New and Simple Synthetic Strategy for 2D Ultra-microporous Aromatic Framework for Selective Uranium Capture in Liquid Phase
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Abstract: Uranium is a key element to improve nuclear energy demands, and thereby the extraction of uranium from seawater is a strategic way to address the scarcity of uranium resources for clean-energy supply. Herein, a novel 2D porous aromatic framework (AO-PAF) based on the nucleophilic substitution of 2,5-dichloro benzonitrile has been designed and synthesized, which possesses an ultra-microporous architecture with an ordered structure, excellent stability and selectivity of uranium extraction from a liquid phase. AO-PAF shows excellent uranium adsorption capacity of 637 mg/g and 3.22 mg/g in simulated and natural seawater attributable to the selective uranium coordinating groups on highly accessible pores on the walls of open channels. In addition, benefiting from the super-hydrophilicity due to the presence of amidoxime groups attributes high selectivity and ultrafast kinetics with an uptake rate of 0.43±0.03 mg/g.day and allowing half-saturation within 1.35 ± 0.09 days obtained from one site ligand saturation model. This strategy demonstrates the potential of PAF not only recovery of uranium but also possess the power to monitor the water quality. This technique can be extended for other applications by sensible planning target ligands.
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Introduction
Nuclear energy source remains at the forefront due to low carbon emissions when the whole world is under the threat of climate change and at the same time we need to catch an alternate energy source to fossil fuels1-3. In recent, the increasing uranium mining and processing from their terrestrial ores can cause uranium shortage, increase nuclear accidents, and problems by dumping nuclear waste and thereby inspire the development of new materials for extraction of uranium from seawater4,5. The extraction of uranium from natural seawater is considered a potential approach to fulfill energy demands. Seawater comprises 4.5 billion tons of uranium, which seems to be an inexhaustible energy source6. However, its concentration is very low in seawater (3.3 ppb) and the recovery of uranium is affected by marine organisms/other competing ions7-10. The low adsorption performance restricts the practical usage of zeolites11, activated carbons12, and clay-based adsorbents13. Fibers are potential adsorbents for uranium extraction, however, their fabrication technologies are relatively expensive and complicated14-16. 
Porous organic polymers (POPs)1and Metal-organic frameworks(MOFs) are considered a special class of adsorbents, however, the stability of MOFs in a wide pH range is still challenging17 and the adsorption capacity suffers due to the burial of active sites1. A porous aromatic framework (PAF) allows ligand modification in a special systematic array and structure characteristics, and chemical and water stability can be used as a simulator for property regulators18. This in turn opens a door for countless applications in different fields such as CO2 capture and storage, catalysis, optoelectronics, and environmental problems19-23. PAF adopts an eclipsed structure providing a nanoscale channel in a normal stacking direction, facilitating the mobility24 and arrangement of ligands. In previous studies, amidoxime-modified adsorbents such as polypropylene and polyethylene fibers, halloysite nanotubes, and porous frame-works have been used as uranium extraction from seawater25,26. However, the limited adsorption efficiency and high-cost synthetic strategy make bulk production problematic. 
Recently Yue et al. reports the synthesis of amidoxime functionalized PAF by atom-transfer radical polymerization27. Li et al have prepared amidoxime-modified PAF for uranium extraction28. Li et al. reported the synthesis of PAF using a catalyst (AlCl3)29 and the drawbacks of the above methods for PAF synthesis in bulk are as follows; (i) In overall such methods are costly, most difficult, and use inert/vacuum reaction conditions and yields milligram yields, (ii) use of toxic or high-cost solvents for the purification and synthesis and (iii) requirement of long reaction time 3-7 days under completely sealed condition. In this work, we could sort out this problem as well in a simple and facile way by integrating low-cost 2,5-dichloro benzonitrile and benzene 1,3,5-triol building units in porous architecture at the industrial scale using a catalyst potassium carbonate (K2CO3). The physicochemical characteristics are tuned by altering the amounts of starting material to design the target microporous architecture. Since the microporous architecture with open channels exposes excess chelating groups revealed ultrafast fast kinetics, high selectivity, and uranium adsorption capacity of 637 mg/g, which was quite larger than other amidoxime-modified adsorbents. Moreover, this method unwraps a new strategy to synthesize microscopic PAF to control the morphology, surface area, porosity and the content of hetero group for future applications in the separation and storage of gases, catalysis, environmental remediation, etc.
Experimental section
Materials
All chemicals used in the experiment were of analytical grade. 2,5-dicholorobenzonitrile, benzene 1,3,5-triol, K2CO3, hydroxylamine hydrochloride (HONH2.HCl) were purchased from Sinopharm chemical reagents, China. Triethylamine (TEA), Methanol, toluene, and N-Methyl-2-pyrrolidone (NMP) were purchased from Guangdong Guanghua Si-Tec. Co. Ltd, China. Toluene and N-Methyl-2-pyrrolidone were dried by adding calcium hydride overnight and filtered before their use. Double distilled water was used in all experiments and was obtained from a laboratory distillation system.
Synthesis of CN-PAF
Different amounts of 2,5-dichloro benzonitrile, benzene 1,3,5-triol, and K2CO3 (Table 1) were added in a three-neck flask (fitted with a dean-stark trap) containing anhydrous toluene and NMP (60 mL) and held on stirring at 130 oC for 4 h. After complete dehydration, the solution was kept at 150 oC for 16 h. Then after, the reaction was cooled at room temperature and poured in dilute HCl (50 mL, 1 M). The product was collected by centrifugation at 4000 rpm for 5 min. The product was washed with distilled water several times and dried in an oven at 50 oC for 12 h, and it was denoted as CN-PAF.
Synthesis of AO-PAF
AO-PAF was synthesized by a slight modification in the previous method1, CN-PAF (200 mg) was sonicated in 5 mL methanol for 5 min. Next, HONH2.HCl (160 mg) and TEA (240 mg) were added to the above mixture and kept on stirring at 70 oC for 4 h. Then, the reaction mixture was cooled at room temperature and AO-PAF was obtained by centrifugation (4000 rpm, 5 min), washed with deionized water, and dried in an oven at 50oC for 24 h.
Characterizations
Fourier-transform infrared spectra (FTIR) were collected using Bruker TENSOR 27 spectrophotometer with KBr pellets in a scan range of 4000-450 cm-1. 13C NMR spectra was collected using a Bruker BioSpin Gmbh 400 MHZ spectrometer using DMSO as a solvent at 298 K. Powder X-rays diffraction (PXRD) measurements were obtained using Thermo Scientific 7000 diffractometer in a two-theta range of 10-80o. X-ray photoelectron spectroscopy (XPS) was carried out using the Kratos Axis Ultra DLD analyzer. Thermogravimetric analysis (TGA) was carried out using a Mettler Toledo Thermogravimetric analyzer with a 10 oC/min heating rate under a nitrogen atmosphere. Transmission electron microscopy (TEM) measurements were carried out using the FEI TALOS-F200X analyzer. The TEM samples were poured in ethanol and sonicated for 5 min and the samples were put on a standard Cu grid. The morphology was studied using a field emission scanning electron microscope (FESEM) using a Verios G4UC analyzer. The specific surface area was measured by using a Tristar3020 Micromeritics analyzer30. 
Uranium adsorption test
UO2(NO3)2·6H2O (2.11 g) was dissolved in 1000 mL of deionized water to prepare a stock solution31. A series of different concentrations (50 ug/L to 1000 ug/L) solutions was prepared by adding the required quantity from a stock solution. To study the effect of pH on uranium adsorption, the pH of the solution was adjusted in a range of 3 to 9 by adding nitric acid/sodium hydroxide solution. To describe the adsorption by applying adsorption isotherm with a concentration range of 50 ug/L to 1000 ug/L, pH=7, and m/V=0.033 mg. The adsorption kinetics was analyzed with an initial concentration of 750 ug/L, pH=7, m/V=0.033 mg, and a time difference of 5, 10, 15, 30, 60, 90, 120, 150, 180, 200 min, 1 mL of solution was taken to determine the residual concentration using an inductive coupled plasma emission spectrometer (ICPS-MS, 6300, ThermoFisher Scientific). 
Seawater analysis
The performance of the adsorbent was assessed using seawater (Yellow Sea China) at the laboratory of Northwestern Polytechnical University. Before starting the batch adsorption experiment, the adsorbent (15mg) was conditioned with 3% KOH for 10 min and added to 5 L of seawater. Before adding the adsorbent, a 1 mL sample was collected and next, the container was shaken at 100 rpm at room temperature. After passing each day, 1 mL solution was collected for 30 days and the residual metal ion concentration was determined by using ICPS-MS. 
The adsorption performance of the adsorbent was analyzed by using equation (1). 
		(1)
Where Ci (mg/L) denotes the initial uranium concentration in solution, Cf (mg/L) represents the final uranium concentration after adsorption. 
The adsorbent reusability test was carried out using three elution solutions (HNO3, Na2CO3, and Na2EDTA). The ratio of adsorbent to elution solution was kept fixed (1:2) and the elution efficiency (EE%) was determined by using equation (2). 
 			(2)
Where Cel (mg/L) is the uranium concentration in the elution solution, Vel (L) is the volume of the elution solution, Ca (mg/L) is the concentration of uranium in solution after adsorption, Co (mg/L) and Va (L) is the initial uranium concentration and the volume of solution. The uranium adsorption capacity of the adsorbent was analyzed using 5 L of natural seawater (Yellow sea China). The field test was carried out for 30 days and after passing each day, the residual concentration was analyzed by using an ICPS-MS, 6300, ThermoFisher Scientific. The adsorption capacity was estimated by using equation (3).
				(3)
Where Co (mg/L) and Ca (mg/L) denote the initial uranium concentration and final uranium concentration in solution, m (g) and V (L) represent the mass of adsorbent and the total volume of solution respectively. 
Theoretical calculation 
The theoretical calculations were calculated using the soft wear package offered by Accelrys Software Inc., San Diego, CA, USA. (Accelrys’ Materials Studio (MS) 2017). The XRD pattern simulations were performed in a software package, reflex module. We performed Pawley refinement until RWP value converges. The estimation of error was carried out using the following error equations (4 to 7). 
		(4)
		(5)
				(6)
	               (7)
Where qe(exp) (mg/g) is experimental adsorption capacity and qe(cal) (mg/g) denotes calculated adsorption capacity (mg/g).
Results and discussion
Preparation and adsorbent characterization
The overall synthesis of new adsorbent material (AO-PAF) followed a two-step reaction due to the incompatibility of amidoxime groups, as it interfered with CN-PAF during the preparation process. It is confirmed in the previous works, that the amidoxime groups are readily obtained by reacting NH2 OH HCl with C≡N. In this work, a new strategy for the synthesis of PAF was obtained by reacting 2,5-dichloro benzonitrile and benzene 1,3,5-triol in presence of a catalyst (K2CO3) (Figure 1). The structural and physicochemical characteristics can be tuned by changing reactant amounts (Table 1). After successful characterization, it was confirmed that CN-PAF maintained morphology, and stability on that basis it was further treated with hydroxylamine hydrochloride in presence of TEA to convert C≡N in amidoxime groups (Figure 1). The chemical structure of the targeted material was confirmed by using FTIR and 13C NMR spectroscopy. The disappearance of the O-H peak at 3600-3200 cm-1 and the simultaneous appearance of a characteristic peak at 1100-1300 cm-1 confirmed the C-O-C linkage in CN-PAF. Moreover, strong evidence of C≡N presence was confirmed by observing a peak at 2213 cm-1 in CN-PAF and CN-PAF1. However, a larger peak was observed in CN-PAF than in CN-PAF1. The confirmation of AO-PAF was confirmed by the disappearance of a peak C≡N at 2213 cm-1 and a peak at 3600-3200 cm-1 confirming the successful preparation of the targeted product. In AO-PAF, the appearance of the characteristic peak of N-H (3500-2300 cm-1), C=N (1634 cm-1) and N-O (930 cm-1) and the disappearance of C≡N (2221 cm-1) peak indicated the successful conversion of C≡N groups in amidoxime groups (Figure 2a). Based on elemental analysis, the amount of C, N, and O of CN-PAF and CN-PAF1 are listed in Table 1 and the results indicated CN-PAF possessed a high content of N (16.76%) and O (6.91%). The result from FTIR analysis was further supported by 13C NMR spectroscopy. 
The 13C NMR spectroscopy of CN-PAF (Figure 2b), showed the signals at 133 ppm, 130 ppm, and 118 ppm. The signals at 133 ppm and 130 ppm were assigned to phenyl rings while the signal at 118 ppm was assigned to C≡N groups of phenyl ring as well as to the carbon of the phenyl ring to which the C≡N is connected32. The structure regularity of the PAF framework was further confirmed by powder X-ray analysis. The thermal stability of the framework was analyzed by TGA analysis and the TGA curves were shown in Figure 3c. The initial weight loss of CN-PAF, CN-PAF1, and AO-PAF confirmed that these materials were thermally stable in the temperature range of 30 to 300 oC with a low weight of around 8.5 %. In the second weight loss transition, AO-PAF showed a weight higher weight loss due to the decomposition of amidoxime groups.
Similar to other previous porous aromatic materials, CN-PAF and CN-PAF1, AO-PAF showed several diffraction peaks in the two theta range of 5 o to 40o were observed (Figure 2), indicating the targeted framework retained a certain degree of structural order33,34.  To determine the possible structure of PAF, we explored the proposed structure and experimental PXRD data using the software package offered by Accelrys Software Inc., San Diego, CA, USA. (Accelrys’ Materials Studio (MS) 2017) and the optimal theoretical calculations offered a hexagonal structure of P6/M space group and a unit cell with a=b= 22.51895 ± 0.00088, and c 3.47172 ± 0.00025; α= β =90º and γ = 120º35. In figure 4, it is indicated the simulated peak reflections matched with the observed peak reflections.  In the experimental PXRD data some stronger peaks along with the smaller peaks at 7.9º, 8.9º, 12.3º, 15.8º and 26.9º corresponding to (110), (200), (210), (220) and (001) diffractions34,36.  Full structure matching (Pawley refinement) was carried out on the experimental PXRD and the refined PXRD of PAF CN1 and AO-PAF- were in good agreement with the experimental PXRD as evidenced by a lower difference and lower agreement factor of RWP 4.74% and RWP 1.76 % (Figure 3). 
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Figure 1 Graphic illustration of the method for the preparation of 2D CN-PAF and
AO-PAF
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Figure 2 FTIR spectra (a), 13CNMR spectra (b), and TGA thermogram
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Figure 3 Experimental and simulated powder XRD profiles of CN-PAF1 (a), CN-PAF (b) and AO-PAF (c); and the AA staking structure of CN-PAF1 (d) and AO-PAF (e)
The SEM images in Figure 4ac showed that CN-PAF and AO-PAF adopted uniform spherical shape morphology, while CN-PAF1 showed dense irregular spherical particles in a short-range order (Figure 4b). High-resolution TEM micrographs Figure 4d-f revealed a web-like structure with a similar size pore-diameter. In addition, the fringe of a TEM image of CN-PAF, and AO-PAF indicated that aligned pores were observed (Figure 4j and i). These clarifications confirmed the co-condensation reaction between 2,5-dichloro benzonitrile and benzene 1,3,5-triol leads to uniform morphology and structure regularity. In addition, Stem-HAADF images of CN-PAF, and AO-PAF (Figure 4j and l) ascertained that there are visible pores in the matrix in comparison to CN-PAF1 (Figure 4k). High-resolution elemental mapping images determined that C, N, and O were uniformly distributed surrounding the pores of CN-PAF, and AO-PAF (Figure 1 b,d) in a circular fashion, and the results were shown in Table 1. The porosity of CN-PAF, CN-PAF1, and AO-PAF was confirmed by their adsorption capacities. CO2 (298 K) adsorption capacities of CN-PAF, CN-PAF1, and AO-PAF showed type 1 isotherm for microporous materials (Figure 5)37. Based on the CO2 adsorption, the surface area, pore size, and pore volume were determined (Table 2). 
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Figure 4 Show SEM images of CN-PAF (a), CN-PAF1 (b) and AO-PAF (c), TEM images of CN-PAF (d, e) CN-PAF1 (f, g) and AO-PAF (h, i), HAADF images of CN-PAF (j), CN-PAF1 (k) and AO-PAF (l)



Figure 5 BET plot (a) and pore size (b)
In XPS analysis, we discussed CN-PAF, CN-PAF1, and AO-PAF in Figure 6. The presence of peaks and their intensities in the binding energy in a range of 200 eV to 600 eV supports the presence of C 1s, N 1s, and O 1s. Wide scan XPS spectra of CN-PAF, CN-PAF1, and AO-PAF showed peaks at 286.6 eV, 397.8 eV, and 530.6 eV assigned to C 1s, N 1s, and O 1s Figure 6a. However, the intensity of the N 1s peak of CN-PAF was increased due to the increased amount of benzene 1,3,5 triol confirmed by the presence of a pronounced peak at 398.8 eV. Using an XPS technique to analyze the bonding between the reactants, a high scan XPS spectrum of C 1s, N 1s, and O 1s were shown in Figure 6bcd respectively. The functionalization is correlated to the extent of heteroatom present in the material. Figure 6b shows C1s high-resolution XPS spectra indicating the considerable degree of polymerization and composing structure functionalization including NH-C=NOH, C-O-C, C=C, and C-C38,39. The high-resolution N1s XPS spectra (Figure 6c) of CN-PAF and CN-PAF1 showed a single peak at 400.9 eV, which was assigned for C≡N, in AO-PAF two extra peaks were seen at 398.4 eV and 400.05 eV assigned to C-N and C=N, respectively, confirmed the presence of amidoxime group5,40. From high-resolution O1s XPS spectra of CN-PAF, CN-PAF1, and AO-PAF, the peaks at 531.9 eV and 533.2 eV were assigned to C-O/OH and C-O-C respectively (Figure 6d)41.






Figure 6 XPS spectra wide scan (a) high-resolution C1s (b), and N1s (c) O1s (d) of CN-PAF, CN-PAF1, and AO-PAF
Table 1 Shows the amount of starting material and content of carbon, oxygen, and nitrogen obtained from elemental analysis
	Name
	
	Chemicals
	
	Elements

	
	
	A*
	B*
	C*
	
	C (%)
	O (%)
	N (%)

	CN-PAF
	
	6.95
	1.9
	9.1
	
	76.33
	16.76
	6.91

	CN-PAF1
	
	3.03
	3.01
	3.01
	
	87.55
	8.18
	4.27

	A*=2,5-dicholorobenzonitrile, B*=benzene 1,3,5-triol and C*= K2CO3 in grams



Table 2 Summarize surface area, pore size, and pore volume of CN-PAF, CN-PAF1, and AO-PAF
	Name
	
	Surface area m²/g
	
	Pore size nm
	
	Pore volume cm³/g

	CN-PAF
	
	86
	
	1.27 
	
	0.017

	CN-PAF1
	
	57
	
	0.897
	
	0.007

	AO-PAF
	
	36
	
	1.167
	
	0.024



Uranium extraction analysis 
Determination of optimal pH 
The effect of pH on the uranium adsorption of AO-PAF was shown in Figure 7a and the results showed that the uranium adsorption efficiency was increased by increasing the pH. On the other side at lower pH, adsorption efficiency was low due to competition adsorption of H3O+. Meanwhile, the H+ protons compete with the uranium and weaken the electrostatic interaction between the uranium and the active sites of the adsorbent material. The results showed that AO-PAF showed better adsorption efficiency at pH 7. The alkali treatment of amidoxime adsorbent (AO-PAFalkali) significantly enhanced the uranium adsorption. After treating the adsorbent (7 mg) in 20 mmol NaOH solution for 10 min, the uranium adsorption efficiency was increased, as compared to untreated adsorbent (AO-PAF) Figure (7a). The influence of temperature affects the uranium adsorption capacity and the results of this study indicated a small increase in temperature increased the uranium adsorption capacity of the adsorbent (Figure 7b).



Figure 7 Effect of pH (a) and temperature (b) for uranium adsorption at an initial concentration of 750 µg/L and m/V=0.033 mg in simulated solution
Effect of time on uranium extraction 
Alkali-treated adsorbent (AO-PAFalkali) was selected to compare with the untreated adsorbent (AO-PAF) for adsorption kinetics and isotherm studies to investigate the further understanding of uranium adsorption mechanism. The graphic representation of uranium adsorption capacity (qe) mg/g versus time (t) min was shown in Figure 8a.
Investigation of adsorption kinetic parameters is important to evaluate the rate of adsorption and conclude the uranium adsorption mechanism. Therefore, the experimental adsorption data were studied by pseudo-first order, pseudo-second-order model. Furthermore, the validation of model fit was determined by estimating the statistical errors including the sum of the square of errors (SSE), a sum of the absolute errors (SAE), chi-square (χ2), and standard deviation ∆q (%). The pseudo-first-order kinetic model was expressed in equation (8)42. 
			(8)
Where qe (mg/g) represents the adsorption capacity of adsorbate at the equilibrium of adsorption and qt (mg/g) is the amount of adsorbate adsorbed at a time (min), K1 is a pseudo-first-order rate constant. The pseudo-second-order kinetic equation was expressed in equation (9)43.
				                 (9)
Where qe (mg/g) is the amount of adsorbate adsorbed on the adsorbent surface at equilibrium, qt (mg/g) is the amount of adsorbate adsorbed on the adsorbent surface at a time (min) and K2 is the pseudo-second-order rate constant. 
Figure 8a illustrated two-step uranium adsorption on the adsorbent (AO-PAF and AO-PAFalkali). At initial, the uranium adsorption amount increased fastly with time (30 min) and the adsorption efficiency of AO-PAF and AO-PAFalkali reached 66.9 ± 0.2% and 70.38 ± 0.1%. In the second step, the adsorption capacity of the adsorbent was increased gradually with increasing time beyond 30 min and the equilibrium adsorption capacity of AO-PAF and AO-PAFalkali were 217.68 ± 0.1 and 489.998 ± 0.004 mg/g respectively. The graphic representation of different kinetic models were shown in Figure 8b and Figure S1. It was seen that the pseudo-second-order model fit and experimental points were close to each other rather than the pseudo-first-order. Furthermore, the highest regression coefficient (R2) and lower statistical error values (Table 3) confirmed the adsorption data were best fitted with a pseudo-second-order kinetic model. Also, the applicability of the kinetic model was authenticated by evaluating the difference between a calculated adsorption capacity (qe cal) and experimental adsorption capacity (qe exp) confirming that pseudo-second-order kinetic seemed to be the most appropriate kinetic model. 



Figure 8 Uranium adsorption capacity at different time intervals (a) and pseudo second order kinetic model (b) (Co=750 µg/L, m/V=0.033 mg and pH=7)
Table 3 Different kinetic parameters of AO-PAF alkali-treated and untreated adsorbent for the uranium adsorption in simulated solution
	Adsorbent
	Pseudo-first-order model

	
	qe (exp) (mg/g)
	K1
	qe (cal) (mg/g)
	R2
	SSE
	SAE
	Χ2
	Δq (%)

	AO-PAF
	217.682±0.004
	0.026 ±0.007
	154±53
	0.767
	38
	174
	327
	4

	AO-PAFalkali
	489.99±0.01
	0.040 ±0.008
	5590 ±273
	0.803
	47
	216
	67
	2

	
	Pseudo-second-order model

	
	qe (exp) (mg/g)
	K2
	qe (cal) (mg/g)
	R2
	
	
	
	

	AO-PAF
	217.682±0.004
	0.0001±1×e-5
	216±11
	0.985
	18
	13
	255
	11

	AO-PAFalkali
	489.99±0.01
	0.0004±1×e-4
	515±21
	0.998
	29
	21
	31
	11



Determination of equilibrium concentration for uranium recovery  
The uranium adsorption from the simulated solution (50-1000 µg/L) was analyzed and the results were shown in Figure 9a. The uranium adsorption capacity increased with increasing initial uranium concentration from 50 to 750 µg/L, with a further increase in uranium initial concentration no significant adsorption capacity of adsorbent (AO-PAFalkali) and therefore equilibrium of adsorption was reached. 
To investigate the adsorption capacity and adsorption process, different isotherm models were used to fit the adsorption equilibrium data including the Langmuir isotherm, Freundlich isotherm, and Dubinin-Radushkevitch (D-R) isotherm. The modeling of adsorption data fit provides significant information regarding the adsorption mechanism, adsorbate-adsorbent affinity, and favorability of the adsorption process. The Langmuir isotherm assumes similar binding sites without any interaction between the adsorbate adsorbed on the surface of the adsorbent, which is expressed in equation (10).
		(10)
Where Ce (mg/L) is the amount of adsorbate in solution at equilibrium, and qe (mg/g) represents the amount of adsorbate adsorbed per unit mass of adsorbent at equilibrium, qm (mg/g) is the maximum adsorption capacity of adsorbent and KL (L/mg) is the Langmuir constant. The plot between Ce/qe versus Ce gives a straight-line graph with intercept 1/KLqm and slope 1/qm. KL is an important parameter used to calculate the RL, which is a dimensionless parameter that discusses the favorability of adsorption, which is mathematically expressed in equation (11).
		(11)
Where Co (mg/L) is the initial uranium concentration before adsorption. The Freundlich model predicts the adsorption as a multilayer on the heterogeneous surface and the adsorbate on the adjacent sites will affect each other. It is mathematically expressed in equation (12). 
	(12) 
Where qe (mg/g) is the amount of adsorbate adsorbed at equilibrium, Ce (mg/L) is the amount of adsorbate in solution at the equilibrium of adsorption. KF and 1/n are the Freundlich constants which include the aspects that affect the adsorption capacity and adsorption intensity. The D-R isotherm is a general isotherm that gives insights related to porosity and the adsorption energy. It is mathematically written in equation (13).
	(13)
	(14)
Where qe (mg/g) represents the amount of adsorbate adsorbed per unit mass of adsorbent, R is the universal gas constant, T is the temperature (K), qDR (mg/g) is the adsorption capacity, β (kJ/mol) represents the activity coefficient and is used to calculate the mean adsorption energy and ε is the Polanyi potential expresses in equation (14). A graph between ln qe versus ɛ2 was used to calculate qDR and β from the intercept and slope respectively.
The modeling of adsorption data by the Langmuir isotherm, Freundlich isotherm, and D-R isotherm was shown in Figure 9b and Figure S2. From the results (Table 4), it is confirmed the adsorption data of the adsorbent (AO-PAF and AO-PAFalkali) were well matched with the Langmuir isotherm because the correlation coefficient (R2) of the Langmuir isotherm was close to unity than that of other adsorption isotherms. Furthermore, the lower error values of various error functions of the Langmuir isotherm also confirmed well adsorption data fit than the Freundlich isotherm and D-R isotherm. Also, the RL value of the adsorbent for uranium adsorption was lying between 0 and 1, which indicated a favorable uranium adsorption process. 



Figure 9 Uranium(VI) adsorption capacity versus initial concentration (a) and Langmuir adsorption isotherm model (b) for uranium adsorption onto (AO-PAF ) and (AO-PAFalkali) (m/V= 0.033 mg, and pH = 7)





Table 4 Isotherm parameters of adsorbent (AO-PAF) and (AO-PAFalkali) for uranium adsorption
	Adsorbent
	Langmuir isotherm model
	

	
	KL
(L/mg)
	qm
(mg/g)
	R2
	SSE
	SAE
	Χ2
	Δq (%)

	AO-PAF
	0.0041 ± 0.0002
	308 ± 22
	0.964
	17.5
	4.7
	14.8
	13.0

	AO-PAFalkali
	0.00799 ± 2 E-05
	637 ± 46
	0.965
	25.8
	17.1
	27.0
	15.3

	
	Freundlich isotherm model
	

	
	KF
(L/g)
	1/n
	R2
	
	
	
	

	AO-PAF
	10 ± 3
	0.63 ± 0.07
	0.937
	33.0
	13.0
	54.6
	21.9

	AO-PAFalkali
	5 ± 2
	0.69 ± 0.07
	0.909
	74.6
	53.3
	125.2
	20.1

	
	D-R isotherm model
	

	
	qDR
(mg/g)
	β
(mol2/kJ2)
	R2
	
	
	
	

	AO-PAF
	144 ± 27
	0.00018 ± 5E-05
	0.910
	47.0
	9.8E+01
	151.8
	43.2

	AO-PAFalkali
	258 ± 61
	4E-05 ± 1E-05
	0.954
	119.1
	2.9E+02
	450.9
	59.5



Seawater analysis and modeling 
Adsorbent (AO-PAFalkali), which showed the highest uranium adsorption capacity in simulated seawater (Table 3) was selected for uranium extraction in seawater. To measure the uranium adsorption capacity of adsorbent (AO-PAFalkali) in seawater, adsorbent (15 mg) was added in 5 L seawater and shaken for 30 days. The overall uranium adsorption from seawater was analyzed by using the following equation (15 and 16)44,45.
		(15)
[bookmark: _GoBack]		(16)
Where u (mg/g) is the amount of uranium adsorbed per unit mass of adsorbent, βmax (mg/g) denotes adsorption capacity at saturation, t (days) represents exposure time and Kd represents half-saturation time (days), Initially, a plateau was seen with increased adsorption capacity in first 7 days and a steady slower adsorption uptake was observed with no plateau in the following 7 days. From the results, it was also seen the equilibrium of adsorption was reached after 16 days and the uranium adsorption capacity of the adsorbent (AO-PAFalkali) was determined to be 3.22 ± 0.03 mg/g (equation 15) and half-saturation time 1.35 ± 0.09 days (Figure 10a) with an uptake rate of 0.43±0.03 mg/g·day (equation 16 and Figure 10b). The uptake amount of AO-PAFalkali in the simulated solution as well as in seawater was higher than other adsorbents listed in Table 5. Also, the quick equilibrium of adsorption suggested a faster adsorption rate of AO-PAFalkali for uranium from seawater. Also, the uranium adsorption efficiency (%) of AO-PAFalkali was higher than that of other coexisting ions (vanadium) irrespective of their higher concentration in seawater (Figure S3). The higher coefficient determination (Kd L/g) value of AO-PAFalkali for uranium in seawater further confirmed the uranium concentration in seawater does not affect the selectivity of adsorbent towards uranium, therefore the adsorbent (AO-PAFalkali) is quite stable for efficient uranium extraction from seawater (Figure S4). 



Figure 10 Comparison between experimental uranium uptake and modeling results (linear-driving-force model) (a) and uranium uptake and modeling result (one site ligand saturation model) (b) versus time
Table 5 Comparison of adsorption capacity of adsorbent under various experimental conditions
	Adsorbent
	
	qe (mg/g)
	
	Experimental conditions
	
	References

	PAF-1-CH2AO
	
	300
	
	t=90 min, pH=6, T=298, m/V=0.01 mg, V= 300 mL C0=7.63mg/L (simulated Solution)
	
	46

	Amidoxime modified
Fe3O4@SiO2
	
	105
	
	t=2h, pH=5, T=298, m/V=0.4 mg, C0=23.8 mg/L(simulated solution)
	
	47

	AOMGO
	
	284.9
	
	t=0 min, pH=5, T=298, m/V=0.2, C0=47.63 (simulated seawater)
	
	48

	Amidoximated hydrogel
	
	39.5
	
	t=300 min, pH=3, T=298 (simulated solution)
	
	49

	P(AO)-g-CTS/BT
	
	49.09
	
	t=60 min, pH=8, T=298, m/V=2 mg, C0=100 mg/L(simulated solution)
	
	50

	Pal/PAO composite
	
	78.13
	
	t=24 h min, pH=5, T=303 K, m/V=0.5 mg, C0=50 mg/L
	
	51

	PAO/PVDF
	
	1.6 
	
	t=25 days, pH=8, T=298 K, m/V=0.2, V= 5 L, C0= 3.3 μg/L (simulated seawater)
	
	52

	PAO-Co
	
	366
	
	t=34 h , pH=5, m/V=0.5 mg, C0=8ppm (simulated seawater)
	
	53

	HAPCCH
	
	599.8 
	
	t=12 h, pH=5, T=298 K, m/V=0.002, Co = 1.9 mg/L(simulated seawater)
	
	54

	MIL-101-AO
	
	586
	
	t=6 h, pH=7, T=298 K, m/V=0.005, Co = 100 mg/L(simulated seawater)
	
	55

	Nanoporous alumina
	
	2.76
	
	t=6 h, pH=4.5, T=298 K, m/V=10, Co = 0.02 mg/L(simulated seawater)
	
	56

	Hematite
	
	5.6
	
	t=6 h, pH=5.5, T=298 K, m/V=1, Co = 0.0045 mg/L(simulated seawater)
	
	57

	Modified silica
nanoparticles
	
	52
	
	t=30 min, pH=5.5, T=298 K, m/V=0.5, Co = 20 mg/L(simulated solution)
	
	58

	MnFe2O4 nanocubes
	
	119.9
	
	t= 4 h, pH=5, T=298 K, m/V=0.2, Co = 10 mg/L(simulated solution)
	
	59

	Amidoxime based polymeric adsorbent
	
	3.3
	
	t=56 days, T=298 K, m/V=0.004, V= 22.7 L, C0=3.3μg/L, (Seawater)
	
	45

	PAO-Co
	
	9.7
	
	t=49 days, pH=5, T=298 K, m/V=0.0001, V=100L (Seawater)
	
	53

	Amidoximated adsorbents(AF)
	
	0.0039
	
	t=56 days, T=293, m/V=0.004 mg, V= 22.7 L (Seawater), C0=3.3μg/L, 3 h of
KOH conditioning
	
	60

	Amidoximated adsorbents(AF)
	
	0.0032
	
	t=56 days, T=293, m/V=0.004 mg, V= 22.7 L (Seawater), C0=3.3μg/L, 1 h of
KOH conditioning
	
	60

	AO-PAFalkali
	
	637 
	
	t=150 min, T=298, m/V=0.033 mg, V= 30 mL , C0=750μg/L, 

	
	Present Work

	
	
	3.22
	
	t=16 days, T=298, m/V=0.003 mg, V= 5 L, C0=3.3μg/L (Seawater)
	
	



Interaction of uranyl ions with adsorbent 
The chemical interaction between active sites of adsorbent and uranium was analyzed using FTIR and XPS analysis. The XPS spectrum of adsorbent (AO-PAFalkali), the seawater exposed adsorbent showed two extra peaks at 390.5 eV and 379.8 eV were assigned to U 4f5/2 and U 4f7/2 respectively (Figure 11a) confirmed the uranium extraction from seawater onto the adsorbent surface in the form of UO22+61. The FTIR spectra (Figure 11b) showed broad bands at 3300-3550 cm-1 assigned to NH2 groups and peaks at 2920 cm-1 and 2850 cm-1 are symmetrical and asymmetrical vibration of CH2 groups, which showed no changes after adsorption of uranium. Three peaks are quite interesting 1634 cm-1 (C=N), 1080 cm-1 (C-O) and 466 cm-1 assigned to oxides of uranium confirmed the adsorption of uranium on the adsorbent[62]. Also, the alkali-treated adsorbent showed a decreasing peak intensity at 1634 cm-1 and a high-intensity peak at 1080 cm-1 due to the conversion of amidoxime groups in carboxylate anions during alkali treatment of adsorbent63,64. 



Figure 11 FTIR spectra before and after uranium adsorption (a) and high-resolution XPS spectra of U 4f after uranium adsorption (b)
Adsorbent reusability
In addition to adsorption capacity, the adsorbent stability and reusability play a vital role in the practical application of adsorbent, because uranium extraction is directly affected by economic cost. To elute uranium completely from the adsorbent, three eluents including HNO3, Na2CO3, and Na2EDTA were used, and expectedly N2CO3 (1 M) showed the highest removal efficiency (Figure 12a). The N2CO3 concentration (1 M) was selected to perform a series of desorption cycles (Figure 12b). The comparison of adsorption capacity and elution efficiency showed that the adsorption capacity decreased (7 %) from the first adsorption cycle to the sixth adsorption cycle (Figure 12c,d). The overall adsorption capacity (1%) was decreased due to a small amount of uranium being strongly bound with the active sites of adsorbent surfaces. Therefore, the adsorbent reusability results confirmed that the lower adsorption capacity lost indicated a great potential of adsorbent materials for uranium extraction from seawater. 





Figure 12 Effect of elution solution (a), desorption efficiency (b), adsorption capacity (c) and elution efficiency (d)
Conclusion 
This work summarizes the significant developments for the preparation of AO-PAF by post-synthetic functionalization strategy. To achieve the goals, several steps allow us to obtain the PAF for a specific application. Firstly, a high degree of raw materials and their conversion reaction is essential to perform the polymerization and obtain a highly porous framework. The highly porous framework is desirable material because of the large free space available to hold the guest molecules. Secondly, to achieve the desired application, specific groups were inserted to enhance the selectivity, kinetics, shape, size, etc., therefore to obtain the advanced adsorbent materials two new building blocks (2,5-dichloro benzonitrile, benzene 1,3,5-triol) were subject to new features and functionalized with amidoxime groups. The hybrid skeleton with amidoxime groups was used for the extraction of uranium for seawater for energy and environmental sustainability.
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