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Study of the evolved behavior of inorganic ammonia molecules inside nanopores
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Abstract: This study investigated the effects of the length of long-chain alkyl bromides C,TAB (n =12,
16) on the structure and properties of the materials. The analysis showed that the size of the nanopores
had a significant effect on the escape behavior of ammonia molecules, and the final escape temperature of
ammonia molecules within the nanopores increased with decreasing nanopore diameter. For a nanopore of
3.2 nm, the escape temperature can reach 250 °C. These findings provide data support for the thermal sta-
bility of small inorganic molecules in nanopores and inform the energy storage mechanisms of nanoporous
materials. These insights are crucial for understanding the thermal stability of inorganic small molecules in
nanopores and the energy storage mechanism of nanoporous materials.
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1 Introduction

Renewable energy is a clean and low-carbon
source of energy that plays a crucial role in impro-
ving our energy structure, protecting the environ-
ment, combating climate change, and promoting
sustainable economic and social development.
While the recycling of renewable energy sources is
essential in reducing greenhouse gas emissions,
most renewable energy sources are intermittent
and require energy storage. Hydrogen and hydro-
gen carriers are the only viable options for indirect
energy storage. However, since hydrogen is diffi-
cult to store and transport, hydrogen carriers are
proposed for hydrogen storage and transport "%,
Ammonia (NH,) is a clean, high-energy-density
hydrogen energy carrier *'" that is widely availa-
ble. It is also an essential chemical raw material
and a potential carbon-free fuel energy ', while
porous zeolite is an important adsorbent material
“1%) for ammonia storage gas. Ammonia is also an
alkaline ligand commonly used as a molecular
probe to study the acidity of hydroxyl groups in
oxides, zeolites, and zeolite-like materials. The in-
teraction between the nanopore acid site and the al-
kaline ligand is reflected in the thermal behav-
ior'". Therefore, the structural properties of nan-
opores are crucial indicators of adsorbent "%,

Nanopores are commonly present in the earth’s
environment, and both organic and inorganic small
molecules can be adsorbed within them. The prop-
erties of these molecules can be affected by the ac-
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tive site on the nanopore surface, as well as by the
physical and chemical properties of the restricted
molecules in the nanopores /. While zeolite ma-
terials are widely used as adsorbents, deodorants,
and desiccants, the influence of nanopore structure
and the
changes in nanopore structure directly control the
escape behavior of inorganic small molecules, af-
fecting the storage capacity of small molecules and
their interaction mechanisms.

This paper aims to examine the behavior of
ammonia gas molecules escaping through a nano-
pore. For this purpose, high-purity nanopore silica
has been selected as the research object. The study
utilizes TG (STA)-FTIR experimental technology
to investigate the interaction between ammonia and
the limited nano space interface. The change in
nanopore size is also studied to control and regulate
the mechanism of ammonia molecule escape behav-
ior. The physicochemical properties of ammonia
material in the nanopore are closely related to the
size effect and surface effect of the nanopore. This
study has laid a good foundation for further under-
standing of the adsorption of inorganic small mole-
cules in solution.

features has rarely been discussed ",

2 Experiment

2.1 Reagents and instruments

The experiment used ammonia with a concen-
tration of 25% to 28% (GR) and other reagents
with a purity of 99%. All the reagents were
bought from Shanghai Aladdin Biochemical Tech-
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nology Co., LTD. Automatic gas adsorption meter
(Autosorb-iQ2-MP, Quantachrome), Organic ele-
ment analyzer (Elementar Vario MACRO cube,
Germany) , Infrared spectrometer (Bruker Vertex
70, Germany). Ultrapure water (Millipore/Syner-
gy, France, Resistivity 18. 2 MQ-<cm).

2.2 Preparation of nanopore silica

The synthesis of nanopore silica was carried out
at 27 ‘C under alkaline conditions, tetraethyl silate
was used as the silicon source, and the template a-
gent used in this study was the alkyltrimethylammo-
nium bromide surfactant C,H,,. N~ (CH, );Br
(C, TAB, n=12,16). The samples were then crys-
tallized at 105 °C for 18 d, filtered, washed to neu-
tral, and dried at room temperature. After heating
the samples to 550 C at a rate of 1 “C per minute
under an empty atmosphere, the surfactant was re-
moved by roasting for 6 h, resulting in the synthesis
of two simulated mineral nanopore samples """ with
different pore sizes, namely NPS-1 and NPS-2 (NPS
stands for "nanoporous silica"). The series of sam-
ples obtained had a uniform pore size distribution, a
large specific surface area, and good stability in wa-
ter.

2.3 Characterization method of nanoporous silica

An Automatic Gas Adsorption Instrument
was used to conduct the N, (77 K) adsorption ex-
periment. The N, purity was 99. 999%, and the
cross-sectional area was measured to be 0. 162
nm’. The test pressure range (p/p,) was 10° to
0.99. Before testing the nanopore sample, it was
kept at 200 °C for 20 h. The BET model was used
to calculate the specific surface area, and the NLD-
FT model was used to calculate the diameter and
volume of the nanopores.

The Organic Element Analyzer examined the
C and N elements in the given samples. Each test
required weighing 20 to 50 mg of powdered sam-
ples, and each sample was tested twice. The aver-
age value of the two tests was taken as the final re-
sult for analysis.

The sample was analyzed using Attenuated
Total Reflection Infrared spectroscopy (ATR-IR)
with a range of 4 000 to 400 cm™', a resolution of
4 cm ', and a scanning time of 16.

The escape gas analysis (EGA, Evolved Gas
Analysis) is the test of Thermogravimetric Analy-
sis coupled with Fourier Transform Infrared Spec-
troscopy (TG-FTIR) in an air atmosphere. Sam-
ples weighing between 5 to 10 mg are used for the
analysis. The heating rate is set to 1 ‘C *min” ' over
a temperature range of 40 °C to 550 ‘C. During the
process, as gas is released due to volatilization,
condensation, and combustion, the sample tem-
perature is controlled by a Differential Thermal
Analyzer. The released gas is then sent to the in-
frared gas pool for Infrared Spectrometer. This a-
nalysis helps to determine the composition and
content of the escaped gas.

3 results and discussion

3.1 Structural analysis of the nanoporous silica
3.1.1 Analysis of the Infrared spectrum

Figure 1 displays the FTIR spectrum diagrams
of nanoporous silica that was dried at 30 ‘C and
calcined at 550 °C, respectively. As can be seen
from Figure 1, the hydroxyl group (-—OH) stretc-
hing vibration peak of physically adsorbed water
and the surface of nanoporous silica at 3 440 ecm™',
the isolated = Si—OH stretching vibration peak
appears at 3 748 em ™", and the —OH bending
vibration peak of physically adsorbed water mole-
cules of nanoporous silica is at 1 640 cm™'. Addi-
tionally, the three characteristic peaks of the nano-
pore silica skeleton™® are the antisymmetric
stretching vibration peak of Si—O-—Si at 1 041
em ', the symmetric stretching vibration peak of
Si—O—Si at 786 ecm ', and the bending vibration
peak of Si—O—Si at 440 cm .

Figure 1 IR spectra of calcined and uncalcined NPS

Upon analysis of curves a and b, it was ob-
served that the characteristic CTAB peak appears
in the FT-IR spectrum of uncalcined nanoporous
silica. The N—C bending vibration peak is located
at 1 479 cm ™', the C—H stretching vibration peak
of the —CH, group is located at 2 853 em ™', and
the C—H stretching vibration peak of the —CH,
group"'”' is located at 2 923 ¢cm '. However, in
curve b, no characteristic peak of CTAB was ob-
served. The results of organic element analysis in-
dicated that the nitrogen content was between
0.15% and 0. 33%, and the carbon content was
between 0. 03 and 0. 05% (See Table 1). These
findings suggest that the organic template agent in
the nanopore silica, which was calcined at 550 C
after heat treatment, had been removed.

3.1.2  The N, adsorption-desorption isotherm analysis

The N, physical adsorption method is widely
used for nanopore material characterization. This
method is considered to be one of the most effec-
tive ways to determine the specific surface area,
pore volume, pore size distribution, and some ma-
terial surface properties. The automatic gas ad-
sorption instrument can provide all this informa-
tion, as demonstrated in Table 1.
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The size of pores in nanopore silica can be ad-
justed by altering the length of the hydrophobic
group in the surfactant. To ensure uniform pore
size distribution and control pore size, a surfactant
known as C, H,,,N(CH;),Br (where n =12, 16)
was employed. The subsequent step involves ex-
amining how ammonia behaves in the nanoporous
silica.

Figure 2a displays the nanoporous silica type
IV isotherm at a temperature of 77 K. This
characteristic is commonly observed in mesoporous
(2 to 50 nm) materials, where there is a sudden
rise in adsorption due to capillary condensation.
The adsorption capacity displayed a linear increase
in the low-pressure region, indicating the forma-
tion of a N, monolayer on the pore wall. The steep
increase in adsorption capacity during the capillary
condensation segment further confirms the uni-
formity of adsorbed isotherm type of nanoporous
materials.

The research performed demonstrated that the
adsorption capacity of N, on the pore surface in-
creased linearly in the low-pressure section. This
suggests that a monolayer of N, is present on the
pore wall. Furthermore, the capillary condensa-
tion segment showed a steeper change in the ad-
sorption capacity, indicating a more uniform pore

In the high-pressure zone, the
sample entered an extended stationary phase, indi-
cating that multilayer adsorption continued on the
pore surface. Thus, it can be inferred that the ad-
sorption process is physical and is affected by the
size of the pore. Additionally, chemical adsorption
occurs only at the chemical active site and is not
dependent on the size of the pore™’. These find-
ings underscore the importance of understanding
the adsorption process for N, and can help to de-
sign more effective separation and purification
processes.

Based on the N, adsorption-desorption iso-

size distribution.

therm, the specific surface area and aperture anal-
ysis results of BET and DFT models are shown in
Figure 2b. It is found that it is a nanopore with
different pore volumes with large specific surface
area and uniform pore size distribution. Nanopores
with uniform aperture were also confirmed on Trans-
mission Electron Micrographs (see Figure 3).
3.2 The escape behavior of ammonia in the nano-
pore

The results of analyzing the mixture of NPS-1
and NPS-2 with ammonia using Thermogravimet-
ric method are shown in Figure 4c and 4d, respec-
tively. The DSC endothermic peaks at 199 ‘C and
191 °C, respectively, indicate the decomposition of

Table 1 Structural characteristic parameter of the NPS samples
Sample Surfactant  Syer/(m*+g ') Dpgr/nm Vi /(em®eg)  2(N)/% 2O/ % «(H)/%
NPS-1 C,, TAB 842 3.2 0.5 0.15 0.03 0.69
NPS-2 C,; TAB 882 4.1 0.8 0.22 0.03 0. 60

Note:NPS-1 & NPS-2 synthesized from C,, TAB & C,; TAB, respectively. Specific surface area calculated with BET; pore
size/volume with NLDFT; nitrogen, carbon and hydrogen percentages measured with organic element analyzer.

Figure 2 N, adsorption/desorption isotherm (a) and pore size distribution of NPS (b)

Figure 3 TEM images of NPS-1 and NPS-2
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ammonia and water. The DSC peak shifts towards
a lower temperature as the pore size increases. The
escape temperature of the ammonia gas in the nan-
opore also increases with the decrease of the pore
size (See Figures 4e and 4f). The escape tempera-
ture can reach 250 ‘C when the pore size is 3. 2 nm
(See Figure 4e). There are several forms of am-
monia present in the nanopores, such as NH, ",
OH , NH;, H,0O, and hydrogen bonds. The op-
timal escape temperature for ammonia is 176 C
and 133 “C for the respective sizes of pores (as
shown in Figure 4e and 4f) and decreases with an
increase in pore size. The interaction between am-
monia molecules and the wall of the nanopore is in-
tensified, and the confinement within the nanopore
makes it difficult for the ammonia gas to escape.

As the temperature rises, ammonia undergoes
decomposition to form ammonia and water, which
helps in shifting the equilibrium to the right. The
formation of hydrogen bonds and nano-confine-
ment result in an increase in the escape tempera-
ture of ammonia gas. The chemical reaction can be
represented as:

NH, +OH = NH,-H,O = NH,+H,0. (1)

Something extraordinary has been revealed in
Figures 4e and 4f. The Infrared Absorption Spec-
trum 3D map of escape gas extracted at 176 C and
133 C shows all four vibration modes of ammonia
molecules in the spectrum. One can witness sym-
metric stretching (v,) at 3 337 em™ ', symmetric
bending (v,) at 931 and 966 cm
stretching (v, ) at 3 444 cm ', and asymmetric
bending (v,) at 1 627 cm .
Figures 4e and 4f have opened avenues for further
research and discoveries.

It has been observed that ammonia molecules
have a higher escape velocity than water mole-
cules, as shown in Figures 4a and 4b. Interesting-
ly, the escape peak of ammonia molecules weakens
at around 200 °C in the Infrared Absorption Spec-

! .
s, asymmetric

These findings from

trum due to the hydrogen bonding between ammo-
nia and water molecules. Water and ammonia mol-
ecules restrict each other, but the hydrogen bond-
ing interaction of water molecules remains strong.
However, the interaction between NH,, H,O,
and the pore wall increases within nano-confine-
ment, raising the escape temperature. Therefore,
nanopores are an excellent storage space for ammo-
nia gas.

Understanding the structural features of NPS-
1 and NPS-2 from Table 1 is essential for gaining
insights into the behavior of ammonia molecules.
NPS-2 has a larger specific surface area, pore size,
and pore volume than NPS-1. However, the final
escape temperature of ammonia molecules in NPS-
1, which has a pore size of 3.2 nm, is almost 50 C
higher than that of ammonia molecules in NPS-2.
Although the specific surface area of NPS-2 is 882
m°+g ', more than that of NPS-1, the density of
the surface hydroxyl group is reduced. Most am-
monia and water molecules are more physisorbed
than chemisorbed with the nanopore walls. There-
fore, it can be concluded that the nano-confine-
ment effect plays a crucial role in the escape behav-
ior of the ammonia molecules.

4 Conclusions

This paper explores the effect of spatial con-
finement on ammonia in nanopores and the optimal
temperature for inorganic ammonia molecules to
escape. The experimental results indicate that the
escape temperature of inorganic ammonia mole-
cules in the nanopore can reach 250 °C, and this
temperature increases as the pore size decreases.
This research provides a fundamental rationaliza-
tion basis for the physical adsorption and inter-mo-
lecular hydrogen bond mechanism of ammonia
storage materials, and direct evidence for the nano-
pore protection mechanism of inorganic small mol-
ecules. It also provides data support for the mech-

Figure 4 TG/DTG curves (a and b), DSC curves(c¢ and d)and the extracted spectra of evolved gas(e and f)of NPS with ammonia
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anism of confinement effect for small molecule ad-
sorption in nanopores and offers new ideas and so-
lutions for applications in fields such as sensors,
gas storage, and separation.
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