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A B S T R A C T   

Ammonia (NH3) capture has great implications for environmental protection and resource recovery. Developing 
effective and recyclable adsorbent materials to remove low-concentration NH3 in industrial waste gas is critical. 
Here, solid adsorbents per-hydroxylated pillar[5]arene (OHP[5]) and pillar[5]quinone (P[5]Q) with well- 
designed functional groups were synthesized and evaluated for NH3 adsorption. The results showed that both 
materials have high NH3 uptake capacity and excellent cycle stability. P[5]Q showed higher NH3 capacity (15.4 
mmol/g) than OHP[5] (11.5 mmol/g) at ambient conditions (293.2 K and 1.0 bar). Dynamic breakthrough 
experiments showed that P[5]Q had good separation performance on low concentration NH3. Characterizations 
(including FTIR, SEM, and XPS) and density functional theory (DFT) studies revealed that the adsorption strength 
for NH3 on P[5]Q possessing C––O groups was stronger than OHP[5] composed of phenolic hydroxyls. Also, the 
electron-accepting C––O groups on P[5]Q could change the intramolecular charge distribution, in which an 
amount of NH3 enters and stores in the electron-deficient internal cavity of P[5]Q. It is demonstrated that P[5]Q 
with the suitable cavity has good potential for separating low concentration NH3 from industrial waste gas.   

1. Introduction 

NH3 is an important industrial raw material for fertilizers, explo-
sives, and many other chemical commodities [1,2]. Due to its high 
hydrogen content and easy liquefaction for transportation, NH3 is also 
used as an attractive renewable energy carrier [3–5]. On account of the 
wide application, more than 10 million tons NH3 is released into the 
atmosphere every year as industrial waste. The concentration of NH3 in 
those waste gas often ranges from 450 ppm to 30,000 ppm [6,7]. As a 
result, a huge amount of low-concentration NH3 was discharged into the 
atmosphere, leading to serious environmental pollution [8–12]. For 
example, the release of NH3 into the atmosphere will cause PM 2.5, 
eutrophication of water and other problems, causing serious damage to 
the environment. Therefore, the capture and recovery of low- 
concentration NH3 are critical to environmental protection and the 
economy. 

Absorbent has been widely used in capturing NH3 from industrial 
emissions. Therefore, the design and preparation of absorbents are 
critical to the effective capture and recovery of NH3. Liquid absorbent 

has the advantage of continuous operation and is widely used in in-
dustry. The most commonly used liquid absorbents are ionic liquids (ILs) 
and deep eutectic solvents (DESs). ILs are room-temperature molten 
salts widely used in the gas separation process with the advantages of 
low vapor pressure, well solubility, and designable structures [13–15]. 
For example, Zhang et al. designed a class of functionalized ionic liquids 
by introducing multiple protic hydrogen on triazole. The ionic liquid has 
the highest NH3 absorption capacity among current absorbers, and its 
NH3 absorption capacity can reach 0.365 g/g at 303.2 K and 1.0 bar 
[16]. However, ILs also exhibit some serious shortcomings that cannot 
be ignored, such as high viscosity after absorption, high costs, and 
difficult desorption, limiting their industrial application. DESs, with 
abundant hydrogen bond donors and acceptors, have been applied to the 
absorption and separation of NH3 gas [17–19]. It is easier to prepare and 
costs less than ILs. However, the absorption of low concentration of NH3 
by DES is not entirely satisfied because of the lower capture efficiency. 

Compared with liquid absorbents, solid phase adsorbents are more 
widely used in the selective separation of gases because of their large 
specific surface area, tunable porosity, and especially better stability. 
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Current reported solid materials include active carbon, zeolites, metal-
–organic frameworks (MOFs), covalent organic frameworks (COFs), 
hydrogen-bonded organic frameworks, etc [20–24]. Recently, Liu and 
his co-workers reported a class of zirconium-based MOF materials with a 
capacity of 10.6 mmol/g for NH3 capture at 298 K and 1.0 bar [25]. 
Barin et al. demonstrated that strongly acidic chemisorption sites have 
good capture performance for the adsorption of NH3 in ppm-level, and 
the prepared Brønsted acidic porous polymers with a remarkable 
adsorption capacity of up to 18.7 mmol/g for NH3 at 298 K and 1.0 bar 
[26]. Li et al. prepared a class of ionic hybrid materials by impregnating 
ionic liquid into MOFs. Through the coordination between metal sites 
and NH3 and hydrogen bonding, the adsorption capacity of NH3 can 
reach 9.9 mmol/g at 353.2 K and 0.1 bar [27]. Kim et al. developed a 
class of MOF materials with open metal sites for NH3 adsorption, which 
had extremely excellent adsorption capacity. The adsorption capacity of 
Mg2(dobpdc) on NH3 reached 23.9 mmol/g at 298.2 K and 1.0 bar, and 
8.25 mmol/g at 570 ppm [28]. However, the strong binding of NH3 to 
the acidic sites makes it difficult to desorb. Hence, high temperatures are 
usually required. The strong interaction also leads to irreversible dam-
age to the cycle stability of the material. 

Pillar[n]arenes, a new class of solid phase adsorbents, have attracted 
the attention of many gas separation researchers since their first dis-
covery in 2008 by Ogoshi et al [29]. These special materials have 
columnar structures and fixed-size electron-rich cavities. Pillar[n]arenes 
have shown excellent and promising performance in the field of gas 
separation. Zhou et al. demonstrated the excellent performance of 
different functionalized pillar[5]arenes in the organic molecular sepa-
ration [30–33]. Tan et al. showed that pillar[5]arene-based supramo-
lecular organic frameworks enable storage and selective separation of 
high hydrocarbons [34]. The adsorption capacities for C2H2, C2H4, and 
CH4 were 36, 23, and 16 cm3/g, respectively. The adsorption selectivity 
of C2H2/H2 mixed gas exceeds 10,000 at 273 K and 1.0 bar. Huang et al. 
reported that a class of pillar[n]arene (n = 5–6) can selectively remove 
trace isomers in chlorobutane through crystal transformation [35]. 
Therefore, compared with porous adsorbents, the unique fixed-size 
cavity of pillar[n]arenes can facilitate the mass transfer in the adsorp-
tion process and result in a relatively high adsorption selectivity, which 
makes pillar[n]arenes as promising candidates in low concentration 
NH3 capture. 

Herein, per-hydroxylated pillar[5]arene (OHP[5]) with five hydro-
quinone rings and its oxidized form pillar[5]quinone (P[5]Q) were 
prepared to test their performance with regard to low-concentration 
NH3 adsorption. The prepared pillar[5]arenes both showed satisfac-
tory adsorption performance for low-concentration NH3, and the 
oxidation made P[5]Q better than OHP[5] in adsorbing NH3. DFT 
analysis was also conducted to reveal the mechanism of the better per-
formance of P[5]Q. 

2. Experimental section 

2.1. Materials 

1,4-Dimethoxybenzene (99 %), paraformaldehyde (95 %), boron 
trifluoride diethyl etherate (98 %) (BF3O(C2H5)2), and boron tribromide 
(BBr3) (99 %) were purchased from Shanghai Macklin Biochemical Co., 
Ltd. 1,2-Dichloroethane (AR) and chloroform (AR) were purchased from 
Tianjin Zhiyuan Chemical Reagent Co., Ltd⋅NH3 (99.99 %), N2 (99.99 
%) and He (99.99 %) were purchased from Jiangxi Huahong Special Gas 
Co., Ltd. 1,2-Dichloroethane and chloroform were treated with 4A mo-
lecular sieve for water removal. Other chemicals were used as purchased 
without further treatment. 

2.2. Adsorbent preparation 

The precursor dimethoxypillar[5]arene (DMP[5]) was prepared 
following the procedure in the literature [36], then from there, OHP[5] 

and P[5]Q were synthesized sequentially as shown in Scheme 1. For the 
synthesis of DMP[5], paraformaldehyde (0.93 g) and 1,4-dimethoxyben-
zene (1.38 g) were added into the solvent 1,2-dichloroethane (20 mL). 
Then, 1.25 mL of BF3O(C2H5)2 was added dropwise to the above solu-
tion. The mixture was stirred for 0.5 h at room temperature and 
quenched with distilled water. Finally, the obtained DMP[5] product 
was isolated by column chromatography (solvent: petroleum ether/ 
CH2Cl2 = 1:3, yield: 60 %). 

For the synthesis of OHP[5], 2.51 g of BBr3 and 0.25 g of DMP[5] 
were added into 30 mL chloroform, followed by stirring for 72 h at room 
temperature. After that, water was poured into the solution to produce 
the white precipitate. The white precipitate was rinsed with chloroform 
and hydrochloric acid (0.5 mol/L) to remove impurities and dried under 
vacuum for 12 h to obtain the pure OHP[5] powder. It is well known in 
organic chemistry that phenols are easily oxidized to benzoquinones. As 
shown in Figure S1, after being exposed to air for 24 h, white OHP[5] 
power was gradually oxidized to reddish-brown power P[5]Q. This color 
change is a characteristic color change during the oxidation of phenolic 
hydroxyl groups to benzoquinones [37]. As a result, the yield of P[5]Q 
was 54 % and it was dried at 353.2 K before use. 

2.3. Characterizations 

The 1H and 13C NMR spectra of pillar[5]arenes were recorded on a 
Bruker Avance III spectrometer at 400 MHz. Fourier transform infrared 
(FTIR) spectra were obtained on a Nicolet 6700 spectrometer. The 
thermogravimetric analysis (TGA) of pillar[5]arenes was tested on 
PerkinElmer Diamond TG/DTA apparatus under a nitrogen (N2) atmo-
sphere. The morphological features of pillar[5]arenes were examined by 
scanning electron microscope (SEM) on S-3400 electron microscope and 
transmission electron microscopy (TEM) on JEOL JEM-2100 electron 
microscope, respectively. The surface areas of pillar[5]arenes were 
recorded by N2 adsorption/desorption analysis at 77 K on a Micro-
meritics Tristar II 3020 Instrument. The surface elemental composition 
of pillar[5]arenes was examined on AXIS Supra X-ray photoelectron 
spectroscopy (XPS, Kratos Analytical). 

2.4. Gas adsorption experiments 

The adsorption experiments of NH3 on pillar[5]arenes were carried 
out on a self-made adsorption apparatus, as illustrated in Figure S2. The 
detailed procedure followed our previous work [38]. For desorption, 
pillar[5]arenes saturated with NH3 were first placed at 363.2 K and 0.05 
bar for 2 h in a stainless vacuum tank, then cooled down to room tem-
perature for the following experimental tests. The breakthrough exper-
iment of pillar[5]arenes for NH3 adsorption was measured on a self- 
made breakthrough apparatus at 303.2 K as shown in Figure S3. The 
pillar[5]arenes sample (0.3 g) was put in the furnace tube, and the 
system temperature was kept at 353.2 K for 0.5 h under argon atmo-
sphere to remove the possible water adsorbed on the pillar[5]arenes 
sample. Then, the mixed gas composed of 0.3 % NH3 and 99.7 % N2 was 
passed at a flow rate of 30 mL min− 1 for the adsorption of NH3 at 298.2 K 
and 1.0 bar. The gas flows were controlled at the inlet by a mass flow 
meter, and the composition of outlet gas was measured by the gas 
chromatograph-mass spectrometry (GCMS − QP2010 SE). 

2.5. Computational details 

DFT calculations were conducted to investigate the adsorption 
mechanisms of OHP[5] and P[5]Q with NH3 using the Gaussian 16 
software package [39]. Structures were optimized, and relevant energies 
were computed. All simulations were performed using the M06-2X 
functional combined with 3-zeta basis sets. Geometry optimization 
was carried out with an SDD basis set. The energy of the optimized 
structure was performed in a separate single-point calculation with 
M06-2X/def2-TZVP level of theory for better accuracy [40–42]. The 
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binding energy (ΔEb) of NH3 and pillar arene was corrected by the basis 
set superposition error (BSSE) of OHP[5] or P[5]Q interacting with NH3, 
which is defined as follows: ΔEb = EPN – EP – nEN + ΔEBSSE. Where in the 
equation of ΔEb, two fragments P and N were separately indicating OHP 
[5] (or P[5]Q) and NH3. Isosurface maps of electrostatic potential (ESP) 
were displayed using the Visual Molecular Dynamics (VMD) visualiza-
tion program based on the files exported by Multiwfn 3.8(dev) code 
[43]. 

3. Results and discussion 

3.1. Characterization 

The FTIR spectra of OHP[5] and P[5]Q are shown in Fig. 1. In gen-
eral, the spectra patterns of the two samples are very similar. The 
characteristic of OHP[5] and P[5]Q were found around the intensity of 
peaks at 1435 cm− 1, 1196 cm− 1, and 932 cm− 1, which are attributed to 
C–OH bending, [44,45] C–O stretching vibration,[46] and C–H out- 
of-plane vibration, [47] respectively. The weaker intensities of the 
three peaks in P[5]Q are most likely due to the oxidation of the phenolic 
hydroxyl groups on OHP[5], affecting the vibration of corresponding 
structures. Besides the differences in intensities, OHP[5] shows a peak at 
1340 cm− 1, corresponding to the vibration of O–H,[48] but not in the 
spectrum of the more oxidized P[5]Q. In contrast, a new peak at 1648 
cm− 1 is observed for P[5]Q, which can be ascribed to the in-plane 
stretching vibration of the quinone carbonyl group (C––O) [49,50]. 
Moreover, Figures S4-S9 show the 1H and 13C NMR spectra of DMP[5], 
OHP[5], and P[5]Q. It is found that the phenolic hydroxyl group on OHP 
[5] was oxidized into a quinoid structure on P[5]Q, confirming the 
successful oxidation treatment of OHP[5] to form P[5]Q. SEM images 
were presented in Fig. 2 to illustrate the morphology of DMP[5], OHP 
[5], and P[5]Q. DMP[5] showed an irregular morphology (Fig. 2a). 

After the demethylation of DMP[5], the obtained OHP[5] demonstrated 
a rod-like structure (Fig. 2b). The rod-like structure was retained after 
oxidation treatment of OHP[5] to form P[5]Q (Fig. 2c). TEM results 
(Figure S10) also support the lack of hollow structures in the three pillar 
[5]arenes materials. 

N2 adsorption–desorption analysis was carried out to further un-
derstand the pore distribution of pillar[5]arenes (Fig. 3). It is demon-
strated that the three pillar[5]arenes show similar type IV isotherm with 
the hysteresis loop H4 [51]. The results show that there are stacked slit 
pores in the three pillar[5]arenes. The adsorbed N2 is slightly different 
among the three species, with the most for P[5]Q and the least for DMP 
[5] due to their specific surface area (DMP[5]: 21 m2/g, OHP[5]: 27 m2/ 
g, and P[5]Q: 40 m2/g). Their similarly low specific surface areas indi-
cate that demethylation and oxidation processes have an insignificant 
effect on the surface areas of these three pillar[5] arenes. The thermal 
stability of the three pillar[5] arenes was further investigated by TGA. As 
shown in Figure S11, the three pillar[5]arenes were found to be highly 
stable under 450 K, demonstrating good thermal stability. 

3.2. NH3 adsorption performance 

As one of the important indexes to evaluate the performance of ad-
sorbents, it is necessary to test the adsorption rate. The adsorption rate 
curves of NH3 on the three pillar[5]arenes were determined at 293.2 K 
and 1.0 bar, as shown in Fig. 4. The adsorption equilibrium was reached 
quickly, with approximately 3 min. The low surface area and lack of 
abundant pores can decrease gas diffusion resistance, which may explain 
the quick adsorption of NH3 to reach equilibrium. After reaching the 
adsorption equilibrium, the sequence of NH3 adsorption capacity is P[5] 
Q > OHP[5] > DMP[5]. The highest adsorption capacity of P[5]Q for 
NH3 can reach 15.4 mmol/g, and that of OHP[5] and DMP[5] for NH3 is 
11.5 mmol/g and 4.1 mmol/g, respectively. That is to say, OHP[5] ob-
tained by demethylation of DMP[5] owns many phenolic hydroxyl, 
which can facilitate to capture more NH3 molecules. Notably, P[5]Q 
obtained by oxidation of OHP[5] have lots of C––O groups, which leads 
to the highest NH3 adsorption capacity. The absence of phenolic hy-
droxyl and C––O groups in the molecular structure of DMP[5] is the 
main reason of its lowest performance. The oxidation of OHP[5] to P[5] 
Q (phenolic hydroxyls oxidized to benzoquinones) can further improve 
the adsorption performance of P[5]Q for NH3 capture. 

The influence of temperature and pressure on adsorption capacity of 
adsorbents were further researched. Fig. 5 shows the NH3 adsorption 
performance of DMP[5], OHP[5], and P[5]Q under varying temperature 
or pressure conditions. When the pressure increases from 1 to 10 kPa, 
NH3 adsorption performance of DMP[5] has little change (0.82–1.80 
mmol/g), but the adsorption performance of NH3 by OHP[5] (2.68–6.43 
mmol/g) and P[5]Q (2.86–7.51 mmol/g) increases significantly 
(Fig. 5a). And the temperature effect on the adsorption capacity of NH3 
on P[5]Q was also examined and displayed in Fig. 5b. It is found that 
NH3 adsorption capacity decreases with increasing temperature, which 
means the adsorption process of NH3 is exothermic. In addition, 
considering that there are usually some other competing gases such as 
N2 and CO2 in the tail gas, the adsorption capacities of competitive gases 
N2 and CO2 on OHP[5] and P[5]Q were also examined at 293.2 K. The 
results were shown in Figure S12 and Figure S13. The adsorption 

Scheme 1. The synthesis process of pillar[5]arenes.  

Fig. 1. FTIR spectra of OHP[5] and P[5]Q.  
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capacity of OHP[5] for NH3 was as high as 11.5 mmol/g at 293.2 K and 
1.0 bar, which was only 0.106 mmol/g and 0.17 mmol/g for N2 and CO2 
respectively. Similar to OHP[5], P[5]Q also had a very low capacity in 
the adsorption of pure N2 (0.013 mmol/g) or CO2 (0.196 mmol/g) in 
comparison with NH3 adsorption (15.4 mmol/g), implying their good 
potential for selective adsorption of NH3 from those two competitive 
gases. 

3.3. Dynamic breakthrough performance 

To evaluate the low concentration NH3 separation performance of 
pillar[5]arene with industrial gases, experiments with similar gas 
compositions, 0.3 % NH3/99.7 % N2 gas mixture was used as feed gas 
(30 mL/min), were conducted at 303.2 K and 1.0 bar. The results (Fig. 6) 
show that P[5]Q can perfectly separate the two gases with NH3 adsorbed 
on the solid and N2 released. It suggests no degradation of material 
separation performance due to the competitive adsorption of N2 during 
the separation process. The breakthrough time of NH3 is as long as 120 
min/g. This further confirms that P[5]Q has good performance for NH3 
separation at low concentration. 

3.4. Adsorption mechanism 

In order to further explain the mechanism of adsorption of NH3 by 
pillar[5]arenes, the interaction between NH3 and P[5]Q was investi-
gated by XPS (Fig. 7). It is observed from Fig. 7a that a characteristic XPS 
peak signal of the N element appeared on the full spectrum after NH3 
adsorbed on P[5]Q, which indicates that P[5]Q interacts with NH3. 
Moreover, Fig. 7b shows the deconvoluted C 1s spectra. Before NH3 
adsorption, P[5]Q shows two peaks in the C 1s region at 286.07 eV and 
288.05 eV corresponding to C–O and C––O, respectively [52–54]. They 
shift to 285.96 eV (0.11 eV lower, C–O) and 288.23 eV (0.18 eV higher, 
C––O) after NH3 adsorption (Fig. 7a). This indicates the existence of 
C–O–H⋅⋅⋅NH3 interaction, which increases the electron density of the C 
atom. Similarly, the presence of C––O⋅⋅⋅H-NH2 interaction reduces the 
electron density of the C atom. These findings show that phenolic hy-
droxyls and C––O groups are the key adsorption sites on P[5]Q for NH3 
capture. Moreover, the FTIR spectra characterization for P[5]Q before 
and after NH3 capture was also carried out. As shown in Figure S14, the 
peak at 1648 cm− 1 for fresh P[5]Q was observed, which is attributed to 
the stretching vibration of the quinone carbonyl group (C––O). After 
capture of NH3, the vibration frequency of the quinone carbonyl group 
(C––O) was obviously red-shifted to 1640 cm− 1, confirming the 
NH3⋅⋅⋅O––C interaction between the quinone carbonyl group and NH3 
molecule. 

Experimental results have shown that the NH3 adsorption capacity 
on P[5]Q is significantly higher than that on OHP[5], likely due to the 
stronger adsorption of NH3 by quinone groups than by phenolic hy-
droxyls. To gain a better understanding at the molecular level, DFT 
calculations were performed to study the structure and energetic prop-
erties. The adsorption energy of NH3 on P[5]Q is computed to be − 24.2 
kJ/mol, which is 0.5 kJ/mol lower than that on OHP[5] (–23.7 kJ/mol), 
indicating a more stable adsorption structure on P[5]Q. This suggests 
that P[5]Q holding benzoquinones structure can result in binding of 
more NH3 molecules. Moreover, Fig. 8 shows ESP analysis on the van der 
Waals surface (0.001 a.u. contours of electronic density) of the opti-
mized structures of OHP[5] and P[5]Q before and after loaded NH3. It is 
worth noting that the ESP plots show an opposite charge for the internal 
channel of OHP[5] and P[5]Q. The internal channel of OHP[5] sur-
rounded by benzene rings is negatively charged (Fig. 8a, color in blue), 
while the molecular channel inner wall of P[5]Q is positively charged 

Fig. 2. SEM images of DMP[5] (a), OHP[5] (b), and P[5]Q (c).  

Fig. 3. N2 adsorption–desorption isotherms of DMP[5], OHP[5] and P[5]Q.  

Fig. 4. Adsorption rates of NH3 on DMP[5], OHP[5], and P[5]Q at 293.2 K and 
1.0 bar. 

W.-Q. Gong et al.                                                                                                                                                                                                                               



Separation and Purification Technology 322 (2023) 124304

5

(Fig. 8c, color in red). This finding demonstrates that the transformation 
of hydroxyl group on OHP[5] to quinone carbonyl group on P[5]Q 
causes the charge transfer in the cavity. The electron-accepting C––O 
groups on P[5]Q can attract the π electron from the benzene ring and 
change the intramolecular charge distribution, resulting the electron- 
deficient internal cavity of P[5]Q. Besides, the internal cavity diam-
eter (0.56 nm) of P[5]Q is larger than the kinetic diameter (0.3 nm) of 
NH3 molecules. As a result, the feature of electron-deficient internal 

cavity with a suitable diameter induces NH3 molecules to enter the in-
ternal cavity of P[5]Q with an amount of NH3 storage (Fig. 8d). How-
ever, NH3 will be repelled inside the internal cavity of OHP[5] and can 
only stay at the edge of the molecular channel of OHP[5] as illustrated in 
Fig. 8b. This might be the microscopic reason for the higher NH3 
adsorption capacity on P[5]Q than on OHP[5]. 

3.5. Cycle performance 

Recycling stability is of great importance for potential applications of 
adsorbent. Ten cycles of NH3 adsorption–desorption by P[5]Q were 
performed to investigate the reusability of P[5]Q. The NH3 desorption 
temperature was set as at 363.2 K. As shown in Fig. 9, P[5]Q kept as high 
as 92 % of the initial NH3 uptake capacity after ten cycles. Moreover, the 
capacity of NH3 adsorption becomes nearly constant during 2–10 runs. 
The FT-IR spectra of reused P[5]Q was supplemented in Figure S15. As 
shown in the figure, the FT-IR spectra of P[5]Q did not change signifi-
cantly after regeneration. This indicates the excellent stability of P[5]Q 
in the application of NH3 capture and recovery. This indicates the 
excellent stability of P[5]Q in the application of NH3 capture and re-
covery. However, many reported adsorbents usually show poor cycle 
NH3 adsorption performance. For example, MFM-303(Al) had a 40 % 
loss of the initial NH3 adsorption amount after one cycle [55]. Other-
wise, overhigh desorption temperature (e.g., 473.2 K) must be required 
for completely releasing adsorbed NH3 [56]. Such higher temperature 
would easily lead to a serious structural collapse. Therefore, fast 
adsorption rate, high adsorption selectivity, mild desorption conditions 
and good cycle performance would make P[5]Q more attractive in NH3 
capture and recovery. 

Fig. 5. (a) The adsorption capacity of NH3 on the three pillar[5] arenes at 293.2 K, and (b) the adsorption capacity of NH3 on P[5]Q at different temperatures.  

Fig. 6. NH3 breakthrough curves on P[5]Q at 303.2 K and 1.0 bar.  

Fig. 7. (a) Full elemental XPS spectra and (b) C 1s of fresh P[5]Q and P[5]Q with adsorbed NH3.  
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4. Conclusion 

In summary, two kinds of pillar[5]arenes, OHP[5] and P[5]Q, were 
successfully prepared to perform rapid capture and efficient recovery of 
NH3. The unique geometric features and chemical structures of the two 
pillar[5] arenes exhibited high NH3 adsorption capacities. P[5]Q ob-
tained from the oxidation of OHP[5] showed superior NH3 adsorption 
performance owing to the higher adsorption strength for NH3 and the 
electron-deficient internal cavity with a diameter of 0.56 nm. Dynamic 
breakthrough experiments also show that P[5]Q has good separation 

performance on low concentration NH3. Using functional groups to 
design pillar[5]arenes to adsorb NH3 provides a new strategy for NH3 
recovery. 
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Fig. 8. Molecular ESP values mapped on van der Waals surface of (a) OHP[5], (b) OHP[5]-NH3 cluster, (c) P[5]Q, and (d) P[5]Q-NH3 cluster (negative regions are 
indicated in blue, and the positive regions are indicated in red). (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 

Fig. 9. Reusability of P[5]Q in NH3 adsorption–desorption cycles.  
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Appendix A. Supplementary material 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.seppur.2023.124304. 
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