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ABSTRACT

In this paper, we exploit our prior successful synthesis of MOF-199 single crystals using the reaction-diffusion framework (RDF), to
synthesize multivariate metal-organic frameworks (MTV-MOFs) version with enhanced properties. The MTV-MOFs are synthesized
by creating defects within the MOF-199 crystal structure by integrating organic linkers entailing different functional groups. Accordingly,
5-aminoisophthalic acid (NH>-BDC) and 5-hydroxyisophthalic acid (OH-BDC) are separately mixed with 1,3,5-benzenetricarboxylic
acid (BTC) in three different starting ratios of X-BDC:BTC (1:3, 1:1) and 3:1). The effects of this linker on the morphology of the
synthesized MTV-MOFs, their thermal stability, and their surface area are investigated. The extent of the incorporation of the
linkers in the framework is elucidated via 'H-NMR spectroscopy and it is shown that the incorporation varies as a function of the
location along the tubular reactor, a characteristic of RDF. The enhanced properties of the synthesized MTV-MOFs are further
demonstrated by measuring its adsorptive capability for methylene blue (MB) and rhodamine B (Rh B) in agueous solution, and
compared with that of the as-synthesized MOF-199. The kinetic and thermodynamic studies reveal that MTV-MOFs with the ratio
of X-BDC:BTC (1:1) exhibit the best uptakes of MB (263 mg/g) for X = OH and Rh B (156 mg/g) for X = NH,. The adsorbents are also
easily regenerated for three consecutive cycles without losing their efficiency. We finally demonstrate that MTV-MOFs can be designed
to tune the dye removal selectivity and enhance the removal capacity of both MB and RhB in a binary aqueous solution of these dyes.
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1 Introduction

Metal-organic frameworks (MOFs) are an expansible class of
highly crystalline porous extended networks [1]. They are
hybrid materials formed by anchoring organic linkers subsuming
mainly carboxylate moieties, with metal clusters via strong
coordination bonds [2]. Many material scientists have focused
their interests on designing new crystalline porous materials to
fulfil highly specific functions and thus intended applications.
MOFs are indeed modular structures and can be expanded by
means of reticular chemistry to obtain ultrahigh porosity and
surface area [3, 4]. MOF structures represent an epitome of
versatile ultrahigh porous materials [5] and they have been
extensively employed in a broad-range of applications especially
in gas storage, catalysis, drug delivery, water purification and
sensing [6-9]. The conspicuous interest in these hybrid materials
does not rely back to its high surface areas only, but also to the
immense number of metal salts and organic linkers that could
be incorporated in the synthesis process [10]. Such diverse
combinations of the reagents produce an indefinite number of
MOFs exhibiting superior features and unique properties that
precede vigorously other materials of pure organic or inorganic
nature, including zeolites and activated carbon [11, 12]. More
importantly, it is evident that the characteristics and the

properties of MOFs depend intensely on the synthesis route
including the temperature of the reaction, proportions of the
metal ions and the organic linkers with respect to each other,
in addition to the nature and the extent of the solvents utilized
[13]. Aided with these scenarios, material scientists are urged
to upsurge their efforts in finding possible ways to optimize the
physio-chemical properties of MOFs and reach the ultimate
efficiency when targeted specific applications [14].

One suggested approach that serves as a potential platform
for enhanced MOFs’ physical and chemical properties is
reached by mixing metals [15, 16] or incorporating more than one
type of organic linkers [17] having different functionalities
within the same framework [18], leading to structures known
as multivariate MOFs (MTV-MOFs) [19, 20]. The intentions
behind synthesizing MTV-MOFs is to generate versatile porous
material that exclusively display dual opposing properties,
create defects while conserving the entire framework and
adjust the pore environments via allocating the functional
groups into the framework at the preferred locations [21].
Such schemes owe to influence the properties of the single
ligand MOFs and thus enhance its performance at the
application level [22, 23]. The resulted heterogeneity within
order in these MTV-MOFs depicts improvements in the adsorptive
and catalytic properties [24-26]. Mainly, the linkers that are

Address correspondence to Mohamad Hmadeh, mohamad.hmadeh@aub.edu.lb; Mazen Al-Ghoul, mazen.ghoul@aub.edu.lb

TSINGHUA
2 UNIVERSITY PRESS

@ Springer

o
0
t
<
<
8]
—_
@
L)
)
o)
o




424

mixed within the same framework have geometric similarities
such as the length of the carbon chain [27]. Meanwhile
incorporating linkers having different functional groups is a
matter of challenge as the obtained material might lack a
homogeneous single phase of the mixed linkers or lose its
crystalline order [28]. However, some reports suggest possible
routes for MTV-MOFs synthesis including metals or ligands
mixing in the initial preparation solution [26, 29], solvothermal
reaction [30], mechanochemical reaction [31], solvent-assisted
linker exchange (SALE) [32, 33], sequential linker installation
by post-synthetic modification [34, 35] or growing one MOF
on the surface of another as core-shell structure [36, 37]. It
is noteworthy to mention, that only very few reports have
demonstrated the successful production of MOFs at room

temperature [38-40].

The reaction diffusion framework (RDF) with the underlying
coupling of chemical transformations, diffusion, crystal nucleation
and growth [41-43] is a powerful tool for making crystalline
material with a direct control of the crystal size and com-
position [39]. In RDE reaction-diffusion systems can be exploited
to form the solid material of interest by precipitating the
involved reactants (co-precipitates) within a gel matrix by
means of diffusion and without any other transport processes
(Scheme 1) [44]. As the initially segregated reactants are diffused
into each other, a resulting concentration gradient is established
down the reaction tube. Such a gradient leads to higher
nucleation rates and thus smaller crystals near the interface
between the outer electrolyte solution (metal ions) and the agar-
containing organic linkers, versus a dominant crystal growth
regime characterized by larger crystals down the tube due to
the relatively lower supersaturation [45, 46] The gel plays a
pivotal role in the three-dimensional crystal growth by avoiding
sedimentation of crystals, eliminating convection, stabilizing
the depletion zones around growing crystals, and retarding the
rates of nucleation and growth. In our previous work, we took
advantage of RDF and reported the controlled growth of MOF-
199 at room temperature via the diffusion of copper ions
through a gel matrix containing the 1,3,5-benzenetricarboxylic

acid (BTC) [39].

Herein, we extend the success of RDF for the controlled
synthesis of MTV-MOF-199 at room temperature by the
diffusion of copper ions into a gel matrix containing BTC
mixed with either 5-hydroxyisophthalic acid (OH-BDC) or
5-aminoisophtalic acid (NH.-BDC) linkers at different ratios.
Through a live monitoring of the crystal growth, we are
capable of introducing spatial heterogeneity into MOEF-199,
while preserving its original crystalline network [28, 47, 48]. More
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Scheme 1 Schematic representation of MTV-MOF synthesis via the
reaction-diffusion framework in the tubular reactor. The copper solution
(outer) is added on the top of a gel containing a mixture of the organic
linkers. The supersaturation gradient (red curve) leads to a gradient in
crystal sizes. Nucleation of the MTV-MOF takes place within the reaction
zone (red region). Transition to multisized crystals with a gradient of linker

composition takes place in its wake.
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importantly, by using linkers entailing different functional
groups, we are able to tune the defect in the MOF structure
and the functional units within the pores. The diversity of the
functional groups alters the physio-chemical properties of the
structures and therefore their affinity to the guest molecules
which is demonstrated here by testing the adsorptive activity of
the synthesized MTV-MOFs-199 having their pores decorated
either with hydroxyl or amino groups over methylene blue (MB)
and rhodamine B (Rh B) dyes in an aqueous medium, and then
comparing to the as-synthesized MOF-199 as well as other
commonly used adsorbents such as activated carbon.

2 Experimental section

2.1 Synthesis of MTV-MOFs via RDF
2.1.1 Materials

The chemical reagents, Cu(OAc)>-H:O and BTC were purchased
from Acros Organics, agar gel from Bacto, OH-BDC, NH.-
BDC, N,N’-dimethyl formamide (DMF), dichloromethane
(DCM) and ethanol absolute from Sigma Aldrich. All reagents
were used as received and without any further purification.

2.1.2  Preparation procedure

MTV-MOFs were synthesized via RDF method in a Pyrex
tube consisting of inner and outer mediums. The inner gel
solution was prepared by dissolving mixture of X-BDC (OH-
BDC or NH;-BDC) and BTC (Scheme S1 in the Electronic
Supplementary Material (ESM)), at three different starting
molar ratios in a 1:1 ethanol/water solution (Table S1 in the
ESM). Agar powder (1% w/w) was then added to the mixture,
followed with a continuous heating and stirring until complete
dissolution of the gel. Instantly, the mixture was poured into
Pyrex tube, covered, and left to allow the complete congealing
of the gel. By the time the inner had jellified, an outer solution
constituting of copper acetate dissolved in a 1:1 ethanol:water
mixture was poured on top of the congealed gel, allowing
thereby the diffusion of electrolytes and the formation of MOF
particles. The reaction-diffusion process of the system was
kept for 72 h, after which the MOF precipitate was collected
by dissolving the agar gel in hot water and then separating
the crystals by centrifugation. Several washings by DMF were
performed to eliminate the unreacted linkers. The MTV-MOF
samples obtained were activated by solvent exchange with DCM
and then dried under vacuum for 12 h.

2.2 Characterization

Powder X-ray diffraction (PXRD) patterns were recorded on
a Bruker D8 Advance X-ray diffractometer using the Cu-Ka«
radiation (A = 1.5406 A) at 40 kV and 40 mA. The morpho-
logy of MTV-MOFs was revealed by the scanning electron
microscopy (SEM) images conducted on the FEI Quanta 600
FEG-SEM instrument. The Brunauer-Emmett-Teller (BET)
surface areas of the MOF samples were calculated by the
surface area analyzer (NOVA 2200e) after degassing the
samples at 150° for 6 h. Thermogravimetric analysis (TGA) was
obtained at a ramp rate of 5 °C/min from 30 to 700 °C under
nitrogen atmosphere on NETZSCH TG 209F1 Libra TGA209F1D-
0152-L. The amount of the linkers incorporated in the MOF
structure was determined using BRUKER Advance NMR
Spectrometer (500 MHz) after digesting the activated MOF in
trifluoroacetic acid (TFA) and a deuterated dimethyl sulfoxide
(DMSO). UV-Vis spectrophotometric measurements were
performed on a Thermo Fisher Scientific Evolution Array
spectrophotometer.
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2.3 Organic dyes adsorption

In the adsorption experiments, 10 mg of the adsorbent (MOF)
were added into 10 mL of solutions at different initial
concentrations of the dyes, MB and Rh B, for 120 min (which
was enough for the adsorption-desorption equilibrium to be
established). The MOF samples underwent filtration prior to
measuring the concentration of the equilibrium solution using
UV spectrophotometry.

The amount of the organic dye adsorbed at equilibrium was
calculated by the following equation

_G -c)Vv
W

where C, and C. are the initial and the equilibrium con-
centrations (mg/L) of the dye respectively, V is the volume of
the solution in liters (L), W is the mass of the MOF in grams
(g) and Q. is the adsorption capacity (mg/g) of the adsorbent
at equilibrium. Similarly, the amount adsorbed of the dye at
time t, was calculated using Eq. (2)

(1

_(C,-C)yv

S
where C: is the concentration (mg/L) of the dye at time ¢ and
Q: is the adsorption capacity (mg/g) of the adsorbent at time ¢.

2.3.1 pH effect

In order to examine the effect of the pH on the adsorption
process, 10 mg of the MOF sample were added to 10 mL of
3.20 ppm MB or 10 ppm of Rh B dye solution in five separate
tubes at different pH ranging between 3 and 10. The pH values
of 6.3 and 6.1 correspond to the MB and Rh B in deionized
water without any additives, respectively. The initial solution’s
pH was adjusted through addition of NaOH or HCL.

()

2.3.2  Temperature effect

In order to perceive the effect of the temperature, the adsorption
of MB and Rh B dyes by the MOF samples (MOF-199 and
MTV-MOFs-199) was carried out at four different temperatures:
25, 35, 45 and 55 °C. The adsorption conditions for this task
were 10 mg of the MOF, 10 mL of 3.20 mg/L of the dye for MB
and 10 ppm for Rh B, and 120 min of contact time.

2.3.3 Kinetic study

The adsorption study was conducted at different contact times
(1, 3, 5, 10, 15, 25, 30, 60 and 120 min) by adding 10 mg of the
MOF sample into 10 mL of a 10 ppm of each dye solution.
Aliquots of 0.25 mL were taken from each solution at a specific
time and measured using the spectrophotometer after filtration
of the adsorbent MOF.

2.3.4 Co-adsorption tests

In order to investigate the specify of the introduced functional
group towards each dye and their relative behavior when both
dyes were present in solution, additional adsorption tests were
done where 10 mg of the optimal systems OH-MOF-199 or
NH,-MOF-199 with 1:1 ratio were added to 10 mL of a 10 ppm
Rh B or MB respectively and to 10 mL of a binary solution of
10 ppm of both Rh B and MB.

3 Results and discussions

3.1 Structural characterization of MOF-199 and its
mixed linkers derivatives
MOF-199 and its mixed ligand derivatives (MTV-MOE-199)
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were synthesized via RDF method in a Pyrex tube. BTC and
OH-BDC or NH,-BDC were mixed in three different ratios
within the gel matrix to react with the diffused copper ions to
form the crystals of MTV-MOEF-199 (Table S1 in the ESM).
The synthesis is summarized in Scheme 2. The collected crystals
were then subjected to powder X-ray diffraction to confirm
the phase purity of the samples.

The PXRD patterns for the MTV-MOFs-199 are compared
to that of MOF-199 (Fig. 1). It is clear that these patterns are
highly resolved and match perfectly with the theoretical
profile of MOF-199 with no additional peaks. This indicates
that the synthesized MTV-MOFs-199 are highly crystalline
and pure with a single phase regardless of the ratio of the
linkers. However, there’s a slight peak broadening observed in the
MTV-MOFs-199 profiles that is becoming more noticeable as
the ratio of the introduced linker increases, and further
indicating the decrease in the crystal size as well as a slight
decrease in the overall crystallinity [49] manifested by a
relative change in the peaks intensity. However, in the presence of
high concentration of NH,-BDC linker, new minor peaks
appear in the XRD pattern of NH,-MOF-199 (3:1) at 8.1°, 18°,
and 26.6° which were obtained as well in a related study [26].
Further experiments were performed to investigate the cause
of the extra peaks. It turned out that NH,-BDC when
introduced alone in the same synthesis conditions forms
hierarchical structures with a very low crystallinity (Fig. S1 in
the ESM) having the same peaks position appearing in the
XRD pattern of NH,-MOF-199 (3:1) while OH-BDC alone
does not form any precipitate. It is worthy to note that a closer
look at the PXRD of the crystals extracted from consecutive
bands shows that this impurity forms only in the last band of
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Scheme 2 Schematic presentation of the synthesis of MOF-199 and its

mixed linkers derivatives through reacting Cu-paddle wheels with BTC linkers

and OH-BDC or NH,-BDC while preserving the original MOF-199 crystal order.
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Figure 1 PXRD patterns of OH-BDC:BTC systems (a) and NH,-BDC:BTC
systems (b); calculated MOF-199 (black), synthesized MOF-199 (pink),
(1:3) (blue), (1:1) (red) and (3:1) (green).
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the tube hence the majority of the MTV-MOF-199 formed is
pure (Fig. S1 in the ESM).

3.2 Effect of varying the ratios of the linkers on the
morphology of the MOF

In order to investigate the morphology and further confirm
the phase purity of the samples, the PXRD shown in Fig. S1 in
the ESM as well as the SEM images of crystals extracted from
three consecutive bands of the reaction tubes were recorded
and representative images are shown in Fig. 2 and Table S2
in the ESM. The obtained images reveal one of main features
of RDF which is the ability to lively monitor the growth and
evolution of the crystals relative to the distance from the
interface. As shown in Fig. 2, each tube is divided into three
consecutive bands of equal width (band 1, band 2 and band 3).
The nearest to the gel-outer solution interface is band 1. The
SEM images display the progress of crystal growth in each
MOF sample. As it can be clearly seen, band 1 contains the
smallest crystals which is consistent with the dominance of
nucleation near the interface where supersaturation is the
highest. As we go down in the tube, crystal growth begins to
take over, and crystals become larger in size with more defined
shapes and edges. In the case of pure MOF-199, when no
functionalized X-BDC was added in the reaction system, it can
be seen that all the crystals in all bands are cubes with 6 x {100}
facets. When OH-BDC was introduced into the system in a
OH-BDC:BTC ratio of 1:3, in the region close to the interface,
the particle morphology changed to a cuboctahedron consisting
of 6 x {100} and 8 x {111} facets. Away from the interface,
the facets of {111} become larger and the cuboctahedron is
transformed to octahedron. However, when we increased the
starting concentration of OH-BDC (OH-BDC:BTC (1:1 or 3:1)),
interconnected spheres were formed which is consistent with
highly defected frameworks. The interconnection between the
particles could be responsible for the mesoporous behavior of
the material. Likewise, in the case of the amino-functionalized
MOF-199, relatively large cubeoctahedral crystals were
obtained for NH.-BDC:BTC (1:1 and 1:3). Interestingly, for
higher starting ratio NH.-BDC:BTC (3:1), a hierarchical
structure (Fig. S1 in the ESM) can be observed which could
explain the mesoporous behavior and the decrease in the
surface area.

The nitrogen adsorption isotherms corresponding to the
MTV-MOFs having BTC in excess X-BDC:BTC (1:3) exhibit
Type I isotherm similar to that of MOF-199, with a surface
area of 900 and 800 m’/g for OH-BDC and NH»-BDC,
respectively (Fig. 3). it is worthy to note that when we increased

MOF-199 OH-BDC:BTC
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Figure 3 Nitrogen adsorption isotherms of OH-BDC:BTC systems (a) and
NH,-BDC:BTC systems (b); MOF-199 (black), (1:3) (blue), (1:1) (red)

and (3:1) (green).

the concentration of X-BDC to equate that of BTC (1:1), the
obtained isotherm revealed a deviation from type I to type IV
(Fig. 3), where the nitrogen uptake is high at high pressures
indicating the formation of multilayers. In addition, the
presence of the hysteresis loop at high relative pressures signifies
the presence of mesopores. Meanwhile, at low P/P,, the flat
plateau is indicative of a microporous behavior and the closure
of the hysteresis loop at a P/P, value of around 0.4 signifies the
existence of small mesopores. The calculated surface areas are
420 and 410 m*/g for the hydroxyl-functionalized OH-MOF-199
and amino-functionalized NH>-MOF-199, respectively, which
are much lower than that of the as-synthesized MOF-199.
Seemingly, this decrease in surface area is associated with the
decrease in the total pore volume (Table S3 in the ESM) upon
the introduction of the new functional groups into the MOF
framework and it is a common consequence for the formation
of mesopores because the introduced linkers have lower
coordination groups than BTC hence they play the role of
breaking a wall between adjacent pores and combining them to
give large pores [50, 51]. The obtained pore size distribution
data are shown in Fig. S2 in the ESM. By further increasing
the concentration of OH-BDC and NH.,-BDC to exceed that
of BTC at a ratio of 3:1, a slight disappearance of the hysteresis
loop was observed, which suggests that there is a change in the
pore size distribution inflicted by the major shape change of
the material due to the domination of defects within the
MOF-199 structure. This in turn results in the disappearance
of the micropores and the lowering of the surface area to 360
and 400 m*/g for OH-BDC and NH,-BDC, respectively.

3.3 Thermal stability of the MTV-MOFs-199

In order to study the effect of the incorporation of function-
alized linkers within the MOF-199 topology on its thermal
stability, TGA analysis was performed on the synthesized

NH,-BDC:BTC

Figure 2 SEM images of the different MOF samples extracted from three consecutive bands of the reaction tubes.
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solids and the obtained curves are shown in Fig. S3 in the
ESM. It is clear that there is a slight decrease in the thermal
stability of the MTV-MOFs-199 when compared to the as-
synthesized MOF-199. This can be explained by a decrease in
the number of Cu-paddle wheel secondary building units
(SBUs) within the mixed linker MOFs. Nevertheless, the TGA
profiles of MTV-MOFs-199 resemble that of MOF-199 where
two main weight losses are observed. The first is at around 100 °C
ranging from 5% to 20% weight loss resulting from the removal
of the water molecules from the exposed metal sites of the
SBUs. The second is near 300 °C with around 50% weight loss
indicating the thermal decomposition of the MOFE.

3.4 Evaluation of linker ratios in the MTV-MOFs

In order to validate the presence of OH-BDC and NH,-BDC
and to quantify the actual amount incorporated in the
MOF structure, '"H-NMR analysis of the digested crystals was
conducted. The relative amount of the BTC, OH-BDC and
NH,-BDC linkers within the MOF structures was determined
by the ratio of their peaks in the NMR spectrum. The results
illustrated in Fig. 4 and Fig. $4 in the ESM, show that the final
proportion of the linkers incorporated in the MOF structure is
lower than the initial proportions used in the reaction mixture.
The final amounts of OH-BDC and NH>-BDC in each tube
are calculated to be 32%, 26% and 16% for initial ratios of
OH-BDC:BTC (3:1, 1:1 and 1:3) respectively, and 52%, 41%
and 23% for initial ratios of NH,-BDC:BTC (3:1, 1:1 and 1:3),
respectively. This indicates that the amino functionalized
linker is more efficiently incorporated in the MOF-199
structure. Furthermore, the RDF synthesis method allows us
to calculate the extent of MOF-199 functionalization along the
reaction tube and an interesting trend is obtained in all the
studied systems where the amount of the functionalized linker
incorporated decreases with decreasing supersaturation by
going farther from the interface as shown in Fig. 4. In other
words, the most defected MOF-199 can be extracted from the
first bands for all systems. Representative NMR spectra are
shown in Fig. S5 in the ESM. Further FT-IR studies done on a
representative sample of the OH:BDC-BTC system are shown
in Fig. S6 in the ESM. The latter displays a stretching vibration
at around 1,640 cm™ corresponding to the ~-COOH groups
of the BTC coordinated to copper metal ions, a broad band
appearing within 3,500-2,700 cm™ signifying the presence of
free ~OH groups, and band appearing between 500-400 cm™
verifying the existence of the Cu-O bond.

3.5 Organic dyes adsorption
3.5.1 Adsorption isotherm

In order to demonstrate the importance of the functionalization
and its resulting defects within MOF-199 structure, MTV-
MOF-199 samples were employed as adsorbents for MB and

(a) (b)
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80
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Figure 4 Percentages of OH-BDC (orange) and NH»-BDC (green)
incorporated within OH-MOF-199 and NH>-MOF-199 crystals extracted
from three consecutive bands (a) and their corresponding average values
as a function of the starting ratios (b).
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Rh B removal from water (Fig. 5).

The hydroxyl-functionalized version OH-MOF-199 shows
high affinity toward MB; however, the amine-functionalized
version NH,-MOEF-199 is found to be good adsorbent for Rh B.
More importantly, both defected systems are found to be
better adsorbents than MOF-199. In our study, the fit to a
Langmuir isotherm is found to have the highest R-squared
values compared to the Freundlich model as shown in Table S4
in the ESM. The plots in Fig. 6 are fitted in accordance to the
non-linear form of the Langmuir isotherm equation

qmaxKLCe

3
1+K,C. )

qe =
where Ki is the Langmuir equilibrium constant (L/mg) and
gmax is the monolayer adsorption capacity of the adsorbent
(mg/g). It is clear from Table S4 in the ESM that the
MTV-MOFs with starting ratios of OH-BDC:BTC (1:1) and
NH.-BDC:BTC (1:1) exhibit the highest gmax values of 263 and
156 mg/g for MB and Rh B, respectively, when compared to
MOF-199 and other defected structures. Furthermore, fitting
Langmuir model strongly suggests a physical adsorption process
on the surface of the MOF crystals. Moreover, the maximum
adsorption capacity of the newly synthesized MTV-MOFs
efficiency was compared to numerous common adsorbent
materials and is shown to perform better than many of them
as shown in Table 1.

3.5.2  Effect of the initial pH of the solution

The pH of the solution is an imperative factor as it greatly
influences the adsorption process in the aqueous solution
mainly by altering the surface charge of the adsorbent and the
charge state of the adsorbate. The corresponding adsorption
experiments were conducted at different pH ranging between
3 and 10 and the results are shown in Fig. 7. When the pH
is increased from 3 to 6, the adsorbed quantity of MB onto
OH-BDC:BTC and Rh B onto NH,-BDC:BTC increases until
it reaches maximum values at the optimum pH (6.3 and 6.1)

N
A
HiC X, . ~CHs
S

Tt

MB+MOF-199 MB+OH-MOF-199 Rh B Rh B+MOF-199 Rh B+NH,-MOF-199

Flgure 5 Adsorption of MB (a) and Rh B (b) dyes by the functionalized
and defected MOF-199 compared to pure MOEF-199.

(a) (b)

300 200

n-—z

OH-MOF-199 NH,-MOF-199

Q. (mglg)

o 10 200 300 400 500
Ce (ppm) Ce (ppm)

Figure 6 Langmuir adsorption isotherms for OH-BDC:BTC systems (a)
and NH,-BDC:BTC systems (b), respectively: MOF-199 (black), (1:3) (blue),

(1:1) (red) and (3:1) (green).
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Table 1 Uptake capacity of OH-MOF-199 and NH,-MOF-199 compared to
other adsorbents
Type of adsorbent Dye  Qmax (mg/g)  Reference
Montmorillonite clay MB 289.12 [52]
Commercial activated carbon MB 319 [53]
MOE-199/GO MB 183 [54]
MOF-199 MB 84 This work
OH-MOF-199 (1:1) MB 263 This work
OH-MOF-199 (3:1) MB 147 This work
OH-MOF-199 (1:3) MB 111 This work
Sodium montmorillonite Rh B 42.19 [55]
Activated carbon Rh B 16.12 [56]
MIL-125(Ti) Rh B 180 [57]
MOF-199 RhB 74 This work
NH:-MOF-199 (1:1) Rh B 156 This work
NH:-MOF-199 (3:1) RhB 143 This work
NH2-MOF-199 (1:3) Rh B 131 This work
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Figure 7 pH effect on MB and Rh B removal for OH-BDC:BTC systems (a)
and NH,-BDC:BTC systems (b), respectively: MOF-199 (black), (1:3)
(blue), (1:1) (red) and (3:1) (green).

for MB and Rh B solutions, respectively. However, for higher
pH (7-10), it decreases significantly for Rh B and modestly for
MB. In order to understand the mechanism behind these
changes, zeta potential measurements of the best performing
samples (OH-BDC:BTC (1:1) and NH,-BDC:BTC (1:1)) are
reported in Fig. S7 in the ESM. It is obvious that the surface
charge is always negative over a wide range of pH, which
explains the adsorption of the positively charged dyes MB and
Rh B. More precisely, the surface charge becomes less negative
over the acidic range of pH until reaching its peaks coherently
with the peak of the uptake. This clearly emphasizes the
underlying electrostatic interaction between the positively
charged dyes and the negatively charged crystal surfaces. For
the higher alkaline pH values, the results differ and the
adsorption of Rh B decreases dramatically. This decrease in
the uptake can be explained by the fact that Rh B exists in its
zwitterion form at this range of pH leading to the formation of
dimers that aggregate along with a decrease of its positive
charge [58]. For the MB, however, its positive charge is not
prominently affected over this pH range leading to a moderate
decrease of the uptake. On the other hand, the adsorption of
some organic pollutants could be related to the ionic strength
because of the electrostatic screening effect [59, 60], which
implies that the surface of the MOF becomes more positively
charged than in deionized water due to the accumulation of
the H* ions from the solution in acidic mediums, thereby
rendering an electrostatic repulsion with the positive charge of
the dyes and thus decreasing the amount of the adsorbed MB
and Rh B. Likewise, at high pH values beyond 6.3, the amount
of the dyes adsorbed on the surface of the MOF decreases.
This however may be due to the increasing number on Na*
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ions from the solution, which could compete with the cationic
MB and Rh B in their basic forms for the equivalent active
adsorption sites in the MOE

3.5.3 Thermodynamic study: Effect of temperature

To perform a thermodynamic study of the adsorption of MB
and Rh B over MOF-199 and its mixed-linker counterparts,
adsorption experiments were carried out at four different
temperatures: 298, 308, 318, and 328 K. The results for the
thermodynamic calculations are shown in Table 2. The ther-
modynamic parameters of adsorption include the standard
enthalpy (AH®) in kJ/mol, the standard entropy (AS°) in
J/(K-mol) and the standard Gibbs free energy (AG®) in kJ/mol
are extracted from the Van't Hoff plot in accordance to the
equations below

AG®° = AH° — TAS® 4)
InK = (ASYR) — (AH/RT) (5)

where K is the equilibrium constant, R is the ideal gas constant
(8.314 J/(K-mol)).

The positive values of the standard enthalpy AH° for
MOF-199 and all MTV-MOF systems demonstrate that the
adsorption process is endothermic and a stronger interaction
exists between pre-adsorbed water and the adsorbent than the
interaction between the corresponding dye and the adsorbent
which is evident from their high hydrophilic character. The
negative values of AG® signify the spontaneity of the adsorption
process. Furthermore, it is clearly seen that increasing the
temperature favors adsorption as AG® becomes more negative.
Interestingly, the 1:1 ratios for both OH-BDC and NH>-BDC
exhibit the best thermodynamic performance at all temperatures
when compared with pure MOF-199 and other MTV-MOFs with
different ratios. This provides a thermodynamic interpretation
of the relative performance in our adsorption experiments.
Moreover, the values of AS°, which measure the disorder at the
adsorbent/adsorbate interface, exhibit similar trends in Table 2
where the mixed-linker systems (1:1) markedly exhibit the
highest AS°® value as compared to (3:1), (1:3) and pure MOF-
199 systems. Such high disorder at the interface seems to play
important role in the high affinity of the MOFs towards MB
and Rh B in the mixed-linker systems (1:1).

Table 2 Thermodynamic parameters AG® (kJ/mol) at four different
temperatures, AH® (kJ/mol) and AS° (J/(K-mol)) for OH-BDC:BTC and
NH:-BDC:BTC systems

AG® (kJ/mol)

AH® AS°
Adsorbent 7= 7= T=  T=  (ig/mol) (J/(K-mol))
298K 308K 318K 328K

Methylene blue
MOEF-199 -196 -2.25 -254 -2.83 7 29
OH-BDC:
BTC (1:3) -191 -2.50 -3.10 -3.69 16 60
OH-BDC:
BTC (1:1) -6.38 -9.03 -11.7 -14.3 73 265
OH-BDC:
BTC (3:1) -2.89 -3.55 421 —4.88 17 66

Rhodamine B
MOE-199 2.04 1.58 1.11 0.65 16 46
NH.-BDC:
BTC (1:3) -1.80 -2.57 -3.33 —4.09 21 76
NH.-BDC:
BTC (1:1) -7.46 -9.16 -10.85 -12.54 43 169
NH-BDC:
BTC (3:1) -3.06 -394 481 -5.69 23 87
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3.5.4 Kinetic study

The removal efficiency of MB and Rh B by OH-MOF-199 and
NH,-MOF-199 as a function of contact time is shown in Fig. 8.
It can be clearly seen that the highest efficiency and the fastest
systems are the ones with 1:1 starting ratios. Linear regression
analysis which was performed for two kinetic models: pseudo-
first and pseudo-second order (Fig. S8 in the ESM) favors the
latter based on the values correlation coefficients for all of the
four adsorbents and for both dyes as shown in Table S5 in the
ESM. Therefore, the adsorption in our systems is based on a
bimolecular reaction mechanism whereby the rate determining
step depends on the concentration of both the adsorbent (MOF)
and the adsorbate (dye).

Adsorption mechanism: Intra-particle diffusion. In order to
gain a better understanding of the adsorption mechanism, the
probability of intra-particle diffusion is investigated by
applying the following equation

q =Kt*”+C (6)

where K, is the intra-particle diffusion rate constant (mg/(g-min'?))
and C is a constant that defines the boundary layer effect. The
graphs in Fig. 9 reveal that the plots are not linear over the
entire time interval, though it displays a dual linearity
signifying the presence of two consecutive adsorption stages
of mass transport with a diminution in the rate. The first stage
is the boundary layer effect whereas the second stage refers to
the intra-particle diffusion. A linear fit of the second stage
permits the estimation of the values of the intra-particle rate
constant k and the constant C. It is known that the effect of
the intra-particle diffusion is more dominant when the value
of C is lower, and when it reaches zero the adsorption process
is merely controlled by intra-particle diffusion [53]. However,
this is not the case as demonstrated in Fig. 9. It is clear that the
linear plot of g: vs. t"? of the second part do not pass through
the origin and the intercept values are 1.4, 1.5, 3 and 3.5 for
MOF-199, OH-BDC:BTC (1:3), OH-BDC:BTC (3:1) and OH-
BDC:BTC (1:1), respectively; and 5.8, 6.4 and 9.0 for NH.-
BDC:BTC (1:3), NH-BDC:BTC (3:1) and NH,-BDC:BTC (1:1),

OH-MOF-199 | NH,-MOF-199

:

MB removal (%)

o 2.0 4‘0 6‘0 8‘0 1 l:Kl 1 éﬂ 0 2‘0 4‘0 G‘ﬂ 8‘0 160 1;0
Time (min) Time (min)

Figure 8 Kinetic curves for MB and Rh B removal as a function of time by

OH-BDC:BTC systems (a) and NH2-BDC:BTC systems (b), respectively:

MOF-199 (black), (1:3) (blue), (1:1) (red) and (3:1) (green).

OH-MOF-199

o2z 4 6 8 w0 12 %0 2z 4 & 8 10 12
r'R t‘ﬂ

Figure 9 Intra-particle diffusion graphs for OH-BDC:BTC systems (a)

and NH»-BDC:BTC systems (b), respectively: MOF-199 (black), (1:3) (blue),

(1:1) (red) and (3:1) (green).
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respectively. This indicates that the intra-particle diffusion is not
the rate-determining step and is governed by diffusion.

Finally, Fig. 10 shows the recycling capability of OH-BDC:BTC
(1:1) and NH,-BDC:BTC (1:1) for MB and Rh B, respectively
for the same adsorption conditions (1 mg of adsorbent/10 mL
of 10 ppm dye solution). It is clear from the histograms that
both MTV-MOFs systems are recyclable with less than 10%
loss in efficiency after three consecutive cycles of adsorption
and desorption. Moreover, the desorption process is achieved
by stirring the loaded MTV-MOFs in a methanol solution for
30 min. PXRD patterns were also collected after the third cycle
of desorption showing an intact crystalline structure for both
systems as also shown in Fig. 10.

3.5.5  Selectivity and co-adsorption studies

In order to investigate the specify of the introduced functional
group towards the adsorbed dye, additional experiments were
performed on the optimal OH-MOEF-199 (1:1) with Rh B and
NH>-MOF-199 (1:1) with MB as well as each system with a
equimolar binary solution of MB and Rh B. The results in
Fig. 11 demonstrate that while the OH-functionalized MOF-199
adsorbs less Rh B than the NH.-functionalized MOF-199 and
the latter adsorbs MB as good as the OH-functionalized MOF-
199. This can be explained by realizing that the MB molecule
possesses a sulfur atom which is probably attracted to the
metal cation of the adsorbent through acid-base interactions [61]
while Rh B is less electron donor due to its stable zwitterion
form in solution. On the other hand, the greater affinity of Rh
B towards NH,-MOF-199 might be due to greater hydrogen
bonding between the oxygen in Rh B and the amino group of
the MOE In any case, it is noteworthy to first state that the
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Figure 10 Recycling of OH-BDC:BTC (1:1) (a) and NH,-BDC:BTC (1:1)
(b) and their corresponding PXRD patterns before and after adsorption
respectively (c) and (d).
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Figure 11 Dye removal percentage from individual and binary solutions

of MB and Rh B by each of OH-MOF-199 (a) and NH>-MOF-199 (b).
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defect introduced in the MTV structures enhances the uptake
regardless of the functional group when compared to the
parent MOF-199 uptake. Hence, the enhanced adsorption
obtained is due to the dual effect of introducing the functional
group along with the creation of mesopores in the microporous
MOF-199 structure allowing for more favorable adsorbent/
adsorbate interactions. Moreover, the percentage of dye adsorption
from the binary solution of MB and Rh B is higher for both
systems which could be associated to the possibility there are
newly created disparate specific adsorption sites for each of
the dyes on the MTV-MOE which do not generally compete
with each other. These sites are accessible by the dyes, due to
their small size, through any pore with a size greater than 1 nm
via m-m interactions [62]. This can be seen in Fig. 11 where
the adsorption of MB and Rh B in a binary solution is only
slightly affected when compared to that in the individual
solutions. The slight variations in both panels of Fig. 11 could
be due to the interaction of MB and Rh B due to nt-stacking of
the aromatic rings in a binary solution of the dyes.

4 Conclusion

In this study, MTV-MOF-199 systems were successfully synthe-
sized using a room temperature RDF method. NH,-BDC and
OH-BDC were incorporated in different ratios into the MOF-199
structure without losing the original crystal structure. A live
monitoring of crystal growth and the incorporation progress
was recorded throughout the tubular reactor and a full
characterization using PXRD, SEM, TGA, BET and NMR of
the new systems was performed. Moreover, the new MTV-
MOFs were optimal in a 1:1 ratio to enhance the adsorption of
MB and Rh B by more than threefold and more than twofold
for OH-MOF-199 and NH,-MOF-199, respectively compared
to MOF-199. The Langmuir adsorption isotherm was found to
be the best fit isotherm for both systems with Qmax of 263 mg/g
for MB and 156 mg/g for Rh B, respectively. The adsorption
mechanism was investigated and discussed as well as the
recyclability which shows that the MTV-MOFs were easily
regenerated for three cycles under our experimental conditions
with minor loss in efficiency and a conservation of the crystal
structure. Our strategy of introducing defects and functionalities
into MOF-199 demonstrates the effectiveness of the heterogeneity
within the order to enhance the performance of the MOF
adsorbents and their selectivity.
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