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A B S T R A C T   

In this work, we report novel amine-functionalized zirconium-based metal organic frameworks (MOFs) for the 
efficient and selective removal of Pb (II) in concentrated multi-component heavy metal ions systems. Pristine 
UiO-66 and UiO-67 MOFs were grafted with thiourea and amidinothiourea via a facile one-step post synthetic 
modification. This is the first report on grafting of amidinothiourea onto MOFs. Successful grafting was 
confirmed by Fourier transform infrared spectroscopy, X-ray diffraction and X-ray photoelectron spectroscopy. A 
mechanism involving dehydration, ionization and coordination steps was proposed for grafting and subsequent 
Pb (II) binding. The microporous amidinothiourea modified UiO-66 and UiO-67 MOFs demonstrated excellent 
performance in their high maximum adsorption capacities of 246 and 367 mg.g−1, respectively, as well as their 
remarkable selectivity for Pb (II) ions in highly concentrated multi-ion solutions. This is, in addition, to their 
effective removal efficiencies which reached up to more than 95% at a high range of Pb (II) concentrations 
(25–250 ppm). Furthermore, the structural stability of the MOF crystals was maintained after adsorption and the 
MOF was completely regenerated for up to four cycles. The developed MOFs can thus be utilized as reliable 
adsorbents for Pb (II) removal from industrial wastewater effluents.   

1. Introduction 

The increase in global industrial activities has led to the discharge of 
hazardous heavy metals that are either biologically toxic or carcinogenic 
into the natural water bodies [1]. Lead is a major water contaminant 
that has significant negative impacts on human health and the envi
ronment [2]. With regard to health, lead can cause central nervous 
system damage and deterioration in the brain function, in addition to 
failure in kidney, liver, and the reproductive system [3]. According to 
the Institute of Health Metrics and Evaluation of the US, lead exposure in 
2015 accounted for about half a million of deaths and loss of about nine 
million lives among adults above 15 years of age [4]. Lead diffuses into 
natural water bodies through the discharge effluents of battery manu
facturers, lead smelters, printing and mining industries, and it adversely 
affects the marine environment [5,6]. 

Adsorption is a promising technique for water treatment due to its 
potential efficiency, selectivity, and suitability for scaling up, in addition 
to the reusability of its adsorbents. It utilizes various inorganic adsor
bent materials such as zeolites, activated carbon, activated silica, carbon 
nanotubes; or organic materials such as polymeric resins, or a hybrid of 
the two. However, these materials might suffer from low adsorption 
capacities due to their insufficient surface area, low selectivity or diffi
culty in regeneration [7,8]. The utilization of metal organic frameworks 
(MOFs) as adsorbent materials shows potential for overcoming these 
drawbacks since they offer highly porous structures with large internal 
surface areas which enhance their uptake capacity [9]. Their 
well-defined pores and channel structures which allow for tailorable 
guest-host interactions can potentially enhance their selectivity [8,10]. 

The interactions of MOFs with heavy metals can be tuned via their 
functionalization or modification, which is achieved by incorporating 
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new functional groups into their structure. Although the modification 
can be performed prior to or during MOF synthesis, however, post 
synthetic modification (PSM) is recommended to avoid interference of 
the new functional groups with the formation of the MOF [11]. Modi
fication of the MOF could be realized through non covalent interactions, 
coordinate interactions, covalent bonding, and metalation [12]. Coor
dinative interaction between a functional ligand and the metal center is 
known as “grafting”, which essentially requires the removal of auxiliary 
ligands through dehydration of the MOF to generate coordinatively 
unsaturated sites (CUS) that can act as Lewis acid sites at the metal node 
of the MOF [13,14]. These sites have been successfully utilized for 
grafting several MOFs such as HKUST, which was grafted with pyridine 
[15], glycine [16], and dithioglycol [17] as new axial ligands; in addi
tion to MIL-100-Fe which was grafted by polydopamine (PDA) [18], as 
well as MIL-100-Cr that was grafted with methanol [19]. Furthermore, 
MIL-101-Cr was grafted with ethylenediamine [13,20], ethanolamine 
[21], diethanolamine [21], diethylenetriamine (DETA) [22], tetraethy
lenepentamine (TEPA) [23], melamine [24], urea [24], and adenine 
[25]. 

One important class of MOFs is the zirconium-based MOFs, in which 
zirconium ion is bound to an organic linker such as terephthalate, 
biphenyldicarboxylate, and benzene tricarboxylate, to yield UiO-66 
MOF, UiO-67 MOF and MOF-808, respectively [26–28]. Pure UiO-66 
and UiO-67 MOFs involve 12-coordinate bonds between the Zr center 
and the other organic ligands, the highest coordination reported to date 
for a MOF. In comparison to other MOFs, Zr-based MOFs are charac
terized by high thermal stability, water stability, and chemical stability 
in acidic media [29], which arise due to the high bonding strength be
tween the inorganic brick and the organic linker. The bond between the 
benzene ring and the terminal carboxyl group is the weakest in the 
structure, which implies that changing the ligand would not alter the 
stability of a Zr-based MOF [30]. In terms of their structures, UiO MOFs 
can exhibit defects in their crystalline structure, when missing one or 
more linkers, metal ions or nodes [31–34], thus introducing Zr CUSs as 
open sites for functionalization. Bronsted sites can also be formed by the 
water and hydroxyl groups coordinated to the Zr atoms [35,36]. Ex
amples of grafted Zr-based MOFs are MOF-808 that was grafted through 
its formate auxiliary ligands by ethylene diaminetetraacetic acid 
(EDTA), oxalic acid (OX) and thioglycollic acid (TGA) [37], as well as 
UiO-66 that was modified by alkylamine [38] and ethylenediamine 
[39]. Pristine UiO-66 and UiO-67 exhibited high thermal stability, in 
which their chemical structures were sustained at high temperatures up 
to 520◦ C. It was also reported that UiO-66 and UiO-67 maintained their 
thermal stability after grafting with electron rich groups [25,38,39]. 

Several MOFs and their nanocomposites have been investigated as 
potential adsorbents for lead. One popular class of MOFs are the MILs such 
as MIL-101-ED [20], Al-MIL-53-NH2/Fe3O4 [40], MIL-53-NH2(M) [41], 
MIL-53-NH2(W) [41], MIL-68(M) [41], MIL-68(W) [41], and 
MIL-100-PDA [18] which achieved maximum adsorption capacities of 88, 
62.9, 159.5, 188.6, 136.8, 254.9, and 394.0 mg g−1, respectively. As for 
the Zirconium-based MOFs such as DUT-67 [42], UiO-66-NH2 [43], 
UiO-66-NHC(S)NHMe [44], and UiO-66-EDTA [45], they showed 
maximum adsorption capacities of 98.5, 166.7, 232.0, and 357.9 mg g−1, 
respectively; whereas a higher adsorption capacity of 616.6 mg g−1 was 
reported for a zinc-based MOF [46]. However, these MOFs still suffered 
from issues such as sophisticated synthesis involving multi-step processes, 
low removal efficiencies particularly at high Pb (II) concentrations, low 
selectivity and difficulty in regeneration [47,48]. This work aims at 
developing novel functionalized MOFs that can efficiently and selectively 
remove lead ions in single and multi-component aqueous systems via 
adsorption. Thus, the synthesis will involve a facile one-step process 
where highly stable UiO-66 and UiO-67 MOFs will be grafted with thio
urea and amidinothiourea to obtain UiO-66-thiourea, UiO-66-amidino
thiourea, UiO-67-thiourea and UiO-67-amidinothiourea, which will 
henceforth be referred to as UiO-66-TU, UiO-66-AT, UiO-67-TU, and 
UiO-67-AT, respectively. This is the first report of amidinothiourea 

modified MOFs, however thiourea modified ones were studied for com
parison purposes with regard to the adsorption capacity and binding 
mechanism. The study will entail characterization of the prepared pris
tine and functionalized MOFs using Fourier Transform Infrared (FTIR) 
spectroscopy, Brunauer Emmet and Teller (BET) analysis, X-ray Diffrac
tion (XRD), and X-ray Photoelectron Spectroscopy (XPS), as well as 
studying their morphology using Scanning Electron Microscopy (SEM), 
then evaluating their performance in adsorbing Pb2+ from single and 
multi-component systems, and finally assessing their selectivity and 
regeneration capacity. 

2. Materials and methods 

2.1. Chemicals 

All chemicals were of analytical grade, purchased from commercial 
sources and used without further purification. Zirconium chloride 
(>99%), terephthalic acid, TPA (>98%) and 4,4′-biphenyldicarboxylic 
acid, BPDC (97%) were obtained from Sigma Aldrich (USA), hydro
chloric acid (38%), dimethylformamide, DMF (99%), anhydrous dime
thylformamide, DMF (>99.8%), amidinothiourea (99%), thiourea 
(>99%), lead nitrate, mercury chloride, nickel chloride, cupric chloride, 
and zinc nitrate were obtained from Fluka (USA). 

2.2. Preparation of adsorbents 

2.2.1. Synthesis of pristine UiO-66 and UiO-67 
UiO-66 and UiO-67 were synthesized according to previous litera

ture under solvothermal conditions using HCl as a modulating agent 
[49]. Briefly, 625 mg of ZrCl4 were dissolved with the organic linker in 
75 mL DMF containing 5 mL HCl under sonication for 10 min. Masses of 
615 mg TPA and 450 mg BPDC were used as organic linkers in UiO-66 
and UiO-67, respectively. Then the solution was transferred to an 
autoclave and heated at 393 K for 24 h. After cooling to room temper
ature (298 K), the resultant white solid product was collected via 
centrifugation (Beckman Allegra 21 R) at 10,000 rpm for 10 min. The 
as-synthesized UiO-66 and UiO-67 were further purified by a two-step 
process to remove unreacted TPA or BPDC, by means of washing with 
DMF followed by ethanol (99%), for three times. Washing was con
ducted in an ultra-sonicator (VWR model 50T) for 10 min and was fol
lowed by centrifugation at 10,000 rpm for 10 min. 

2.2.2. Grafting of UiO-66 and UiO-67 
The prepared UiO-66 and UiO-67 MOFs were modified with thiourea 

or amidinothiourea via coordination bonding between the sulfur atom 
(–S-C) in thiourea or amidinothiourea and the CUSs generated from the 
defected Zr6 clusters of the MOF after dehydration [2]. The procedure 
was adopted from previous literature with slight modification [20,24, 
39]. Typically, 0.1 g of the as-synthesized UiO-66 or UiO-67 was 
dehydrated and degassed at 523 K in a vacuum oven for 12 h to remove 
associated water molecules and thus generate CUSs, and then suspended 
in 50 mL of anhydrous DMF. Afterwards, thiourea or amidinothiourea 
was added in excess amount (0.2 g) and the mixture was refluxed for 12 
h. The final product was collected by centrifugation, followed by 
washing with DMF and ethanol for three times, and then drying over
night in an oven at 333 K. A schematic diagram showing the steps of the 
MOFs’ synthesis and modification is illustrated in Fig. 1. 

2.2.3. Characterization of the MOFs 
The crystalline nature of the as-synthesized and modified MOFs was 

investigated using the powder X-ray diffractometer B Ruker D8 system. 
All XRD patterns were displayed as diffractograms with 2-theta (2ϴ) 
scan ranging from 3◦ to 50◦ and step increment of 0.01◦ per 1 s. FTIR 
spectroscopy was conducted using Thermo Scientific Nicolet 380 FTIR 
instrument. The samples were prepared as pellets by mixing and 
grinding 1 mg of MOF sample with 100 mg of analytical grade 
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potassium bromide (KBr) in a mortar. The mixture was then compressed 
with a hydraulic piston to form the pellet, and samples were scanned 
from 400 to 4000 cm−1 with an average recording of 32 scans. Textural 
properties of the different MOFs and their modified derivatives were 
determined using the Micrometrics ASAP 2020 instrument employing 
the BET method. A dry powdered sample of about 100 g was placed in 
the designated tube of ASAP 2020. The tube was mounted into the 
system and degassed below 50 µmHg at 100 ◦C for 8 h. Nitrogen gas was 
used to generate adsorption/desorption isotherms at −196 ◦C. BET and 
Langmuir surface areas were calculated, and the average pore volume 
was estimated using the Barret, Joyner, and Halenda (BJH) model. 

Surface morphologies of the MOF samples were obtained using the 
HITACHI SU-70 SEM, with dual magnification power modes; low 
magnification mode (20x to 2000x) and high magnification mode (100x 
to 800,000x). Elemental composition of each MOF was analyzed by XPS 
using Thermo Fisher ESCALAB 250. Samples were scanned from 0 to 
1400 eV, and their elemental spectra were further deconvoluted to 
analyze the bonding of individual species. 

2.2.4. Adsorption equilibrium studies 
Batch contacting sorption experiments were conducted in a series of 

vials. For equilibrium studies, stock solutions of Pb(NO3)2 were pre
pared in deionized water with initial concentrations (Co) of 25, 50, 100, 
250, 500 and 1000 mg L−1. To each 10 mL of Pb (II) solution, 10 mg of 
adsorbent were added and the pH was adjusted by adding either 0.1 M 
HNO3 or 0.1 M NaOH. The vials were then left to shake over a magnetic 
stirrer for 12 h at room temperature (23 ± 2 ◦C) and pH of 5.5 ± 0.2. 
This pH was chosen to avoid the protonation of the amine groups of the 
adsorbent at lower pHs, as well as the precipitation of Pb ions that occurs 
at higher pHs. The solution was then centrifuged at 10,000 rpm for 
10 min, and the supernatant was then collected to be analyzed for Pb ion 
concentration using Inductively Coupled Plasma (ICP), Thermo Scien
tific ICP-AES 7400 and Agilent ICP-OES 5110. Experiments were carried 

out in triplicate and the Pb ion concentrations were calculated based on 
a constructed calibration curve. 

To construct the equilibrium isotherm, the amount of Pb adsorbed at 
equilibrium was calculated according to the following equation [50]. 

qe =
C0V − CeV

m
(1)  

where qe (mg.g−1) is the equilibrium adsorption capacity, Co (mg.L−1) is 
the initial concentration of Pb (II) ions, Ce (mg.L−1) is the equilibrium 
concentration of Pb (II) ions in solution, m (g) is the mass of adsorbent, 
and V (L) is the volume of Pb (II) solution. 

The percentage removal (% removal) was calculated as follows: [50]. 

%Removal =
Co − Ce

Co
× 100 (2) 

Langmuir isotherm model was used to describe the monolayer 
adsorption of Pb (II) onto the MOF surface, the linear form of which is 
given by Eq. (3) [51]. 

Ce

qe
=

Ce

qm
+

1
KLqm

(3)  

where, qm represents the maximum (Langmuir) adsorption capacity 
(mg.g−1), and KL is the Langmuir constant. From the linear plot of Ce/qe 
vs Ce, qm and KL can be determined from 1/qm and 1/KLqm which 
represent the intercept and the slope, respectively. 

Freundlich isotherm which assumes a heterogenous surface of active 
sites was also used to model the adsorption of Pb(II) onto the MOF 
surface, and its linear form is described by Eq. (4) [51]. 

logqe = logKf +
1
n

logce (4)  

Where Kf and n are Freundlich constants. 
Hill isotherm model was used to describe the cooperative binding of 

Fig. 1. Synthesis of (a) as-synthesized MOFs and (b) their modification.  
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different adsorbates onto a homogenous substrate. The linear form of 
this isotherm is given by Eq. (5) [52]. 

log
qe

qm − qe
= nH logCe − logKD (5)  

Where nH and KD are Hill isotherm constants. 
Temkin isotherm model was used to assess the influence of adsorbate 

– adsorbate interactions on the adsorption process. The linear form of 
the Temkin model is given by Eq. (6) [52]. 

qe =
RT
bT

lnKT +
RT
bT

lnCe (6)  

Where KT and bT are Temkin isotherm constants. 

2.2.5. Adsorption kinetic studies 
Batch kinetic experiments were performed at an initial Pb (II) con

centration of 25 mg L−1 using 50 mg of adsorbent dispersed in 50 mL 
solution placed in an Erlenmeyer flask. Samples were drawn at specific 
time intervals (5, 10, 15, 30, 45, 60, 120, 240 and 480 min), and the 
supernatants were separated by centrifugation. The experiments took 
place at room temperature (23 ± 2 ◦C) and pH of 5.5 ± 0.2. 

The kinetic mechanism and the relevant rate constants were esti
mated by using the pseudo-first and pseudo-second order kinetic 
models. The pseudo-first order rate assumes a rate of reaction directly 
proportional to the number of unoccupied sites [53], as in Eq. (7) and its 
linearized form is given in Eq. (8) [54]. 

dq
dt

= k1(qe − q) (7)  

ln(qe − q) = lnqe − k1t (8)  

where qe (mg g−1) is the amount of adsorbate taken up on the surface of 
the MOF adsorbent at equilibrium, while q (mg g−1) is the adsorbate 
uptake at time t, and k1 (min−1) is the kinetic rate constant for the 
interaction between the adsorbate and the solid phase. 

The pseudo-second order kinetic model assumes the rate of reaction 
to be directly proportional to the square of the number of unoccupied 
sites on the adsorbent surface as in Eq. (9). The integration of Eq. (9) 
would yield a linearized form of the equation as shown by Eq. (10) [51]. 

dq
dt

= k2 (qe − q)2 (9)  

t
q
=

1
k2q2

e
+

t
qe

(10)  

Where k2 (g mg−1 min−1) [2] is the rate constant for the pseudo-second 
order reaction. 

The mechanism underlying adsorption was tested using Morris and 
Weber intraparticle diffusion (IPD) model as in Eq. (11) [54]. 

q = kidt0.5 + c (11)  

Where kid is the rate constant for intra-particle diffusion and c is a 
constant related to external diffusion. 

2.2.6. Selectivity tests 
The selectivity of UiO-66-AT toward Pb (II) ions was evaluated by 

conducting adsorption in the presence of various competitive metal ions. 
A mixture of Pb (II), Hg (II), Cu (II), Ni (II) and Zn (II) ions was prepared 
by dissolving 250 mg L−1 of each metal ion in deionized water. A vol
ume of 10 mL of this solution was left to shake with 10 mg of the 
adsorbent for 6 h, after which the solutions were centrifuged and the 

concentrations of Pb (II), Hg (II), Cu (II), Ni (II) and Zn (II) ions in the 
supernatants were measured by ICP. 

2.2.7. Regeneration studies 
The regeneration studies were carried out at Pb(II) concentration of 

25 ppm. An amount of 50 mg of each of UiO-66-AT and UiO-67-AT was 
added to 50 mL of Pb(NO3)2 solution in an Erlenmeyer flask, and left to 
shake for 2 h. The MOF was then dried overnight at 80 ◦C and subse
quently treated with a 0.1 M solution of ethylene diaminetetraacetic 
acid (EDTA) for 2 h. Then, it was washed with water and dried overnight 
at 80 ◦C. The process was repeated for four cycles. 

2.2.8. Statistical analysis 
All measurements were conducted in triplicate and expressed as 

mean± SD. Statistical analyses were performed to test the significance of 
results using the two-tailed student’s t-test at a 95% level of confidence, 
while linear regression analysis was performed on Origin-lab software, 
version 9.6.5.169, to predict the equilibrium and kinetic models. 

3. Results and discussion 

3.1. Structural and morphological properties 

The XRD patterns of UiO-66, UiO-66-TU, and UiO-66-AT, as well as 
those of UiO-67, UiO-67-TU, and UiO-67-AT are shown in Fig. 2a and b, 
respectively. The crystal structures of UiO-66 and UiO-67 were 
confirmed by the characteristic peaks obtained at 7.5◦, 8.6◦, and 12.2◦

for UiO-66, and at 5.4◦ and 6.7◦ for UiO-67, as in agreement with pre
vious literature [30,49,55,56]. Upon grafting each of UiO-66 and 
UiO-67 with either thiourea or amidinothiourea, the XRD patterns 
remained unchanged as evident from Fig. 2a and b, respectively, indi
cating that the crystal structures of both MOFs remained intact after 
grafting. 

Fig. 2c depicts the XRD patterns after the adsorption of Pb (II) ions 
onto both UiO-66 functionalized MOFs. Adsorption resulted in the 
appearance of three new peaks illustrated by arrows in Fig. 2c at 23.43◦, 
26.78◦, and 27.72◦; along with an increase in the intensities of the peaks 
that range between 20 and 30◦. The changes associated with the guest 
molecule adsorption can be attributed to the generation of new 
Pb3(CO3)2(OH)2 crystals which could have been formed upon dehy
dration of the MOF [57]. A similar conclusion can be inferred for UiO-67 
functionalized MOFs. 

FTIR spectroscopy was used to determine the main functional groups 
pertaining to the as-synthesized MOFs and their modified derivatives.  
Fig. 3a shows the FTIR spectra of UiO-66, UiO-66-TU, and UiO-66-AT, 
where the two functionalized MOFs exhibit peaks at 1060 cm−1 that 
can be attributed to C–N symmetric stretching [20]. In addition, 
UiO-66-AT shows peaks at 3370 and 3185 cm−1 that can be assigned to 
the stretching of the amine groups [58]. The FTIR spectra of UiO-67, 
UiO-67-TU, and UiO-67-AT are depicted in Fig. 3b, where UiO-67-TU 
and UiO-67-AT show the same peaks pertaining to –NH and C–N 
stretching at the same respective wavenumbers as their UiO-66 modified 
derivatives. 

To investigate the surface morphology and the microstructure of the 
MOFs and their functionalized derivatives, they were characterized by 
SEM as shown in Figs. S1(a-f). Defective pristine UiO-66 particles 
possess a nearly spherical structure that was maintained after modifi
cation with thiourea and amidinothiourea as shown in Figs. S1a, S1b and 
S1c, respectively; while UiO-67 and its UiO-67-TU and UiO-67-AT de
rivatives display irregular rounded shapes with a wide size distribution 
as shown in Figs. S1d, S1e and S1f, respectively. The irregular shape may 
provide a larger surface area for adsorption as compared to the spherical 
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shape. The SEM images of the as-synthesized UiO-66 and UiO-67 MOFs 
match those in literature where HCl was used as a modulator [59]. 
Further, the SEM images of the MOFs prior and post modification depict 
similar morphologies. As previously indicated by XRD, the MOFs also 
maintained their crystalline structure after modification. These findings 

together could imply that the MOFs maintained their stability after 
modification with the organic moieties. From experimental observa
tions, the synthesized MOFs were stable in water at pH 5.5 for up to 
12 h. 

Fig. 2. XRD patterns of (a) as-synthesized UiO-66 MOF (black, bottom), UiO-66-TU (blue, middle), and UiO-66-AT (red, top), (b) as-synthesized UiO-67 MOF (black, 
bottom), UiO-67-TU (blue, middle), and UiO-67-AT (red, top), (c) UiO-66-TU and UiO-66-AT before and after Pb adsorption (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article). 

Fig. 3. FTIR spectra of (a) as-synthesized UiO-66 MOF (black, bottom), UiO-66-TU (blue, middle), and UiO-66-AT (red, top), (b) as-synthesized UiO-67 MOF (black, 
bottom), UiO-67-TU (blue, middle), and UiO-67-AT (red, top) (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article). 
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3.2. Adsorption capacity as a performance indicator 

Prior to constructing the adsorption isotherms for the different 
employed MOFs, adsorption was conducted under different pHs in order 
to determine the optimum pH range for further equilibrium and kinetic 
studies. In fact, pH affects the adsorption capacity of metal ions in 
aqueous solutions as a result of the protonation and deprotonation of the 
functional groups attached on the adsorbent’s surface [53]. The effect of 
pH on the equilibrium adsorption capacity (qe) of UiO-66-TU and 
UiO-66-AT for Pb (II) is depicted in Fig. S2, where qe increases with 
increasing the pH. This could be attributed to the deprotonation of the 
amino groups which act as chelating binding sites for Pb ions. At pH 5, 
the adsorption capacities start to equilibrate and approach their 
maximum values. Thus, the pH range from 5.5 to 6 will be employed in 
further studies in order to exploit the maximum adsorption for Pb (II) 
ions, and in the meantime, avoid any possible precipitation of Pb (II) 
ions at the higher pH ranges. 

The isotherms pertaining to the adsorption of Pb (II) onto UiO-66 and 
its modified derivatives (UiO-66-TU and UiO-66-AT) at pH 5.5 ± 0.2 are 
shown in Fig. 4a, while those of UiO-67 and its modified derivatives 
(UiO-67-TU and UiO-67-AT) are shown in Fig. 4b. 

Clearly, all the isotherms show hyperbolic curves indicative of a 
Langmuirian-type relationship with monolayer coverage. In addition, 
isotherms of the modified MOFs of UiO-66 and UiO-67 exhibit higher 
adsorption capacities relative to their pristine counterparts. By linear
izing these isotherms and fitting them to the linear form of the Langmuir 
model equation, the maximum adsorption capacities (qm) of UiO-66, 
UiO-66-TU and UiO-66-AT were estimated to be 48.7 ± 8.6, 
206.6 ± 4.3, and 245.8 ± 1.7 mg g−1, respectively, with R2 values of 
0.9511, 0.9984 and 0.9999, confirming the goodness of this fit (Fig. S3). 
This indicates that UiO-66-AT exhibited the highest adsorption capacity 
for Pb ions which amounts to about 5 times higher than that of the 
pristine UiO-66. Similarly, the adsorption capacities of UiO-67, UiO-67- 
TU and UiO-67-AT were determined as 55.8 ± 2.4, 252.3 ± 4.3 and 
366.6 ± 2.8 mg g−1, respectively, with R2 values of 0.9920, 0.9994 and 
0.9998 (Fig. S4). Accordingly, UiO-67-AT showed the highest capacity 
which is 6.5 times higher than that of its pristine form and 1.5 times 
higher than its UiO-66 counterpart. The isotherms were also fitted to the 
Freundlich model and the linear forms are shown in Figs. S5 and S6, 
however, lower correlation factors were obtained as compared to the 
Langmuir fits. The UiO-67-AT isotherms were also fitted to the Temkin 
and Hill isotherms as shown respectively in Figs. S7 and S8, however, 
lower correlation factors were obtained relative to the Langmuir fits. 

In view of the above, MOFs functionalized with amidinothiourea 
yielded the highest lead adsorption capacities compared to the pristine 
and thiourea-modified MOFs. Therefore, further studies will focus on 
UiO-66-AT and UiO-67-AT. 

3.3. Textural properties and XPS analysis 

BET analysis was conducted to determine the surface area and pore 
volume of the UiO-66-AT and UiO-67-AT as well as their pristine forms. 
For all the investigated MOFs, the N2 adsorption-desorption isotherms 
revealed a typical microporous material with the majority of pores less 
than 2 nm, as shown in Figs. S9 (a-c). The BET and Langmuir surface 
areas along with the pore volumes of the pristine MOFs and their de
rivatives are listed in Table 1. Clearly, UiO-66-AT possesses comparable 
surface areas and pore volume to that of pristine UiO-66. However, its 
adsorption capacity is much higher than that of UiO-66 due to its 
functionality. On the other hand, the Langmuir and BET surface areas of 
UiO-67 as well as its pore volume declined by about 50% upon modi
fication to UiO-67-AT. The decrease in the surface area and pore volume 
of UiO-67 after modification can be ascribed to the partial blockage of 
the pores by the amidinothiourea moieties that probably diffused into 
the crystal structure of UiO-67 MOF [20]; but however failed to diffuse 
into the pores of UiO-66 which have been reported to be smaller than 
those of UiO-67 [60]. Despite that, UiO-67-AT possesses slightly higher 
BET and Langmuir surface areas than that of UiO-66-AT which could 
explain its slightly higher Pb (II) adsorption capacity relative to 
UiO-66-AT. This is consistent with the SEM morphology study discussed 
earlier. 

XPS was used to investigate the elemental composition of the 
employed MOFs before and after Pb adsorption. Fig. 5a and b show the 
survey XPS spectra of UiO-66, UiO-66-AT, UiO-66-AT-Pb, UiO-67, UiO- 
67-AT and UiO-67-AT-Pb. According to these spectra, UiO-66 and UiO- 
67 are similarly composed of Zr, O, C with slightly different percentage 

Fig. 4. Adsorption isotherm of (a) UiO-66 along with its modified derivatives, and (b) UiO-67 along with its modified derivatives at pH 5.5 ± 0.2 and 23 ± 2 ◦C. 
Values shown are mean ± SD (n = 3). 

Table 1 
Surface areas and pore volumes of UiO MOFs and their amidinothiourea 
derivatives.  

MOF BET S.A. (m2g−1) Langmuir S.A. (m2g−1) Pore volume (cm3) 

UiO-66  846.8  1239.1  0.347 
UiO-66-AT  886.5  1295.2  0.369 
UiO-67  2011.4  2599.3  0.651 
UiO-67-AT  920.39  1411.6  0.329  
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compositions, as reported in previous literature [61,62]. The deconvo
luted XPS spectra of the O1s, C1s, and Zr3d elemental components are 
shown in Fig. S10 and the elemental composition of UiO-67-AT is 

presented in Table S1. In addition, UiO-66-AT and UiO-67-AT possess 
the N and S elements as evident from their respective binding energies at 
398.9 and 167.8 eV, and this confirms the successful grafting of 

Fig. 5. XPS spectra for (a) survey of UiO-66 and its derivatives, (b) survey of UiO-67 and its derivatives, (c) N1s of UiO-67-AT-Pb, and (d) Pb 4 f of UiO-67-AT-Pb.  

Fig. 6. Effect of (a) initial concentration, and (b) time on Pb (II) adsorption onto UiO-66-AT and UiO-67-AT at pH 5.5 ± 0.2 and 23 ± 2 ◦C. Values shown are 
mean ± SD (n = 3). 
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amidinothiourea [50]. Furthermore, the Pb peak appears at 170 eV for 
both UiO-66-AT-Pb and UiO-67-AT-Pb, which confirms the presence and 
successful binding of Pb species to the modified MOF framework. By 
comparing the survey spectrum of UiO-67-AT to its UiO-67-AT-Pb 
counterpart, a shift to a higher binding energy can be observed for 
N1s. This finding along with the accompanied change in N1s atomic 
composition (Table S2) after Pb was adsorbed could indicate that Pb was 
bound to nitrogen-containing groups. Fig. 5c represents the N1s binding 
energy spectrum of UiO-67-AT-Pb deconvoluted into three peaks at 
398.8, 400.19, and 402.04 eV which may correspond to C˭N, R2NH, and 
NH2, respectively. Similar findings were previously reported [18,63]. 
Fig. 5d shows the deconvoluted Pb 4 f binding energy spectrum of 
UiO-67-AT-Pb, in which the energy peaks at 144.73 and 139.92 eV 
correspond to Pb2+ oxidation state and pertain to Pb 4 f5/2 and Pb 4 f7/2, 
respectively [20]. Similar behavior was observed for UiO-66-AT and its 
UiO-66-AT-Pb counterpart. 

3.4. Investigation of the operating parameters 

The adsorption capacities of UiO-66-AT and UiO-67-AT were inves
tigated using different initial concentrations of Pb solutions, while 
controlling other variables such as temperature at 23 ± 2 ◦C, pH 
5.5 ± 0.2, adsorbent dosage of 1 g/L, and contact time of 12 h. The 
relevant adsorption profiles are depicted in Fig. 6a, where a direct 
proportionality between the adsorption capacity and the initial lead 
concentration can be observed for both adsorbents. As the initial con
centration increases, a larger concentration gradient is formed leading 
to enhanced mass transport and higher adsorption capacity. At the 
highest employed initial concentrations, the adsorption capacity is not 
affected by increasing the concentration due to saturation of the binding 
sites. The higher adsorption capacity of UiO-67-AT relative to UiO-66- 
AT could be attributed to its larger BET surface area and pore size 
which allowed for more exposure of binding sites as discussed earlier 
[60]. Fig. 6a also shows the percent removal of Pb (II) ions using 
UiO-66-AT and UiO-67-AT, where the removal clearly declines with 
increasing the initial concentration again as a result of saturation of 
active sites [51,54]. UiO-67-AT and UiO-66-AT showed maximum 
percent removal of 36% and 24%, respectively, at an initial Pb (II) 
concentration of 1000 ppm. Much higher removal efficiencies (>95%) 
were attained at initial concentrations below 250 ppm. Fig.6b illustrates 
the effect of contact time on the adsorption of Pb (II) onto UiO-66-AT 
and UiO-67-AT at pH 5.5 ± 0.2, using an adsorbent dose of 1 g/L and 
an initial concentration of 1000 ppm. In addition to its higher adsorp
tion capacity relative to UiO-66-AT, UiO-67-AT showed faster adsorp
tion of Pb2+ ions where it reached complete saturation after 30 min as 
opposed to 50 min for UiO-66-AT. This could also be ascribed to the 
larger pores of UiO-67-AT relative to UiO-66-AT as alluded to earlier 
[60]. 

3.5. Adsorption kinetics 

The kinetic profiles for lead adsorption by UiO-67-AT at an initial Pb 
(II) concentration of 1000 ppm are depicted as linear plots pertaining to 
the pseudo-first order (Figs. S11) and pseudo-second order (Fig. S12) 
kinetic models. The adsorption is better described by the pseudo-second 
order kinetic model as confirmed by the higher correlation factor (R2) 
[53]. This implies that adsorption is governed by both surface reaction 
and diffusion mechanisms. The pseudo-first order (k1) and 
pseudo-second order (k2) rate constants were obtained from the slopes 
and the intercepts of the linear plots and their estimated values are given 
in Table S3, in addition to their corresponding R2 values. 

To further investigate the adsorption mechanism of Pb(II) ions onto 
UiO-67-AT, the intraparticle diffusion model was applied and its linear 
plot is depicted in Fig. S13, in which the intercept suggests that 
adsorption is not solely governed by pore diffusion, but is also driven by 
boundary layer diffusion [64]. 

3.6. Comparison with other MOFs 

The maximum adsorption capacities of lead by UiO-66-AT and UiO- 
67-AT were compared to those of other MOF adsorbents previously re
ported in literature, as presented in Table 2. Among the MOFs developed 
in this study, UiO-67-AT exhibits the highest maximum adsorption ca
pacity of 366.6 ± 2.8, exceeding that of UiO-66-AT by 1.5 times. 
Furthermore, UiO-67-AT maximum adsorption capacity is higher than 
most of those reported in literature, except for the two MOFs MIL-100- 
PDA and Zn3L3(BPE). For MIL-100-PDA, the adsorption capacity is 
comparable to that of UiO-67-AT exceeding it inappreciably with only 
7%. In addition, the synthesis of UiO-67-AT employed a more facile 
single-step process in which the as-synthesized functional molecules 
were grafted onto the MOF’s framework as opposed to a two-step pro
cess reported for the other two MOFs. Besides, UiO-67-AT, unlike the 
other two MOFs, provides excellent removal efficiencies (> 95%) for a 
high range of Pb (II) concentrations (25–250 ppm). Zn3L3(BPE), for 
example, exhibits this removal efficiency within a lower range of con
centrations (10–75 ppm), after which it substantially declines. MIL-100- 
PDA, as well, works for low concentrations since it was mainly designed 
for treatment of drinking water. UiO-67-AT, however, would be highly 
efficient for industrial wastewater treatment. 

3.7. Adsorption selectivity 

To investigate the selectivity of UiO-66-AT and UiO-67-AT MOFs for 
Pb (II) adsorption in multi-component systems, Zn (II), Ni (II), Cu (II), 
and Hg (II) ions were chosen as competitor ions due to their being 
divalent as Pb (II). The adsorption capacities of UiO-66-AT and UiO-67- 
AT for Pb (II) and the co-existing ions in a multi-component system of 
initial concentration of 250 ppm for each metal ion are shown in Fig. 7a. 
Both UiO-66-AT and UiO-67-AT MOFs were most selective for Pb (II) 
ions with respective adsorption capacities of 128.5 ± 6.4 and 
207.5 ± 10.4, followed by Hg (II) ions with capacities of 49.0 ± 2.5 and 
35.0 ± 2.8. This can be explained in view of the ionic radii of Pb (II), Zn 
(II), Ni (II), Cu (II), and Hg (II) which are 0.118, 0.075, 0.069, 0.073 and 
0.102 nm, respectively. 

The high selectivity towards Pb (II) ions exhibited by both MOFs can 
be attributed to the larger ionic radius and lower molar Gibbs energy of 
hydration of Pb ions compared to other ionic species, which facilitated 
their coordination with the grafted amino-terminated species [46,66]. 

3.8. Regeneration 

In order to test for the reusability of the developed MOFs, the 
regeneration capacities of UiO-66-AT and UiO-67-AT were determined 

Table 2 
Maximum lead adsorption capacities reported for different MOFs.  

MOF/MOF nanocomposite qm, mg. 
g−1 

pH Temperature,◦

C 
Reference 

Cu(tpa)/GO  37 7 25 [65] 
UiO-66  48.7 5–5.5 23 ± 2 This study 
UiO-67  55.8 5–5.5 23 ± 2 This study 
Al-MIL-53-NH2/Fe3O4  62.9 6 25 [40] 
Cr-MIL-101-ED  88.0 6 25 [20] 
DUT-67  98.5 5–5.5 25 [42] 
MIL-68(M)  136.8 6 – [41] 
MIL-53-NH2(M)  159.5 6 – [41] 
UiO-66-NH2  166.7   [43] 
MIL-53-NH2(W)  188.6 6 – [41] 
UiO-66-NHC(S)NHMe  232.0 – – [44] 
UiO-66-AT  245.8 5–5.5 23 ± 2 This study 
MIL-68(W)  254.9 6 – [41] 
UiO-66-EDTA  357.9 7 30 [45] 
UiO-67-AT  366.6 5–5.5 23 ± 2 This study 
MIL-100-PDA  394.0 7 28 [18] 
[Zn3L3(BPE)1.5].4.5DMF  616.6 6 25 [46]  
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using EDTA-2Na as a desorbent. First, adsorption was conducted using 
25 ppm of Pb (II) solution at pH 5.5 ± 0.2. In each regeneration cycle, 
50 mg samples of Pb/UiO-66-AT and Pb/UiO-67-AT complexes were 
treated with 100 mL of a 0.05 M EDTA solution under stirring for 2 h at 
298 K. This process was repeated such that the MOF complexes were 
regenerated in four successive adsorption-desorption cycles, and their 
adsorption capacities were determined for each cycle as depicted in 
Fig. 7b. The results show that the MOFs can be successfully regenerated 
for four cycles with no significant decrease, according to student’s t-test, 
in % recovery which increased the 99%. Following the desorption pro
cess, Pb ions can be recovered by solvent extraction using strong acids to 
strip the metal off the chelate, then the metal can be concentrated in a 
subsequent step [67]. 

3.9. Mechanism of binding and interaction 

To investigate the binding of thiourea and amidinothiourea onto 
UiO-67, the FTIR spectra of thiourea and amidinothiourea were 
compared to the spectra of UiO-67-TU and UiO-67-AT, respectively. As 
shown in Fig. 8a, the peak at 1470 cm−1 in the thiourea spectrum which 
can be assigned to the N-C-N stretching vibration, has been shifted to 
1500 cm−1 in the UiO-67-AT spectrum. This shift can be attributed to 
the increase in the double bond character of the carbon to nitrogen bond 

Fig. 7. (a) Adsorption capacities of UiO-66-AT and UiO-67-AT for Pb (II) 
adsorption in a multicomponent system using 250 ppm Pb (II) at pH 5.5 ± 0.2, 
and (b) their % recovery after regeneration for four consecutive cycles. Values 
shown are mean ± SD (n = 3). 

Fig. 8. FTIR spectra of (a) thiourea and UiO-67-TU, (b) amidinothiourea and UiO-67-AT, (c) possible mechanism for the ionization of thiourea and amidinothiourea 
followed by their coordination with the Zr center [58]. 
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associated with complex formation. Moreover, as shown in Fig. 8a, the 
peak observed at 730 cm−1 in the thiourea spectrum was shifted to 
about 700 cm−1 in the complex spectrum of UiO-67-TU, probably due to 
the decrease in the double bond character of the C˭S bond of the thio
urea molecule [58,68]. 

Moreover, a noticeable difference between the spectrum of thiourea 
and that of the thiourea modified MOF, UiO-67-TU, appears in the re
gion at about 1100 cm−1, where a strong absorption band in the thio
urea spectrum appears at 1081 cm−1 but then weakens and shifts to 
1100 cm−1 in the spectrum of UiO-67-TU probably due to change in the 
nature of the C˭S bond upon coordination. These results confirm the 
successful grafting of UiO-67 with thiourea. The shifting of these bands 
is similar to those reported in literature, where thiourea was investi
gated for its coordination with transition metals [58]. 

The modification of the UiO-67 MOF showed similar changes in the 
FTIR bands of UiO-67-AT MOF with respect to the amidinothiourea 
molecule (Fig. 8b). This similarity in behavior entails the coordination of 
the amidinothiourea to the metal center of the MOF possibly through the 
sulfur atom and this was probably accompanied by a change in the 
double bond nature from C˭S to C-S as evident from the red shift in the 
740 cm−1 band of the amidinothiourea spectrum. Accordingly, the 

amidinothiourea molecule was concluded to exhibit a similar form of 
coordination as that of the thiourea molecule. In view of the above 
findings, an interaction mechanism can be proposed as depicted in 
Fig. 8c, which displays the ionization and coordination of thiourea and 
amidinothiourea molecules with the zirconium metal ion. 

Fig. 9 depicts the proposed molecular mechanism for the grafting of 
the MOF and its subsequent binding to the Pb (II) ions. First, the MOF is 
activated through the dehydration and unsaturation of the metal cen
ters. The ionized functional organic species subsequently coordinates to 
the unsaturated metal ion in the metal cluster of the MOF as previously 
proposed in Fig. 8c. The electron rich thiourea and amidinothiourea 
groups could be favorable for the MOF’s stability as it was previously 
reported that electron rich amine groups enhanced the stability of UiO- 
66 [39]. Finally, the free Pb (II) metal ions bind and chelate to the 
functional nitrogen-containing moieties of thiourea or amidinothiourea 
through coordination bonding as depicted in Fig. 9b and c, respectively. 
XPS results, pseudo-second order kinetics, along with monolayer 
adsorption onto microporous materials suggest the chemisorption of Pb 
ions onto the MOF. 

Fig. 9. (a) Generation of CUS in UiO-based MOFs and grafting with thiourea or amidinothiourea, (b) binding of Pb2+ ions to the thiourea grafted MOF, (c) binding of 
Pb2+ ions to the amidinothiourea grafted MOF. 
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4. Conclusion 

In this work, novel modified Zr-based MOFs were developed by 
grafting defected pristine UiO-66 and UiO-67 MOFs with thiourea and 
amidinothiourea in a facile one-step post synthetic modification process. 
Successful grafting was confirmed with XRD, FTIR and XPS, while the 
microporous structure of the MOF was determined by BET. A mecha
nism was proposed for the grafting of the MOF via dehydration and 
unsaturation of its metal centers followed by ionization and coordina
tion of thiourea and amidinothiourea with the Zr metal ions. Amidino
thiourea modified UiO-66 and UiO-67 effectively removed Pb (II) ions 
from aqueous solutions with respective maximum adsorption capacities 
of 245.8 ± 1.7 and 366.6 ± 2.8 mg g−1, which account for about 5 and 
6.5 times higher than their pristine counterparts. They, as well, 
exhibited excellent removal efficiencies (> 95%) for a high range of Pb 
(II) concentrations (25–250 ppm). XRD confirmed the structural stabil
ity of the MOF crystals after the modification and adsorption processes, 
while XPS suggested that lead binding occurred via coordination 
bonding with the nitrogen-containing moieties of the MOF. Further
more, the synthesized MOFs showed high selectivity for lead ions in 
heavily concentrated multi-component systems containing other heavy 
metal ions. They were also efficiently regenerated for up to four cycles 
while maintaining their original adsorption capacity. The high perfor
mance of the developed MOFs renders them reliable adsorbents for 
treating industrial wastewater effluents. 
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