged at 200
°C until the chromatographic TCD detector baseline was stable. After the temperature dropped to room
temperature (about 25 °C), the equal flow of adsorbed gas (NO, CO2, O2, N2) entering the reaction tube
with each pulse was controlled through a six-way valve until the peak area does not change. The numerical
value of gas adsorption capacity for each pulse was calculated by the difference between the integral peak
area of each pulse and the peak area at adsorption saturation. The peak area of gas was calibrated by trace
injection needle. For example, when 1 µL NO was injected, the peak area was 0.11, marked as A0 = 0.11.
The adsorption capacity was calculated as follows:Finally, the adsorption capacity of gas was

Gas Storage Capacity =
nA−

∑n
i=1 Ai

A0m
× 10−3 mLg-1

A was the peak area of pulse saturation,A i was the peak area of ith pulse,A0 was the peak area calibrated,
n was the number of pulses, m was the quality of sample.

1.3 NO selective adsorption under mixed atmosphere

In simulated flue gas atmosphere (NO, CO2, O2, N2 mixture), the adsorption capacity of NO selectivity
of Rh/MOF-177 was tested by DECRA quantitative gas analysis mass spectrometer (QGA) from Hiden
company of UK. The experimental method was as follows:

The empty U-shaped quartz tube was filled with N2 flow at 200 °C to drive away other gases. When the
temperature of the reaction tube dropped to room temperature, the gas flow was switched from the reaction
tube to the bypass, and substituted for 20 ml·min-1 gas mixture (1000 ppm NO, 1000 ppm O2, 2000 ppm
CO2, N2remainder) though by-pass until QGA baseline smoothly. Then the gas mixture flow was switched to
reaction tube with recording the signal of QGA. Similarly, 0.1g R-3% Rh/MOF-177 sample was put into the
U-shaped quartz reaction tube and underwent the experimental process with the same method. Adsorption
and breakthrough curves of the sample were obtained after the signal of the empty tube was deducted by
the signal of QGA.

1.3Material characterization

The X-ray small-angle diffraction spectra of the samples were obtained using a PANalytical X’Pert3 powder
diffractometer with a PIXcel detector. The X-ray generator was operated at 40 kV and 40 mA, using the
CuKα ray at 1.54056 Å as the radiation source. Samples were scanned from 3° to 80° (2θ ) at scanning speed
of 0.1347 ° ·s-1with a stage size of 0.02626°. Divergence slit: Fixed slit 1/32°; incident beam path anti-scatter
slit: Fixed slit 1/16°; diffraction beam path anti-scatter slit: AS slit 7.5mm. The instrument used for the
XPS was ESCALAB 250Xi with AlKα as the X source and C1s= 284.8EV as the standard pollution peak
to calibrate the sample charge effect. Crystal structure and morphology of the sample were characterized by
high-resolution transmission electron microscope (TEM), Jeol-2100F type, under 200kV accelerating voltage.
The sample was pre-treated: dissolved in absolute ethyl alcohol and dispersed in the ultrasonic instrument
for 15min. The fully dispersed sample liquid drops were dropped on the copper network and dried with an
infrared lamp.

2 Results and Discussion

2.1 Structure and thermal stability of the synthesized products

MOF-177 was synthesized according to the method in reference[27], and Rhodium component was carried on
it. Figure 1 showed the XRD pattern of MOF-177, the main peaks at 5.7°and 10.5° were well identified. The
XRD structure was consistent with that in reference [27], indicating that the samples prepared in this work
should be MOF-177 frame structure compounds. However, crystal lattice changes slightly such as loaded
crystal particles become smaller due to the peak at 10.5° was wider than without load samples in XRD
pattern of 1%- 3% Rh/MOF-177.

4
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. The weight loss of MOF-177, 3% Rh/MOF-177 and R-3% Rh/MOF-177 measured by the thermo-gravimetric
method (TG) under N2atmosphere were shown in Figure 2. It can be seen that the weight loss curves of
the three MOFs were basically the same, and the thermal stability of MOF-177 was higher than that of 3%
Rh/MOF and R-3% Rh/MOF-177. The weight loss process was divided into three stages, 3% Rh/MOF-177
and R-3% Rh/MOF-177 lost 10% and 6.6% respectively between 50 °C and 331 °C, and MOF-177 lose 15.8%
between 50 °C and 427 °C which was 96 °C higher than the thermal stability of the material after loading.
The first two stages of weight loss could be attributed to the volatilization of guest molecules H2O and DEF.
There were obvious differences among the three in the third stage. A drastic weight loss by heating from
427 °C ˜540 °C was observed due to decomposition of MOF-177. 3% Rh/MOF-177 and R-3% Rh/MOF-177
gradually decomposed and collapsed at 331 °C ˜450 °C. TG results showed that better thermal stability of
MOF-177 and the loaded Rh/MOF-177 were all above 330 °C.

2.2Adsorption of NO by Rh/MOF-177

MOF-177 has been proved to have a relatively limited adsorption capacity by Smit [29] and Saha [30]et al.
according to GCMC molecular simulation technology. Figure 3 showed adsorption capacity of NO on MOF-
177 measured by pulse method at 298K. Through the peak area integral, it can be seen that MOF-177
had a trace adsorption of NO, which was due to its high specific surface area and large porosity [34-37].
NO adsorption capacity of MOF-177 material by calculating was 3.3×10-2mL·g-1(1.35×10-3mmol·g-1). This
was smaller than the results reported in literature molecular simulation (at 298 K and 0.1 MPa) for 0.5
mmol·g-1 [29]. It can be speculated that partial pressure of the adsorbent in He airflow decreased and was
too smaller after the pulsing of NO.

Excellent catalytic performance was showed in removal of NOx pollutants of Rh active component supported
on oxide carriers [32-33]. In this work, Rh/MOF-177 was prepared with different Rh loadings and tested the
adsorption performance of NO at room temperature in order to improve the NO adsorption and separation
performance of MOF-177 in flue gas. The results were shown in Figure 4, Figure 5 and Table 2. It can be
seen from Figure 4 and Figure 5 that the adsorption capacity of R-1% Rh/MOF-177 and R-3% Rh/MOF-177
was basically close to that of 1.24 ml·g-1 and 1.18 ml·g-1 respectively when the sample was injected in the
first pulse. While the adsorption capacity of R-2% Rh/MOF-177 was 1.98 ml·g-1, which was about 1.6 times
that of R-1% Rh/MOF-177. During the 2-4 injection periods, the adsorption rate of R-1% Rh/MOF-177
gradually decreased, and the adsorption amount remained unchanged after the fifth injection, indicating that
the adsorption was saturated. the total NO adsorption amount of R-1% Rh/MOF-177 was 2.57 mL·g-1. The
adsorption rate of R-2% Rh/MOF-177 was the largest among all the samples before the fourth pulse, but
after the fourth pulse, it gradually decreased and lowered than R-3% Rh/MOF-177. After the seventh pulse,
the curve was basically stable, R-3% Rh/MOF-177 reached its saturation state, the total adsorption volume
of NO was 5.45 mL·g-1. R-3% Rh/MOF-177 adsorbed NO at most, up to 7.55 mL·g-1. It can be seen that
the adsorption performance of NO on the loaded Rh of MOF-177 was greatly improved. In addition, the
adsorption capacity of unreduced 3% Rh/MOF-177 to NO had only 0.12 mL·g-1 which was not significantly
increased compared with MOF-177. The adsorption performance of R-Rh/MOF-177 after the reduction of
H2 at 250 °C for 2 h was significantly improved compared with that of non-reduced materials, which indicated
that NO adsorption occurred on metallic Rh particles rather than Rh ions. A large amount of NO gas was
adsorbed on R-3% Rh/MOF-177 whom has the strongest adsorption performance after 16 pulses in total.
The result showed Rh/MOF-177 can improved the NO adsorption performance of the material. With the
increasing of the Rh loading, the capacity of NO adsorption of R-Rh/MOF-177 was gradually enhanced as
well as the performance of NO adsorption was significantly improved. From the table 2, it can be seen the
adsorption capacity of NO on R-Rh/MOF-177 was basically proportional to the Rh loading capacity, and
was much larger than samples without reduction as well as MOF-177 after converted the total NO adsorption
volume unit for each sample into a molar value. So it was clear that there should be a directly relate between
total adsorption value of NO on R-Rh/MOF-177 and the quantity of metallic Rh components loading.

XPS and TEM were used to characterize the samples in order to explore the structure-function relationship
between the chemical and dispersion state and NO adsorption characteristics of R-Rh/MOF-177. Figure 6

5
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. was the XPS spectrum of Rh 3d state electron energy level. The peak separation of Rh 3d spectrum showed
that the binding energy of Rh/MOF-177 was located at 304-320 eV, For Rh3d5/2 spectrum, Rh3+ and Rh0

peaks occur at 309.0 eV and 307.8 eV, respectively[36]. In Table 3, the relative contents of Rh components
in different valence states were obtained by calculating the peak area. From Table 3 it can be seen that
Rh3+ was the main existing form in the unreduced Rh/MOF-177 samples, and Rh0 appears after reduction.
After reducing, the proportion of Rh0 was 29.4%˜ 36.2% and Rh3+ was 63.8˜ 70.6%. With the increasing
of Rh loading, the content of Rh0 gradually increased. Combined with NO adsorption characteristics, it can
clearly demonstrate that metallic Rh0 made a major role in NO adsorption after reducing by XPS results.
The loaded Rh provided more unsaturated metal sites for gas adsorption of materials, then Rh0 played a
major role in adsorption which reduced direct decomposition activation energy of NO greatly[38]. The molar
ratios of adsorption values for Rh0 and NO can be obtained by calculating (Table 3). The adsorption ratios
of R-1% Rh/MOF-177, R-2% Rh/MOF-177 and R-3% Rh/MOF-177 were basically the same for 1:3, 1:4 and
1:3.3 respectively. Overall, three NO molecules were adsorbed by one reducing state of Rh0 approximately
considering the experimental error.

Figure 7 a, b and c were TEM images of MOF-177 (under 20 nm scale), R-1% Rh/MOF-177(under 10 nm
scale) and R-3% Rh/MOF-177(under 10 nm scale) respectively. It can be seen that the black dot shadow in
Figure 7 b and c should be the Rh metal particle by comparing Figure 7 a. The comparison among Figure
7 a, b and c turned that the metal particle was homogeneous distribution and the diameter of Rh metal
particle was approximately the same as the diameter of Rh atom, about 1.6 nm measured by DM (Digital
Micrograph) software. With the increasing of the Rh, the density of shadow increased, but it still distributed
evenly. It could indicate that the metal particles did not agglomerate after loading Rh, and the dispersion
was relatively stable after the reduction at 250 °C. Form Figure 7 d-g element mapping, Rh element was
marked as red and Zn was represented by purple. When the load only 1%, the Zn element was dense and
Rh was dispersed; when the load was increased to 3%, the overall density of Zn element and Rh element was
much higher than that of samples 1% loading. Because of the gap between the crystal particles of MOF-177,
Rh element was dense and Zn element was dispersed at the graph. As there was no Zn element but Rh
element in MOF-177. By observing TEM and element mapping, MOF-177 as a carrier can make the Rh
components have homogeneous distribution and highly stable. In addition, the larger specific surface area
and porosity provided a better condition for the adsorption of NO for R-Rh/MOF-177

2.3 NO adsorption selectivity

Although R-2% Rh/MOF-177 showed excellent NO adsorption capacity in the first three injections, in terms
of the overall adsorption capacity, R-3% Rh/MOF-177 was superior. Through calculation, R-3% Rh/MOF-
177 had the largest adsorption of NO, the total of 7.55 ml·g-1. Therefore, R-3% Rh/MOF-177 was selected to
explore the adsorption selectivity of NO at room temperature and atmospheric pressure. Figure 8 showed the
pulse adsorption of O2, CO2 and N2respectively by MOF-177 and R-3% Rh/MOF-177 at the same pressure
and temperature. Figure 9 showed the pulse adsorption trend of MOF-177 (left) and the pulse adsorption
trend of R-3% Rh/MOF-177 (right). Combined with the two figures, it can be seen that MOF-177 basically
does not adsorbed N2 and CO2, and its adsorption capacity was approximately 0, and its adsorption capacity
for O2 was only 0.032 ml·g-1, and its adsorption capacity for NO was also relatively low. The adsorption of
CO2 and N2 by R-3% Rh/MOF-177 after loading Rh showed little change, and the adsorption amount of
MOF-177 was negligible compared with MOF-177. The adsorption amount of O2 was increased, which was
about 1.26 mL·g-1 after calculation. However, compared with the 7.55 mL·g-1 adsorption amount of NO by
R-3% Rh/MOF-177, its O2 adsorption was relatively weak. The single component pulsed adsorption results
showed that R-Rh/MOF-177 had the best selective adsorption effect on NO.

The selective adsorption of NO by R-3% Rh/MOF-177 in NO, CO2, O2, N2 mixture (1000 ppm NO, 1000
ppm O2, 2000 ppm CO2, N2 remainder) was verified by DECRA quantitative gas analysis mass spectrometer.
0.1 g R-3% Rh/MOF-177 was put into the U-shaped reaction tube. After N2 pretreatment, 20 mL·min-1

mixture was injected. The adsorption curve and penetration curve were shown in Figure 10 (a) and Figure
10 (b), respectively. It can be seen from the figure, the signal changed in 8 min after the mixture was

6
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. fed into the reaction tube, O2and CO2 were adsorbed and saturated in 12 min and 16 min respectively,
and their concentrations quickly return to the intake value. The adsorption capacities of O2 and CO2 were
4.9×10-3 and 6.9×10-3 mmol·g-1 respectively. During10-12 min, NO signal was at its lowest and appears on
the platform, and it slowly returns to the intake gas at 12-45 min. The concentration was close to adsorption
saturation, and the adsorption capacity reached about 100×10-3mmol·g-1, which was 15-20 times that of O2

and CO2. Although adsorption experimental results of NO, CO2, O2, N2 under the mixture had decreased,
its adsorption characteristics and the pulse results of Rh/MOF-177 for NO, CO2, O2 were consistent with
single component adsorptive properties. A little of CO2 and O2 were absorbed, but large quantity of NO
was collected. These results further verified the selectivity to the adsorption of NO. By calculation, the
adsorption selectivity of NO in mixed atmosphere was about 89.45%. The experimental results showed that
greatly enhancement of NO adsorption capacity and adsorption selectivity by introducing the Rh to MOF-
177 material, and there were significant improvements of NO adsorption performance. As for NOx in flue
gas adsorption separation and then to stripping oxidation of absorbing compounds nitrate, this result should
have large potential of air pollutants purification and recycling application of NO.

2.4 The structure-function relationship

The experimental results of this work showed that the adsorption property of NO was significantly improved
after Rh was introduced into MOF-177, showing high NO adsorption capacity and adsorption selectivity.
The pulse-method adsorption capacity of NO for the Rh/MOF-177 with a load of 3% Rh can reached
about 310×10-3mmol·g-1, far higher than O2 and CO2 adsorption amount (about 15 to 20 times more),
NO adsorption selectivity was up to near 90% under mixed atmosphere, this was just only on the 30%
reduction degree of Rh components and the lower adsorption concentration or partial pressure conditions.
Oxides such as adsorption materials supported on Al2O3 and zeolite carrier, its NO adsorption capacity
under atmospheric pressure was usually 0.06˜0.096 mmol·g-1[40], which was relatively limited. This indicated
that MOF-177 material was an excellent carrier, which can provide better NO adsorption performance by
introducing the active component Rh and so on, showed good carrier function. Because the thermal stability
of Rh/MOF-177 was good to reach above 330 °C, this also created the application basis for the adsorption
separation and enrichment of NOx in the flue gas.

In general, the adsorption of NO by transition metal components loaded on oxide carriers is usually manifested
as surface disproportionation reaction adsorption, and the formation of species such as N2O4, NO2, NO3- or
NO2- promotes the adsorption of NO [41-42], and the higher the valence state, the weaker the adsorption of
NO [43]. Species nitroso Rh(NO) and dinitro Rh(NO)2 are formed when NO is absorbed by Rh component
with Al2O3 as the carrier [39-40,44]. The experimental results of this work showed that about one reduced
state Rh0on Rh/MOF-177 adsorbed three NO molecules, and it could be speculated that NO adsorption
on Rh/MOF-177 formed an adsorptive state trinitro group (Rh(NO)3) species, which was different from the
results of NO adsorption machine in the existing literature. The outer-shell electron structure of Rh atom is
4d85s1, and there are three unpaired electrons in the 4d and 5s orbitals, so it may be that the reduced state
Rh0 on Rh/MOF-177 adsorbed NO and formed linear Rh-NO or Rh-N=O adsorption modes. The generation
of these species resulted the higher adsorption capacity of Rh/MOF-177 to NO gas.

Some MOFs materials showed a better adsorption effect to pure NO molecule through opening various
metal sites and amine group functionalization. In general, NO and unsaturated metal sites typically form 1:1
coordination, and there is also possible to form N-diazeniumdiolate(NONOate)structure through adsorptive
chemical reactions between functionalized amine groups and NO, and then the adsorption was performed
on the metal sites, exhibiting larger NO adsorption capacity, and there are NO chemical adsorption and
physical adsorption on MOFs materials [7-9, 12-14]. However, when most MOFs materials adsorb NO, they
will also absorb more CO2, with poor selectivity[15-16]. MOF-177 is composed of Zn ionic metal nodes and
1,3, 5-trisol (4-carboxyl phenyl) benzene (H3BTB) ligand. The calculation results of molecular simulation
also showed that MOF-177 had a certain adsorption capacity for NO under certain conditions, and its
adsorption for CO2 and O2 was very limited[29-30]. The experimental results of this work also verified
this phenomenon. According to the results of high-resolution transmission electron microscope (TEM) and
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. Rh3delectron energy level XPS, the topological space structure of Rh/MOF-177 can be inferred as shown
in Figure 11. With different from the reported NO adsorption mechanism of these MOFs materials, the NO
adsorption model of Rh/MOF-177 materials changed greatly after the loading of Rh component—that is, one
reduced Rh0 adsorbed three NO molecules and the NO adsorption form on Rh/MOF-177 should be a trinitro-
group (Rh(NO)3) adsorbed species. This resulted in significantly enhanced NO adsorption performance of
Rh/MOF-177, which not only NO adsorption capacity significantly increased but also selectivity increased.
According to the results of high-resolution transmission electron microscope (TEM), the Rh particles reduced
at 250 degC with different load of Rh components were basically atomic-sized dispersion state with good
stability. This was due to the larger specific surface area and porosity of MOF-177, which provided a better
carrier function for the high dispersion and stability of Rh component.

3 Conclusion

The experimental adsorption capacity of MOF-177 for NO, O2 and CO2 by pulse method was very small and
N2 was hardly adsorbed at room temperature, which was consistent with the molecular simulation calculation
results in the literature. The introduction of Rh component in MOF-177 can significantly improve its NO
adsorption performance, showed high NO adsorption capacity and adsorption selectivity. The NO adsorption
capacity increased with the increase of Rh load and was related to the reduced state Rh0. The adsorption
capacity of NO by pulse method can reach about 310x10-3mmol*g-1 when 3% Rh/MOF-177 was reduced for
2 h at 250 degC. The adsorption capacity of NO in simulated flue gas atmosphere was about 15-20 times
higher than that of O2 and CO2, and the adsorption selectivity was up to near 90%.

The experimental results showed that one reduced state Rh0 adsorbed three NO molecules, and the NO ad-
sorption on Rh/MOF-177 should be the adsorption state trinitro-group (Rh(NO)3) species. After reduction
at 250 degC, the Rh particles in the MOF-177 exhibited atomic-size dispersion with good stability, and the
MOF-177 material showed good carrier function.
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