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A B S T R A C T   

A suitable porous adsorbent with prominent adsorption performance and better selectivity for the target con-
tainments such as non-steroidal anti-inflammatory drugs (NSAIDs) is highly desired in wastewater treatment. 
Owing to the intrinsic attributes known as predictable structure, tunable pore size, high chemical stability as well 
as the reliable post-synthetic modification, covalent organic frameworks (COFs) are considered as brilliant 
adsorbent candidates which have drawn great attentions. Herein, two COFs with different functional groups 
(COF-NO2 and COF-NH2) were designed and prepared in order to enhance selective adsorption ability toward the 
Ketoprofen (KTP) molecule via functional group tuning. For KTP, due to amino group which could interact with 
not only carboxylic acid but also carbonyl group, COF-NH2 exhibited twice adsorption capacity as high as other 
two counterparts Ibuprofen (IBP) and Naproxen (NPX). However, there was no selectivity for those three NSAIDs 
when COFs containing nitro groups (COF-NO2) were used as adsorbents. We also found that the adsorption 
process followed the pseudo-second-order kinetic model well, which confirmed the capture of KTP onto COF-NH2 
was dominated by chemical adsorption. The COF-NH2 will be a particularly promising porous adsorbent to 
selectively eliminate the KTP from effluents, and COFs with specific binding sites for various pollutants can be 
acquired via functional group tuning.   

1 Introduction 

Non-steroidal anti-inflammatory drugs (NSAIDs), a burgeoning class 
of environmental contaminants, can cause the death of aquatic life and 
destroy the balance of the ecosystem as well as affect human health due 
to its toxic and distribution [1–4]. As one of the analgesics, NSAIDs are 
widely employed to remedy manifold ailments such as arthritis, gout, 
fever, headache, inflammation and so on. But precisely because of the 
mass production and application of the drugs with the characteristics of 
degradation-resistant, enrichment and migration [5–7], the chemicals 
are so ubiquitous that they are detected in domestic sewage, river and 
groundwater, even though at trace concentrations. Therefore, of 
particular interest to researchers is the effective control on NSAIDs 
remained in the aqueous phase with higher efficiency and lower cost. 
Adsorption, a conventional wastewater treatment technique which 

achieves the purpose of removing various pollutants in virtue of adsor-
bent materials with porous structure and active site, is still of concern for 
its simple operation and industrial applicability. As for the various water 
pollution sources, a suitable adsorbent plays a pivotal role in the 
decontamination process, which determines the excellent adsorptivity 
and economical capacity of the adsorption system. Toward NSAIDs, the 
majority of materials have been applied as adsorbents such as activated 
carbon [8], bio-sorbents [9], anion exchange resins [10,11], metal- 
organic frameworks [12,13], covalent organic frameworks [14], and 
so on. However, the specific adsorption for objective pollutants is so 
challenging that most of the adsorbents exhibit poor selectivity for the 
NSAIDs, which just rely on its well-developed porosity and high surface 
area to capture the compounds [15–17]. 

As an emerging porous material, covalent organic frameworks 
(COFs) featuring high specific surface area, rigid structure and facilely- 
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tailored functionalities which fabricated with organic building units 
through covalent bond, have recently demonstrated to be a promising 
adsorbent for numerous poisonous and hazardous substances [18–25]. 
COFs are a group of crystalline organic polymers with one especially 
intriguing aspect that the structure and pore size can be pre-designed 
according to reticular chemistry for particular requirements [26], and 
consequently widely used in some other research fields [27–35]. 
Furthermore, post-synthetic modification of COFs provides more feasi-
bility for adsorptive removal of chemical pollutants and thus facilitate 
extensive application of COFs in wastewater treatment. That is, a unique 
COFs with specific functional groups are designed and prepared in 
accordance with the structure and properties of target substance to meet 
certain purposes. 

Herein, by practical consideration, Ketoprofen (KTP), Ibuprofen 
(IBP) and Naproxen (NPX) were regarded as the model NSAIDs con-
taminants, and the porous materials COF-NO2 and COF-NH2 with con-
spicuous selectivity and adsorption capacity were designed and 
constructed via functional group tuning for the removal. Concretely, 
considering the NSAIDs molecules (KTP, IBP and NPX) containing 
carboxyl and carbonyl groups, TPB-DMTP-COF with the high specific 
surface area (2174 m2 g− 1) was selected as starting material for the 
incorporation of nitro group (–NO2) and the following reduction to 
amino group (–NH2), which thereby enhance selective adsorption of 
NSAIDs contaminants onto adsorbent through interaction among those 
chemical groups as presented. For KTP, due to amino group which could 
interact with not only carboxylic acid but also carbonyl group, COF-NH2 
exhibited twice adsorption capacity as high as other two counterparts 
IBP and NPX. However, there was no selectivity for those three NSAIDs 
when COFs containing nitro groups (COF-NO2) were used as adsorbents. 

2. Experimental section 

2.1. Reagents 

All chemical reagents were commercially available and used as 
received without further purification. 1,3,5-Tris(4-aminophenyl)ben-
zene (TAPB), 2,5-dimethoxyterephthalaldehyde (DMTA) were sup-
plied from Jilin Chinese Academy of Sciences-Yanshen Technology Co., 
Ltd., China. 4-Nitrophenylacetylene was acquired from Shanghai Bide 
Pharmatech Ltd., China. Tin chloride dihydrate, 1, 2-dichlorobenzene 
(o-DCB) were obtained from Aladdin Co., Ltd., China. Tetrachloro-1,4- 
benzoquinone, boron trifluoride etherate (BF3⋅OEt2), ketoprofen, 
ibuprofen and naproxen were purchased from Shanghai Macklin 
Biochemical Co., Ltd., China. Sodium hydrogen carbonate (NaHCO3), n- 
butanol, tetrahydrofuran (THF), toluene, hydrogen chloride (HCl), 
acetic acid (CH3COOH) and ethanol were ordered from Xilong Scientific 
Co., Ltd., China. 

2.2. Preparation of COF-NO2 

TPB-DMTP-COF (19.6 mg), 4-nitrophenylacetylene (22.05 mg, 0.15 
mmol), BF3⋅OEt2 (20 μL, 0.15 mmol), tetrachloro-1,4-benzoquinone (40 
mg, 0.15 mmol) and of toluene (2 mL) were added to a Pyrex tube and 
mixed thoroughly by ultrasonic. The tube was flashed frozen in a liquid 
N2 bath, evacuated, flame sealed, and placed in an oven at 110 ◦C for 3 
days. After that, the mixture was filtered, washed with THF, saturated 
NaHCO3 solution and H2O. The collected solid was purified with THF in 
a Soxhlet extractor for 1 day, and dried at 80 ◦C overnight to give COF- 
NO2 (~25 mg) as a powder. 

2.3. Preparation of COF-NH2 

To a 50 mL round-bottom flask, COF-NO2 (34.2 mg) and SnCl2⋅2H2O 
(225.65 mg, 1 mmol) were dissolved in THF (5 mL). After heating under 
reflux for 3 h, the mixture was successively washed with HCl (1 M), 
NaHCO3 (1 M), H2O and THF, affording the solid product COF-NH2 
(~25 mg). 

2.4. Characterization of the adsorbents 

To further investigate the performance of the materials, various 
characterization methods such as powder X-ray diffraction (PXRD), 
fourier transform infrared (FTIR) spectroscopy, X-ray photoelectron 
spectroscopy (XPS), water contact angle, N2 adsorption-desorption 
analysis and transmission electron microscopy (TEM) were imple-
mented, as detailed in Supplementary Material. 

2.5. Adsorption experiments 

The batch adsorption assays were performed in a thermostatic 
oscillator (ZTY-70 V, Zhichu, China) at room temperature, with shaking 
at 200 rpm for 3 h. Concretely, a set of 250 mL NSAIDs solution (IBP, 
KTP or NPX) of 50 mg L-1 containing 0.05 g adsorbents were oscillated 
for a certain period of 0, 5, 10, 15, 20, 30, 45, 60, 75, 90, 120, 150 and 
180 min. After adsorption, the solution was filtered with the MCE sy-
ringe filter (0.22 μm) to obtain supernatant to quantify residues, which 
was carried out by a UV–visible spectrophotometer (Evolution 220, 
Thermo Fisher Scientific, USA) at a wavelength of 262 nm (KTP), 220 
nm (IBP), 228 nm (NPX), respectively. 

The adsorption capacity of COFs for the adsorbates (KTP, IBP, NPX) 
at time t (mg g− 1), qt and the equilibrium adsorption capacity (mg g− 1), 
qe are calculated by the following equations, respectively. 

qt =
(C0- Ct) V

m
(1) 

Scheme 1. Post-functionalization strategy of COF-NO2 and COF-NH2.  
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qe =
(C0- Ce) V

m
(2)  

where C0, Ct and Ce are the initial concentration, the concentration at 
time t and the equilibrium concentration of adsorbates (mg L-1), 
respectively; V represents the volume of adsorbates solution (L), and m is 
the amount of adsorbents (g). 

The adsorption kinetic process was analyzed by two kinetic models, 
the pseudo-first-order model and the pseudo-second-order model, which 
could be expressed as follows, respectively: 

ln(qe- qt) = ln qe- k1t (3)  

t
qt

=
1

k2q2
e
+

1
qe

t (4)  

where qe and qt are the equilibrium adsorption capacity (mg g− 1) and the 

adsorption capacity at time t (mg g− 1), respectively; k1 and k2 represent 
the rate constant of the pseudo-first-order kinetic (min− 1) and pseudo- 
second-order kinetic (g (mg min)-1), respectively. 

3. Results and discussion 

The post-synthetic modification (PSM) of COFs is a convenient 
method to introduce particular functions or improve intrinsic properties 
of host materials in order to enable more extensive scope of application 
[36]. Considering the high specific surface area and stable structure of 
the reported organic porous material TPB-DMTP-COF constructed by 
two organic monomers TAPB and DMTA (Fig. S1) [37], a pertinent tactic 
involving the post-synthetic modification of TPB-DMTP-COF to COF- 
NO2 and COF-NH2 was proposed as shown in Scheme 1. Intuitively, the 
COFs varied in color, manifesting the presence of different components 
and functional groups. Specifically, the COF-NO2 containing quinoline 

Fig. 1. (a) PXRD patterns of TPB-DMTP-COF, COF-NO2 and COF-NH2. (b) FTIR spectra of TPB-DMTP-COF, COF-NO2 and COF-NH2. (c)(d) XPS N 1s of COF-NO2 and 
COF-NH2. (e) Water contact angles of TPB-DMTP-COF, COF-NO2 and COF-NH2. 

Table 1 
Porosities and NSAIDs capture capacities of COFs.  

COFs SBET
a  

(m2 g− 1) 
SL

b  

(m2 g− 1) 
Vtotal

c  

(cm3 g− 1) 
Dpore

d  

(nm) 
KTPcapture

e  

(mg g− 1) 
IBPcapture

f  

(mg g− 1) 
NPXcapture

g  

(mg g− 1) 

COF-NO2 679 908  0.359  2.06 70 94 80 
COF-NH2 282 371  0.146  2.02 33 18 16 

a Specific surface area calculated according to BET theory. b Specific surface area calculated by Langmuir theoretical model. c Total pore volume at P/P0 = 0.99.d Data 
of pore size. e Maximum adsorption capacity for KTP at room temperature. f Maximum adsorption capacity for IBP at room temperature. g Maximum adsorption 
capacity for NPX at room temperature. 
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was designed based on TPB-DMTP-COF via Povarov reaction, which not 
only would be effective to incorporate new chemical groups, but also 
give more stable materials. Subsequently, the COF-NO2 was efficiently 
reduced to COF-NH2 with stannous chloride as reductant [38]. There 
were some reasons for the post-functionalization strategy. On the one 
hand, the starting material TPB-DMTP-COF was one of the imine-linked 
COF, which was prepared via Schiff base reaction between the organic 
monomers TAPB and DMTA based on the dynamic covalent chemistry. 
Owing to the reversible nature of the Schiff base reaction, the formed 
C––N bonds of the skeletons for imine-linked COFs experienced a dy-
namic breaking and reformation during the condensation process. So the 
monomers containing amino groups (–NH2) could interact with the 
aldehyde groups (–CHO) of starting COFs during the Povarov reaction 
process whereby the C––N bonds would be destroyed, leading to the 
structure defect of as-prepared COFs. On the other hand, the COF-NO2 
was synthesized by the reaction of TPB-DMTP-COF and 4-nitrophenyla-
cetylene under acidic conditions that the BF3⋅OEt2 was used as the 
catalyst. However, the –NH2 was alkaline which could not be reacted 
under acidic conditions, demonstrating that COF-NH2 should be pre-
pared indirectly. Based on the above considerations, the COF-NH2 was 
synthesized by the reduction of COF-NO2 instead of preparing directly 
via Povarov reaction. In short, the COF-NO2 and COF-NH2 with special 
functions were smoothly prepared from TPB-DMTP-COF through these 
chemical transformations. 

To confirm the rational conversion of COFs, several characterization 
methods were implemented, and the results as follow. Above all, the 
PXRD patterns of as-prepared COFs (TPB-DMTP-COF, COF-NO2 and COF- 
NH2) were performed to verify the crystalline structure of COFs before 
and after functionalization. As shown in Fig. 1a, the PXRD pattern of TPB- 
DMTP-COF was identical with that reported in the previous paper [39], 
which likewise peaked at (100), (110), (200), (210), (220), and (001) 
facets, proving the successful synthesis of the matrix COF, and thus 
facilitate the further functionalization. In addition, the samples gradually 
presented unsharp absorption peaks with the deepening of functionali-
zation. It is primarily because there are some inevitable effects on 
chemical modification process, favorable or unfavorable, can change the 
structure of materials. Compared to TPB-DMTP-COF, the COF-NO2 
exhibited similar high crystallinity, demonstrating the preservation of the 
matrix COF. After reduction, the pattern of COF-NH2 still displayed 
(100), (200) and (001) peaks, suggesting that the COF-NH2 kept crystal 
structure, though its crystallinity decreased. 

The successful introduction of the functional groups into COFs were 
verified using FTIR. Clearly, there were some variations between these 
three samples in FTIR spectra (Fig. 1b). The peak at ~1600 cm− 1 existed 
in the spectra, ascribing to C––N bonds stretching of skeletons for the 
imine-linked COFs. A comparison of COF-NH2 with COF-NO2 showed, 
there were new peaks appear at around 3360 and 3210 cm− 1 which 
assigned to –NH2 stretching vibrations, verifying the COF-NO2 was 

reduced to COF-NH2. And the peak observed at 1346 cm− 1 that corre-
sponded to –NO2 for COF-NO2 was diminished in the spectrum of COF- 
NH2, further supported the reduction of COF-NO2 to COF-NH2. 

In addition, the chemical composition of functionalized COFs was 
investigated by XPS. As shown in the spectrum of N 1s for COF-NO2 
(Fig. 1c), the most notable was a clear signal at 405.9 eV which corre-
sponds to –NO2 [40], proving the graft of –NO2 onto TPB-DMTP-COF 
was feasible. Besides, the peak at approximately 399.3 eV was consistent 
with the formation of quinoline which could enhance the stability of 
COFs. And the pristine C––N bonds of TPB-DMTP-COF was also observed 
at 398.3 eV in the N 1s spectrum of COF-NO2 as well as COF-NH2. 
Especially, there was a new peak (~400.3 eV) assigned to –NH2 present 
while the signal of nitro group (405.9 eV) disappeared in Fig. 1d, sug-
gesting that –NO2 was reduced to –NH2 as predicted. 

Furthermore, the water contact angle test was also implemented to 
demonstrate the successful introduction of –NO2 and –NH2 for TPB- 
DMTP-COF (Fig. 1e). Remarkably, the water contact angle changed for 
the incorporation of different functional groups. The nitro group, a 
hydrophobic group, could increase the hydrophobicity of COFs that 
the water contact angle rose from 62◦ to 80◦ (COF-NO2). Subse-
quently, the water contact angle was decreased on account of the 
incorporation of –NH2 which was hydrophilic, making the COF-NH2 
displayed a high affinity for water. These results proved that the 
–NO2 and –NH2 were anchored expectedly in the TPB-DMTP-COF, as 
well as pave the way to tailor the COFs surface wettability via func-
tional group tuning. 

The porous structures and properties, such as specific surface area, 
pore volume and pore size distribution, were vital for a porous material. 
It was studied through N2 adsorption-desorption analysis, performed at 
77 K and the results were given in Fig. 2 and Table 1. Based on the IUPAC 
classification, it could be found that the N2 adsorption-desorption 
isotherm of TPB-DMTP-COF showed type IV (Fig. 2a), indicative of 
mesoporous materials. Concerning the COF-NO2 and COF-NH2, the 
isotherms belonged to a combination of type I and II, which corre-
sponded to microporous materials. The pore size distribution (Fig. 2b) 
convincingly demonstrated the above results that the pore width of COF- 
NO2 and COF-NH2 were 2.06 and 2.02 nm, respectively. Apparently, 
with the degree of functionalization heightened, the pores of these 
samples were gradually reduced, but the changes were minor. The 
Brunauer-Emmet-Teller (BET) specific surface area of them likewise 
vary, which reduced from 679 m2 g− 1 to 282 m2 g− 1 (Fig. S2-3). And the 
total pore volume of COF-NO2 and COF-NH2 were 0.359 cm3 g− 1 and 
0.146 cm3 g− 1 (Table 1), respectively. It was mainly because the organic 
functional groups had impact on the surface properties of materials, and 
the more chemical transformation, the greater the effect. Specifically, 
the structures of the sample were destroyed inevitably during the 
reduction process that the pores were partially blocked, leading to the 
decrease of the BET specific surface area and total pore volume. In other 

Fig. 2. (a) N2 adsorption-desorption isotherms of TPB-DMTP-COF, COF-NO2 and COF-NH2. (b) Pore-size distribution curves of TPB-DMTP-COF, COF-NO2 and 
COF-NH2. 
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words, the drastic decrease of the BET specific surface area and total 
pore volume was due to the structure defect of COFs, which was 
embodied in its decreased crystallinity and exemplified by the PXRD 
patterns (Fig. 1a). On the upside, the COF-NH2 still remained higher BET 
surface and pore size, which would not impede the subsequent selective 
adsorption processes. Additionally, the periodic porous structural 
feature of TPB-DMTP-COF was visualized by TEM, as shown in Fig. S4. 

The adsorption assays toward those three NSAIDs contaminants 
(KTP, IBP and NPX, Fig. 3a) were conducted to investigate the selective 
capture performance of COF-NO2 and COF-NH2, respectively. And the 
influence of the structure of adsorbent and adsorbate on the adsorption 
capacity was primarily discussed. Fig. 3b displayed the time-dependence 
of adsorption capacity of COF-NO2 at room temperature, showing the 
results of the equilibrium time and adsorption capacity. It could be seen 
that the absorption equilibrium would achieved after 2 h oscillation, 
which the adsorption capacity increased sharply within 120 min, leveled 
off gradually after that. And the equilibrium adsorption capacity 
(Fig. S5) of KTP, IBP and NPX were 70, 94 and 80 mg g− 1, respectively. It 
was attributed to the higher specific surface area (679 m2 g− 1) of COF- 
NO2, which could accommodate more molecules, and generate greater 
adsorption efficiency. Besides, these molecules could also be trapped in 
the pores of COF-NO2, only be desorbed after the structure decomposi-
tion of COF-NO2. Compared to other adsorbents reported previously, the 
COF-NO2 exhibited superior performances considering the adsorption 
capacity for the NSAIDs (Table S2). For instance, the adsorption ca-
pacities of the COF-NO2 toward the IBP were higher than some activated 

carbons [41–43]. In contrast to metal organic framework, the COF-NO2 
also exhibited a better adsorption properties for NPX [12,44]. Unfortu-
nately, there were no remarkable specificity toward any one of the listed 
compounds for COF-NO2 due to the inadequate of specific binding sites 
among them. Although the adsorption kinetic data fitting results 
(Figs. S6–7, and Table S1) showed that there was chemical adsorption 
between the NSAIDs contaminants and COF-NO2, it was just ascribed to 
hydrogen bonds among these molecules (Fig. S8), which could not 
improve the selectivity. Briefly, the COF-NO2 had a good adsorption 
property for the target chemicals, but no significant difference occurred. 
Therefore, the COF-NO2 was reduced to COF-NH2 according to the in-
teractions of diverse functional groups so as to discriminate the KTP 
more effectively, and the results as Fig. 3c showed. 

Markedly, there was a rapid uptake of KTP within 10 min while no 

Fig. 3. (a) The chemical formulas of KTP, IBP and NPX. (b) Effect of contact time on the NSAIDs adsorption using COF-NO2. (c) Effect of contact time on the NSAIDs 
adsorption using COF-NH2. (d) Linear fitting curves with pseudo-second-order kinetic model for the NSAIDs adsorption using COF-NH2. (e) The adsorption capacity 
of COF-NH2 for KTP, IBP and NPX. 

Table 2 
Parameters of the pseudo-first-order and pseudo-second-order kinetic models for 
adsorption of KTP, IBP and NPX onto COF-NH2.   

Adsorbate KTP IBP NPX 

Pseudo-first-order qe,cal (mg g− 1)  9.3  11.3  13.8 
k1 (min− 1)  0.0283  0.0375  0.0486 
R2  0.9131  0.9797  0.9914 

Pseudo-second-order qe,cal (mg g− 1)  34.9  19.4  18.8 
k2 (g (mg min)-1)  0.0029  0.0035  0.0019 
R2  0.9939  0.9954  0.9983  
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significant increase of adsorption capacity for IBP and NPX, though the 
adsorption of them reached equilibrium in 3 h. It might be due to the 
existence of carbonyl group which was component of KTP, provided 
readily combined active sites to COF-NH2. Moreover, the adsorption 
processes were explored through two kinetics models, pseudo-first-order 
and pseudo-second-order model (Fig. S9, Fig. 3d and Table 2). Expressly, 
the correlation coefficients R2 of pseudo-second-order model for these 
three adsorbates were higher than that of pseudo-first-order, which were 
0.9939, 0.9954 and 0.9983, respectively. And the saturated adsorption 
capacity calculated by the equation was close to experimental results. 
Namely, the adsorption kinetic data fitted the pseudo-second-order ki-
netic model well, supporting that chemical adsorption played a major 
part in the processes of adsorbing KTP, IBP and NPX. And the resulting 
selectivity was embodied in its adsorption capacity, exemplified in 
Fig. 3e. Strikingly, the KTP occupied a large portion on the pie chart, 
showing that the adsorption capacity for these three containments on a 
ratio of 2:1:1, which were 33, 18 and 16 mg g− 1, respectively. It could be 
concluded that the COF-NH2 had a higher selectivity to the KTP, though 
its adsorption capacities were lower than activated carbon materials 
(Table S2) [45,46]. This conspicuous selective capture of KTP could be 
attributed to the chemical interactions between the organic molecules 
and COF-NH2, including hydrogen bonds, combination of the carboxylic 
acid and alkaline group (Fig. S10), as well as the strong force that C––N 
bonds between carbonyl and amino group (Fig. S11). What’s important 
was that the presence of carbonyl group, which increased the distinc-
tiveness of KTP. 

Overall, the molecules could quickly be loaded on the surface of COF- 
NO2 and COF-NH2 at first, and then would be adsorbed in the pores of 
samples, the adsorption processes for COF-NO2 were basically 
completed at this juncture. Nevertheless, the COF-NH2 would continue 
to interact with the compounds through chemical bonds, achieving the 
purpose of selective capture. 

4. Conclusions 

To summarize, two crystalline porous organic polymers COF-NO2 
and COF-NH2 were designed and developed to enhance selective 
adsorption ability toward NSAIDs from aquatic effluents via functional 
group tuning. Although the COF-NO2 with higher specific surface area of 
679 m2 g− 1 could considerably capture KTP, IBP and NPX, there was no 
prominent selectivity. As for COF-NH2, the selective adsorption perfor-
mance revealed that the porous adsorbent exhibited twice adsorption 
capacity of KTP as high as IBP and NPX. The adsorption process fitted 
well with pseudo-second-order kinetic model (R2 = 0.9939), demon-
strating the adsorption of KTP onto COF-NH2 was dominated by chem-
ical adsorption. Consequently, the method of functional group tuning 
will accelerate the practical application of covalent organic frameworks 
that require enhanced high selectivity for target molecules in waste-
water treatment. 
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[43] A.C. Fröhlich, R. Ocampo-Pérez, V. Diaz-Blancas, N.P.G. Salau, G.L. Dotto, Three- 
dimensional mass transfer modeling of ibuprofen adsorption on activated carbon 
prepared by sonication, Chem. Eng. J. 341 (2018) 65–74, https://doi.org/ 
10.1016/j.cej.2018.02.020. 

[44] W. Sun, H. Li, H. Li, S. Li, X. Cao, Adsorption mechanisms of ibuprofen and 
naproxen to UiO-66 and UiO-66-NH2: Batch experiment and DFT calculation, 
Chem. Eng. J. 360 (2019) 645–653, https://doi.org/10.1016/j.cej.2018.12.021. 

[45] A.C. Frohlich, G.S. Dos Reis, F.A. Pavan, E.C. Lima, E.L. Foletto, G.L. Dotto, 
Improvement of activated carbon characteristics by sonication and its application 
for pharmaceutical contaminant adsorption, Environ. Sci. Pollut. Res. Int. 25 
(2018) 24713–24725, https://doi.org/10.1007/s11356-018-2525-x. 
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