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ABSTRACT: The remarkable water stability of Zr-carboxylate-
based metal−organic frameworks (MOFs) stimulated consid-
erable interest toward their utilization in aqueous phase
applications. The origin of such stability is probed here through
pH titration and pKa modeling. A unique feature of the Zr6(μ3-
OH)4(μ3-O)4(RCO2)12 cluster is the Zr-bridging oxo/hydroxyl
groups, demonstrating several pKa values that appear to provide
for the water stability at a wide range of pH. Accordingly, the
tunability of the cage/surface charge of the MOF can feasibly be
controlled through careful adjustment of solution pH. Such high
stability, and facile control over cage/surface charge, can
additionally be augmented through introducing chemical
functionalities lining the cages of the MOF, specifically amine
groups in the UiO-66-NH2 presented herein. The variable
protonation states of the Zr cluster and the pendant amino groups, their H-bond donor/acceptor characteristics, and their
electrostatic interactions with guest molecules were effectively utilized in controlled experiments to demonstrate high uptake of
model guest molecules (137 mg/g for Cr(VI), 1275 mg/g for methylene blue, and 909 mg/g for methyl orange). Additionally, a
practical form of the silica-supported MOF, UiO-66-NH2@SiO2, constructed in under 2 h reaction time, is described,
generating a true platform microporous sorbent for practical use in demanding applications.

■ INTRODUCTION

The large family of microporous solids, commonly known as
metal−organic frameworks (MOFs), has attracted significant
interest in the past two decades due to the demonstrated
designer synthesis approach allowing reticular synthesis of
functional solids.1 Through judicious choice of molecular
building units (MBUs), fine-tuning of MOFs’ composition and
structure is readily attainable.2 Such structure/function
malleability opened a potentially unlimited chemical space
for generating a plethora of microporous solids with far
reaching applications. MOFs continue to demonstrate out-
standing performance in a wide range of applications including
gas sorption and separation,3−7 heterogeneous catalysis,8−12 as
well as energy storage applications.13−17

Despite the common instability of a large number of MOFs
in aqueous media, the Zr-carboxylate MOF (UiO-66)
demonstrates an impressive aqueous stability under a wide
range of pH.18 Properly functionalized derivatives of the Zr-
MOF (e.g., the UiO-66-NH2) therefore hold potential for
water-based applications.19−22

Despite a relatively large number of reports on the removal
of organic dyes from water, the interest in probing MOFs
utilization for Cr(VI) removal is rapidly growing.23−27

Furthermore, the utilization of a single MOF, as a platform
material, is yet to be demonstrated in real-life wastewater
treatment. Herein, we outline several factors necessary to
include in novel platform sorbents for wastewater treatment
including (1) chemical stability at a wide range of pH, (2)
tunability toward optimal/selective uptake of contaminants,
(3) demonstrated regeneration and recyclability, and (4)
amenability to formulation allowing ease of recoverability/
separation from the treated solution. Herein, an optimized
synthesis of the UiO-66-NH2 on silica microparticles (UiO-66-
NH2@SiO2)

30,31 is demonstrated, surmounting the difficult
retrieval of the nanocrystalline UiO-66-NH2 MOF (ca. 50−
150 nm)28 from solution. This much-improved synthesis
effectively limits the time for constructing the MOF@SiO2
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composite to only 2 h, and at a mild 80 °C. Additionally, the
chemical changes induced in the nanocages of the MOF and
on the surface of its crystals at a wide range of solution pH
were experimentally investigated and computationally simu-
lated. Such changes were found to result in tunable sorption
capability of the same platform UiO-66-NH2@SiO2 material
toward different guest molecules: dichromate ions, methylene
blue, and methyl orange.

■ RESULTS AND DISCUSSION
The synthesis of the UiO-66-NH2@SiO2 proceeded success-
fully by inclusion of the suspended silica gel microparticles
(100−160 μm) in the reaction mixture containing ZrCl4 and
the organic ligand. Key to isolating silica microparticles
homogeneously coated by a crust of the UiO-66-NH2
nanocrystals was the constant stirring of the synthesis mixture
to ensure homogeneous nucleation/growth of the MOF
nanocrystals on the silica particles, Scheme 1. The addition

of HCl to the reaction mixture was shown previously to greatly
facilitate the reaction,28 where in this setup it was sufficient to
maintain the mixture at 80 °C for only 2 h to isolate the UiO-
66-NH2@SiO2. It is assumed that the surface hydroxyl groups
of the silica particles acted as anchoring sites to immobilize
Zr(IV) ions, upon which subsequent coordination by the
ligand molecules initiated the formation of the MOFs
nanocrystals (133−178 nm) on the surface of the silica
particles. The scanning electron microscopy (SEM) images,
Figure 1, clearly demonstrate the continuous and homoge-
neous coating of the silica microparticles with the MOF
nanocrystals. When compared to the SEM of the silica
particles, Figure S1, the continuous and homogeneous
deposition of the MOF nanocrystallites on the silica surface
becomes evident. This UiO-66-NH2@SiO2 form facilitated the
subsequent investigations, overcoming the challenge of
forming fine suspension of the MOF nanocrystals in the test
media.
Further confirmation for the formation of the targeted MOF

on the surface of the SiO2 microparticles was obtained from
the X-ray diffraction pattern (XRD) recorded for the UiO-66-
NH2@SiO2 as compared to the pattern calculated for the UiO-
66, Figure 2. It is evident that all characteristic peaks of the
UiO-66-NH2 were observed in the UiO-66-NH2@SiO2, with
no distinctive peaks for the amorphous silica support.
Additionally, the FTIR spectrum of the UiO-66-NH2@SiO2
demonstrated combined features of its two components,
Figures S2 and S3 in the Supporting Information (SI). The
characteristic peaks for the MOF included the CO str. for
the carboxylate at 1652 cm−1, the CC str. at 1568 cm−1, as
well as the characteristic Si−O str. at 1058 cm−1 and the O−H
band at 3250 cm−1. The UiO-66-NH2@SiO2 was found to be
microporous with a calculated BET surface area of 630 m2/g,
Figure S4. The synthesis condition utilized here is sufficiently
acidic, inducing formation of the protonated ammonium

conjugate acid of the MOF, as well as inducing missing node
defects.29 The chemical environment at the aromatic amine
was probed by X-ray photoelectron spectroscopy (XPS),
Figure 3. The N 1s peak recorded for the MOF before and
after uptake of dichromate ions indicated the presence of
−NH2 as well as −NH2/NH3

+ (H-bonded/ammonium
species). The BE of 399.3 eV for the N 1s is typically
associated with −NH2 species, while the BE in the range of
400 eV is characteristic of H-bonded and/or quaternary
ammonium species.30 The deconvoluted N 1s lines, Figure 3b,
clearly demonstrated an enhanced component at higher BE for
the Cr-treated sample, indicating H-bond interactions within
the nanocages. The O 1s spectrum for the as-synthesized MOF
showed a characteristic B.E at 533 eV, which can be assigned

Scheme 1. Synthesis of the Surface-Anchored UiO-66-
NH2@SiO2

Figure 1. SEM images of the UiO-66-NH2@SiO2 at two different
magnifications, showing complete and homogeneous coating of the
SiO2microparticle (top) by the MOF nanocrystals and (below) the
topography of the MOF crust.

Figure 2. XRD pattern for the UiO-66-NH2@SiO2 compared to the
calculated pattern for UiO-66, confirming the formation of the MOF
atop the silica microparticles.

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.9b01611
Inorg. Chem. XXXX, XXX, XXX−XXX

B

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b01611/suppl_file/ic9b01611_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b01611/suppl_file/ic9b01611_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b01611/suppl_file/ic9b01611_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.9b01611


to a bridging hydroxyl (μ3-OH), 531.7 eV ascribed to Zr-
carboxylate, and 530.2 eV assigned to (μ3-O) in Zr−O−Zr.31
After adsorption of dichromate, an increase in relative intensity
of the peak at 530.4 eV and a decrease in the relative intensity
of the 533 eV peak can thus be ascribed to adsorbed
dichromate ions. The microanalysis atomic % values recorded
on samples of the MOF before and after treatment with
dichromate ions are provided in Table 1. It is noticeable that

the as-synthesized MOF contained appreciable amounts of Cl
ions, most probably present as counterions to ammonium
species. It is interesting to notice that the Cl atomic % is half
that of the N, indicating that protonation occurred only to half
the present amine groups under the synthesis conditions. This
assignment was further supported by experimental observation
showing enhanced dichromate uptake upon first washing the
MOF with 0.1 M HCl solution to further protonate pendant

amine groups, thus enhancing the H-bond interactions with
dichromate ions. After treatment with dichromate solution, a
noticeable decrease of the Cl atom % indicated that
dichromate was adsorbed within the MOF cages through the
ion-exchange process, displacing the chloride counterions. The
observation of Cr(III) in the XPS is notable, which could
indicate the occurrence of redox interactions. However, it is
more likely that these Cr(III) ions resulted from in situ
reduction of the highly electronegative dichromate ion under
the high energy radiation utilized in XPS.32,33 The possibility
of redox interactions with the MOF can safely be ruled out
based on observed high recyclability/regeneration of the MOF
for at least 10 cycles without losing its activity (recyclability
test vide inf ra). In order to further probe the microenviron-
ment within the nanocages of the MOF, a pH dependence
uptake investigation was conducted utilizing two deliberately
selected molecular probes, methyl orange (MO) and
methylene blue (MB). The two molecules were selected in
anticipation of the chemical nature of the probe, the
microporous host, and structural variation that can occur in
both the host and the guest molecules according to the pH of
the solution. This investigation was facilitated by demonstrated
notable stability of the UiO-66-NH2 under a wide range of
pH.18,34 The anionic MO molecule contains the sulfonic acid
group, capable of H-bond interactions with the (μ3-OH) and
amino/ammonium groups decorating the cages of the MOF.
On the other hand, the MB molecule is cationic and lacking
strong H-bond moieties. The observed trend of dye uptake by
the MOF@SiO2 (reported as milligrams of dye adsorbed per
gram of MOF@SiO2) in relation to the pH of the solution is
shown in Figure 4. It is evident that at acidic pH, where the

protonated form of the UiO-66-NH2 is dominant, the MOF
adsorbed the anionic, H-bond acceptor MO molecules much
more preferentially than MB. A striking flip of the sorbent
capability, reflecting change in the cage protonation state, was
observed beyond pH ∼ 5.6. At higher pH values than 5.6, the
MOF did not demonstrate appreciable uptake of the anionic
MO molecules, reflecting preferred solvation of the molecules
over adsorption within the host. On the contrary, the MOF@
SiO2 at pH values higher than 5.6 demonstrated increasing
capacity of the cationic MB molecular probe. To further
demonstrate the tunable selectivity of the MOF toward specific
guest, triggered by solution pH, a mixture of MO and MB was
utilized for adsorption into UiO-66-NH2@SiO2. As shown in

Figure 3. XPS spectra for (a) the UiO-66-NH2 and (b,c) the UiO-66-
NH2 after dichromate uptake by the MOF.

Table 1. XPS Analysis Showing Atomic % for the Several
Elements in the As-Synthesized MOF and That after
Impregnation with Cr(VI) through Soaking in 100 ppm of
Cr2O7

2− Solution

element (atomic %) Zr C N Cl O Cr

MOF 5.7 55.7 5.9 2.6 30.1 0
Cr@MOF 6.0 52.0 5.6 1.4 32.9 2.1

Figure 4. Uptake dependence on solution pH for MB and MO (initial
concentration 160 ppm for MO and 121 ppm for MB) adsorbed
within the UiO-66-NH2@SiO2.
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Figure S5, when the mixture was maintained at acidic pH, the
selective uptake of MO was noticed, while when the pH was
raised to 9.5, selective uptake of the MB was recorded from the
mixture. This experiment clearly demonstrated the tunable
cage chemistry simply by controlling the pH of the solution,
triggering selective guest uptake by the MOF. A similar trend
was also observed for the MOF powder in the absence of silica,
see Figure S6, confirming the observed behavior to originate
from the MOF cages. Interestingly, the uptake capacity of the
MOF@SiO2 toward MO and MB was almost equal at pH 5.6.
As this pH is the isoelectric point of the MOF@SiO2 (evident
from the zeta potential measurements, vide inf ra), this
observation indicated that, at solution pH matching the
isoelectric point of the MOF, simple molecular diffusion and
adsorption is operative. Maintaining the MOF@SiO2 at a
solution of pH 5.6 thus resulted in shutting down the charge-
assisted uptake mechanism for the cages, resulting in almost
equal and nonpreferential uptake of the guest molecules. To
assess the maximum uptake capacity of the UiO-66-NH2@
SiO2 toward Cr(VI), MO, and MB, the corresponding
adsorption isotherms were constructed at the optimal pH
value, Figure 5 (see Figures S7−S11 for further details). For
each sorbate, the optimal pH of the solution was adjusted to
5.4 Cr(VI), 3.5 (MO), and 9.7 (MB) based on the observed
trend from the pH dependent uptake study. The UiO-66-
NH2@SiO2 demonstrated exceptionally high uptake (137 mg/
g for Cr(VI), 1275 mg/g for MB, and 909 mg/g for MO). To
ascertain the observed capacities originating from adsorption
within the MOF cages, similar trials were conducted on the
MOF powder (no silica included) where it demonstrated an
adsorption capacity of 1202 mg/g for MB and 859 mg/g for
MO. In the three investigated adsorbates, the experimental
data can be more closely fitted with the Langmuir model,
Table 2, indicating strong sorbent−sorbate interactions leading
to monolayer adsorption within the MOF. Although several
reports demonstrated the high uptake of MOFs,45 it is
noteworthy that, to the best our knowledge, such high uptake
of MO and MB was not recorded in the UiO-66-NH2

previously. Table 3 lists the reported removal capacities for
MO and MB by MOF adsorbents, including UiO-66/-NH2. It

is also worth mentioning that the simultaneous uptake of both
cationic and anionic dyes, represented herein by MB and MO,
respectively, has not been reported with such high capacities
using the same adsorbent. This is attributed to the optimized
conditions utilized here for the preferential uptake of either
MB or MO by the MOF. In an attempt to further investigate
the charge state of the UiO-66-NH2 particles, zeta potential
measurements across a wide pH range were conducted, Figure
6. The MOF crystals demonstrated positive zeta potential in
the acidic pH range, flipping to negative zeta potential at values
higher than pH 5.6. This further confirms the proposed model
of protonated MOF cages at acidic pH and the formation of
neutral to negatively charged particles in neutral/basic pH.
This behavior can be ascribed to hydroxyl ion adsorption/
coordination, as well as deprotonation of pendant ammonium
groups. In a recent study, upon increasing the amount of acid
added to the synthesis of UiO-66-NH2, a corresponding
increase of zeta potential was observed.46,48 The UiO-66

Figure 5. Adsorption isotherms for Cr(VI) at pH = 5.4, MB at pH = 9.7, and MO at pH = 3.5 on the UiO-66-NH2@SiO2.

Table 2. Adsorption Isotherms Parameters for Uptake of the
Three Adsorbates within UiO-66-NH2@SiO2

Langmuir Freundlich

adsorbate qm b R2 Kf n R2

Cr(VI) 141 0.033 0.997 29.92 4.21 0.973
MO 1111 0.014 0.921 94.47 2.57 0.847
MB 1250 0.035 0.999 121.42 2.57 0.839

Table 3. Dye Removal Capacities for Several MOFs from
Aqueous Solution

dye removal capacity
(mg/g)

material MO MB ref

MOF-235 477 187 35
MIL-68(Al) 341.3 36
Cu-BDC 86.71 37
H6P2Mo15W3O62/MOF-5 401.6 38
GO/MOF 274 39
Cd(II)Organic Framework 149 40
Fe3O4@NH2-MIL-101(Cr) 370.3 41
MFC-N-100 358 42
NH2-MIL-125 405.61

43
MIL-125 321.39
UiO-66 91 44
UiO-66 107 45
UiO-66a 84.8 13.2 46
UiO-66 28.97 96.45

47
UiO-66-NH2 39.4 90.88
UiO-66-NH2@SiO2

b 909 1275 this work
aAcetic acid was used as modulator during MOF synthesis. bThe
values represent adsorption within the MOF; contribution from silica
as sorbent in control experiments is accounted for (see experimental
section).
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crystals also demonstrated similar zeta potential behavior at the
investigated solution pH, indicating that the surface charge in
the UiO-66/-NH2 family originates mainly from variable
protonation stages of the Zr cluster.
It was shown recently that the (μ3-OH) groups within the Zr

clusters of the UiO-66 possess acidic character with pKa =
3.52.49 Furthermore, the same study indicated that missing
linkers from the solid caused by the addition of an acid
modulator during the synthesis can be substituted by Zr-
coordinated water and hydroxyls, thus furnishing two potential
ionizable protons with calculated pKa values of 6.79 and 8.30,
respectively.49 However, a similar experimental investigation
was not conducted on the UiO-66-NH2. We have therefore
conducted its potentiometric titration, Figure 7, which clearly

indicates a noticeable difference from that previously reported
for UiO-66. We speculate that the Zr cluster acts as a weak
polyprotic acid through its bridging hydroxyl ions. In the
conducted titration, four discernible pKa values for the UiO-
66-NH2 were recorded, Figure 7. The observed pKa values
(3.35, 3.65, 4.03, 6.4) can tentatively be ascribed to the
pendant ammonium groups and the bridging hydroxyl (μ3-
OH) groups within the Zr clusters, where we hypothesize that
such groups do not have equivalent pKa values, due to efficient
electronic coupling, rendering progressive deprotonation on

the same cluster less spontaneous. The first observed pKa
(3.35) can thus be ascribed to the deprotonation of the first
(μ3-OH), which is comparable to that previously reported for
UiO-66.49 The second observed pKa (3.65) is most likely due
to the deprotonation of the pendant ammonium groups.50 The
two succeeding pKa values (4.03 and 6.4) can thus be assigned
to further (μ3-OH) groups within the Zr clusters. The vast
difference between the late pKa values can be ascribed to less
favored ionization of the μ3-OH due to buildup of negative
charge on the Zr cluster. To test this hypothesis, the pKa values
for all the bridging oxygen atoms (in oxide and hydroxide
bridging ions) in a model Zr-acetate cluster were calculated,
see Figure 8 and the Experimental Methods. The calculated

pKa values for the μ3-OH groups were taken to be the pH
values at which bridging oxo groups have a calculated formal
charge of −1.5, indicating the protonation state between
hydroxide and oxide species. The calculated pKa values were
found to be 3.15, 4.43, 6.9, and 11. The two intersecting lines
for O1 and O5 ions in Figure 8 indicate back-titration behavior
where the two O sites demonstrate prototropic tautomeriza-
tion. The calculations clearly demonstrated four discernible
pKa values for the μ3-OH groups, reflecting strong electronic/
electrostatic interactions between the Zr-bridged oxide/
hydroxide groups.
The good correlation observed here between the exper-

imentally measured pKa values and those calculated was only
established for the first three deprotonation steps. The high
pKa value for the last deprotonation step was not captured by
the experiment due to instability of the MOF at pH values
higher than 11. The calculations also revealed fairly low pKa
values for the bridging oxide species, indicating that under the
normal working conditions of the UiO-66-NH2, the bridging
oxide groups are in their conjugate base (oxide) form.
It is known that missing linker structural defects can occur at

the Zr-carboxylate clusters in UiO-66 MOF, where a currently
proposed model describes Zr-bound water molecules replacing
the missing linker Zr−O bond, albeit with a hydroxide ion at
H-bonding distance to one of the bridging hydroxyl ions,
balancing the charge of the cluster.51 This type of defective
cluster can thus be regarded as cationic under slightly acidic
conditions where solution pH limits the concentration of free

Figure 6. Zeta potential measurements for UiO-66 and UiO-66-NH2
at different pH values.

Figure 7. Potentiometric titration of UiO-66-NH2 in aqueous
solution (top), showing the first derivative and the corresponding
deconvolution pattern (bottom).

Figure 8. Calculated titration curve for the eight oxygen atoms in the
cluster [Zr6(OH)4(O)4(CH3CO2)12] indicating successive deproto-
nation stages for the μ3-OH groups. O1−O4 represent μ3-OH; O5−
O8 represent μ3-O.
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hydroxyl ions. The observed change in zeta potential for the
MOF crystallites, taking place around pH = 5.6, is therefore in
agreement with this proposed model. Although the pKa model
presented here is for the nondefective cluster, nonetheless, the
results discussed here reflect the rich chemistry of the Zr-
carboxylate cluster and hints into the origin of the observed
high stability of the UiO-66 MOF family at a wide range of
solution pH. It is proposed here that the Zr-carboxylate cluster
has variable degrees of protonation for the Zr-bridging (μ3-
OH) ions, thus protecting the cluster from nucleophilic attack
by solvated hydroxide ions. The observed pH dependence of
the cage chemistry and accordingly the surface charge of the
MOF have thus resulted in modulating its ability to
preferentially uptake the studied guest molecules. Whereupon,
under sufficiently acidic conditions, the positively charged
cages facilitated uptake of the MO and dichromate ions, while
at neutral to basic solution, MB was preferentially adsorbed by
the negatively charged cages of the MOF.
To investigate the role of the amine functionality in

enhancing the uptake capacity toward the different guest
molecules, the UiO-66@SiO2 was synthesized under essen-
tially similar conditions to those used here for the amine
counterpart and tested for uptake of the three contaminants.
As the UiO-66@SiO2 demonstrated lower capacities as
compared to the amine derivative, Figure 9, the relative

significance of the two binding sites can be discernible. The
higher uptake observed for the UiO-66-NH2@SiO2 can
rationally be ascribed to further (H-bond) interactions with
the amine/ammonium groups within the cages of the MOF. It
is therefore suggested that uptake of specific adsorbates by the
UiO-66-NH2@SiO2 is facilitated by (a) the surface charge of
the crystals, controllable through the pH of the synthesis
mixture and the sorption medium, (b) the ability to alter the
charge on the Zr nodes by controlling the solution pH, and (c)
the presence of amine/ammonium groups capable of charge-
assisted H-bond interactions with the guest molecules.
The recyclability of the solid sorbent toward the three

investigated sorbates was then examined. Utilizing a syringe
filter setup, passing a solution of the three different sorbates
through the UiO-66-NH2@SiO2 and measurement of the
residual concentration of the contaminant up to 10 cycles is
demonstrated in Figure 10. After each passage, the material
was regenerated as described in the Experimental Methods,
and the recyclability was demonstrated in the three cases, most
notable in the case of MO. It is thus demonstrated that this

system is truly a platform microporous sorbent for facile, rapid,
and controllable removal of model contaminants with a diverse
chemical nature, all facilitated through the efficient formulation
and the malleable cage chemistry of the sorbent.

■ CONCLUSION
In this study, we present a practical and easy-to-use form of
UiO-66-NH2@SiO2, constructed in a 2 h reaction time,
overcoming the limitation of fine particle size for practical end
applications. Furthermore, the MOF@SiO2 was found to
demonstrate high uptake capacity for dichromate ions from
aqueous solution, with high stability and recyclability for

Figure 9. Comparison of maximum adsorption capacity between
UiO-66@SiO2 and UiO-66-NH2@SiO2 for Cr(VI), MO, and MB.

Figure 10. Recyclability test for removal of Cr(VI), MB, and MO on
the UiO-66-NH2@SiO2.
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multiple cycles, as well as an easily regenerable form of sorbent.
The calculations on the Zr-acetate model system clearly
indicated different pKa values for the bridging μ3-OH groups,
in agreement with the experimental pH titration results. These
findings shed some light on the origin of high stability of UiO-
66-NH2 at different pH values in aqueous solution. In addition,
the MOF@SiO2 form demonstrated appreciable high uptake of
model organic dyes, both of cationic and anionic nature, where
the MOF selective uptake of either sorbates was effectively
controlled by the solution pH. A detailed pH dependence of
the MOF adsorption behavior toward guest molecules strongly
indicated facile tunability of the chemistry of the nanocages by
controlling the protonation state of the Zr cluster and pendant
amino groups decorating the MOF cages. It is also concluded
that the UiO-66-NH2 has exceptional water stability character-
istics and tunable charge state, stemming from the unique cage
and cluster chemistry. The presence of amphoteric Zr-
coordinated bridging oxide/hydroxyls, as well as pendant
amine/ammonium groups, plays well toward facilitating the
material par excellence performance as microporous sorbents in
water treatment applications.

■ EXPERIMENTAL METHODS
The Zr-acetate cluster was optimized at the DFT (Density Functional
Theory) level using the 6-311G(2p,2d)52 basis set and the B3LYP53,54

functional within the Gaussian 1655 software. The desolvation
energies and the electrostatic interactions between the oxo-bridges
and Zr, carboxylate groups, and the other oxo-bridges were obtained
by solving the Poisson−Boltzmann equation using adaptive Poisson−
Boltzmann Solver (APBS).32 Then, the MCCE (Multi-Conformer
Continuum Electrostatics) method33 was applied to generate
Boltzmann distributions for all possible microstates at different pH
with parametrization of the OH as reported previously.3 The free
energy of deprotonation is then calculated according to the following
equation:

Δ = [ − ] + Δ + Δ−G K G G(pH p )(OH O)
a,sol solvation pairwise

where ΔG(OH−O) is the energy required to deprotonate the OH. pKa,sol
is the solution pKa of OH in water as obtained in Amin et al.30

ΔΔGsolvation is the desolvation penalty, and ΔΔGpairwise is the pair wise
electrostatic interaction between OH and Zr, carboxylate groups, and
the other oxo bridges.
Synthesis. Caution! Concentrated HCl is highly corrosive and should

be dealt with in a properly ventilated reaction fume hood while wearing
proper protective equipment. Silica microparticles should be handled in a
proper fumehood while wearing a proper protective mask to avoid
inhalation.
UiO-66-NH2. In a clean scintillation vial, 2-aminoterephthalic acid

(135.6 mg) was sonicated in 5 mL of DMF for 5 min to which was
then added a separately prepared solution of ZrCl4 (125.5 mg, in 5
mL of DMF, and 1 mL of HCl 37%). The vial was capped, and the
mixture was left in an oven at 80 °C for 24 h. The solid was then
filtered under a vacuum through a membrane filter and washed with
ACN, then exchanged in ACN at 80 °C for 2 h and left in ACN at
room temperature for 3 days. The solid was then filtered under a
vacuum and dried in an oven at 80 °C for 2 h. Yield = 156.2 mg
UiO-66-NH2@SiO2. In a clean scintillation vial, a mixture of 2-

aminoterephthalic acid (135.6 mg) and silica gel (224 mg) was mixed
and sonicated in 5 mL of DMF for 5 min to which was then added a
separately prepared solution of ZrCl4 (125.5 mg, in 5 mL of DMF and
1 mL of HCl 37%). The vial was capped, and the mixture was stirred
at 400 rpm for 2 h at 80 °C. The solid was then filtered under a
vacuum through a membrane filter and washed with ACN, then
exchanged in ACN at 80 °C for 2 h and left in ACN at room
temperature for 24 h. The solid was then filtered under a vacuum and
dried in an oven at 80 °C for 2 h. Yield = 346.6 mg (corresponding to

35.4 wt % MOF in the composite assuming a constant weight of
silica).

Acid-Washing Procedure. In a clean scintillation vial, the desired
amount of UiO-66-NH2@SiO2 was added to 10 mL of 0.1 M HCl
and left for 10 min. The solid was then filtered under a vacuum
through a nylon membrane filter, washed with 10 mL of Milli-Q
deionized water (DI water), and dried in an isothermal oven at 80 °C
for 45 min.

Calibration Curves for UV−vis Spectrophotometry. Dichro-
mate. Different K2Cr2O7 concentrations (2.5, 5, 10, 15, 20, and 25
ppm of Cr(VI)) were prepared. First, a solution of 100 ppm of Cr(VI)
was prepared by dissolving 28.289 mg of K2Cr2O7 in 100 mL of DI
water, and subsequent dilutions were prepared with the desired
concentrations. Finally, UV−vis spectrophotometry was used to get
the absorbance of each of the prepared concentrations at λmax 365 nm
to construct the calibration curve. Three different calibration curves
were prepared with various pH (5.4, 7.1, and 10.6).

Methyl Orange (MO). Different MO concentrations (2.5, 5, 10, 15,
20, and 25 ppm) were prepared. First, a solution of 100 ppm MO was
prepared by dissolving 25 mg of MO in 250 mL of DI water, and
subsequent dilutions were prepared with desired concentrations.
Finally, UV−vis spectrophotometry was used to get the absorbance of
each of the prepared concentrations at λmax 464 nm to construct the
calibration curve.

Methylene Blue (MB). Different MB concentrations (2.5, 5, 10, 15,
20, and 25 ppm) were prepared. First, a solution of 100 ppm MB was
prepared by dissolving 25 mg of MB in 250 mL of DI water, and
subsequent dilutions were prepared with desired concentrations.
Finally, UV−vis spectrophotometry was used to get the absorbance of
each of the prepared concentrations at λmax 665 nm to construct the
calibration curve.

Batch Adsorption Study. The reported weight of as-synthesized
and acid-washed UiO-66-NH2@SiO2 utilized in dichromate or dyes
uptake is the dry weight calculated based on observed weight loss
from TGA measurement at 100 °C for each batch, as a moisture
content of 7−18 wt % was observed in different batches depending on
sample treatment and storage conditions.

Effect of Adsorbent Dose. Methyl Orange. Different weights of
acid-washed UiO-66-NH2@SiO2 (13.2, 24.19, 49.77, and 74.29 mg)
were added to four separate 10 mL MO samples (159 ppm) and
stirred for 10 min. The suspension was then transferred to a 15 mL
falcon tube and centrifuged at 6000 rpm for 10 min. One milliliter of
the supernatant was then diluted five times prior to UV−vis spectrum
acquisition.

Methylene Blue. Different weights of as-synthesized UiO-66-
NH2@SiO2 (4.65, 9.3, 13.95, 18.6, and 23.25 mg) were added to four
separate 10 mL MB samples (118 ppm) at pH 11.8 and stirred for 10
min. The suspension was then transferred to a plastic syringe and
filtered through a PTFE syringe filter, which was previously washed
with 5 mL of acetone and left to completely dry in air before usage.
The filtrate was collected for UV−vis spectrum acquisition.

Effect of pH. Dichromate. Six separate stock solutions of 10 mL
of 100 ppm dichromate were adjusted to the desired pH (2.7, 3.1, 5.2,
7.2, 10.3 and 11.4), to which 15 mg of acid-washed UiO-66-NH2@
SiO2 was added separately to each vial. After stirring at 300 rpm for 10
min, the samples were centrifuged for 10 min at 6000 rpm and the
supernatant was collected and diluted prior to UV−vis spectrum
acquisition.

Methyl Orange. Six scintillation vials were prepared, each
containing 10 mL of 160 ppm MO stock solution and 13.8 mg of
the acid-washed UiO-66-NH2@SiO2, and the pH adjusted to desired
pH (3.55, 4.63, 5.82, 6.73, 7.5 and 8.17) through the addition of HCl
or NaOH solution. After stirring at 300 rpm for 10 min, the
suspension was then filtered through a Nylon syringe filter, and 1 mL
of the supernatant was collected and diluted five times prior to UV−
vis spectrum acquisition.

Methylene Blue. Seven separate MB stock solutions of 10 mL of
121 ppm were prepared, and 13.95 mg of the as-synthesized UiO-66-
NH2@SiO2 was added to each vial, then the pH adjusted to desired
pH (3.46, 4.4, 5.08, 6.57, 7.38, 7.85, and 8.25) through the addition of
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HCl or NaOH solution. After stirring at 300 rpm for 10 min, the
suspension was transferred into a plastic syringe and filtered through a
Nylon syringe filter. The filtrate was collected and diluted prior to
UV−vis spectrum acquisition.
Adsorption Isotherm Studies. Dichromate. In sealed glass vials,

seven separate samples of 41.2 mg of acid-washed UiO-66-NH2@
SiO2 was added into 10 mL of Cr(VI) solutions of different
concentrations (50, 100, 200, 400, 600, 800, and 1000 ppm) and
stirred for 10 min. The suspensions were then centrifuged for 10 min
at 6000 rpm, and the supernatant was collected and diluted prior to
UV−vis spectrum acquisition.
Methyl Orange. In sealed glass vials, eight separate samples of 24.6

mg of acid-washed UiO-66-NH2@SiO2 was added into 10 mL of MO
solutions of different concentrations (118, 159, 276, 385, 611, 833,
1019, 1222 ppm) and stirred for 10 min (pH 3.5). The suspensions
were then centrifuged for 10 min at 6000 rpm, and 1 mL of the
supernatant was collected and diluted prior to UV−vis spectrum
acquisition. A control sample having 16 mg of silica and 10 mL of MO
sample (1222 ppm) was conducted to calculate the actual adsorption
capacity of the MOF.
Methylene Blue. In sealed glass vials, eight separate samples of 18.6

mg of as-synthesized UiO-66-NH2@SiO2 were added into 10 mL of
MB solutions of different concentrations (118, 244, 522, 791, 1041,
1246, 1549, 1728 ppm) and stirred for 10 min (pH 9.5). The
suspension was then transferred into a plastic syringe and filtered
through a PTFE syringe filter, which was previously washed with 5
mL of acetone and left to completely dry in the air before usage. The
filtrate was collected and diluted prior to UV−vis spectrum
acquisition. A control sample having 11.5 mg of silica and 10 mL
of MB sample (1549 ppm) was conducted to calculate the actual
adsorption capacity of the MOF.
MOF Powder Adsorption Capacity for MB. A total of 18.6 mg of

UiO-66-NH2 was added into 10 mL of MB (2501 ppm, pH 9.5) and
stirred for 10 min. The suspension was then transferred into a plastic
syringe and filtered through a Nylon syringe filter. The filtrate was
collected and diluted prior to UV−vis spectrum acquisition.
(Adsorption capacity = 1202 mg/g)
MOF Powder Adsorption Capacity for MO. A total of 23.25 mg of

UiO-66-NH2 was washed with 0.1 M HCl then added into 10 mL of
MO (2127 ppm, pH 3.5) and stirred for 10 min. The suspension was
then transferred into a plastic syringe and filtered through a Nylon
string filter. The filtrate was collected and diluted prior to UV−vis
spectrum acquisition.
(Adsorption capacity = 859 mg/g)
Zeta Potential Study. Separate samples of 10 mL of DI water were

adjusted to the initial desired pH (2.7, 3.1, 5.2, 7.2, 10.3 and 11.4),
then 1 mg of UiO-66-NH2 was added to each sample, sonicated for 5
min, and let to equilibrate for 25 min before recording the final pH
and measuring the zeta potential.
Potentiometric Titration. A total of 50 mg of UiO-66-NH2 was

added to 60 mL of 0.01 M sodium nitrate solution, sonicated briefly
to fully disperse MOF particles, and left to soak for 18 h. The pH was
the adjusted to 3 using 0.1 M HCl, and the suspension was then
titrated with 0.1 M NaOH with an injection volume of 0.025 mL at a
rate of 0.025 mL/min.
Regeneration Study. Dichromate. To probe the regeneration

ability of UiO-66-NH2@SiO2, a 0.22 μm nylon syringe filter was
loaded with 41.2 mg of acid-washed UiO-66-NH2@ SiO2 after being
suspended in 10 mL of DI water. Then, 10 mL of 107 ppm of Cr(VI)
solution was passed through the loaded syringe filter, and the filtrate
was collected for UV−vis spectrum acquisition. The syringe filter was
then washed with 1 M HCl followed by 10 mL of DI water. The
dichromate uptake and washing were repeated for 10 cycles.
Methyl Orange. A PTFE syringe filter, which was previously

washed with 5 mL of acetone, was loaded with 50 mg of acid-washed
UiO-66-NH2@SiO2 after being suspended in 10 mL of DI water.
Then, 5 mL of 119 ppm MO solution was passed through a loaded
syringe filter, and the filtrate was collected for UV−vis spectrum
acquisition. The syringe filter was then washed with 1 M HCl and

acetone followed by DI water. The MO uptake and washing were
repeated for 10 cycles.

Methylene Blue. A PTFE syringe filter, which was previously
washed with 5 mL of acetone, was loaded with 50 mg of as-
synthesized UiO-66-NH2@SiO2 after being suspended in 10 mL of
DI water. Then, 5 mL of 94 ppm MB solution at pH 11.8 was passed
through a loaded syringe filter, and the filtrate was collected for UV−
vis spectrum acquisition. The syringe filter was then washed with 1 M
NaOH (10 mL) followed by DI water (10 mL). The MB uptake and
washing were repeated for 10 cycles.
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