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A B S T R A C T

Metal-organic frameworks (MOFs) have been acclaimed as potential adsorbents for gas separation, yet their 
intrinsic microporosity and site-saturated coordination often lead to slow adsorption kinetics and poor selectivity 
under low-concentration gas conditions. To address this challenge, we developed an acetic acid-assisted synthesis 
strategy to engineer Zr-based MOFs (UiO-66-V, V = acetic acid volume) with enhanced Lewis acids sites and 
porous structure. The optimal UiO-66-2.5 variant achieves an adsorption rate six times higher than that of 
pristine UiO-66 and superior ideal adsorption solution theory selectivities for 3 % NH3/97 % N2 (745) and 3 % 
NH3/97 % H2 (6036) at 298.2 K and 1.0 bar. Dynamic breakthrough experiments confirm the excellent regen
erative stability and separation performance of UiO-66-2.5, achieving a retention time of 120 min g− 1 for a 
simulated industrial gas mixture (3 % NH3/24.25 % N2/72.75 % H2), outperforming pristine UiO-66 (84 min 
g− 1). Furthermore, the optimized 90 % UiO-66-2.5@PVA pellets exhibit a breakthrough time of 100 min⋅g− 1, 
which is comparable to that of the UiO-66-2.5 powder. Moreover, UiO-66-2.5 could maintain 92 % capacity over 
10 adsorption-regeneration cycles. Comprehensive characterization studies revealed that the enhanced NH3 
uptake and separation performance originate from the higher surface areas and increased Lewis acids sites in 
UiO-66-2.5 compared to the pristine material. This work establishes acid-assisted synthesis as an effective 
strategy for designing MOFs that meet the capacity, kinetics, and stability requirements for industrial NH3 
capture.

1. Introduction

Ammonia (NH3) serves as a vital industrial feedstock with wide
spread applications in agriculture, chemical manufacturing, and phar
maceutical industries [1,2]. Also, NH3 has emerged as a promising 
carbon-free energy carrier for renewable energy systems due to its high 
hydrogen density and favorable liquefaction properties [3]. To meet the 
demand, over 150 million tons of NH3 are synthesized annually via the 
well-known Haber-Bosch process using N2 and H2 feedstocks. However, 
vapor-liquid equilibrium limitations in this process result in approxi
mately 3 % of produced NH3 remaining unliquefied, which not only 
reduces N2 and H2 conversion efficiency in the synthesis loop but also 
necessitates costly gas recirculation [4–7]. Besides, the NH3 emissions 
present substantial environmental and health hazards owing to their 

inherent toxicity and corrosiveness [8]. To mitigate these problems, 
adsorption technology is widely used as a promising approach for the 
economic and efficient removal of low-concentration NH3 from indus
trial emissions [9,10]. Therefore, the development of advanced adsor
bents is an urgent need for efficient low-concentration NH3 adsorption 
and controlled release in industrial synthetic ammonia recycle gas.

Metal organic frameworks (MOFs) have emerged as promising can
didates for NH3 adsorption and separation due to their ultrahigh specific 
surface areas, tunable metal sites, and adjustable pore size [11–14]. For 
instance, Jeffrey R. Long's group demonstrated the potential of MOFs for 
reversible NH3 storage through a unique cooperative insertion mecha
nism, where NH3 molecules sequentially coordinate to metal- 
carboxylate bonds to form stable 1D polymeric chains [12]. Although 
MOFs could achieve exceptional NH3 adsorption capabilities, the strong 
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Lewis acid-base interaction between NH3 and often triggers irreversible 
structural collapse during cyclic operations [15–18]. Recently, strategic 
selection of metal nodes (such as Al, Zr, Cr) with relatively inert nature 
has proven effective in balancing adsorption affinity with framework 
stability. Among these, Zr-based MOFs have emerged as particularly 
promising candidates due to the high oxophilicity and flexible coordi
nation geometry of Zr4+ nodes, which exhibit sufficient NH3 binding 
energy while maintaining structural integrity [19–23]. For example, 
defect-engineered Cu(I/II) sites achieve remarkable reversible uptake of 
11.8 mmol g− 1 at 273 K and 1.0 bar [24]. Despite these advantages, 
existing Zr-MOF adsorbents still face challenges, including complex 
synthesis, low yield, slow adsorption rates and limited selectivity of low- 
concentration NH3, hindering their application in synthetic ammonia 
recycle gas. Therefore, developing a simple and flexible strategy to 
improve low-concentration NH3 adsorption and separation performance 
in Zr-MOFs remains a critical challenge.

Acid-assisted synthesis provides a versatile strategy for precisely 
engineering defects and optimizing the structural and functional prop
erties of MOFs [25–29]. By carefully regulating the acid concentration 
during synthesis, coordinatively unsaturated Zr sites can be selectively 
introduced, generating accessible open metal sites that significantly 
enhance NH3 adsorption capacity [23,28–30]. Among various acid 
modulators, acetic acid stands out due to its moderate coordinating 
strength, steric hindrance from the methyl group, and suitable pKa 
value. These features collectively facilitate precise control over the 
crystallization process and defect architecture in UiO-66, yielding 
optimized crystallinity, tailored surface properties, and improved sta
bility for enhanced NH3 uptake [26,31,32]. However, the structural and 
adsorptive properties of Zr-MOFs exhibit a pronounced dependence on 
acid concentration, where optimal loading enhances framework regu
larity and creates tailored defects, whereas excessive acid results in 
linker displacement and pore collapse [20,33]. Moreover, although 
many powdered adsorbents exhibit promising performance under 
idealized laboratory conditions, such environments often differ sub
stantially from those in real industrial gas separation systems [34,35]. 
Therefore, to bridge this gap, adsorbents must be shaped into robust 
structured bodies such as pellets, extrudates or composite membranes. 
In particular, extrusion pelletization offers notable advantages including 
high mechanical strength, low solvent consumption, operational 
simplicity, and scalability [5,6]. Thus, pelletizing Zr-MOF powders with 
suitable binders represents a viable pathway for balancing high 
adsorption capacity, mechanical robustness, and industrial process
ability, paving the way for more efficient NH3 separation from industrial 
NH3 recycle gas.

Herein, we successfully synthesized a series of Zr-MOFs denoted as 
UiO-66-V (where V represents the volume of acetic acid) to systemati
cally tailor their textural properties and surface chemistry for enhanced 
low-concentration NH3 capture. By precisely controlling acetic acid 
concentration, the specific surface area and the density of Lewis acid 
sites were simultaneously optimized, thereby effectively modulating the 
host-guest interactions between NH3 molecules and Zr-based nodes. 
Comprehensive characterization (including XRD, N2 physisorption, XPS, 
and FTIR spectroscopy) confirmed the preservation of crystallinity while 
revealing enhanced porosity and tailored surface functionality. As ex
pected, the UiO-66-2.5 showed highly efficient low-concentration NH3 
capture. Furthermore, we established structure-property relationships 
through thermodynamic analysis of temperature-dependent adsorption 
isotherms. Finally, the NH3 column breakthrough tests and recycling 
experiments were conducted to validate the separation performance and 
reusability of UiO-66-2.5 for ammonia recovery applications. The pel
leted UiO-66-2.5 adsorbent was subjected to low-concentration NH3 
breakthrough tests and mechanical wear testing to evaluate its industrial 
applicability.

2. Experimental section

2.1. Materials

Zirconium(IV) chloride (ZrCl4, 99.9 %) was provided by Shanghai 
Macklin Biochemical Co., Ltd. Benzene-1,4-dicarboxylic acid (BDC, 99 
%), methanol (99.8 %), N,N-dimethylformamide (DMF, 99.5 %), poly
vinyl alcohol (PVA, AR) and carboxymethyl cellulose (CMC, AR) were 
purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. 
Acetic acid (HAc, 99.8 %) was obtained from Shanghai Titan Scientific 
Co., Ltd. Hydroxyethyl cellulose (HEC, AR) was acquired from Shanghai 
Macklin Biochemical Co., Ltd. Gases including ammonia (NH3, 99.99 
%), nitrogen (N2, 99.99 %), and hydrogen (H2, 99.99 %) were supplied 
by Jiangxi Huahong Special Gas Co., Ltd. All experimental reagents and 
solvents were used as received without further purification.

2.2. Synthesis of UiO-66 and UiO-66-V (V = 1.0, 2.5, 4.0)

A series of UiO-66-V materials were synthesized according to a 
previously reported method with slight modifications [36]. First, 
0.2330 g of ZrCl4 and 0.1661 g of BDC ligand in the molar ratio (1:1) 
were added to 30 mL of DMF and dissolved by sonication. Then, 2.5 mL 
of HAc was slowly added into the above mixture under the stirring 
conditions to form the homogeneous solution. Subsequently, the above 
solution was transferred to a 50 mL Teflon-lined autoclave, which was 
maintained in an oven at 120 ◦C for 24 h. After cooling naturally to room 
temperature, the white precipitates were collected by centrifugation and 
washed thoroughly with DMF and methanol at least three times. The 
collected solid was immersed in methanol overnight at room tempera
ture. Finally, the product was centrifuged, dried in a vacuum oven at 
80 ◦C for 12 h and denoted as UiO-66-V (V = 2.5).

Besides, the synthesis method of UiO-66, UiO-66-1.0 and UiO-66-4.0 
was similar to that of UiO-66-2.5, except for the use of different volumes 
of the HAc (0, 1.0, 4.0 mL, respectively).

2.3. Preparation of UiO-66-2.5 pellets

Pelletized composites containing UiO-66-2.5 were prepared using 
PVA, CMC, and HEC as binders, following a consistent procedure across 
all samples. A representative synthesis for 90 % UiO-66-2.5@PVA is 
described as follows: 0.9 g of UiO-66-2.5 powder was thoroughly mixed 
with 0.1 g of a 10 wt% aqueous PVA solution in a mortar. The resulting 
moist mixture was then shaped into pellets approximately 2 mm in 
diameter using a pelletizing mold. The final white pellets were dried in a 
vacuum oven at 80 ◦C for 12 h and designated as 90 % UiO-66- 
2.5@PVA. The 90 % UiO-66-2.5@HEC and 90 % UiO-66-2.5@CMC 
samples were fabricated following the same protocol, with the only 
difference being the type of binder used.

2.4. Gas adsorption experiments

The NH3 adsorption performances of UiO-66-V were evaluated by 
using a custom-built adsorption apparatus at different temperatures and 
pressures (Fig. S1) [37]. For the desorption and regeneration, the NH3- 
loaded sample was placed in a stainless vacuum tank at 80 ◦C and 0.1 
kPa for 2 h, then cooled down to 25 ◦C for the subsequent cyclic 
adsorption tests.

2.5. Breakthrough tests

Dynamic breakthrough experiments for NH3 were carried out using a 
Micromeritics AutoChem II 2920 at 303.2 K and 1 bar. A feed gas 
mixture of 3 % NH3/24.25 % N2/72.75 % H2 was introduced at a flow 
rate of 25 mL min− 1 controlled by a mass flow controller. The effluent 
composition was monitored by mass spectrometry (HIDEN DECRA) 
(Fig. S2). Desorption process is accomplished by programmed 
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temperature elevation inside the instrument and the heating rate is 
10 ◦C min− 1, accompanied by He flowing for 30 min. All measured data 
are averages of three independent measurements to ensure their accu
racy and reproducibility.

3. Results and discussion

3.1. Preparation and characterization of adsorbents

Fig. 1a schematically illustrates the synthesis of UiO-66-V. The 
adsorbent was synthesized via a one-step solvothermal method using 
ZrCl4 as the metal source, benzene-1,4-dicarboxylic acid (BDC) as the 
organic linker, and acetic acid (HAc) as aid. To determine the crystal 
structures, X-ray diffraction (XRD) analysis was performed on UiO-66 
and UiO-66-V (V = 1.0, 2.5, 4.0). As shown in Fig. 1b, the character
istic diffraction peak at 7.52◦, 8.68◦, and 25.88◦ corresponds to the 
(111), (002), (006) crystallographic planes of the simulated UiO-66 
(CCDC: 2054314) [38], respectively, confirming successful synthesis 
of the target Zr-MOF. More interestingly, the (111) peak of UiO-66-2.5 
exhibits a significant low-angle shift compared to that of pristine UiO- 
66. According to the Bragg's law, the crystal spacings of UiO-66-2.5 
are 1.213 nm, which is larger than that (1.175 nm) of UiO-66 and 
simulated UiO-66 (1.199 nm).

As depicted in Fig. 1c, the characteristic peaks of UiO-66 are 
observed at 1581 cm− 1 and 1405 cm− 1, which correspond to the 
asymmetric and symmetric stretching vibrations of the carboxylate 
group (COO− ), respectively [39]. Notably, the asymmetric COO−

stretching vibration in UiO-66-2.5 appears at 1587 cm− 1, exhibiting a 
distinct high-frequency shift compared to that of pristine UiO-66 (1581 
cm− 1). The shift suggests an enhanced electron density withdrawal from 

the carboxylate group, likely resulting from strengthened coordination 
between the C––O group and the Zr sites. In contrast to the free BDC 
ligand, where the corresponding peaks are located at 1714 cm− 1 and 
1450 cm− 1, the significant low-frequency shifts of these COO− vibra
tions further confirm successful coordination to the Zr nodes. Moreover, 
a new peak emerges at 669 cm− 1 in UiO-66, which is attributed to Zr–O 
stretching vibrations, providing additional evidence for the successful 
synthesis of the Zr-based MOF [40].

To further investigate the morphology and structural characteristics 
of the UiO-66-V, scanning electron microscope (SEM) and transmission 
electron microscopy (TEM) were conducted. UiO-66-2.5 exhibits a reg
ular octahedral shape with uniform particle sizes of approximately 150 
nm (Fig. 2a and b). Besides, UiO-66-1.0 and UiO-66-4.0 (Fig. S3a and b) 
display more well-defined crystal shapes compared to pristine UiO-66 
(Fig. 2d and e). The results show that the volume of HAc significantly 
influences the material's morphology [25]. The high-resolution TEM 
(HRTEM) images (Fig. 2c and f) reveal distinct lattice fringes with an 
interplanar spacing of 0.299 nm, corresponding to the (444) crystal 
plane of UiO-66-2.5, which is consistent with the XRD analysis. The 
interplanar spacing of UiO-66-2.5 shows a slight expansion relative to 
that of UiO-66 (0.296 nm). High-angle annular dark-field scanning 
transmission electron microscopy (HAADF-STEM) image and energy- 
dispersive X-ray spectroscopy (EDS) mapping results (Fig. 2g–j) 
confirm the homogeneous distribution of zirconium (Zr), oxygen (O), 
and carbon (C) throughout the UiO-66-2.5 nanoparticles, affirming the 
structural integrity of the material.

To demonstrate the effect of HAc addition on the specific surface area 
and porosity of the UiO-66-V, N2 adsorption-desorption experiments 
were carried out at 77 K. The specific surface area was calculated using 
the Brunauer-Emmett-Teller (BET) model. As shown in Fig. 3a, the 

Fig. 1. (a) Schematic illustration of the synthesis of UiO-66-V (V = 1.0, 2.5, 4.0), (b) XRD patterns and (c) Fourier transform infrared (FTIR) spectra of the simulated 
UiO-66, pristine UiO-66, UiO-66-V and BDC.
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adsorption-desorption isotherms of UiO-66-V exhibit Type IV charac
teristics with an H4 hysteresis loop [20,41,42]. Among all variants, UiO- 
66-2.5 demonstrates the higher BET surface area of 1081.2 m2 g− 1, 
compared to 917.1 m2 g− 1 for UiO-66-1.0, 931.4 m2 g− 1 for UiO-66-4.0, 
and 553.3 m2 g− 1 for pristine UiO-66 (Table S1). The larger specific 
surface area likely facilitates the exposure of more adsorption sites, 
thereby enhancing NH3 adsorption performance [23]. The pore size 
distribution derived from non-local density functional theory (NLDFT) 
analysis (Fig. 3b) indicates that both pristine UiO-66 and UiO-66-V 

variants exhibit a primary micropore size of approximately 1.25 nm. 
Notably, UiO-66-2.5 displays a distinctly enhanced volume of larger 
micropores centered around 1.41 nm. Given that the kinetic diameter of 
NH3 is about 0.37 nm, these expanded micropores serve as efficient 
transport pathways, significantly reducing diffusion resistance and 
improving accessibility of NH3 molecules to the internal porous 
network. In parallel, t-plot analysis of the N2 sorption isotherms (Fig. S4) 
reveals that UiO-66-2.5 exhibits a larger micropore volume of 0.514 
cm3⋅g− 1 than that (0.196 cm3⋅g− 1) of pristine UiO-66. Therefore, these 

Fig. 2. (a) SEM, (b) TEM, (c) HRTEM images of UiO-66-2.5, (d) SEM, (e) TEM, (f) HRTEM images of UiO-66 (g) HAADF-STEM image and (h–j) corresponding EDS 
mapping of UiO-66-2.5 (red stands for Zr, yellow for O and green for C).

Fig. 3. (a) N2 adsorption-desorption isotherms and (b) pore size distribution diagrams of UiO-66 and UiO-66-V (V = 1.0, 2.5, 4.0) derived from non-local density 
functional theory (NLDFT) analysis.
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results suggest that UiO-66-2.5 possesses not only a higher specific 
surface area but also a more optimized pore structure, which collectively 
contribute to its superior NH3 adsorption capacity and faster adsorption 
kinetics.

The surface composition and chemical states of pristine UiO-66 and 
UiO-66-V were investigated by X-ray photoelectron spectroscopy (XPS). 
Survey spectra (Fig. S5) confirmed the presence of C, Zr, and O on the 
surfaces of both materials. All binding energies were referenced to the C 
1s peak set at 284.80 eV. As shown in the deconvoluted C 1s spectra 
(Fig. 4a), the peaks located at 284.80 eV, 286.49 eV, and 288.76 eV are 
attributed to C––C, C–C, and C––O species, respectively. In the high- 
resolution Zr 3d spectrum of UiO-66 (Fig. 4b), the peaks located at 
182.82 eV and 185.21 eV correspond to Zr 3d5/2 and Zr 3d3/2 of Zr4+

species. Notably, a consistent shift of approximately 0.1 eV toward 
higher binding energy is observed in UiO-66-2.5 compared to the pris
tine sample, indicating reduced electron density around the Zr centers 
and enhanced Lewis acidity [43]. This suggests successful modulation of 
the electronic environment of Zr through HAc assistance. The O 1s 
spectra of UiO-66 (Fig. 4c) can be fitted with three components of C–O 
(533.21 eV), C––O (531.73 eV), and Zr–O (530.30 eV). In contrast, the 
corresponding peaks in UiO-66-2.5 shift by approximately 0.1 eV toward 
higher binding energies, suggesting electron withdrawal from oxygen 
atoms toward the carboxylate-Zr coordination sites [44]. To quantify the 
defect density, the BDC/Zr molar ratio was estimated from TGA 
(Fig. 4d). The smaller weight loss associated with framework collapse in 
UiO-66-2.5 compared to pristine UiO-66 indicates a higher concentra
tion of missing-linker defects in the acetic acid-assisted sample [26]. 

These results confirm that the assisted synthesis successfully introduces 
structural defects and hierarchical porosity, which synergistically 
enhance NH3 diffusion and uptake.

Based on the collective evidence from the above microscopic char
acterizations, we also deduce that the mechanism by which acetic acid 
concentration assists the structure and properties of UiO-66 is rooted in 
its control over crystallization kinetics. In the absence of HAc, rapid and 
uncontrolled coordination between Zr clusters and organic linkers re
sults in a densely packed solid with irregular morphology. Interestingly, 
at the optimal acetic acid concentration (2.5 mL), acetate anions 
establish a dynamic competitive coordination environment at the Zr 
nodes. This moderated coordination kinetics promotes the trans
formation of intergrown crystallites into uniform octahedral micro
crystals while simultaneously optimizing interplanar spacing, defect 
density, and porosity, thus facilitating the targeted synthesis of a 
structurally superior material [31,32].

3.2. NH3 adsorption performance

The adsorption rate is a critical metric for assessing gas separation 
efficiency, directly reflecting the practical applicability of adsorbents 
[45]. As depicted in Fig. 5a, the NH3 adsorption rate curves of UiO-66-V 
(V = 1.0, 2.5, 4.0) MOFs were systematically investigated at 298.2 K and 
100 kPa. Remarkably, all HAc-assisted UiO-66-V variants demonstrated 
significantly enhanced adsorption rates compared to pristine UiO-66. In 
particular, UiO-66-2.5 achieved adsorption saturation within merely 5 
min, whereas pristine UiO-66 required 30 min, representing a 6-fold 

Fig. 4. High-resolution XPS spectra in (a) C 1s, (b) Zr 3d and (c) O 1s and (d) TGA curves of UiO-66 and UiO-66-2.5.
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enhancement in adsorption rate. The dramatic improvement can be 
attributed to the strengthened coordinative interaction between Zr sites 
and NH3 molecules induced by HAc treatment, which facilitates more 
efficient mass transfer during the adsorption process [24,29]. Concur
rently, the NH3 adsorption capacities followed the order: UiO-66-2.5 
(12.60 mmol g− 1) > UiO-66-4.0 (11.38 mmol g− 1) > UiO-66-1.0 
(10.62 mmol g− 1) > pristine UiO-66 (8.34 mmol g− 1). The above 
enhancement correlates well with the substantially increased specific 
surface area of HAc-treated samples, confirming that the acid-assisted 
synthesis protocol effectively optimizes NH3 adsorption performance.

Subsequently, the NH3 adsorption isotherms of UiO-66 and UiO-66-V 

(V = 1.0, 2.5, 4.0) at 298.2 K reveal distinct nonlinear uptake profiles 
(Fig. 5b). The NH3 adsorption capacity of UiO-66-2.5 quickly increases 
from 0 to 3.49 mmol g− 1 in the pressure range of 0–10 kPa, indicating 
the relatively strong chemisorption interactions between the framework 
and NH3 molecules. The pronounced low-pressure adsorption suggests 
the presence of high-affinity binding sites generated through the HAc 
assistance process. Furthermore, the adsorption kinetics were further 
analyzed by fitting the NH3 adsorption rate curves with the Fick's 
diffusion model (Fig. 5c and d), which yielded a good fit (R2 > 0.90). The 
higher diffusion coefficient obtained for UiO-66-2.5 (0.0792 min− 1) 
compared to UiO-66 (0.0271 min− 1) demonstrates its faster adsorption 

Fig. 5. (a) NH3 adsorption rate at 298.2 K and 100 kPa and (b) the adsorption isotherms of UiO-66 and UiO-66-V (V = 1.0, 2.5, 4.0) at 298.2 K, (c, d) fitting curves of 
the Fick diffusion model for UiO-66 and UiO-66-2.5.

Table 1 
Comparison of NH3 adsorption capacity and rate by UiO-66 and UiO-66-2.5 with representative adsorbents reported in the literatures.

Sample Temperature 
(K)

Pressure 
(bar)

NH3 uptake capacity (mmol 
g− 1)

NH3 uptake times 
(min)

NH3 uptake rate (mmol g− 1 

min− 1)
Ref.

UiO-66-2.5 298.2 1.0 12.6 7 1.80 This 
workUiO-66 298.2 1.0 8.34 30 0.28

PB/NBC-500-4-4 298.2 1.0 8.99 30 0.30 [45]
PDVB-2.0AA 298.2 1.0 6.91 60 0.07 [46]
PDVB-3.0AA 298.2 1.0 5.03 160 0.03 [46]
Zn(INA)2 298.2 1.0 6 6 1.00 [47]
40 wt% [TEAH][CF3SO3]@MCM-41 313.2 1.0 6.62 15 0.44 [48]
MCM-41 313.2 1.0 5.04 25 0.20 [48]
48.89 wt% [Bmim]2[Co(SCN)4] 

@silicagel
303.2 1.0 5.87 15 0.39 [49]

20 wt% [2-Mim][NTf2]/AC-980 303.2 1.0 4.03 6 0.67 [50]
MOF-253(Al) 298.2 1.0 5.5 90 0.06 [51]
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kinetics. In addition, the NH3 adsorption performances of UiO-66-2.5 
and UiO-66 are comprehensively compared with those of the reported 
adsorbents in literature (Table 1) [45–51]. Notably, the optimal UiO-66- 
2.5 variant demonstrated a sixfold increase in adsorption rate compared 
to the pristine UiO-66. The results indicate that the UiO-66-2.5 has 
satisfactory adsorption capacity and rate for NH3 capture compared to a 
majority of reported porous materials.

To further elucidate the NH3 adsorption behavior of UiO-66 and UiO- 
66-2.5, their adsorption isotherms were fitted using both the Langmuir 
and Freundlich models [5]. As shown in Figs. S6, the Freundlich model 
provides a better fit to the experimental data for both materials 
compared to the Langmuir model. The correlation coefficients (R2) of 
the Freundlich model exceed 0.995 for UiO-66 and 0.998 for UiO-66- 
2.5, indicating its high accuracy in describing the NH3 adsorption pro
cess. These results suggest that NH3 molecules are adsorbed onto het
erogeneous sites, facilitating multilayer adsorption and the formation of 
molecular clusters within the micropores of both adsorbents. The 
adsorption enthalpy was further quantified by fitting the adsorption 
data using the Clausius-Clapeyron equation (Eqs. (S6) and (S7)) [52,53]. 
The enthalpy of adsorption (ΔadsH) was derived from the slope of the 
linear regression of ln p against 1/T at different equilibrium uptake 
levels (Figs. S6 and S7). The calculated ΔₐdₛH values are approximately 
− 66 kJ⋅mol− 1 for UiO-66-2.5 and − 60 kJ⋅mol− 1 for pristine UiO-66. The 
more negative value observed for UiO-66-2.5 indicates a stronger host- 
guest interaction with NH3 molecules, which can be ascribed to the 

increased Lewis acidity generated through acetic acid-assisted synthesis.

3.3. IAST selectivity and breakthrough performance

The selective adsorption of NH3 from industrial tail gases, which 
often contain competing species, such as N2 and H2, poses a considerable 
technological challenge. To tackle this issue, we systematically evalu
ated the gas separation performance of UiO-66-2.5 using comprehensive 
adsorption measurements. As depicted in Fig. 6a, the single-component 
adsorption isotherms of NH3, N2, and H2 were measured at 298.2 K and 
100 kPa. Notably, UiO-66-2.5 exhibits markedly distinct affinities for 
these gases, with adsorption capacities of merely 0.104 and 0.016 mmol 
g− 1 for N2 and H2, respectively, compared to 12.60 mmol g− 1 for NH3, 
highlighting its superior capability for NH3 recognition. Quantitative 
analysis via the Ideal Adsorbed Solution Theory (IAST) reveals excep
tional separation selectivity of 745 for NH3/N2 (3:97 v/v) and 6036 for 
NH3/H2 (3:97 v/v) at 298.2 K and 100 kPa (Fig. 6b). In comparison to 
the pristine UiO-66, the UiO-66-2.5 maintains high selectivity toward 
NH3 in the presence of competitive gases (N2 and H2), underscoring the 
crucial role of HAc assistance in creating selective binding sites for 
enhanced selective adsorption.

Breakthrough experiments were systematically conducted to eval
uate the practical separation performance of UiO-66-2.5 under dynamic 
flow conditions. Using a simulated industrial gas mixture (3 % NH3/ 
24.25 % N2/72.75 % H2) at 303.2 K and 100 kPa with a flow rate of 25 

Fig. 6. (a, b) NH3, N2, and H2 uptake isotherms of UiO-66-2.5 and UiO-66 at 298.2 K, 1.0 bar, (c, d) Experimental breakthrough curves of simulated NH3 flue gas 
separation by UiO-66-2.5 and UiO-66 at 303.2 K.
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mL min− 1, UiO-66-2.5 demonstrated exceptional NH3 capture perfor
mance (Fig. 6c and d). The optimized adsorbent exhibited a break
through time of 120 min g− 1, representing a 42.9 % increase compared 
to pristine UiO-66 (84 min g− 1). Moreover, the dynamic selectivity 
values for NH3/H2 and NH3/N2 reached 1725 and 960, respectively, in 
UiO-66-2.5, significantly higher than those of pristine UiO-66 (675 and 
344). These results indicate that HAc-treated UiO-66-2.5 possesses 
remarkable potential for selectively recovering NH3 from industrial 
waste gases.

Notably, the nearly overlapping breakthrough profiles of H2 and N2 
in both UiO-66-2.5 and the empty column (Fig. 6c and d) clearly indicate 
the material's negligible affinity toward these competing gases. This 
attribute allows the direct production of high-purity H2/N2 mixtures 
from the column effluent, which can be readily recycled as feedstock for 
NH3 synthesis. The exceptional separation performance stems from the 
enhanced NH₃ binding affinity at the modified Zr sites and the precisely 
tailored pore architecture, which collectively promote selective NH₃ 
diffusion and adsorption.

Besides, the economic feasibility and processability are very impor
tant metrics toward large-scale industrialized applications. The cost 
estimation for UiO-66-2.5 was performed based on laboratory-scale 
synthesis using commercially available precursors. Besides, the NH3 
adsorption capacity per unit cost was evaluated and compared with that 
of benchmark adsorbents. As shown in Tables S3 and S4, the cost per 
gram of NH3 adsorbed by UiO-66-2.5 is higher than that of activated 
carbon, it is lower than that of MCM-41. More importantly, the 
outstanding NH3 separation and purification capability of UiO-66-2.5 is 
further demonstrated through breakthrough experiments, in which NH3 
with a purity exceeding 98 % can be efficiently recovered from the 
separation column, surpassing the performance of conventional acti
vated carbon (30 %) (Fig. S9). This combination of competitive cost and 
highly selective purification makes UiO-66-2.5 a promising candidate 
for practical NH3 separation applications.

3.4. Cycling stability and structural integrity assessment

Cycling stability is a critical parameter governing the long-term 
practical applicability of adsorbents. As illustrated in Fig. 7a, approxi
mately 92 % of the adsorbed NH3 was desorbed by regeneration at 
353.2 K under vacuum for 2 h. Although a small amount of NH3 residual 
was observed, the regenerated adsorbent maintained stable NH3 uptake 
capacity throughout the 10 consecutive cycles. In addition, the XRD 
patterns of both the fresh and regenerated adsorbents confirm that the 
crystalline structure of UiO-66-2.5 remains largely intact after multiple 
NH3 adsorption/desorption cycles, demonstrating remarkable structural 
robustness (Fig. 7b). Furthermore, the FTIR spectrum of the regenerated 
UiO-66-2.5 closely matches that of the fresh sample (Fig. S8), providing 
further evidence of its retained chemical and structural integrity. These 

results collectively attest to the excellent reusability and stability of UiO- 
66-2.5, highlighting its promising potential for long-term ammonia re
covery from industrial tail gases.

3.5. Adsorption mechanism

To further elucidate the exceptional NH3 adsorption performance of 
UiO-66-2.5, the interactions between NH3 molecules and the MOF 
framework were investigated using FTIR spectroscopy, temperature- 
programmed desorption (TPD), and XPS. As shown in Fig. 8a, the Zr 
3d XPS spectra of UiO-66-2.5 exhibit two peaks at 182.91 eV and 185.29 
eV, corresponding to Zr 3d5/2 and Zr 3d3/2 of Zr4+ species in the Zr–O 
bond, respectively. After NH3 adsorption, these peaks shifted to lower 
binding energies of 182.85 eV and 185.22 eV, indicating coordination 
between Zr sites and NH3 molecules. Additionally, the C––O peak 
exhibited a noticeable shift from 531.80 eV to 531.74 eV (Fig. 8b), 
suggesting that carbonyl groups in the framework participate in NH3 
capture via C=O⋯H-N interactions [54]. In the FTIR spectra (Fig. 8c), 
the intensity of the peak at 1411 cm− 1, attributed to the bending vi
bration of -OH⋅⋅⋅H-NH2, increased significantly, confirming the forma
tion of hydrogen bonds between hydroxyl groups (e.g., from 
coordinated H₂O) and NH3. The enhanced intensity of the peak at 3145 
cm− 1, associated with ν(-OH), further supports the role of hydrogen 
bonding in NH3 adsorption [55]. To probe the strength and concentra
tion of Lewis acid sites, NH3-TPD and pyridine-adsorbed FTIR analyses 
were conducted on both UiO-66-2.5 and pristine UiO-66. The NH3-TPD 
profiles (Fig. 8d) show that both adsorbents exhibit similar NH3 
desorption behaviors at 90–110 ◦C. Notably, a new and broad NH3 
desorption peak centered at 191.2 ◦C appears uniquely in the profile of 
UiO-66-2.5, indicating the presence of stronger acid sites in the acetic 
acid-assisted material [56]. Furthermore, as shown in Fig. S10, the 
characteristic bands at 1437 cm− 1 and 1578 cm− 1, which are attributed 
to pyridine coordinated to Lewis acid sites [57]. The peak areas of Lewis 
acids sites for UiO-66-2.5 are larger than those of the pristine UiO-66 in 
FTIR spectra, confirming a higher concentration of Lewis acid sites [58].

Furthermore, the exceptional NH3 separation performance of UiO- 
66-2.5 is attributed to a synergistic mechanism combining optimized 
pore architecture and enhanced surface chemistry. The acetic acid- 
assisted synthesis yields a well-defined micropore system, where 
larger micropores serve as diffusion pathways, reducing mass transfer 
resistance and enabling rapid access of NH3 molecules to adsorption 
sites, while smaller micropores provide high surface area and host a high 
density of open Zr sites. The sites exhibit strong affinity toward NH3 via 
Lewis acid-base interactions, leading to high adsorption selectivity. The 
cooperation between efficient molecular transport and strong specific 
binding ensures high dynamic capacity and stable cyclic performance.

Fig. 7. (a) Regeneration performance of UiO-66-2.5 for NH3 adsorption at 298.2 K, (b) XRD patterns of fresh UiO-66-2.5 and regenerated UiO-66-2.5.
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3.6. Pelletization and industrial feasibility assessment

To evaluate the industrial applicability of UiO-66-2.5, we conducted 
systematic pelletization studies. Mechanical stability of the resulting 90 
% UiO-66-2.5@PVA, 90 % UiO-66-2.5@HEC and 90 % UiO-66- 
2.5@CMC pellets was assessed through compressive stress and abra
sion tests, performed with a compression testing machine and planetary 
ball mill, respectively (Fig. 9a and b). Among the three binder systems, 
PVA-bound pellets exhibited superior mechanical integrity, demon
strating a compressive strength of 97.19 N and a minimal mass loss of 
only 1.70 % after abrasion testing at 200 rpm for 2 h. These findings 
confirm that the 90 % UiO-66-2.5@PVA pellets possess outstanding 
mechanical robustness and abrasion resistance, essential for maintain
ing structural integrity during industrial handling and operation. Since 
pressure drop is inversely proportional to particle size, the bed pressure 
drop of 90 % UiO-66-2.5 pellets is lower than that of UiO-66-2.5 pow
ders, which is consistent with the reported literature [59].

Then, as presented in Fig. 9c, the adsorption rates of UiO-66-2.5 
adsorbent powder and pellets (90 %UiO-66-2.5@PVA, 90 %UiO-66- 
2.5@HEC, and 90 %UiO-66-2.5@CMC) were investigated. All three 
types of pellets maintained rapid adsorption rates and high adsorption 
capacity retention. Notably, the 90 % UiO-66-2.5@PVA pellets reached 
92.6 % of the saturation capacity within 3 min. It is worth noting that 
the PVA binder itself exhibits negligible NH3 adsorption capacity 
(Fig. S11), confirming that the adsorption performance of the granules is 
predominantly attributable to the UiO-66-2.5 component. Furthermore, 
dynamic breakthrough experiments were conducted to evaluate the 
separation performance under realistic conditions (Fig. 9d). The 90 % 
UiO-66-2.5@PVA pellets exhibited a breakthrough time of 100 min⋅g− 1 

for a NH3/N2/H2 mixture (3/24.25/72.75, v/v/v), which is comparable 
to that (120 min⋅g− 1) of the UiO-66-2.5 powder. This slight performance 
reduction is attributed to the increased density of the pelletized form, 
which reduces the external contact area with the gas stream and slightly 
elevates mass transfer resistance [5,6]. Importantly, the pelletization 
process did not significantly block the porous structure or cover active 
sites, thereby preserving the intrinsic separation functionality of UiO- 
66-2.5. In summary, the UiO-66-2.5 material retains high separation 
performance and mechanical robustness after pelletization.

4. Conclusion

In summary, we have successfully developed a series of HAc-assisted 
UiO-66-V adsorbents for highly efficient capture of low-concentration 
NH3. The optimized UiO-66-2.5 material exhibits significantly 
enhanced textural properties and Lewis acidity, leading to exceptional 
NH3 adsorption capacity, outstanding selectivity, and excellent recy
clability. Notably, UiO-66-2.5 achieves an NH3 adsorption rate six times 
higher than that of pristine UiO-66, along with exceptional IAST selec
tivities of 745 for NH3/N2 (3:97) and 6036 for NH3/H2 (3:97) at 298.2 K 
and 1.0 bar. Breakthrough experiments further demonstrate superior 
dynamic separation performance, with a retention time of 120 min g− 1 

for a simulated industrial gas mixture, surpassing the pristine material 
(84 min g− 1). Moreover, the adsorbent retains 92 % of its initial capacity 
after 10 consecutive adsorption-desorption cycles, underscoring its 
remarkable structural integrity and regeneration capability. These re
sults collectively demonstrate that acid-assisted synthesis is an effective 
strategy for designing MOFs adsorbents with balanced capacity, ki
netics, and stability suited for industrial NH3 capture.

Fig. 8. XPS spectra of (a) Zr 3d, (b) O 1s and (c) FTIR spectra of fresh UiO-66-2.5 and UiO-66-2.5 adsorption NH3 (d) NH3-TPD curves of UiO-66 and UiO-66-2.5.
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