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A B S T R A C T   

Within this work, a green and facile approach was proposed to modulate NH2-UiO-66 for purpose of obtaining 
SS-NH2-UiO-66-X (“X” implied the dosage of used SS) using seignette salt (SS). The generation of abundant 
vacancies with the formation of hierarchical pores boosted their sorption performance for lead (Pb(II)), which 
strengthened the mass transfer of Pb(II) in SS-NH2-UiO-66-X interior. Particularly, the optimal SS-NH2-UiO-66-5 
exhibited good adsorption capacity toward Pb(II) (186.14 mg g− 1) and fast diffusion rate (32.1 mg g− 1⋅min0.5) at 
25 ◦C and initial pH = 5.46, which were about 34.2 and 66.9 times higher than those of the pristine NH2-UiO-66, 
respectively. SS-NH2-UiO-66-5 could selectively capture the Pb(II) from simulated wastewater containing 
different co-existing ions. The mechanism was proposed that the defect sites played a significant role in boosting 
the Pb(II) capture performance, which was further affirmed by X-ray absorption spectroscopy (XAS) and X-ray 
photoelectron spectra (XPS). The density functional theory calculations (DFT calculations) illustrated that the 
hierarchical pores and rich vacancies enhanced the Pb(II) mobility toward the adsorption active sites and 
reduced the adsorption energy between SS-NH2-UiO-66-X and Pb(II). This defect engineering approach could be 
introduced to modulate other Zr-MOFs like MOF-801, UiO-66 and MOF-808, which presented a general strategy 
to fabricate defective Zr-MOFs for the boosted adsorption performance toward pollutants removal from 
wastewater.   

1. Introduction 

Metal-organic frameworks (MOFs), constructed from metal/cluster 
and organic linkers, were highly porous crystalline materials, which 
attracted increasing attentions from different research fields [1–5]. 
Among the large family, Zr-MOFs, with the merits of the high coordi
nation number, strong chemical stability, huge specific surface area and 
low toxicity [6–8], had propelled Zr-MOFs into the application of 
adsorption for removing various pollutants from wastewater [9]. 
Different from the traditional adsorbents like activated carbon, zeolite, 
and molecular sieve, Zr-MOFs displayed some advantages like highly 
tunable structures, compositions, and pore sizes [10–12]. The pore sizes 
of most previously reported Zr-MOFs were limited to a specific micro
pore range with pore diameter less than 2 nm, which might decrease the 

mass transfer rates, inhibit the pollutant diffusion from substrates to 
adsorption sites [13,14]. Thus, many researchers devoted to developing 
effective approaches to modify different Zr-MOFs for the enhancement 
of sorption capacity. 

Isoreticular expansion was an approach for expanding pore size and 
enlarging surface area [15]. Wang et al. adopted the isoreticular 
expansion strategy to obtain series Zr-MOFs from NU-1101 to NU-1104, 
with the increasing pore size of 24.3, 25.3, 27.9 and 28.7 Å, respectively 
[16]. Defect engineering was an effective strategy to boost the adsorp
tion performance toward pollutants via constructing extra bonding sites 
[17,18]. In recent years, increasing studies began to pay great attention 
in fabricating hierarchical porous Zr-MOFs via modulating and tem
plating (Fig. S1), which could enhance the pore volume and expose 
active sites [11,19]. For instance, Li et al. used different fatty acids as 
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modulators/templates to fabricate HP-UiO-66-XA adsorbents with 
tunable mesopores and different diameters for phosphate removal [20]. 
In Li’s work, the pore volumes of mesopores were 38.8%, 41.7% and 
64.3% for HP-UiO-66(Zr)-FA, HP-UiO-66(Zr)-BA and HP-UiO-66(Zr)- 
OA, respectively, which displayed increasing phosphate sorption ca
pacities from 37.7 mg g− 1 to 186.6 mg g− 1. Cai et al. [21] and Pei et al. 
[22] also prepared HP-Zr-MOFs via the modulation of sodium acetate 
and sodium benzoate to achieve the enhancement of adsorption per
formances toward organic dyes and Dy3+, respectively. In all, the 
modulation approaches using the monocarboxylic acids/salts mainly 
demonstrated two aspects: (i) enlarging pores size and pore volume to 
facilitate targets into the frameworks further increased mass transfer 
rates; (ii) exposing some sorption sites (e.g., unsaturated coordination 
centers) via the absence of linkers or clusters. In fact, the boosted 
sorption performances were primarily contributed to the increasing 
sorption sites. However, few reports concerning vacancies enriched 
defect in MOFs via tuning their structure were available with the pur
pose of providing more sorption sites for pollutants removal. 

Herein, a facile and green post-modification strategy was presented 
by using seignette salt with different concentration to modulate different 
Zr-MOFs (like NH2-UiO-66, UiO-66, MOF-801 and MOF-808) for 
obtaining hierarchical porous adsorbents with abundant vacancies to 
accomplish effective and selective Pb(II) adsorptive removal. With the 
development of smelting industry and the substandard discharge of 
smelting wastewater, the wastewater containing Pb(II) was discharged 
to nature environment [23,24]. The Pb(II) exerted significant risks to 
human health due to that it was inherently toxic to brain tissue, the 
nervous system, and the reproductive system [25]. However, the 
adsorption capacities of the pristine Zr-MOFs toward Pb(II) were poor 
due to that: (i) the limited windows of Zr-MOFs (e.g., MOF-801: ca. 4.8 
Å, UiO-66: ca. 6 Å, MOF-808: ca. 18.4 Å [26,27]) decreased the diffusion 
rate of Pb(II) into the frameworks; (ii) Zr-MOFs lacked abundant sorp
tion sites for Pb(II) uptake. The seignette salt was selected as the 
modulator to finely tune NH2-UiO-66, considering that (i) it could be 
used as a flavoring agent with non-toxic and harmless properties [28] 
and (ii) it was regarded as a good chelating agent to form soluble 
complex with Zr(Ⅳ) in aqueous solution [29]. In the whole modulation 
process, the rich vacancies (the unsaturated coordination oxygen 
groups) will be exposed, and the absence of linkers resulted in the for
mation of hierarchical pores, which provided more opportunities to 
form both Pb-O bonds and Pb-N bonds. Up to now, few studies were 
undertaken to explore the defective Zr-MOFs for boosting its adsorption 
performances toward cationic heavy metal pollutants like Pb(II). This 
study could provide general approach and intensive mechanism insights 
into the defective Zr-MOFs for environmental applications, thus, 
affording a green and promising solution for effective lead removal from 
smelting wastewater. 

2. Materials and methods 

2.1. Chemicals 

Zirconium (IV) chloride (ZrCl4, purity ≥ 99%), benzene-1,4- 
dicarboxylic acid (H2BDC, purity ≥ 99%), 2-aminoterephthalic acid 
(H2BDC-NH2, purity ≥ 99%), 1,3,5-benzenetricarboxylic acid (H3BTC, 
purity ≥ 99%), fumaric acid (H2FA, purity ≥ 99%), zirconium dichloride 
oxide octahydrate (ZrOCl2⋅8H2O, purity ≥ 99%) were brought from J&K 
company. Dimethylformamide (DMF), methanol (MeOH), acetic acid 
(purity ≥ 99.5%) were obtained from Tianjin Fu Chen Chemical Co., Ltd. 
(China). Seignette salt (SS, KNaC4H4O6⋅4H2O, analytically pure) was 
brought from Sinopharm Chemical Reagent Co., Ltd. (China). Lead ni
trate (Pb(NO3)2, analytically pure) was brought from Beijing Chemical 
Reagent Co., Ltd. (China). All chemicals were directly used without 
further purification. 

2.2. Synthesis of defective SS-Zr-MOFs-X 

The pristine MOF-801, UiO-66, NH2-UiO-66 and MOF-808 were 
synthesized following the previous methods [27,30,31] listed in the 
Supporting Information (SI), Section S1. In the main text, the prepara
tion of SS-NH2-UiO-66-X was selected to be described. Briefly, 100.0 mg 
as-prepared NH2-UiO-66 and seignette salt (SS) with different dosage 
(1.0 mmol, 3.0 mmol, 5.0 mmol and 7.0 mmol) were added to 50.0 mL 
deionized water in the glass beaker. Then, the mixture was heated at 
60 ◦C for 10.0 h. Finally, the obtained solid (like SS-NH2-UiO-66-5, the 
number “5′′ implied the added SS was 5.0 mmol) washed with ultra-pure 
water three times, and dried at 60 ◦C for 12.0 h. The fabrication methods 
of SS-MOF-801-X, SS-UiO-66-X and SS-MOF-808-X were identical to that 
of SS-NH2-UiO-66-X. 

2.3. Characterizations 

The physicochemical properties of the as-prepared materials were 
characterized by the powder X-ray diffraction (PXRD), Fourier trans
form infrared spectra (FTIR), scanning electron microscope (SEM), high 
resolution transmission electron microscopy (HR-TEM), X-ray photo
electron spectra (XPS), X-ray absorption spectroscopy (XAS), thermog
ravimetric analyses (TGA), differential scanning calorimetry (DSC), 
elemental analyses (EA), Brunauer-Emmett-Teller (BET), electron 
paramagnetic resonance (EPR). The detail information of the charac
terization techniques as well as density functional theory (DFT) calcu
lations were presented in the SI, Section S4. 

2.4. Batch adsorption experiments 

The Pb(II) adsorption experiments were conducted using Pb(NO3)2 
as the model pollutant. The initial pH of the obtained Pb(II) aqueous 
solution was 5.46, and the required pH of the solution was adjusted by 
HCl or NaOH solutions with suitable concentration. During the 
adsorption procedure, each 2.5 mL solution was filtered using 0.22 μm 
PTFE membrane at specified time intervals to determine the residual Pb 
(II) concentrations by ICP-OES (ICP-5000, Focused Photonics Inc., 
China). The adsorption capacities of NH2-UiO-66 and series SS-NH2- 
UiO-66-X toward Pb(II) were calculated by Eq. S1, Section S2. 

For adsorption kinetic experiments, 20.0 mg of different adsorbents 
were added into a 150.0 mL Pb(II) solution with an initial concentration 
of 15.0 mg L-1. The matrix was shaken with a speed of 170.0 rpm up to 
90.0 min to accomplish adsorption–desorption equilibrium at 25 ◦C and 
pH = 5.46. The kinetic curves were fitted with the pseudo-first-order 
model, pseudo-second-order model along with Weber-Morris intra
particle diffusion model (SI, Section S2), respectively. The adsorption 
kinetic experiments of the optimal adsorbent were tested adopting Pb(II) 
solutions with different initial concentrations (5.0, 15.0, 30.0 and 40.0 
mg L-1). To acquire thermodynamic parameters and the adsorption 
isotherms of the optimal adsorbent, the corresponding adsorption ex
periments were conducted under 15 ◦C, 25 ◦C and 35 ◦C at a stirring 
speed of 170.0 rpm for 120.0 min. The isotherm curves were fitted with 
Langmuir, Freundlich and Dubinin-Radushkevich (D-R) models, 
respectively (SI, Section S2). 

2.5. Cyclic experiments 

20.0 mg of SS-NH2-UiO-66-5 as the optimal adsorbent was added 
into a 100.0 mL Pb(II) solution with 5.0 mg L-1, and the mixture solution 
was shaken up to 90.0 min. To check the regeneration ability, 10.0 mg of 
the exhausted SS-NH2-UiO-66-5 was regenerated by washing with 10.0 
mL of HCl solution (pH = 2.0) at 25 ◦C with the aid of stirring for 1.0 
min. Then, the regenerated adsorbents were washed by ultra-pure water 
four times and dried at 60 ◦C for 6.0 h before the next cycle. All 
adsorption experiments were conducted parallelly three times to ensure 
good reproducibility. 
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2.6. Column experiments 

The fixed-bed column experiments were performed in the solid phase 
extraction (SPE) column (the setup picture was provided in Fig. S11a). 
50.0 mg adsorbents (SS-NH2-UiO-66-5, NH2-UiO-66, zeolite (natural 
zeolite, 1.0 mm – 2.0 mm), resin (D301, 0.5 mm – 1.5 mm) and mo
lecular sieve (4A, 3.0 mm – 5.0 mm)) were packed into the empty SPE 
column. The Pb(II) solution with the concentration of 2.0 mg L− 1 flowed 
through the as-prepared column with a constant flow rate (6.0 mL 
min− 1) with the aid of vacuum pump. 

After breaking through the maximum adsorption capacity, the HCl 
solution (pH = 2.0) was pumped through the SPE column for desorption. 
During the adsorption and desorption processes, 5.0 mL sample was 
collected to determine the Pb(II) concentration at regular intervals by 
ICP-OES. 

3. Results and discussion 

3.1. Characterizations of the defective SS-NH2-UiO-66-X 

The powder X-ray diffraction (PXRD) patterns of the as-prepared 
NH2-UiO-66 and series SS-NH2-UiO-66-X were identical to that of 
NH2-UiO-66 simulated from its single crystal data (CCDC: 1507786), as 
depicted in Fig. 1a, implying that their structures were maintained well 
after defect introduction. However, it was worth noting that the Zr-O 
lattice planes (111) at 7.32◦ was gradually damaged [32] with the 
increasing seignette salt concentration, indicating that the defect con
tent gradually increased. The scanning electron microscope (SEM) im
ages (Fig. 1b–f) demonstrated that the pristine NH2-UiO-66 and series 
SS-NH2-UiO-66-X displayed octahedral morphology with particle sizes 
ranging from 500 nm to 700 nm. Moreover, the main peaks in the 
Fourier transform infrared spectra (FTIR) of series SS-NH2-UiO-66-X 
were retained compared to those of NH2-UiO-66, further affirming the 

pristine structure of defective SS-NH2-UiO-66-X was well maintained 
(Fig. S2). The N2 adsorption–desorption isotherms as well as the pore 
size distribution were conducted to investigate the influence of seignette 
salt on the pore dimensions of SS-NH2-UiO-66-X. As depicted in Fig. S3, 
the pristine NH2-UiO-66 displayed a type I isotherm, indicating the 
typical of a microporous structure. By contrast, all SS-NH2-UiO-66-X 
exhibited typical type Ⅳ isotherms with slight adsorption–desorption 
hysteresis in 0.8 < P/P0 < 1.0, indicating that there were additional 
mesopores in the adsorbents [33,34]. The existence of additional mes
opores in the defective SS-NH2-UiO-66-X was confirmed by the pore size 
distribution plots (Fig. 2a). More excitingly, all SS-NH2-UiO-66-X 
exhibited mesopores (26.0 – 50.0 nm) and macropores (50.0 – 120.0 
nm), which were different from that of NH2-UiO-66 (2.0 – 4.0 nm). 
Combined with Table S1, the effect of seignette salt concentration to
ward the percentage of mesopore volume displayed the saddle-shaped 
curve, in which the pore volume of mesopores increased from 39.67% 
to 70.91% with the dosage of the seignette salt increasing from 1.0 to 
5.0 mmol. As shown in Fig. 1g–j, the high-resolution transmission 
electron microscopy (HR-TEM) directly demonstrated that the local 
magnification of SS-NH2-UiO-66-5 (Fig. 1j) displayed obvious defect 
compared to NH2-UiO-66 (Fig. 1h). The d spacings of 2.3 Å corre
sponded to the (111) planes of NH2-UiO-66 [35], indicating that SS- 
NH2-UiO-66-5 kept good crystallinity after the modulation process. 

The generation of hierarchical pores was mainly attributed to the 
linkers or clusters missing [13]. Thermogravimetric analyses (TGA), 
electron paramagnetic resonance (EPR), X-ray photoelectron spectra 
(XPS) and CHNO elemental analyses (EA) were conducted to explain the 
effects of seignette salt with different dosages on the structural charac
teristics of the pristine NH2-UiO-66 and the defective NH2-UiO-66. The 
TGA was adopted to qualitatively clarify the thermal decomposition 
properties of the samples [36,37]. As shown in Fig. 2b and c, two weight 
loss regions could be detected in the TGA curves with the increasing 
temperature: (i) the physically adsorbed and the lattice water (50 ◦C −

Fig. 1. (a) The PXRD patterns of NH2-UiO-66 and series SS-NH2-UiO-66-X, and (b-f) their corresponding SEM images. HR-TEM images of (g, h) NH2-UiO-66 and (i, j) 
SS-NH2-UiO-66-5. 
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290 ◦C) [38]; (ii) the linkers (BDC-NH2) decomposition (300 ◦C −
640 ◦C) followed by an noticeable exothermic peak in the DSC plot 
(Fig. S4a and b) [39]. The calculated weight losses of ligands in NH2- 
UiO-66 and SS-NH2-UiO-66-5 were 105.0% and 87.0% in range of 
300 ◦C − 640 ◦C, in which the coordination numbers of Zr-O cluster in 
NH2-UiO-66 and SS-NH2-UiO-66-5 were calculated as 5.05 and 4.19, 
respectively (the detailed calculation about the TGA results was given in 
SI, Section S2). Theoretically, each [Zr6O4(OH)4] cluster in NH2-UiO-66 
was coordinated and stabilized by at least six BDC-NH2 linkers [20], 
indicating that the [Zr6O4(OH)4] cluster in SS-NH2-UiO-66-5 were not 
easy to miss completely. The decrease of characteristic element N in the 
EA results (Table S2) also confirmed the miss of the partial linkers after 
the modulation process. For instance, the mean miss number of BDC- 
NH2 linker from the results of EA was 1.0 which was in good agreement 
with the difference between NH2-UiO-66 and SS-NH2-UiO-66-5 as well 
as the average miss number of TGA (0.86). As depicted in Fig. S5, the 
EPR spectrum of the NH2-UiO-66 displayed a peak at g = 2.004 [40,41], 
which might be attributed to the original oxygen vacancies upon the 
addition of acetic acid in the synthesis process. After the modulation 
process, the spectrum displayed a noticeable peak with the same g value, 
indicating that an increasing amount of uncoordinated and defective Zr 
(IV) centers in the frameworks existed. Moreover, the defects content 
increased considerably with the increasing seignette salt concentration. 
Due to the existence of rich uncoordinated Zr(IV) centers and –OH group 
compensation (–OH) model [20], the Zr-OH peak (531.8 eV) [42] areas 
in the O 1 s signal (Fig. 2d) exhibited a significant increase from 22.1% 
of the pristine NH2-UiO-66 to 40.7% of SS-NH2-UiO-66-5. In addition, 
the XPS, EA, X-ray absorption near-edge spectroscopy (XANES) and 
extended X-ray absorption fine structure (EXAFS) results affirmed that 
the seignette salt led to partial missing of Zr on the Zr-O clusters in NH2- 
UiO-66 without destroying the cluster framework further confirming the 
rich Zr vacancies in the SS-NH2-UiO-66-5, as depicted in Fig. 3 (structure 
diagram of Zr-O cluster). In the O 1s signal (Fig. 2d), a blue shift of 0.42 
eV happened to the binding energy of Zr-O-Zr peak of NH2-UiO-66 and 
SS-NH2-UiO-66-5 with the peak areas decreasing from 45.3% to 33.4%, 
indicating that partial Zr-O-Zr bonds were broken during the defect 
fabrication process [43]. As shown in Table S2, the Zr element mass 
percentages of all adsorbents did not change significantly even though 
there was a large amount of ligand loss. It was observed from the TGA 

results that it was not easy to cause the missing Zr-O cluster in the 
modulation process. If the theoretical ligand weight loss was supple
mented, the Zr element mass percentages of SS-NH2-UiO-66-X (e.g., the 
Zr element mass percentage of SS-NH2-UiO-66-5 was 31.4%) will 
decrease compared to that of NH2-UiO-66 (34.9%). The uncoordinated 
oxygen required to combine with hydrogen to maintain a stable state, 
explaining why the Zr-OH peak areas (Fig. 2d) of SS-NH2-UiO-66-5 
exhibited a noticeable increase in comparison with that of NH2-UiO-66. 
The XANES spectra (Figs. 2e and S6) illustrated that the Zr oxidation 
state did not significantly change after modulation by seignette salt. 
However, it was non-negligible that the intensity of white line (first 
resonance after the edge) increased after the modulation process. Ac
cording to previous reports, the intensity decline of the white line might 
be attributed to the loss of BDC-NH2 in the outermost coordination shell 
around Zr centers [39,44]. Thus, the intensity increase of the white line 
may be considered to the loss of Zr on the Zr-O cluster. The EXAFS 
spectra displayed the local coordination surrounding of the Zr centers, in 
which the two primary peaks at 1.7 and 3.1 Å could be ascribed to the 
Zr-O and Zr-Zr, respectively (Fig. 2f, S7 and Tables S3) [39]. It was 
obviously observed that significant shifts happened to the Zr-O and Zr-Zr 
peak positions of NH2-UiO-66 and SS-NH2-UiO-66-5. The blue shift of 
the Zr-O peak happened in NH2-UiO-66 and SS-NH2-UiO-66-5, which 
could be attributed to the formation of oxygen vacancy and the intro
duction of OH–/H2O into the framework [41]. The change of Zr-Zr peak 
width and the decrease of Zr-Zr coordination number were attributed to 
the missing Zr in the Zr-O cluster, which agreed well the results of TGA, 
EA and XPS. The introduction of seignette salt not only resulted in the 
formation of hierarchical pores but also generated more active sites (Zr 
vacancies), which was different from the previous approaches 
[13,20,21,43] (Fig. S1). Combining the above-mentioned results, the Zr 
atoms in the pristine NH2-UiO-66 were coordinately saturated with 
BDC-NH2 ligands to build uniform micropores (Fig. 3a). During the post- 
modification process, the introduced seignette salt would take away 
partial Zr atoms in the prefect NH2-UiO-66 via chelating interactions. 
The missing zirconium could subsequently cause the loss of the linkers, 
further resulting in the generation of oxygen vacancy and hierarchical 
pores. Meanwhile, the missing Zr atoms on the Zr-O cluster could yield 
the uncoordinated oxygen (Zr vacancies), as described in Fig. 3b. 
Considering the above-mentioned results, it was affirmed that SS-NH2- 

Fig. 2. (a) The pore size distributions curves (the BJH desorption model) of NH2-UiO-66 and series SS-NH2-UiO-66-X. TGA curves of (b) NH2-UiO-66 and (c) SS-NH2- 
UiO-66-5. (d) The spectra of O 1s of pristine NH2-UiO-66 and SS-NH2-UiO-66-5. (e) XANES and (f) EXAFS spectra of the Zr K-edge in NH2-UiO-66 and SS-NH2-UiO- 
66-5. The experimental and calculated curves were plotted as black/red lines and black/red open circles, respectively. 
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UiO-66-X with hierarchical pores and abundant vacancies (Zr vacancies 
and oxygen vacancies) were successfully synthesized. 

3.2. Lead adsorption performance of the SS-NH2-UiO-66-X 

The adsorption capacity and adsorption rate were the two significant 
factors for efficient removal of pollutants from water solution. All the SS- 
NH2-UiO-66-X demonstrated superior adsorption capacity and rate to
ward Pb(II) to the pristine NH2-UiO-66 (Fig. 4a), in which the SS-NH2- 
UiO-66-5 was considered as the optimal adsorbent due to the highest 
adsorption rate and adsorption capacity. The adsorption kinetic curves 
fitted better with pseudo-second-order model (R2 > 0.99) than pseudo- 
first-order model, implying that the adsorption process was dominated 
by chemical adsorption (Table S4) [45]. The Weber-Morris intraparticle 
diffusion model was adopted to explore the intraparticle diffusion pro
cess. As described in Fig. 4b and Table S5, compared with pristine NH2- 
UiO-66 (k1, 0.48 mg g− 1 min0.5), the optimal adsorbent SS-NH2-UiO-66- 
5 exhibited rapid liquid film diffusion rate (k1, 32.09 mg g− 1 min0.5), due 
to the presence of uncoordinated oxygen and the negative surface zeta 
potential (Fig. S8a). It was worth noting that the presence of abundant 
uncoordinated oxygen could perfectly explain why the zeta potential of 
SS-NH2-UiO-66-5 decreased quicker at high pH than that of NH2-UiO- 
66. This conclusion was also agreed well with the results of EA 
(Table S2) and XPS. Moreover, the internal diffusion rate (k2) displayed 
the saddle-shaped curve with the increasing seignette salt dosage, which 
was consistent with the change of mesopore volume percentage. As well, 
the internal diffusion rate followed the order SS-NH2-UiO-66-5 (6.60 mg 
g− 1 min0.5) > SS-NH2-UiO-66–3 (5.69 mg g− 1 min0.5) > SS-NH2-UiO-66- 
7 (3.64 mg g− 1 min0.5) > SS-NH2-UiO-66-1 (2.58 mg g− 1 min0.5) > NH2- 
UiO-66 (0.21 mg g− 1 min0.5). Due to the presence of the large pore di
mensions and rich vacancies, the time required to accomplish the Pb(II) 
adsorption–desorption equilibrium was cut from 90.0 min (NH2-UiO- 
66) to 30.0 min (SS-NH2-UiO-66-X), implying that the formed hierar
chical pores could significantly boost the mass transport of Pb(II), and 
the uncoordinated oxygen offered more active sites within SS-NH2-UiO- 
66-X. As described in Fig. S9, SS-NH2-UiO-66-5 could reach adsorption 
equilibrium within 60.0 min under both low-concentration (5.0 mg L-1) 
and high-concentration (40.0 mg L-1) Pb(II) solution. And it could 
demonstrate 100% removal efficiency within 15.0 min for 5.0 mg L-1 Pb 

(II) solution. The adsorption kinetic curves still fitted well with pseudo- 
second-order model (Fig. S9 and Table S6). Meanwhile, because seig
nette salt induced the missing Zr atoms on the Zr-O cluster, and further 
led the loss of the ligands in frameworks. Thus, other Zr-MOFs like UiO- 
66, MOF-801 and MOF-808 assembled from H2BDC, H2FA and H3BTC 
were selected to be treated by SS via the identical modulation strategy to 
boost their adsorption performances, as seen in Fig. S10. 

Fig. 4c demonstrated the Pb(II) adsorption capacities of SS-NH2-UiO- 
66-5 as a function of Pb(II) concentration under different temperature 
(15 ◦C, 25 ◦C and 35 ◦C). The isotherms fitted better with Langmuir 
model (R2 > 0.99) than Freundlich and D-R models (Freundlich R2 >

0.93, D-R R2 > 0.87), demonstrating that the sorption process originated 
from a monolayer adsorption (Table S7) [46]. As revealed by the 
adsorption isotherm experiments, the maximum adsorption capacity 
(qmax) of SS-NH2-UiO-66-5 was 186.14 mg g− 1 at 25 ◦C within 90.0 min, 
which was about 34.2 times higher than that of pristine NH2-UiO-66 
(5.44 mg g− 1). Significantly, the adsorption efficiency of SS-NH2-UiO- 
66-5 was higher than those of most other types of adsorbents reported 
previously like Chitosan nanofibrils [47], PBC@SiO2-NH2 [48], Palm 
shell activated carbon [49]. In addition, the enhancement of both 
adsorption rate and adsorption capacity of SS-NH2-UiO-66-5 was better 
than those of the counterpart adsorbents like UiO-66-PTC and UiO-66- 
RSA (Table S9) [50,51]. Further, according to the Langmuir model, all 
the standard free energy change (ΔG0), enthalpy change (ΔH0) and 
entropy change (ΔS0) were calculated and listed in Table S8. In detail, 
the value of ΔG0 from − 28.19 to − 31.3 kJ mol− 1 implied that the whole 
adsorption process was spontaneous, which could be ascribed to the 
physical adsorption and chemical adsorption [52]. The positive ΔH0 

value (16.47 kJ mol− 1) of the adsorptive interaction between SS-NH2- 
UiO-66-5 and Pb(II) implied the endothermic adsorption process [53]. 
The ΔS0 (− 155.3 J mol− 1 K− 1) of the adsorption between SS-NH2-UiO- 
66-5 and Pb(II) was negative, indicating that the interface tended to be 
orderly in the adsorption process [54]. 

The cyclic experiments and the fixed-bed column experiments were 
adopted directly to evaluate the practicality of SS-NH2-UiO-66-5 for Pb 
(II) adsorption. As depicted in Fig. 4d, > 90% removal efficiencies (5.0 
mg L-1, sorbent dose = 200.0 mg L-1) can be accomplished within 60.0 
min over SS-NH2-UiO-66-5 after five cycles experiments. Only 20.0 mL 
HCl solution (pH = 2.0) was utilized to wash the used sorbent within 1.0 

Fig. 3. The Schematic illustration for (a) pristine NH2-UiO-66 and (b) defective SS-NH2-UiO-66-X.  
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min of shaking, achieving efficient desorption (> 75%) and regenera
tion. Meanwhile, the stability of SS-NH2-UiO-66-5 was further 
confirmed by PXRD (Fig. 5a), FITR (Fig. 5b) and SEM (Fig. 5c and d). In 
addition, we selected 1.0 mg L-1 as the limiting value (the emission 
standard of discharge standards for pollutants from lead and zinc in
dustry (GB 25466-2010)). The results of fixed-bed column experiments 
(Fig. 4e) indicated that the as-prepared SS-NH2-UiO-66-5 (50.0 mg) 
could purify 3800 mL simulated Pb(II)-containing wastewater (initial 
concentration: 2.0 mg L-1), which was higher than those of NH2-UiO-66 
(50.0 mg, 600 mL), zeolite (50.0 mg, 625 mL), resin (50.0 mg, 800 mL) 
and molecular sieve (50.0 mg, 850 mL) under the identical conditions. 
Afterwards, these exhausted samples were subjected to in situ desorp
tion by washing with HCl solution (pH = 2.0). As depicted in Fig. S11b, 
less than 300.0 mL desorption agent was required to wash the SS-NH2- 

UiO-66-5, indicating that it possessed potentially excellent preconcen
tration function toward Pb(II). Furthermore, the Zr dissolution of SS- 
NH2-UiO-66-5 during the column tests all keep at a low level (less than 
1.16 mg L-1) (Fig. S12). Overall, these results confirmed high adsorp
tion/desorption performance of SS-NH2-UiO-66-5, indicating that it 
could be expected for the long-term adsorption applications and even for 
the sample pretreatment for the real environment simples. 

3.3. Mechanism of Pb(II) removal using SS-NH2-UiO-66-5 

After the adsorption of Pb(II), the HR-TEM and the corresponding 
elemental mapping (Fig. S13) showed the uniform distribution of Pb(II) 
throughout the used NH2-UiO-66 and SS-NH2-UiO-66-5. The results of 
zeta potential (Fig. S8a) demonstrated the potentials of both SS-NH2- 

Fig. 4. Pb(II) adsorption (a) kinetic curves and (b) intra-particle diffusion curves (pH = 5.46, T = 25 ◦C) over NH2-UiO-66 and SS-NH2-UiO-66-X, respectively. (c) 
Lead adsorption isotherms of SS-NH2-UiO-66-5 under different temperature. (d) Cyclic stability experiments of the SS-NH2-UiO-66-5, eluent: HCl solution (pH = 2.0), 
sorbent dosage = 200.0 mg L-1, Pb(II) = 5.0 mg L-1, initial pH = 5.46, T = 25 ◦C. (e) Breakthrough curves of NH2-UiO-66, SS-NH2-UiO-66-5, zeolite, resin, and 
molecular sieve. (f) The effect of competitive anions for Pb(II) removal over SS-NH2-UiO-66-5, NH2-UiO-66, zeolite, resin, and molecular sieve in simulated lead 
smelting wastewater. Experiments condition: sorbent dose = 200.0 mg L-1, initial pH = 5.47, T = 25 ◦C. 
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UiO-66-5 (-112.9 mV) and NH2-UiO-66 (− 82.8 mV) were negative at pH 
= 5.46. Thus, electrostatic interaction between Pb(II) and both SS-NH2- 
UiO-66-5 and NH2-UiO-66 contributed primarily to the adsorption 
process. After the adsorption of Pb(II) by pristine NH2-UiO-66, the N 1 s 
spectrum (Fig. S13h) showed that a shift of ca. 0.23 eV to lower binding 
energy occurred, demonstrating that the –NH2 functional groups 
showed high affinity with Pb(II) [48]. After the adsorption of Pb(II) by 
SS-NH2-UiO-66-5, the characteristic peak of Pb 4f appeared in the XPS 
survey scan (Fig. S13c). The peak of Pb 4f could be divided into Pb 4f5/2 
(139.30 eV) and Pb 4f7/2 (144.12 eV) corresponding to Pb(OH)2 and Pb 
(II), respectively [55,56], indicating that a chelate form between the N 
and O on the SS-NH2-UiO-66-5 with Pb(II). As shown in Fig. S13e, a shift 
of ca. 0.12 eV to higher binding energy occurred, which could attribute 
to the formation of Zr-O-Pb [57]. And the N 1 s spectrum (Fig. S13f) 
showed that a red shift of 0.24 eV happened to the binding energy of 
–NH after adsorption, demonstrating that the N atoms in the –NH2 
functional groups were chelated with Pb(II) [51,58]. Thus, the results of 
XPS showed that both Zr-OH and –NH2 chelated with Pb(II) to achieve 
the adsorption. The EXAFS spectra (Figs. 6 and S14) displayed that the 
generation of sorption sites by defect engineering played a significant 
role during the adsorption process. The XANES spectra demonstrated 
that the intensity of white line (first resonance after the edge) was 
decrease after the adsorption process. The intensity decrease of white 
line may be attributed to the formation of Pb-O bonds on the Zr-O 
cluster. After the adsorption process, the signals of Zr-Zr/Pb appeared 
in the EXAFS spectra of SS-NH2-UiO-66-5(Pb), further affirming that the 
formation of bond between Pb and uncoordinated oxygen on the Zr-O 
cluster. Moreover, if the Zr-Zr or Zr-Pb was fixed, the increase of un
certainty further indicated that Zr-Zr and Zr-Pb were presented on the 
Zr-O cluster. Thus, the appearance of Zr–Pb peak further confirmed 
there were rich sorption sites in the Zr–O cluster, and the change of 
intensity and symmetry of the Zr–O peak after adsorption were 

attributed to the formed Zr–O–Pb bonds. 

3.4. DFT calculations 

To clarify the influence of missing BDC-NH2 and Zr vacancies in SS- 
NH2-UiO-66-5 toward selective uptake Pb(II), the possible interaction 
situations between the perfect NH2-UiO-66/defective SS-NH2-UiO-66-5, 
and the various heavy metal ions like Pb(II), Cd(II), Tl(I/III) and Zn(II) 
were explored at the molecule level with the aid DFT calculations. The 
sorption energy coordination (N-Pb, MM, mononuclear monodentate) of 
perfect unit cell NH2-UiO-66 (Fig. 7a and b) was calculated as − 0.971 
eV, indicating that the adsorption behavior was a spontaneous process 
[20]. After modulation with seignette salt, the missing linker and zir
conium defects were shown in Fig. 7f, g and k. it was worth noting that 
the corresponding adsorption energy (N-Pb (MM)) in the missing linker 
defects was − 1.394 eV, which was smaller than that in the perfect unit 
cell. The results indicated that the formed hierarchical pores in SS-NH2- 
UiO-66-5 contributed primarily to the boosting adsorption affinity to
ward Pb(II) and accelerating the transport of Pb(II) toward sorption 
active sites. Moreover, apart from the N-Pb (MM) coordination, other 
sorption pathways were also observed (O-Pb (BB, binuclear bidentate)). 
The O-Pb interaction displayed that these uncoordinated oxygen atoms 
(Zr vacancies) due to the missing zirconium on the Zr-O cluster offered 
another direct combination form toward Pb(II) (Fig. 3b), and the 
adsorption energy (− 1.954 eV) of O-Pb coordination was lower than 
that of both perfect and defect unit cell. The induced hierarchical pores 
and vacancy-rich defects by seignette salt formed some adsorption sites, 
which strengthened the mass transport of Pb(II) within SS-NH2-UiO-66- 
5 to shorten the time to achieve the Pb(II) uptake equilibrium. In 
addition, to affirm the mechanism of selective sorption over SS-NH2- 
UiO-66-5 toward Pb(II), the adsorption energies of some adjacent toxic 
metal ions (Cd(II), Tl(I/III) and Zn(II)) with Pb(II) in periodic table were 

Fig. 5. (a) The PXRD, (b) FTIR spectra of the pristine SS-NH2-UiO-66-5 and the used one after five cyclic adsorption and desorption experiments. The SEM images of 
SS-NH2-UiO-66-5 after five cyclic (c) adsorption and (d) desorption experiments. 
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Fig. 6. (a) XANES and (b-d) EXAFS spectra of the Zr K-edge in SS-NH2-UiO-66-5 and after adsorption (SS-NH2-UiO-66-5 (Pb)). Experimental and calculated c1urves 
were displayed as black/red lines and black/red open circles, respectively. 

Fig. 7. DFT calculation models for different heavy metal atoms and structures: (a) perfect NH2-UiO-66 unit cell, (b) N-Pb (MM) (c) N-Cd (MM) (d) N-Tl (MM) (e) N- 
Zn (MM) coordination between perfect NH2-UiO-66 and heavy metal pollutants, (f) the defective NH2-UiO-66 with missing linkers and Zr unit cell, (g) N-Pb (MM) (h) 
N-Cd (MM) (i) N-Tl (MM) (j) N-Zn (MM), (k) O-Pb (BB), (l) O-Cd (BB), (m) O-Tl (BB), (n) O-Zn (BB) coordination between defective NH2-UiO-66 and heavy metal 
pollutants. Cyan for Zr, and red for O from the Zr-O cluster, bule for N from BDC-NH2. 
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calculated. SS-NH2-UiO-66-5 possessed lower adsorption energy toward 
Pb(II) than those of other metal ions, which was in good agreement with 
corresponding experiment (Fig. S15). The results of distribution co
efficients (KQ, mL g− 1, the details were given in the SI, Section S3) dis
played that the binding affinity followed the order Pb(II) (26.43 mL g− 1) 
> Cd(II) (0.85 mL g− 1) > Tl(I/III) (0.46 mL g− 1) > Zn(II) (0.28 mL g− 1). 
The DFT calculation results were agreed well with the experimental 
results, affirming the proposed mechanism of selective adsorption of SS- 
NH2-UiO-66-5 toward Pb(II). 

3.5. Environmental application 

The efficiency of sorbents for uptake Pb(II) was easily influenced by 
pH values in aqueous solution [50]. Moreover, it was expected that the 
sorbent could keep long-term stability in aqueous solution. Thus, the Pb 
(II) adsorption and corresponding Zr(Ⅳ) dissolution experiments were 
performed at pH = 2.01, 3.04, 4.06, 5.02 and 5.46. Some metal com
plexes (Fig. S8b) like Pb(OH)2aq, Pb2OH3+, PbOH+, Pb(OH)3

- and so on 
might be produced in solution with higher pH [59]. Therefore, the 
optimal pH was explored under acidic conditions. As shown in Fig. S16, 
the SS-NH2-UiO-66-5 exhibited the highest Pb(II) adsorption capacity at 
pH = 5.46. At lower pH, the adsorbent was easily protonated due to the 
massive H+ ions, in which the electrostatic repulsion inhibited the 
adsorption interactions between SS-NH2-UiO-66-5 and Pb(II) [60]. This 
pH value was also more in line with the actual pH in the nature envi
ronment. In addition, the results of the concentrations of leached-out Zr 
demonstrated that the zirconium dissolution was 0.24 mg L-1 at pH =
5.46, indicating that the adsorbent maintained the outstanding water 
stability. 

To further explore the efficiency of SS-NH2-UiO-66-5 for Pb(II) 
removal in practical environments, the effect of adsorption behavior the 
simulated wastewater formulated by tap water and lake water along 
with the simulated lead smelting wastewater were examined as well 
(Tables S11 and S12). As depicted in Figs. S17 and S18, SS-NH2-UiO-66- 
5 could remove nearly 100% Pb(II) in the simulated wastewater 
formulated with real tap and lake water within 60.0 min. Fig. 4f indi
cated that SS-NH2-UiO-66-5 displayed good selective adsorption even 
though there were many other co-existing metal ions in simulated lead 
smelting wastewater. By contrast, other sorbents showed a weak 
adsorption ability and selectivity toward Pb(II) in wastewater. More
over, the distribution coefficients (KQ, mL g− 1) and selectivity co
efficients (K, the details were given in the SI, Section S3) were also 
introduced to check the selective adsorption toward Pb(II) in solution by 
SS-NH2-UiO-66-5, NH2-UiO-66, zeolite, resin, and molecular sieve 
(Table S14). As to SS-NH2-UiO-66-5, the KQ (93.14 mL g− 1) value of Pb 
(II) was larger than other ions like Cd(II), Zn(II), As(III), Hg(II) in the 
wastewater, demonstrating that the SS-NH2-UiO-66-5 displayed the 
strongest adsorption interaction and highest removal rate toward Pb(II). 
In addition, SS-NH2-UiO-66-5 displayed larger selectivity coefficient K 
value for ions matrix in the simulated wastewater [51], indicating that 
its functional group as well as vacancies formed weak affinity with the 
co-existing metal ions. 

4. Conclusions 

In conclusion, a new type of defects had been rationally designed and 
fabricated using different concentration seignette salt to modulate Zr- 
MOFs especially NH2-UiO-66, which was affirmed by XPS, EPR, TGA, 
EA, XANES and EXAFS. The expansion of pore dimension and increase of 
adsorption sites vastly boost its adsorption capacity toward Pb(II). 
Among the as-prepared SS-NH2-UiO-66-X adsorbents, SS-NH2-UiO-66-5 
demonstrated the best adsorption performance due to the presence of 
mesopores and macropore, more adsorption sites (unsaturated coordi
nation centers). The maximum adsorption capacity of SS-NH2-UiO-66-5 
reached 186.14 mg g− 1 at 25 ◦C and initial pH = 5.46, which was about 
34.2 times higher than that of pristine NH2-UiO-66. Moreover, SS-NH2- 

UiO-66-5 displayed excellent Pb(II) selectivity in simulated wastewater 
(tap lake, lake water and lead smelting wastewater). The XPS and EXAFS 
results demonstrated that the uncoordinated oxygens on the Zr-O cluster 
and the N atoms in the –NH2 functional groups played significant roles 
for the enhanced Pb(II) adsorption process. The DFT results further 
illustrated the significant influence of the formed defects in SS-NH2-UiO- 
66-X for boosting the adsorption interaction toward Pb(II) by con
structing massive active bonding sites and boosting the mass transfer of 
Pb(II) in SS-NH2-UiO-66-X framework. Further investigation will be 
conducted to provide a universal toolkit for modulating tunable porous 
frameworks with facile synthetic approach for effective pollutants 
removal. 
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