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ABSTRACT

Two amine-modified copper-based Metal Organic Frameworks (MOF (CuBTC)) of different surface chemical and
textural features were synthesized and used as adsorbents of acidic toxic gases (NO3 and H3S) in both moist (71%
relative humidity (R.H.)) and dry conditions. The initial and exhausted samples were characterized by nitrogen
adsorption, powder X-ray diffraction, scanning electron microscopy, thermal gravimetric analysis and Fourier
transform infrared spectroscopy. The addition of melamine prevented full growth of CuBTC crystals and resulted
in amorphous-like particles with sizes less than 200 nm. The material was non-porous with a small surface area.
When urea was used as an amine source, the resulting particles maintained the overall octahedral shape of the
parent CuBTC MOF and the material was more porous than the parent MOF. While the urea-modified CuBTC
sample performed well as an NO, adsorbent in the presence of moisture, the reactivity of the melamine-modified
sample and its physical properties provided a favorable environment for the removal of H,S. The incorporation of
amines into the MOF structure also resulted in surface defects /open copper sites that favored the removal of
toxic gases in dry conditions. The reactivity of the adsorbents with toxic gases was demonstrated by the changes
in the adsorbent colors, in texture, and in surface chemistry (organic salts, complexes, sulfides and nitrates were

formed).

1. Introduction

Toxic gases present in the atmosphere pose several threats to the
environment and air quality. Hydrogen sulfide (H2S) and nitrogen di-
oxide (NOy) are considered as the most toxic and corrosive gases present
in air. Hydrogen sulfide is also a predominant sulfur contaminant in
natural and digester gas. The natural origin of this gaseous pollutant is in
the anaerobic degradation of organic matter. Nonetheless, an increase in
energy consumption and rise in industrial manufacturing processes have
led to the elevated emissions of HyS and NO, into the environment.
Thus, the development of efficient adsorbent materials to capture these
toxic and environmentally detrimental gases and to reduce their quan-
tity in the atmosphere is crucial.

A hydrogen sulfide molecule is very similar to water in its shape and
geometrical arrangement; however, sulfur is not as electronegative as
oxygen is, which results in a smaller polarity than that of water.
Therefore, weak intermolecular interactions are the predominant forces

between H3S molecules. A small molecular size of HyS (0.32 nm [1]).
and thus weak dispersive interactions with a surface of porous solids
create a problem for its efficient removal at ambient conditions using
energy-efficient adsorption methods. On the other hand, the acidic
character of HyS can promote acid-base interactions that are known to
enhance its retention via specific forces or chemisorption [2,3].More-
over, the relative easiness of sulfur in H5S to be oxidized opens paths to
its removal via reactive adsorption [4,5].

Nitrogen dioxide, another acidic gas problematic to the environ-
ment, is also detrimental to human health. [6] In the presence of water,
NO; can make nitrous and nitric acid (HNO; and HNOs) species which
contribute to acid rain and hydroxyl radical formation [7,8]. Several
efforts have been geared to the removal of NO3 from air via adsorption
[9-11], or deNOy/selective catalytic reduction [12,13]. Generally, the
NO; removal on adsorbents occurs through two pathways: (1) phys-
isorption, where NO, accumulates on an adsorbent surface in its un-
changed state or (2) via chemisorption pathways where NO, reacts with

; MOF, Metal Organic Framework; V., micropore volume; Vy,es0, mesopore volume; EM, exhausted moist; ED, exhausted dry; Sggr, Brunauer, Emmet and Teller

surface area.
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an active site and is chemically transformed [14]. Chemisorption is
considered as an important process advancing personal protection
where the sufficient capacity and reliability of an adsorbent is needed.

A copper-based metal organic framework (CuBTC) also known as
HKUST-1 or MOF-199 is a microporous MOF that has been extensively
studied as a catalyst [15-17], gas storage medium [18] and adsorbent
[19,20]. The unique porosity and distribution of pore channels make
this material desirable for small molecules’ adsorption [21]. The
chemical diversity and porosity of MOFs promotes research interests in
toxic gas removal from air. [22-34] Specifically, CuBTC has been
employed in several studies; for example, an extensive investigation of
the removal of ammonia (NH3), [35] H2S and NO3 not only on MOFs but
also on their composites with graphite oxides have been conducted [36,
37]. Due to its relatively small pores and reactive copper-based active
metal centers [38], CuBTC was found as a good medium/reactive
adsorbent of small acidic molecules such as HsS or NOs.

The technologies used in the removal of acidic gases generally
benefit from employing amines in scrubbing systems [39,40]. Ammonia
has also been used for the NO, removal not only to increase acid-base
reactivity but also in a selective catalytic reduction of NOy[41,42,12,
13]. Following the reactivity approach, Wang et al. demonstrated that
the substitution of dicarboxylic acid ligands of MOF-808 (a zirconium
based MOF) with aminated ones resulted in an improved performance
for NO, removal from ambient air [43]. Their study also indicated that
covalent adducts between NOx and the amino groups of the linker
molecules advanced the removal process [43]. A study by Brandt et al.
indicated that amine containing MOFs facilitated SO, binding via NH
sites [44]. Furthermore, the type of amine was also found to play a
crucial role in the removal process. Zhang et al. screened primary, sec-
ondary and tertiary amines for the HyS removal and determined that
tertiary amines (triethyl amine, pK,=10.7) were the most suitable
compound for the removal process [34]. This suggests that the role of
different types of amines and their subsequent effect on the toxic gas
removal are avenues to be explored to better understand and predict the
potential application of amine modified MOFs for air filtration.

Following this line of research, the aim of this study is to evaluate the
effects of the incorporation of two different amines, urea, pK, ~ 0.1 (pKy,
13.9) and melamine, pK, ~5 (pKp ~ 9) into CuBTC during its synthesis
process, on the ability of the resulting materials to adsorb toxic acidic
molecules in dry and moist conditions. The nature and the type of the
amine species used for the modifications and the role they play in the
adsorption process are discussed. NO, and H,S are both small molecules
of acidic character, however, while NO; can act as electron acceptor and
can undergo reduction, H,S acts as an electron donor. Both gases bind to
copper sites of CuBTC [45,46,32,37].

2. Experimental methods
2.1. Materials

All chemicals (N, N- dimethylformamide (DMF) 99%), acetone,
ethanol, 1,3,5 Benzene tricarboxylic acid (trimesic acid) (BTC), urea,

melamine (Fig. 1) and copper nitrate hemipentahydrate, Cu
(NO3)2-2.5H20) were supplied by either Sigma—-Aldrich, VWR, BDH or
Alfa Aesar and used without further purification.

The synthesis of CuBTC was carried out following the procedure
described by Petit et al. with small amendments [36]. The summary of
precursor conditions used to obtain amine modified CuBTC is presented
in Table 1. In a typical synthesis, the precursors (copper nitrate hemi-
pentahydrate (Cu (NOs3)2.2.5 H3O, 26.7 mmol) and 1,3,5 benzene
tricarboxylic acid (BTC, 11.8 mmol)) were mixed in N, N dime-
thylformamide (DMF, 90 mL) followed by vigorous stirring. Melamine
in an equimolar amount to the copper salt (26.7 mmol, 3.4 g) was stirred
and the solution wassonicated in ethanol (115 mL) separately for
45 min. A fine melamine white suspension was then transferred to the
MOF solution and stirred for an additional 45 min. The melamine/MOF
suspension was transferred into a round bottom flask (500 mL), sealed
and heated under shaking at 98 °C in an oil bath for 24 h. After cooling,
the crystals were filtered on a Biichner funnel, washed and immersed in
acetone for 24 h. The crystals were then washed and filtrated with
acetone and heated at 110 °C under vacuum to remove the solvent. The
as synthesized material was stored in a 120 °C oven and it is referred to
as CuBTC-M. A similar procedure as that described above was followed
to synthesize urea (26.7 mmol) modified CuBTC, and the resulting
product is referred to as CuBTC-U.

2.2. Evaluation of amine-modified MOFs for HS and NO_ adsorption

Dynamic breakthrough tests were performed at a room temperature
to evaluate the capacity of our adsorbents to retain target toxic gases. In
a typical test, a flow of gas (HaS or NOy) diluted with air went through a
fixed bed of an adsorbent with a total inlet flow rate of 225 mL/min for
NO;y and 250 mL/min for H»S. The concentration of each gas was
1000 ppm in Ny. The adsorbent bed contained about 2 cm® of glass
beads mixed with MOF to obtain a homogeneous bed and to avoid
pressure drop. The concentration of HyS or NO; in the outlet gas was
measured using an electrochemical sensor (Multi-Gas Monitor RAE
system). The adsorption capacity of each adsorbent was calculated in
milligram per gram of the material by integration of the area above the
breakthrough curve. The tests were conducted in both moist (relative
humidity R.H. 71.0%; 70-80% of humidity is often used in standard tests
to address the role of moisture - ASTM D6646, as an example) and dry
conditions. For both NO, and H,S adsorption tests, the gases were
diluted with either dry or moist air. After the breakthrough tests, all
samples were exposed to a flow of clean carrier air only (180 mL/min
after the NO; breakthrough tests, 225 mL/min - after the HaS break-
through tests) in order to impose the desorption of weakly adsorbed
target molecules and thus to evaluate the strength of its retention. The
suffixes -ED and -EM were added to the name of the samples exposed to
target gases in dry and moist conditions, respectively.

Nitrogen monoxide (NO) is often encountered as a by-product and,
although less toxic than NO,, its presence is not desired and must be
controlled. Thus, in the case of NO, adsorption dynamic test, nitrogen
monoxide (NO) concentration in the outlet stream was also monitored
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Fig. 1. Schematic representation of the dimensions of BTC, Melamine and Urea.



Table 1
The Contents of specific species in the synthesis mixtures and their ratios.

Sample NH, (mmol) COOH (mmol) cu®* (mmol) COOH/ NH, NH,/Cu?* COOH/Cu?* BTC/NH,
CuBTC 0 2.53 9.05 - 0 0.28 0
CuBTC-M 3.39 2.53 9.05 0.75 0.37 0.28 3.48
CuBTC-U 7.11 2.53 9.05 0.36 0.79 0.28 1.66

by Multi-Gas Monitor RAE system. The amount of NO released was
plotted against breakthrough time and the percentage of NO released
was then calculated, following the equations below:

h — 1N

NO release = NO+ (Cyo,_,+Cno,_, )( 3 )
NO lea.
NO release (%) = #

Where Cyot—t is the concentration of NO at a given time, t; NO5 ads is the
amount of NO, adsorbed.

In the case of H,S adsorption, the concentration of SO, was moni-
tored by Multi-Gas Monitor RAE system in case the oxidation took place.

2.3. Analysis of the surface features for the initial and spent samples

The surface chemistry before and after exposure to the acidic toxic
gases was evaluated using Fourier transform infrared (FTIR) spectros-
copy, surface pH measurements, and thermogravimetric analysis. FTIR
spectra were measured a Nicolet Magna-IR 830 spectrometer using the
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attenuated total reflectance (ATR) method. An average of 32 scans with
a resolution of 2 cm ™! per scan were collected and corrected for back-
ground noise. The spectra were collected on powdered samples pressed
onto the collection window. Thermogravimetric (TG) curves and their
derivatives (DTG) were obtained using a TA Instruments thermal
analyzer, Q600. The fresh and exposed samples in both moist and dry
conditions were dried in an oven at 100 °C before the data collection in
order to remove adsorbed water. Each sample was then placed into an
alumina pan and heated up to 1000 °C, with a heating rate of 10 °C/min
under a nitrogen flow of 100 mL/min.

Surface pH measurements were done using a Fischer scientific,
Accumet Basic pH meter. Before the measurement the samples (200 mg)
were dispersed in 10 mL of deionized water, and the suspension was
stirred overnight.

Nitrogen adsorption isotherms were measured at — 196 °C on an
ASAP 2010 (Micromeritics). Before each analysis, initial and exhausted
samples were dried and degassed at 120 °C under vacuum. The surface
area, Sggt, the total pore volume, Vi and the micropore volume Vyc,
(from a t-plot) were calculated from the N isotherms.

The morphology of the amine modified MOFs before and after toxic
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Fig. 2. (a) NO, and (b) H,S breakthrough curves in both moist (EM) and dry conditions (ED) for the amine modified CuBTC MOFs; (c) Comparison of the measured
H,S and NO, adsorption capacities the amine modified MOFs in moist and dry conditions; (d) NO release profiles in both moist (EM) and dry (ED) conditions (a NO
release profile for CuBTC-M (ED) was not analyzed since the NO concentration reached the maximum limit of the sensor within seconds ).



gas exposure was evaluated using Scanning Electron Microscopy (SEM).
SEM images were collected on a Zeiss Supra 55 scanning electron mi-
croscope with a resolution of 5 nm at 30 kV. The samples were brushed
on sticky carbon and sputtered with a thin layer of gold to avoid spec-
imen charging before the image collection. X-ray diffraction (XRD)
measurements were performed on a Philips X'Pert X-ray diffractometer
using a ceramic X-ray tube with a Cu anode. A CuK, (1.5405 A) radiation
source with a routine power of 1600 W (40 kV, 40 mA) and 1 mm Soller
(receiving and detector) slits was used. The powder adsorbents (fresh
and exhausted) were placed in a powder sample mount and the
diffraction patterns were collected in a Bragg Brentano fashion by
scanning from 20= 5-20= 50°.

3. Results and discussion

The measured NOy and HyS breakthrough curves along with the
desorption curves in dry and moist conditions are shown in Figs. 2a and
2b, respectively. The calculated NOy and H,S adsorption capacities for
each adsorbent are summarized in Fig. 1c. The breakthrough curve for
CuBTC-U exposed to NO5 in dry conditions is steeper than that measured
in moist conditions, suggesting a difference in the removal mechanism.
The breakthrough time for CuBTC-U under moist conditions was almost
two times longer than that under dry conditions. Moreover, for CuBTC-U
a broad shoulder appeared at 40 min/g of the dynamic test in moist air,
indicating the change in the removal mechanism with the progression of
the experiment. Contrarily, CuBTC-M exhibited a different behavior. Its
breakthrough curve was rather steep, and the sensor upper limit was
quickly reached under dry conditions. However, when water was pre-
sent in the challenge gas the breakthrough time increased almost four
folds. A similar shoulder to that observed on the curve for CuBTC-U
appeared on that of CuBTC-M, but much sooner during the NO; break-
through process, suggesting the faster change in the adsorption mech-
anism than that on CuBTC-U. These shoulders were not present on the
NO; breakthrough curve of pristine MOFs under the same conditions
[47] and therefore they are related to the presence of amines and their
involvement in the NO, adsorption process. Since the shoulder did not
appear on the H»S breakthrough curves, it must be specific to the NO,
interactions with amines in moist conditions.

Generally, our materials exposed to HyS exhibited a better perfor-
mance than that in the NOy removal process (Fig. 2b and 2c). The
breakthrough curve for CuBTC-U in dry conditions resembled that for
unmodified/parent MOF [47] and it was steep indicating a fast
adsorption kinetics. In moist conditions, the breakthrough curve showed
very fast adsorption kinetics with the breakthrough point reached after
longer time than that in dry conditions. The performance of CuBTC-M
was poor in dry conditions. On the other hand, in moist conditions,
the adsorptive behavior of this melamine-containing material was
drastically different and the time to reach the breakthrough point was
almost 10 times longer time than that in dry conditions. Overall, the
analysis of the performance of amine modified CuBTC MOFs, indicates
that the water present in the gas stream is crucial for the good perfor-
mance, as found for CuBTC itself [32]and that the presence of -NHjy
containing species/modifiers in the materials affects the HoS and/or
NO; adsorption process to different extents.

The calculated breakthrough capacities are compared in Fig. 2c.
Even though the capacities are smaller than those measured at the same
conditions on CuBTC ( ~ 100 mg/g for both NO; [46,47] and HS [47,
46,32] in dry conditions and ~ 53 and 98 mg/g [46] in moist one,
respectively) an interesting trend is found. While CuBTC-M showed a
good performance to remove HjS in moist conditions, CuBTC-U exhibits
a high capacity to remove NO,. Moreover, the amount adsorbed on the
latter sample in moist conditions is over 100% higher than that in dry
ones and it is an opposite trend to that found for CuBTC MOF itself [46,
47]. The performance of the adsorbents was compared to those
measured on other types of materials (Table 2) where similar experi-
mental conditions were used [48-52,47,53,54,46,55,56,40,57-59]. As

Table 2
Performance comparison of different H,S and NO, adsorbents (where possible
the similar experimental conditions to those used in our test were chosen).

Material H,S (mg/  NO(mg/g) Conditions
)
Activated 224 [50] 66 230 ppm NO,, 5% moisture 0.1%
Carbon (AC) [60] NOg, dry
AC Fibers 3.9 [61] 200 ppm H,S, dry
Mesoporous 86.5 [51] 250 mL/min, 1000 ppm, dry
Carbon
Sewage Sludge 15.8 [55] 250 mL/min, 1000 ppm, dry 80%
derived 104.5 [49] moisture, 0.3% H,S, 0.5 L/min
adsorbents 115 [48] 80% moisture, 0.3% H,S, 0.5 L/
min
Zinc Oxides/ 113.5 1 h pre-humidification, 3% H,S
graphene [57] in Ny
Double-Layer 243 [62] 1000 ppm NO, in He, air, dry
Hydroxides
Amine modified 44.1[54] 10% H,S, dry, room temperature
SBA-15
Covalent 5093 Grand Monte-Carlo Simulations
Organic [53,59]
Framework 3498
[53,59]
Cu-ZSM-5 3.91-0.32 Gas hourly space velocity (GHSV)
[63] 50,000 h~'150-350 °C
AgX Zeolite 157 room temperature, 10 ppmw H,S,
147.1 dry room temperature, 10 ppmw
[72,38] HaS, 2% H,0
Mesoporous 142 [58] 20 mL/min, 250 ppm,
silicates equilibrated in moisture for 2 h,
Mixed oxides 318 [64] 250 mL/min, 1000 ppm, dry,
CuBTC 53,98 100 [46] 250 mL/min, 1000 ppm, dry,
[46,47] 70% moist
CuBTC-U 53, 44 33,70 250 mL/min, 1000 ppm dry,
moist
CuBT-M 20, 64 23,3 250 mL/min, 1000 ppm dry,
moist

seen, a broad range of performances has been reported and we collected
only few examples from the vast number of reports in the literature. Our
materials, although not best performing, show versatility and satisfac-
tory capacity for both target gases.

The difference in the surface affinity to target adsorbates suggests
variations in either surface chemistry or in the textural properties of our
adsorbents. The data also clearly indicate that the modification of
CuBTC MOF with urea favors the adsorption of acidic gases to greater
extent than that with melamine. Overall, the results suggest that the
adsorption behavior is complex and might involve both physisorption
and specific chemical interactions/reactive adsorption.

To better understand the adsorption mechanism, we monitored the
concentration of typical by-products that might be released during NO5
or HyS dynamic tests, namely NO or SO, formed in either reduction or
oxidation reactions, respectively. In the case of HyS, SO, was not
detected suggesting that either H,S was not oxidized to SO or the latter,
it it was formed, was retained on the surface. However, during the NO,
dynamic test, NO was released in a significant quantity (Fig. 2d), and
almost the maximum limit of the sensor was reached in the same time
frame for all samples tested. The % of NO, converted to NO are 19%,
30% for CuBTC-M (ED) and CuBTC-U (EM), respectively. The extent of
NO formation is much higher than that for parent CuBTC MOF (9% in
dry conditions and 7% in moist conditions) [46].

To analyze the effects of our CuBTC modifications on the acidic gas
removal, we first focus on the structure and morphology of the adsor-
bents. The SEM images show that the urea modification did not disturb
the formation of CuBTC crystals and their hierarchical octahedral shape
is evident (Fig. 3) [65]. On the other hand, melamine prevented a
growth of large crystals . This suggests that a quasi- planar amine (or
carbamide such as urea) or a small molecule does not impose nucleation
stress in our system. Some of the crystals of CuBTC-U, however, have
truncated cubic edges similar to what was observed on crystals
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Fig. 3. SEM images for the amine modified CuBTC MOFs; CuBTC-U and CuBTC-M before (left panel) and after exposure to NO, (top panel) or H,S (bottom panel) in

moist or dry conditions.

composed of pure CuyO [66,67], suggesting some level of chemical
heterogeneity and the presence of Cu species not fully engaged in the
CuBTC crystalline structure. Overall, the images show that CuBTC-U
have larger crystallite particles that are more agglomerated than those
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in parent MOF [68-70]. Introducing melamine as the amine source
during the synthesis resulted in a totally different morphology than that
typical of CuBTC MOF. The particles are very small, do not have sharp
edges or corners, and appear coalesced. The geometrical constrains of
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Fig. 4. a) Nitrogen adsorption isotherms; b) DTG curves measured in nitrogen; 3) X-ray diffraction patterns, d) FTIR spectra for the parent CuBTC and the smaples
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the amine groups in melamine and its bulky particle sizes might limit the
interactions of this molecule with the carboxyl groups of the BTC linkers.
Moreover, the formed species in acid-based reactions are likely too large
to form organized porous networks and thus the nucleation and the
formation of well-defined crystal facets did not occur and agglomerated
particles with small sizes (< 200 nm), of likely heterogeneous chemistry,
were formed. The similar effect of acid-base interactions on the crystal
development was reported previously [71] where the incorporation of
formate disrupted the CuBTC crystal growth [71]. Cravillon et al.
observed small particles in their synthesis and they attributed their
formation to the increase in nucleation rates due to the proto-
nation/deprotonation of functional groups and the metallic center [72].
It is likely that the interactions of melamine and BTC hindered the re-
action of available BTC with the Cu®* precursor, stunted the growth of
MOF particles and resulted in the ambiguously shaped particles. It is also
possible that melamine small particles (low solubility in the solvent
used) cover very small seeds of MOF crystals limiting their growth.

Exposure to toxic gases also altered the surface morphology of
CuBTC-U (Fig. 3). After NO, adsorption in dry conditions, the CuBTC-U
crystals become interlocked and coalesce into large agglomerates. A
similar phenomenon was observed after exposure to NO in the moist
conditions, although, the edges of the crystals seem to be less disturbed.
After exposure to HsS in dry conditions the crystals also coalesced, and
the effects are similar to that after NO, adsorption. For CuBTC-U after
HoS adsorption in moist conditions the octahedral crystal geometry
remained , but the morphology bacame more ambiguous and less
defined. Additionally, the roughness on the surface of the crystallitesis
visible. The morphology of CuBTC-M after exposure was not analyzed
owing to the lack of defined features.

To understand the differences in the adsorptive behavior of our
samples, their porosity and surface chemistry were analyzed in detail
(Fig. 4a, Table 3 and Fig. S1 of the Supplementary Information). While
the introduction of urea to the synthesis resulted in an increase in the
amount of nitrogen adsorbed, for CuBTC-M the results indicated the lack
of any obvious porosity. The shape of the CuBTC-U isotherm is charac-
teristic of a microporous structure as that of parent MOF. Considering
the same ratio of copper and BTC in the MOFs used in the synthesis
(Table 1), the differences likely originate from missing linkers due to the
reactions of BTC with the free amine groups of the modifiers, and from
missing paddlewheel sites. The degree of a defect density in the MOF can
be inferred from the thermal gravimetric decomposition profiles [73]
and it was determined that the defect level in CuBTC-U is 26.5%.

The parameters of the porous structure calculated from Ny isotherms

Table 3

Parameters of the porous structure derived from the nitrogen isotherms for the
amine modified CuBTC MOF samples before and after exposure to H,S and NO»
in both moist (EM) and dry (ED) conditions:BET surface area (Sggr), total pore
volume (Vy), micropore volume (Vp,;.) and their ratio.

Exposure Sample SBET Vi Vinic Vinie/
Conditions Ve
(m?/ (cm®/ (em®/ (%)
g) 2) g)
CuBTC" 1040 0.514 0.445 0.866
CuBTC-U 1201 0.623 0.509 0.817
NO; Dry CuBTC-U (ED) 446 0.335 0.192 0.573
NO, Moist CuBTC-U (EM) 342 0.214 0.165 0.771
H,S Dry CuBTC-U (ED) 169 0.386 0.056 0.145
H,S Moist CuBTC-U (EM) 259 0.209 0.109 0.521
CuBTC-M 43 0.052 0.0183 0.356
NO,, Dry CuBTC-M (ED) 35 0.053 0.019 0.345
NO, Moist CuBTC-M 40 0.064 0.021 0.328
(EM)
H,S Dry CuBTC-M (ED) 25 0.047 0.010 0.213
H,S Moist CuBTC-M 22 0.067 0.0037 0.055
(EM)

2 Obtained from [45]

(Fig. 4a and Fig. S1 of the Supplementary Information) are collected in
Table 2 along with the results for the spent adsorbents. Interestingly, the
surface area of CuBTC-U is ~ 15% higher than that of MOF itself and an
increase in both the volume of micro and mesopores was found. A
decrease in the Vy;./V; ratio indicates that urea caused an increase the
volume of mesopores, probably as a result of the defects in the MOF
structure. CuBTC-M is nonporous, and this is consistent with the lack of
nucleation and MOF crystals formation in the presence of melamine
reflected in the SEM images (Fig. 3). Owing to its chemistry, melamine
reacted with BTC preventing the formation of a porous MOF. While the
developed porosity in CuBTC-U certainly brought an advantage for the
adsorption of small molecules of our target gases, the performance of the
CuBTC-M series of adsorbents, especially for NO,, might be directly
related to its amine chemistry and the abundance of NHy groups in
melamine itself, and to the presence of copper as an active center.
Generally, after exposure to HyS and NOj in both conditions, the
porosity decreased, especially after adsorption of the latter species. This
is owing to the destruction of the MOF units due to the reaction of these
species with the copper sites. The trend in the porosity decrease does not
exactly follow the trend in the breakthrough capacity and the extent of
the decrease in the surface area is larger for CuBTC-U(ED) than for
CuBTC-U(EM), in spite of the larger amount of NO, adsorbed on the
latter sample. It is an interesting observation since water is known as
causing a collapse of the CuBTC structure [74,75,68,76]..The trend in
the porosity decrease is likely related to the differences in the mecha-
nisms of adsorption and especially in the nature of the most favorable
centers active in dry or moist conditions. This trend might be also linked
to the limited stability of the CuBTC phase in the presence of moisture
[45,47,46,32,37]. In the case of HyS adsorption, the decrease in the
surface area follows the difference in the amount adsorbed, suggesting
that copper sites are the active centers since their reaction with H,S is
known to lead to the destruction of this MOF units. In the case of the
nonporous CuBTC-M series, the measured surface areas slightly
decreased after adsorption and, as in the case of CuBTC-U, the effects are
more pronounced after HoS adsorption than after that of NO,. However,
the changes are small and, as indicted above, the porosity likely does not
play a marked role in the performance of this material. The reactivity of
the copper sites during the adsorption process is reflected in the change
of the samplescolors. The initial color of melamine modified CuBTC
MOF is light blue, and that of urea modified CuBTC MOF is cyan blue, as
opposed to the parent MOF that has a dark blue color. The change in the
color of the adsorbents after exposure to the toxic gass (darker blue in
NO; and dark brown or cyan-green in HyS) is also a clear indication of
the partial collapse of the framework during the dynamic test, and has
been reported elsewhere [32,46].

The changes in porosity discussed above are directly related to the
changes in a microstructure. X-ray powder diffraction patterns for the
initial samples are compared in Fig. 4c. The crystallinity of CuBTC was
slightly altered by the incorporation of urea. The diffraction pattern of
the CuBTC-M sample, although it shows some similarity to that of
CuBTC [45,47], reveals different diffraction peaks. The peaks at 20= 35°
seen for both amine modified CuBTC MOF are new features and repre-
sent copper oxides species [77]. A plausible explanation of the similarity
to CuBTC in spite of the marked differences in porosity might be that
melamine, owing to its chemical nature and molecular size, covers the
outside surface of the very small crystals formed and thus prevents the
access of the N3 molecules to the internal porosity. On the other hand,
acidic gases, owing to their reactivity, might be able to “corrode” that
arrangement and enter the internal sites, which led to a marked amount
adsorbed on apparently nonporous surface “seen” by the nitrogen
molecule.

The chemical environment of the amine modified MOF adsorbents
before and after exposure to either HoS or NO; was also studied using the
thermal analysis (Fig. 5). The presence of the additives is seen by a
complex weigh loss event at temperature less than 280 °C, representing
the decomposition of amine groups. At this temperature range unreacted
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Fig. 5. DTG curves in nitrogen for the initial and H,S- (a,b) and NO,- (c,d) exposed samples.

nitrate might also decompose [78,79]. While a peak at 100 °C for
CuBTC-M likely represents the removal of physisorbed water molecules
[80], a peak around 160 °C is assigned to the thermal reduction of free
copper oxide clusters [81] interacting with the amine groups in mel-
amine. Melamine is expected to be thermally converted into graphitic
carbon nitride, which totally decomposed at 560 °C. Thus two peaks at
400 °C and 490 °C represent the re-aromatization of melamine and its
final degradation [82]. In both samples, the decomposition of MOF units
and the removal of linkers are seen as sharp peaks centered at about
330 °C. The results suggest a slight improvement in the thermal stability
of MOF units upon the modification, especially for CuBTC-U.

It is rather difficult to assign the weight loss events to the decom-
position of specific compounds formed in the reactive adsorption since
various copper complexes might be produced during the thermal
treatment when NH3 and NH; groups released from the decomposition
of amines might react with adsorbed/chemisorbed HS or NO,. There-
fore, we rather focused on overall differences in the thermal decompo-
sition patterns (Fig. 5), linking them to NO, , HyS and water present on
the surface either in new chemical compounds or physically adsorbed.
Thus, after HyS adsorption on both materials, the weight loss events
between 180 and 280 °C markedly decreased in their intensity, espe-
cially after adsorption in moist conditions which might suggest the re-
action of excess nitrates/copper oxide with HyS and the formation of
sulfides which decompose at temperatures > 1000 °C [83]. Copper in
excess nitrates, as well as unbound NH; groups of amines should be the
most reactive sites, before copper in MOF units would be attacked by the
excess of HyS. The latter is seen by a visible split in the MOF decom-
position peak for CuBTC-U on which more HyS was adsorbed than on
CuBTC-M. Even though a marked amount of NO, was adsorbed on
CuBTC-M, especially in most conditions, no change on the thermal

decomposition pattern of the spent samples is detected either in dry or
moist conditions. Obviously, excess nitrates were non-reactive towards
NO;, and therefore nitrogen dioxide likely reacted with melamine
without an effect on the stability of MOF (Fig. 5). This is consistent with
our hypothesis on the melamine particles covering small CuBTC units. A
plausible explanation of the lack of changes in the thermal stability of
CuBTC-M after NO, adsorption is a high thermal stability of these new
compounds. In the case of CuBTC-U exposed to NO, a marked decrease
in the intensity of the low temperature peaks suggests that for the initial
sample this weight loss should be linked rather to the release of NHy
from urea than to the decomposition of nitrates. Thus, these NH; groups
were involved in the reaction with H,S in the presence of water. At these
conditions an acid-based reactions with dissociated HS™ and protonated
NH' were likely favorable. This might be also a favorable mechanism in
the presence of H,S before the copper sites on MOF were attacked by this
adsorbate.

The X-Ray diffraction patterns collected in Fig. 6 show that some
MOF crystals are still present in the melamine-modified sample, in spite
of its apparent lack of porosity. Upon exposure to both, HoS and NO; a
marked decrease in the crystallinity level is seen, especially for CuBTC-
U. The results suggest that changes in the dry condition are more
detrimental to the MOF structure than are in the moist ones and this is
consistent with the changes in the surface area and porosity discussed
above.

Further insight on the formation and deposition of surface-bound
species on modified CuBTC MOFs was provided by infrared spectros-
copy. The comparison of FT-IR spectra for the initial samples is pre-
sented in Fig. 4d and Table S1 of the Supplementary Information. The
collected IR spectra differ from that of parent MOF [84]. The spectrum of
CuBTC-U is similar to that of CuBTC-M and the vibration of C-N, NH and
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NH; are visible; with the bending frequencies of the-NH, groups in
amine modified MOFs visible around 3100 cm ™! and 3500 cm *[85].
The —NH stretch bands for the amine groups in melamine are observed
around 1600 cm ™! and their rocking modes are weak but present around
1120 cm’1[86,87]. In the low wavenumber regions, the IR bands
around 750 cm ™! represent the wagging of C-H in the BTC linker units.
The IR band at 1100 cm ™" represents the asymmetric stretch of C-O in
the COOH group for the linker. The C—=C vibrations in the aromatic

benzene ring of BTC are found at 1400 cm ™! and are weaker in the in-
tensity for the amine modified MOFs [88]. A symmetric O-C-O band for
the carboxylate is shown around 1500 cm ! [89] A carbonyl (C=0)
stretching band is found at 1650 cm™* [90]. The vibration of a C=N
band in the triazine backbone is visible as a weak spike 1680 cm™! and
overlap with C=0 [86]. It is interesting to note that even though only
slight differences exist in the FT-IR spectra for amine-modified CuBTC
MOFs, (regardless of the amine source used) their colors are completely
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different (the melamine modified CuBTC MOF is a light blue, and the
urea modified CuBTC MOF is cyanic blue). Peterson et al., noticed
similar color changes when mixing aminated and carboxylic linkers
together under certain stoichiometries [91].

After NO, adsorption in dry conditions the bands at 1670 and
1700 cm™! for CuBTC-M disappeared (Fig. 7). The broad band at
1580 cm™! become more pronounced after exposure to NO, in moist
conditions and is ascribed to the formation of surface species due to the
interactions of NOg with the surface amine groups. The bands repre-
senting nitrates are hard to determine due to the overlap of those bands
with those of the IR features for melamine functional groups and the
C=O0 bonds of the BTC, however, the broadening of the bands around
1680 cm ! suggests their existence [40,43]. The changes in the spectra
for CuBTC-M exposed to HyS in either condition differ from those after
the NO, exposure. The two weak spikes in the bands around 1680 cm ™!
decreased in the intensity in dry conditions but remained unchanged
under moist conditions. In addition, new band appears around 1510,
1250 and 1180 cm ™! for CuBTC-M in moist conditions, with the addi-
tional broadening and increase in intensity of the band at 1120 cm™.
This indicates the chemical interactions of HyS with the melamine
modified CuBTC MOF. The brown color of the sample after the HyS
breakthrough test suggests the formation of sulfides [92,93,46,32].
Interestingly, the band related to the stretching vibration of molecular
H,S is absent, implying that almost all the adsorbed species are trans-
formed during the adsorption process [32] and the vibration sulfide
bands are weak therefore hard to detect using FT-IR.

The most significant changes in the spectra of CuBTC-U exposed to
NO, are visible at 1600 cm ™! and 1650 cm™*. The first band appears
broadened whereas the second one is narrower and less intense after
NO; exposure in dry conditions, which suggests the participation of
amine species in the NO; retention process. Two sister bands one at
1640 cm™", the other at 1670 cm™! are seen in moist conditions, sug-
gesting the protonation of surface amine species by the amphoteric
water molecules. The band at 1450 cm™! broadened for CuBTC-U
exposed to NO, in moist conditions, which might by related to hydro-
lysis of urea groups or to the possible formation of surface-bound nitrate
species [40]. After H,S adsorption in dry conditions, the spectral fea-
tures did not show drastic changes; the weak bands between 1500 and
1680 cm™! for the CuBTC-U adsorbent decreased in intensity and
became broader. The effects of NOy or HoS adsorption on the CuBTC-U
MOF adsorbent are similar in dry air likely due to the weak interactions
and the small amounts of these species retained on the surface. On the
other hand, different bands are found on this MOF’s spectrum after HS
adsorption in moist conditions and they likely reflect different reactive
adsorption pathways. In the case of HaS adsorption on CuBTC-U a broad
band appeared at 1450 cm ™! and the band at 1650 cm ™! became narrow
and decreased in intensity, whereas the band at 1680 cm™! broadened
and a broad shoulder appeared around 1700 cm ™ after exposure to HpS
in moist air.

The reactivity of our amine modified MOF with H,S and NOs is seen
in the change in the average surface pH. The initial pH of CuBTC-U and

NOZ Aminated CuBTC MOFs

(CuBTC-U/M) Defect

linker NO; # NO

Cu-OIN

N°2(ads)

CuBTC-M was 4.56 and 4.68, respectively. Both HyS (CuBTC-U (ED):
3.90, CuBTC-U(EM): 3.11, CuBTC-M(ED): 4.25, CuBTC-M(EM): 3.11)
and NO; ((CuBTC-U (ED): 4.08, CuBTC-U(EM): 4.08, CuBTC-M(ED):
4.12, CuBTC-M(EM): 4.13) slightly acidified the surface, supporting
the reactivity with amine groups. The effect is stronger for HjS, espe-
cially in the presence of moisture when the acid -based reactions are
favorable. In the case of NOy, the changes, although visible, are rather
small and once again they indicate the involvement of different
adsorption centers for both adsorbates (Fig. 8).

The results show the collective evidence of the reactions between the
adsorbates and the active sites of aminated CuBTC MOF, of either the
amine-origin or that of copper-based framework. An important finding is
the selectivity of melamine modified CuBTC for HsS adsorption in moist
conditions and that of urea modified sample for NO, adsorption. This
selectivity likely arises from the fact that together, the amine-modified
MOF adsorbents and the adsorbate behave differently in the presence
of water vapor. In the case of HyS adsorption, HyS can be readily dis-
solved in watder and dissociated at favorable pH . Even though there is
an apparent lack of porosity in CuBTC-M, the uptake is quite significant
on this MOF in moist conditions. This suggests that the melamine par-
ticles that are deposited on the surface of the very small CuBTC particles
participate in the reactions with HyS. It is also likely that they act
similarly to graphene/graphite layers. Other studies showed that MOF/
graphite oxide (GO) composites perform exceptionally well in humid
HsS stream due to the hydrophobic nature of GOand the oxophilic na-
ture of MOF, which facilitate coordination of HyS [32,46]. Given the
aromatic and basic nature of melamine, a similar phenomenon might
take place on CuBTC-M. The NO adsorption process is more favorable
on the urea modified sample and the NH; amino groups favorably react
with NO; in moist conditions resulting in surface-bound species. Wang
et al. noted that the interactions of the carbonyl linker groups with water
molecules in the presence of NOs facilitated the formation of nitric acid
[43]. Likely this effect is also observed in the amine system where in-
teractions between the carbonyl linker and carbamide urea in the
presence of water molecules facilitate adsorption of the noxious gases on
CuBTC-U. As seen by the broadening of the C=0 fingerprint on the FTIR
spectra after NO» exposure of the urea-modified CuBTGC, it is likely that
the addition of carbonyl carbamide, facilities NOy adsorption and the
transformation of adsorbed NOx species, promoted by copper oxide sites
and the subsequent formation of nitric acid, which directly reacted with
amine groups of urea in the acid-base reaction. The release of the
marked amount of NO during NO, adsorption might be also linked to the
effect of amines which might undergo some level of oxidation. The
reactive adsorption process is also enabled by the accessible surface area
and abundant microporosity as a result of urea modification. In addition,
the direct nitration of the BTC linker aromatic rings [15] and the pres-
ence of the defect-rich Cu sites provide additional sites for NO; reactive
adsorption. In the case of both adsorbates, on CuBTC-U either sulfides or
nitrates are formed, and this is supported by the collapse of the MOF
structure and obvious changes of colors.
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Fig. 8. Proposed reactive adsorption pathway on the amine modified MOFs.



4. Conclusions

The collected results indicate the unique and distinct effect of the
amine modification of CuBTC MOF on acidic gas adsorption.While the
incorporation of melamine favors HyS removal process, the incorpora-
tion of urea positvely affects the NOy removal from moist air. The
adsorption of NO; in humid air occurs as a two-step process and the
protonation of amine facilitates binding of NO». Moreover, the changes
in surface chemistry and in the color of the adsorbents either exposed to
HjS or NO», directly correlate with the ability of the composites to retain
these species. The removal of H,S from the gaseous stream is favored in
the presence of melamine when water vapor is present. The melamine
layers enable favorable binding interactions between H,S and the hy-
drated MOF surface. The quasi-planar (carbamide) amine enhances the
removal of NO, under the same relative humidity. Moreover, amine
incorporation decreases the corrosive effect of the toxic gas adsorption
on the framework under 71% R.H. The amino groups interact with
adsorbed NO, dissolved in the water film to form nitrates/nitric acid.
Additionally, the open metal centers, acquired during the MOF nucle-
ation and growth process, and the linker units act as the active sites for
reactive adsorption. Overall, the results indicate that amine modifica-
tion together with moisture might tune the reactivity/selectivity of MOF
adsorbent for toxic gas removal from ambient air.
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