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Synthesis of sulfamic acid supported on Cr-MIL-101
as a heterogeneous acid catalyst and efficient
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Typical highly porous metal-organic framework (MOFs) materials based on chromium
benzenedicarboxylates (Cr-BDC) were prepared through a one-pot hydrothermal synthesis, and were
then modified by loading the appropriate ratio of sulfamic acid (SA) using a simple impregnation
technique. Pure and modified MIL-101 was characterized by XRD, TEM, SEM and FT-IR measurements.
TEM and SEM measurements confirmed that the MIL-101 particles preserved their regular octahedral
structure after loading with different weight contents of sulfamic acid. The total number of acid sites and
Bronsted to Lewis acid sites ratio (B/L) were examined using potentiometric titration and pyridine
adsorption. The acid strength and surface acidity of SA/MIL-101 gradually increased after the
modification of Cr-MIL-101 by sulfamic acid crystals up to 55 wt%, then decreased again. The catalytic
performance of the solid catalysts was confirmed in the synthesis of 14-phenyl-14H-dibenzo [a,]
xanthene and 7-hydroxy-4-methyl coumarin. In the two reactions, the sample with 55% sulfamic acid
loaded on MIL-101 displayed the highest catalytic activity and acidity. The adsorption behaviors of
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Accepted Oth May 2018 sulfamic acid loaded on MIL-101 materials for methyl orange (MO) as an anionic dye were studied, and
were exceptionally suitable for the Langmuir adsorption isotherm. All loaded adsorbents showed high

DOI 10.1039/c8ra02941e adsorption capacity for methyl orange at 25 °C. The results indicate that the adsorption capacity was
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1. Introduction

One of the most vital features of green chemistry is the effective
use of renewable resources, the removal of waste and the
avoidance of polluting and toxic solvents and reagents in the
production and application of chemical products. Nowadays,
heterogeneous catalysts are attracting much more attention
than homogeneous catalysts in synthetic organic chemistry
because of the numerous advantages of these materials
compared to homogeneous catalysts; e.g., the facility of
recovery, good reproducibility and reusability.* The substitution
of liquid acid catalysts, which are corrosive, toxic and difficult to
recover from the reaction mixture, with efficient solid materials
could support the goal of catalysis in the removal of risky
substances.

Metal-organic frameworks (MOFs) are a class of highly
crystalline porous hybrid materials that are prepared from the
coordination of metal clusters or ions as nodes with polyfunc-
tional organic ligands as linkers to form infinite 1, 2 or 3-
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modified by changing the amount of sulfamic acid loaded on MIL-101.

dimensional frameworks;>* they are also known as porous
coordination polymers (PCPs). MOFs have attracted much
attention in the last few years because of their incredible
properties, which include high structure porosity exhibiting
large specific surface area (up to several thousand m” g~ '), high
pore volume (up to 90% of the crystal volume) and low frame-
work density.>'° These properties allow MOFs to have potential
applications in separation processes and gas storage,"* sensor
technology,>** catalysis," ion exchange," drug delivery,'® and
luminescence."”

One of the various MOFs is chromium(m) terephthalate, also
known as Cr-MIL-101 (MIL for Material of Institute Lavoisier),
which has suitable resistance to high temperatures up to 300 °C
and solubility in water and common solvents.*®** Cr-MIL-101 is
fabricated from chromium trimeric octahedral clusters and
carboxylate moieties (terephthalic acid) that offer a unique high
surface area, and it has a rigid zeotype crystal structure with two
types of quasi-spherical cages with diameter of 2.9 and 3.4 nm
accessible through window sizes at about 1.2 and 1.6 nm,
respectively. (The smaller cages have pentagonal windows,
while the larger cages are related to both hexagonal and
pentagonal windows).>* Additionally, coordinatively unsatu-
rated sites (CUS) with relatively mild Lewis acid properties exist
due to the presence of chromium clusters that are not attached
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to the organic linkers.” The acidic CUS sites and two types of
large cavities permit the post-synthesis modification of MIL-101
with active species such as nano-particles (NPS), organic
molecules, polyoxometalates (POM) and superacids. These
could potentially improve the Brensted acid, Lewis acid, and
redox sites for a range of acid-catalyzed and redox reactions
including hydrogenation,” esterification,>** as well as epoxi-
dation reactions.>®

The absence of functional groups and selective sites in most
of the stable metal-organic frameworks has limited the use of
MOFs in applications such as catalysis. In order to functionalize
MOFs with various active sites including heteropoly acids,
mineral acids or metal nanoparticles have been loaded into
MIL-101 using different methods.”””** One of the best low-cost,
green and effective acids is sulfamic acid (NH,SO3H), which is
commercially available and popularly utilized as an effective
catalyst in organic synthesis.*>*

Xanthenes, especially 14-phenyl-14H-dibenzo [a,j] xanthene,
have received much attention from the pharmaceutical
manufacturing industry. This is because they have a great range
of pharmacological and biological features like anti-inflamma-
tory,* antiviral,® antibacterial and antifungal®® activities, in
addition to their use in photodynamic therapy,®” dyes,* visu-
alization of biomolecules using pH-sensitive fluorescent mate-
rials*® and utility in laser technologies*’ due to their interesting
spectroscopic properties. Xanthenes are synthesized by the
condensation reaction of aromatic aldehydes with B-naphthol
in the presence of acid catalysts like heteropoly acid supported
MCM-41,*" boric acid,** silica bonded N-propyl sulfamic acid*
and succinimide-N-sulfonic acid.**

Coumarin and its derivatives attract major interest due to
their significance in synthetic organic chemistry. Numerous
products that contain the coumarin nucleus act as the bases for
several biological activities such as antispasmodic, diuretic,
anticoagulant, antibacterial and anticarcinogenic.*>*® These
compounds were prepared by the Pechmann condensation in
the presence of acid catalysts like sulfated titania supported on
MCM-41, nanostructured sulfated tin oxide®® and tungsto-
phosphoric acid supported mesoporous zirconia.*

Pigments and dyes attract great interest in the
manufacturing industry.*® The release of these dyes into water
has caused global concern because of their overall environ-
mental risks.” Additionally, numerous dyes are very poisonous
to many organisms and cause direct damage to aquatic
communities. Among the reasons dye decomposition is difficult
is the high stability of dyes to oxidation and light.>* In order to
remove dye materials from polluted water, numerous chemical,
physical and biological methods have been examined. Among
the proposed methods, the adsorption technique is considered
to be the most popular method for dye removal due to its being
remove several coloring materials simultaneously and it does
not require high temperatures.*

One of the most popular anionic/acidic dyes is methyl
orange (MO), which we used to examine the adsorption prop-
erties of our modified and unmodified MIL-101. Methyl orange
is used in printing, dyeing textiles, dyestuff and so on* and it is
also used in the acid-base titration of mineral acids and strong
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bases as an indicator. Methyl orange is considered as an azo dye
as it contains the azo group (N=N) in its structure. These types
of azo dyes are the most frequently used dyes; they are not
highly toxic but may cause allergies and hypersensitivity.>*

In recent work, MIL-101 was synthesized with different
contents of sulfamic acid using the impregnation technique.
The physiochemical properties of the resulting catalysts were
identified by several techniques such as XRD, SEM, TEM,
Fourier transform-IR, non-aqueous titration with n-butylamine
and pyridine adsorption. The catalytic activities of the prepared
solid acid samples were examined by using them as catalysts for
the synthesis of 7-hydroxy-4-methyl coumarin and the synthesis
of 14-phenyl-14H-dibenzo [a,/] xanthene. However, so far, there
have been a few reports on the usage of MIL-101 in the
adsorption of methyl orange. Due to the high nitrogen content,
the adsorption behaviors of the modified MIL-101 materials
were determined for removing methyl orange from water.

2. Experimental
2.1 Materials

All inorganic and organic chemicals used in the synthesis of
catalysts are commercially available (Merck) and were used
without further purification: N,N-dimethylformamide ((CHj3),-
NCHO), ethanol (C,Hs;OH), terephthalic acid (C¢H4(COOH),),
sulfamic acid (NH,SO3;H) and chromium trinitrate (Cr(NOj3);-
-9H, O).

2.2 Preparation of MIL-101 (Cr)

Cr-MIL-101 was prepared as reported previously, with slight
modification.® A mixture of Cr(NOj);-9H,O (2000 mg, 2.0
mmol), 1,4-benzene dicarboxylic acid (TPA) (830 mg, 2.0 mmol)
and distilled water (24 mL) was sonicated until a dark blue
suspension was formed, the suspension was transferred into
a Teflon-lined autoclave bomb and placed in an oven for 8 h at
220 °C. After cooling, the suspension was centrifuged to isolate
the green powder of MIL-101 and the resulting product was
soaked in N,N-dimethylformamide for one day to remove
unreacted terephthalic acid encapsulated inside the pores, then
the solid product was washed with DMF and hot ethanol,
filtered off and finally dried in an oven at 150 °C for 5 h.*
Sulfamic acid loaded on MIL-101 was prepared by the direct
impregnation method, in which 1 g of the as synthesized MIL-
101 was suspended in 20 mL of aqueous solution with
different weight percentages of sulfamic acid (15%, 25%, 40%,
55%, 70%, 85% SA/MIL-101) under vigorous stirring for 4 h and
impregnated for one day. The product was filtered, washed, and
dried at 100 °C overnight. Then, 55 wt% of SA/MIL-101 was
calcined in a muffle furnace in air at calcination temperatures
of 150, 250 and 350 °C for 4 hours at a rate of 5 °C per minute.

2.3 Catalyst characterization

2.3.1 XRD measurements. X-ray powder diffraction (XRD)
studies of the various materials were conducted at low and high
angle using a PW 150 (Philips) with Ni filtered Cu Ka radiation
(A = 1.540 A), operated at 40 kV and 30 mA. The scanning was

n
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completed for 26 angles from 1 to 80, with a step time of 2 s and
a step size of 0.02.

2.3.2 FTIR spectroscopic studies. FT-IR spectra of all
materials were detected using the Perkin-Elmer system 2000
with a 4 cm ™ resolution and 128 scans in the middle IR region
400-4000 cm . The materials were mixed with KBr and pressed
into 3 mm diameter self-supporting discs.

2.3.3 SEM and TEM images. The morphologies of the
samples were examined using a Jeol JSM-6510LV scanning
electron microscope (SEM). TEM images and particle size were
determined using a Jeol JEM-2100. For TEM images, the sample
powder was sonicated in methanol for 30 min until dispersion,
and a drop of the suspension was placed onto the carbon-coated
copper grids.

2.3.4 BET measurements. N, adsorption-desorption
isotherms were measured at 77 K with liquid nitrogen on
a BELSORP-mini II high precision surface area and pore size
analyzer. The specific surface area was calculated using the
Brunauer-Emmett-Teller (BET) equation.”” Pore volume and
mean pore diameter were determined by Barrett-Joyner—
Halenda (BJH) equations.*®

2.3.5 Surface acidity studies

2.3.5.1 Non-aqueous titration.
strength and the total acidity of solid materials were reported
using potentiometric titration.” The activated catalysts (0.1 g)
were suspended in 10 mL acetonitrile for 2 h. Then, the
suspension was titrated with 0.05 N n-butylamine in acetoni-
trile. The Orion 420 digital model was used to measure the
electrode potential variation using a double junction electrode.

2.3.5.2 FTIR spectra of chemisorbed pyridine. Brensted and
Lewis acid sites existing on the material surfaces were detected
by FT-IR spectra of chemisorbed pyridine. About 0.1 g of the
samples was degassed at 200 °C for 3 h under high vacuum and
then the samples were cooled to 30 °C. The dry pyridine was
then flashed inside the vacuum system and the samples were
maintained under these conditions for one month. The excess
pyridine was removed by evaporation at 70 °C (ref. 59) then the
samples were analyzed using a Perkin-Elmer system 2000 FT-IR
spectrophotometer at 1400-1700 cm™ " after mixing 0.005 g of
the sample with 0.1 g KBr to make 30 mm diameter self-
supporting discs.

2.3.6 Catalytic studies

2.3.6.1 The synthesis of 14-phenyl-14H-dibenzo [a,j] xanthene.
In a typical experiment, a mixture of B-naphthol (2 mmol),
benzaldehyde (1 mmol), and catalyst (50 mg) were added in
a 25 mL round bottom flask and heated at 120 °C in an oil bath.
After the reaction was completed (monitored by TLC), the
product was dissolved in chloroform and filtered off by a simple
filtration process to recover the catalyst and the crude solid
product was purified by recrystallization in ethanol to produce
pure 14-phenyl-14H-dibenzo [a,j] xanthene, which was identi-
fied by FT-IR and melting point.

2.3.6.2 The synthesis of 7-hydroxy-4-methyl coumarin. A
mixture of resorcinol (1.1 g, 10 mmol) and ethyl acetoacetate
(2.5 mL, 20 mmol) was placed in a 25 mL round bottom flask,
followed by catalyst powder and was activated at 120 °C for 2 h.
The flask was placed in an oil bath and refluxed at 120 °C for 2 h.

Measurements of acid

This journal is © The Royal Society of Chemistry 2018
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The resultant mixture was filtered and poured into a 50 mL
beaker containing crushed ice. The product was characterized
by FT-IR spectroscopy and melting point.

2.3.7 Adsorption studies. Adsorption studies of pure and
modified MIL-101 adsorbents were conducted by the addition
of 0.05 g of adsorbent into a 50 mL solution of methyl orange
and the bottle was shaken for 2 h. The pH of the suspension was
adjusted to 2 using 0.1 M HCI and 0.1 M NaOH solution.

The concentration of MO adsorbed at equilibrium (g. in mg
g~ 1), was calculated from the equation

_ (G -C) V]

e =

wt

where, C. and C, are the equilibrium and initial concentrations
of MO (mg L"), respectively, wt (g) is the modified MIL-101
weight and V (L) is the volume of MO solution (50 mL).

3. Results and discussion
3.1 X-ray diffraction pattern (XRD)

The XRD patterns of the as synthesized MIL-101 and modified
MIL-101 with various sulfamic acid contents are shown in Fig. 1
and 2. All samples displayed good crystallinity through the
intensity of the peaks and agreed with the previously published
XRD patterns for MIL-101.°° The main diffraction peaks of pure
MIL-101 were at 26 of 3.14°, 5.17°, 8.40°, 9.25° and 16.49°, which
were found to be similar to the standard data for MIL-101.*' Low
angle XRD patterns of the various materials illustrated in
Fig. 1(X), demonstrated that there were no notable changes in
the intensity of the peaks of the original MIL-101 material and
the modified samples of MIL-101 by sulfamic acid. This
approach is in agreement with the results of Ferey et al.**

The wide-range XRD patterns were obtained by scanning the
samples from 5 to 80 degrees as presented in Fig. 1(Y), which
displays a number of strong and sharp peaks at 26 = 20.3°,
25.3°, 28.2°, 37.5°, 40.5°, 43.2°, 51.4° and 63.7°, reflecting well-
crystallized sulfamic acid crystals.®** The intensities of these
peaks increased with increasing the sulfamic acid content; the
peaks at 26 of 25.3° and 28.2° also became more obvious at 85%
SA/MIL-101. These results show that the sulfamic acid was well
dispersed on Cr-MIL-101.

The diffraction patterns corresponding to samples of 55 wt%
SA/MIL-101 calcined at 150°, 250°, 350 °C are shown in Fig. 2. As
the calcination temperature increased, the intensities of the
main peaks decreased and there was some shifting in the peak
positions, which may be related to the decomposition of sul-
famic acid at higher temperature and the evolution of SO; from
sulfamic acid bound to the Cr-MIL-101 surface.*’

3.2 FT-IR spectra

FT-IR is an efficient analytical technique for confirming the
presence of functional groups. Fig. 3 shows the FTIR spectra of
pure and modified MIL-101 of the spectrum of Cr-MIL-101 in
Fig. 3a indicates that there are sharp peaks in the range of 1400-
1600 cm ™! that are related to the stretching mode vibration of
(C=C) bound to the aromatic rings. Weak and narrow bands at
1017 and 749 cm™ ' are related to the 6(C-H) and y(C-H)

RSC Adv., 2018, 8, 20517-20533 | 20519
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Fig. 1 (X) Low angle and (Y) high angle X-ray diffraction patterns of (a) Cr-MIL-101, (b) 25% SA@MIL-101, (c) 55% SA@MIL-101 and (d) 85%

SA@MIL-101.

vibrations of aromatic rings, respectively; the existence of
aromatic rings shows that the organic ligand (linker) is present
in the final product. The weak peaks in the spectral range of
400-700 cm " are most likely because of the out plane and in-
plane bending modes of carboxylic (COO™') groups.® The
strong peak at 1626 cm ™' is due to the vibration of the (C=0)
group, while the broad peaks in the spectral range of 2400-3400
may be due to crystalline water or acidic OH of carboxylic
groups. The peak with moderate strength at 598 cm ' is

attributed to the (Cr-O) vibration, which proves that Cr-MIL-101

20520 | RSC Adv., 2018, 8, 20517-20533

was actually synthesized. The difference in spectra was clearly
observed after modification with sulfamic acid as shown in
Fig. 3b-d. Two weak bands were observed at 3137 and
3439 cm™ ', which are related to the symmetrical and asym-
metrical stretching vibrations of amine groups.®* On the other
hand, new bands appeared at 1185 and 1297 cm ™', which are
related to the (O=S=0) symmetric and asymmetric stretching
modes, respectively; the increasingly weak band due to
increasing sulfamic acid content appeared at 1053 cm™* and
was assigned to (S-O) stretching vibration.®* The existence of

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 X-ray diffraction pattern of 55% sulfamic acid loaded on MIL-101 at (a) 150 °C, (b) 250 °C and (c) 350 °C.

a new vibrational peak at 665 cm ™" was related to NH, and N-H

wagging for sulfamic acid.®” The FTIR spectra of modified MIL-
101 (Cr) confirmed the presence of sulfamic acid loaded on Cr-
MIL-101.

Fig. 4 shows the effect of the calcination temperature of 55%
sulfamic acid on the IR spectra of MIL-101 (Cr). When the
calcination temperature increased from 150 °C to 350 °C, the
intensity of the 1185 cm™' band decreased sharply and the
other three peaks at 665, 1053 and 1297 cm ' nearly dis-
appeared at 350 °C due to the decomposition of sulfamic acid.

3.3 TEM and SEM images

The particle size and surface morphology of pure and modified
MIL-101 samples were characterized by using SEM and TEM

and the results are shown in Fig. 5 and 6. The typical TEM and
SEM images of pure and modified MIL-101 samples showed
that the crystals had a regular octahedral structure with smooth
surface and average diameters of 300-500 nm.*® As also depic-
ted in Fig. 6, it is clear that there was no aggregation of sulfamic
acid crystals in TEM images up to 55 wt% of sulfamic acid.
However, some aggregation was observed on the MIL-101
surface in the case of 85 wt% SA/MIL-101, which could be due
to formation of aggregates of sulfamic acid crystals.

3.4 BET measurements

The resulting pore modifications were observable in the N,
adsorption isotherms of pristine MIL-101 (Cr) and sulfamic acid
loaded on MIL-101 (Cr). The N, adsorption isotherms and pore-
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Fig. 3 FTIR spectra of (a) Cr-MIL-101; (b) 25% SA@MIL-101; (c) 55% SA@MIL-101 and (d) 85% SA@MIL-101.
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Fig. 4 FTIR spectra of 55% sulfamic acid loaded on MIL-101 at (a) 150 °C; (b) 250 °C and (c) 350 °C.

size distribution curves are shown in Fig. 7. The BET surface
area and pore volume of the pristine MIL-101 (Cr) are 2989 m>
g ' and 1.645 cm® g7, respectively, which are in agreement
with earlier reports.®” After modification with sulfamic acid, the
SA/MIL-101 samples exhibited a significant decrease in the N,
adsorption amounts and the corresponding BET surface areas
were decreased to 944 m> g~ ! with the increase in the sulfamic
acid content. On the other hand, the pore size and the pore
volume gradually decreased with the increase in the sulfamic
acid contents as shown in Table 1. This could be due to the pore
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blockage produced by the deposition of sulfamic acid crystals
inside the pores. As can be seen from the pore size distribution
curves (Fig. 7Y), the incorporation of sulfamic acid resulted in
a decrease in the pore volume and there was a slight shift to
a smaller pore diameter compared to Cr-MIL-101.

3.5 Surface acidity studies

3.5.1 Non-aqueous titration. The total acidity of pure and
modified MIL-101 materials was described using non-aqueous
titration with n-butyl amine (pK, = 10.73). By using this
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Fig. 5 SEM images of (A) pure MIL-101, (B) 25 wt%, (C) 55 wt%, (D) 85 wt% sulfamic acid/MIL-101.
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Fig. 6 TEM images of (A) pure MIL-101, (B) 25 wt%, (C) 55 wt%, (D) 85 wt% sulfamic acid/MIL-101.

technique, it is possible to investigate the surface acidity char-
acteristics of acidic strength and total number of acid sites
present in the solids. From the potentiometric titration curves,
the point where the plateau is reached (mmole amine per g) is
equivalent to the total number of acid sites of the catalysts,
calculated from the following relation:*®

Total number of acid sites / g

steady point of plateau x (equiv. g!) x Ny
100

where N, is Avogadro's number.

On the other hand, the acid strength of the catalyst sites may
be categorized according to the following scale: E; > 100 mv (very
strong sites), 0 < E; < 100 mv (strong sites), —100 < E; < 0 mv
(weak sites) and E; < —100 mv (very weak sites).®® Fig. 8 shows
that the addition of sulfamic acid increases the acidity strength
of Cr-MIL-101 and generated strong acid sites on the surfaces.
Pure Cr-MIL-101 showed a maximum acidity of E; = 148 mv;
however, the incorporation of sulfamic acid in MIL-101 was
accompanied by a progressive increase in acidic strength up to
55% SA/MIL-101, where E; = 533 mv as shown in Table 2, then
a decrease. Also, the total number of acid sites/gram were varied
in the same trend as the total surface acidity as shown in Fig. 9.

This journal is © The Royal Society of Chemistry 2018

These results indicate that the distribution of sulfamic acid
loaded on the Cr-MIL-101 surface was the maximum and was
responsible for higher acidity. The super acidic property is
related to the double bond nature of (S=O) in the complex
formed by interaction of MIL-101 with sulfamic acid. In other
words, the acid strength of the SA/MIL-101 catalysts became
stronger with the inductive effect of (S=0).”°

Fig. 10 and 11 show the gradual loss of surface acidity and
total number of acid sites at higher calcination temperatures for
55% SA/MIL-101, which may be attributed to the partial evolu-
tion of SO; that decomposed from sulfamic acid bound to the
Cr-MIL-101 surface. This was further confirmed by FTIR spectra
and XRD.

3.5.2 Pyridine adsorption. The adsorption of pyridine is an
efficient method used to investigate Brgnsted acid sites and
Lewis acid sites. FTIR spectra of the chemisorbed pyridine of
catalysts with different amounts of sulfamic acid and different
calcination temperatures are shown in Fig. 12 and 13, respec-
tively. The spectra of all investigated samples contain strong
peaks with a maximum at 1438 cm ™" and 1488 cm™*. The band
at about 1438 ecm ™' is related to coordinated pyridine (Lewis
acid sites) and the band at 1488 cm™"' is related to pyridine
adsorption at Brgnsted acid sites. The percentage of Bronsted

RSC Adv., 2018, 8, 20517-20533 | 20523
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Table 1 Texture properties of modified and unmodified Cr-MIL-101

Sample name

Sger (m? g™

Vpore (cm® g7

Pure Cr-MIL-101 at 150 °C 2989 1.645
15% SA-MIL-101 at 150 °C 2391 1.276
25% SA-MIL-101 at 150 °C 1730 1.012
55% SA-MIL-101 at 150 °C 1387 0.877
85% SA-MIL-101 at 150 °C 944 0.639

and Lewis acid sites were
relations:”*

calculated from the following

Asp

0 —

oBronsted = Ay + A1) x 100

YbLewis = ﬁ x 100
B L

where Agp is the integrated area of the peak at 1488 cm -,

1

attributed to the pyridinium cation adsorbed on the Bronsted
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acid site, and 4;, is the intensity at 1438 cm™ " of the pyridine
molecule coordinated to the Lewis acid site.

From these data, pure Cr-MIL-101 contained only Lewis acid
sites, observed at 1438 cm™*, while both Lewis and Brensted
acid sites were observed in all the samples with various ratios
depending on the sulfamic acid content. The ratios of Brgnsted/
Lewis (B/L) sites that are shown in Table 2 were calculated from
the ratio of the peak area at 1488 cm ' and 1438 cm !,
respectively. Brensted/Lewis acid (B/L) ratios increased with the
increase in sulfamic acid content up to 55% SA/MIL-101, then
decreased again. The B/L ratio decreased with an increase in
calcination temperature and this expected decrease may be due
to the evolution of SO; from sulfamic acid bound to Cr-MIL-101
surface.”

3.6 Catalytic studies

3.6.1 Synthesis of 14-phenyl-14H-dibenzo [a,] xanthene.
Condensation between benzaldehyde and B-naphthol was
carried out with 50 mg of supported catalyst without using any
solvents at 120-125 °C for the synthesis of the desired xanthene.
A background reaction was conducted in the absence of sup-
ported catalysts and no product was obtained. In this reaction,
we have efficaciously used solid acid catalysts as substitutions
for the classical methods of preparation of the desired
xanthene, which was characterized by its melting point (mp =
185 °C) and FT-IR spectroscopy. The percentage yields of the
products (%) were calculated as the quantity of experimental
xanthene (g) divided by the quantity of theoretical xanthene (g)
X 100.

3.6.1.1 The effects of reaction molar ratio and reaction time.
The molar ratio of the reaction during the synthesis of the
desired xanthenes was studied by using 55% SA-MIL-101 as
shown in Fig. 14. After completion of the reaction (monitored by
TLC), it was observed that the percentage yield of the desired
xanthene increased from 48.2% to 93.7% with the increase of
the molar ratio of benzaldehyde : B-naphthol from1:1to1: 2.
A further increase to 1:3 and 1:4 was accompanied by
a significant loss in the product yield of the desired xanthenes
to 77.4% and 56.8%, respectively. The reduction in catalytic
activity could be elucidated based on the known fact that the
increase in the concentration of f-naphthol inhibits the reac-
tion by blocking the active sites on the catalyst surface.”

The reaction time for the synthesis of xanthene over 55% SA-
MIL-101 was monitored by TLC, which indicated that all the
reactants disappeared after 90 minutes and just one product
was formed. The reaction was studied using 0.05 g of supported
catalysts under the following reaction conditions: temperature
=125 °C; time = 1.5 h and molar ratio = 1 : 2 (benzaldehyde : -
naphthol).

3.6.1.2 Effects of sulfamic acid content and calcination
temperature. The catalytic activities of unmodified and sulfamic
acid-modified Cr-MIL-101, calcined at 150 °C for 2 h in the
synthesis of the desired xanthene were studied at 125 °C using
the reactant molar ratio of 1 : 2 (benzaldehyde : B-naphthol) for
90 min. Pure Cr-MIL-101 showed a slightly lower activity
because the active sites of MIL-101 have a very weak acidic

This journal is © The Royal Society of Chemistry 2018
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Fig. 8 Potentiometric titration curves of catalysts calcined at 150 °C.

nature. However, MIL-101 modified with various wt% of sulfa-
mic acid showed that the percentage yield of the desired
xanthene increased with an increase in the sulfamic acid
content up to 55 wt% SA-MIL-101, which showed the highest
activity with 94% of desired xanthene. There was a subsequent
decrease with the further increase in sulfamic acid content,
which may be due to the decrease in the surface acidity of the
supported catalysts. It was also noticed that the reaction yield
increased with the increase in Brgnsted to Lewis acid sites ratio
as shown in Table 2. These results indicate that the formation of
the desired xanthenes depends on the B/L ratio.

The effect of the calcination temperatures (150, 250 and 350
°C) on the yield of desired xanthene over the 55% SA-MIL-101
catalyst is also shown in Table 2. Examination of the table
shows that with the increase in the calcination temperature, the
percent yield decreases because of the reduction in the catalyst
acidity and Brensted/Lewis acid sites ratio as a result of the
decomposition of sulfamic acid and evolution of SO, moieties.

The results obtained in this work using sulfamic acid loaded
on MIL-101 were compared with other reported results in
literature; i.e., with nano-ZnO,” sulfamic acid,” tungstate
sulfuric acid”® and i-proline, DCE” in the synthesis of the
desired xanthene. From these results, sulfamic acid supported

2.0 2.5 3.0 3.5

on MIL-101 acted as efficacious catalyst with regard to the ob-
tained product, yield and the reaction times.

3.6.1.3 Reusability of the catalyst. The reusability of SA-MIL-
101 catalysts was examined; a typical recycling study on the
sample with 55 wt% SA-MIL-101 was performed by separating
the catalyst from the reaction, washing with ethanol and drying
at 120 °C. After that, the stability of the catalyst was investigated
via studying the stability of the characteristic IR bands of the
sulfate groups before and after using the catalyst 4 times. There
were small changes in the peak intensity, which were related to
the SO;H group as shown in Fig. 16. The catalyst showed a small
but significant loss in activity after four cycles as shown in
Fig. 15 for the preparation of the desired xanthene; this is
because xanthene synthesis depends on both Bronsted acid
sites (SO;H) and Lewis acid sites.

3.6.2 7-Hydroxy-4-methyl coumarin synthesis. 7-Hydroxy-4-
methylcoumarin was synthesized via the Pechmann condensa-
tion reaction using ethyl acetoacetate and resorcinol.

3.6.2.1 The effect of the molar ratio. The effect of the molar
ratio on the formation of the desired coumarin was investigated
using 100 mg of 55% SA-MIL-101, as shown in Fig. 14. The yield
of the desired coumarin increased from 48.2 to 72.8% with the
increase in the molar ratio of resorcinol : ethyl acetoacetate

Table 2 Surface acidities of the prepared catalysts determined by potentiometric titration with n-butylamine in acetonitrile and pyridine
adsorption with the percentage yield of 14-phenyl-14H-dibenzo [a,] xanthene and 7-hydroxy-4-methyl coumarin

Initial potential No. of acid sites

14-Phenyl-14H-dibenzo 7-Hydroxy-4-methyl

Sample name (E) in mequiv. g~ (x10") B/L ratio [a,] xanthene coumarin
Pure Cr-MIL-101 at 150 °C +148.2 2.031 — 38.2 0

15% SA-MIL-101 at 150 °C +302.4 3.437 — 55.9 10.5

25% SA-MIL-101 at 150 °C +385.4 3.612 2.43 67.1 25.4

40% SA-MIL-101 at 150 °C +458.4 3.987 2.93 79.8 39.5

55% SA-MIL-101 at 150 °C +533.8 4.425 4.86 93.7 72.8

70% SA-MIL-101 at 150 °C +474.3 4.244 — 83.3 44.9

85% SA-MIL-101 at 150 °C +407.5 3.847 2.53 69.2 28.1

55% SA-MIL-101 at 250 °C +364.0 3.533 2.31 61.1 51.1

55% SA-MIL-101 at 350 °C +308.0 3.441 2.11 47.5 38.2

This journal is © The Royal Society of Chemistry 2018
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from 1:1 to 1: 2. A further increase to 1 : 3 was accompanied
by a significant decrease in the percentage yield of the desired
coumarin to 54.7%. The decrease in the catalytic activity with
the further increase in the ethyl acetoacetate molar ratio was
due to the saturation of the catalyst surface with the ethyl ace-
toacetate, which blocked the acid adsorption centers. The effi-
ciency of the catalyst was therefore reduced due to the
competitive adsorption of the ethyl acetoacetate on the acid
sites with resorcinol.*®

3.6.2.2 The effect of sulfamic acid content and calcination
temperature. The synthetic reaction was conducted over pure
and modified MIL-101 using sulfamic acid at 120 °C for two
hours, with the molar ratio of the reactants being 1 : 2 (resor-
cinol : ethyl acetoacetate). Pure MIL-101 did not have consid-
erable catalytic activity in the reaction, which may be attributed
to the weakly acidic active sites on the MIL-101 framework. On
the other hand, MIL-101 modified with various amounts of
sulfamic acid showed higher activity. Table 2 shows that the
percentage yield of the desired coumarin gradually increased

600

with increasing the amount of sulfamic acid loaded on Cr-MIL-
101 until the maximum yield was reached (72.8%) at 55 wt% SA-
MIL-101, and then decreased. The decrease in the catalyst
activity may be due to the aggregation of sulfamic acid crystals,
as shown in the TEM images, which resulted in the decrease in
the surface acidity of the samples and the B/L ratio. Table 2
shows that the sharp decrease in both the acidity and catalytic
activity with further increase in the calcination temperature
may be attributed to the decomposition of sulfamic acid and the
evolution of SO, moieties.

A comparison was made of the results obtained in this work
using sulfamic acid loaded on MIL-101 with those achieved
using polyaniline-sulfate,”” aniline-sulfosalicylate,”” amberlyst-
15 (ref. 78) and heteropoly acid/MIL-101 catalysts.®® The
results indicate that SA/MIL-101 acts as an effective catalyst in
the synthesis of the desired coumarin with respect to yields and
products.

3.6.2.3 The reusability of the catalyst. Upon completion of
the reaction, the reusability of the 55% SA-MIL-101 sample was

500

E (mv)

(a) —M—55% SA-MIL-101 at 150°C
(b) —O—55% SA-MIL-101 at 250°C
(c) —/~—55% SA-MIL-101 at 350°C
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Fig. 10 Potentiometric titration curves of 55% SA-MIL-101 calcined at different temperatures.
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40% SA-MIL-101, (d) 55% SA-MIL-101 and (e) 85% SA-MIL-101 calcined
at 150 °C.

investigated and the catalyst was found to be re-usable for at
least three times as shown in Fig. 15, where it can be seen that
the catalytic activity decreased from 72.9% to 48.4% after three
uses. This decrease may be due to the removal of some Brgnsted
acid sites (SO;H) as evidenced in the leaching test shown in
Fig. 16, since the synthesis of coumarin basically depends on
Bronsted acid sites.”

3.7 Adsorption of methyl orange

3.7.1 Effect of pH. One of the most vital parameters for the
whole adsorption process is adjusting the pH of the dye solu-
tion, which influences not only the charge on the active sites of
the adsorbent but also the ionization degree of the MO solution
during the adsorption process.® Therefore, in this work, the pH
was studied in the range of 2.0-12.0 using the initial dye
concentration of 100 ppm as shown in Fig. 17. This figure shows

This journal is © The Royal Society of Chemistry 2018
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Fig.13 FT-IR spectra of chemisorbed pyridine (showing both Lewis (L)
and Brensted (B) acid sites) on 55% SA-MIL-101 calcined at (a) 150 °C;
(b) 250 °C and (C) 350 °C.

that the adsorbed amount of MO at equilibrium (g.) decreased
from 96.9 to 7.5 mg g~ " as the pH changed from 2 to 12. The
optimum pH was frequently reported to be at about pH 2.0
when 55% SA-MIL-101 was used as the adsorbent. At this pH,
a high electrostatic attraction exists between the anionic dye
(MO) and the positively charged surface of the adsorbent (con-
taining amine groups), which may be attributed to the proton-
ation of the amines in sulfamic acid before adsorption.®* Methyl
orange molecules exist as negatively charged species until pH
3.46, after which they exist as neutral, and then in high pH
conditions they exist as slightly positively charged species.
However, the adsorption weakened with the increase in the pH
of the MO solution. This decrease may be due to the competi-
tion between MO anions and the abundant OH™ ions in basic
solution.*

The adsorption mechanism may be as follows:

Firstly, the methyl orange dye (R-SO;Na) decomposes into
anions when dissolved in an aqueous solution.

RSC Adv., 2018, 8, 20517-20533 | 20527
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R-SO;Na + H,O —» R-SO;™ + Na™

Secondly, the adsorption process is achieved due to electro-
static attractions between the MO anions and the adsorbent
surface.®®

RNH;" + RSO;~ — RNH;"03;SR

Thus, pH close to 2 was selected as optimal for the following
adsorption experiments.

3.7.2 Effect of contact time and adsorption Kkinetics
studies. Contact time is one of the most vital variables in the
adsorption process. Fig. 18 shows the evolution of the amount
of adsorbed MO at any time (q,) with contact time (¢) over
modified and unmodified Cr-MIL-101 using initial dye
concentration (C, = 200 ppm) at pH = 2. Fig. 18 shows that the

8

A

g

g

4

% yeild of 14-aryl-14H-dibenzo[a,j]xanthenes

run2 un3

fresh runt rund

adsorption of methyl orange was extremely fast in the first
30 min, then progressively decreased within increasing contact
time until 90 min was reached. Equilibrium was attained after
90 min of contact time, and there was no additional growth in
sorption capacity with further increase in contact time. From
these results, the equilibrium time in the adsorption experi-
ments was taken as 90 min.

Numerous steps were used to observe the adsorption
kinetics controlling sorption processes like diffusion control,
chemical reaction and mass transfer. Pseudo 1* order and
pseudo 2™ order models were used for MO adsorption over
modified and unmodified Cr-MIL-101. The similarity between
the predicted values and experimental data was expressed by
the correlation coefficients R*.* The formula for the pseudo 1%
order kinetic model is given by eqn (1):

log (¢ — q:) = log(qe) — (%)z (1)

g

®

$ b g

% yield 7-hydroxy-4-methyl coumarin
-]
1

>

Fig. 15 The reusability of 55% SA-MIL-101 in the synthesis of (A) 14-phenyl-14H-dibenzo [a,j] xanthene and (B) 7-hydroxy-4-methylcoumarin.
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where ¢, (mg g~ ') acts as the adsorption capacity of MO at any
time (¢) and g. (mg g~ ') is the adsorption capacity at equilib-
rium time, and &, (min~") is the rate constant of the pseudo 1%
order adsorption. On the other hand, the pseudo 2" order
kinetic model is expressed by eqn (2):

i = L + i (2)

4 kgl qe
where K, (g (mg min) ) is the rate constant of the pseudo 2"
order adsorption that could be calculated from the linear plot of
t/q, against time. The evaluated kinetic parameters and corre-
lation coefficients (R?) from the kinetic models are summarized
in Table 3. The variance in the calculated g, and theoretical g,
and low R® value indicate that the pseudo 1°° order was not
adequate to describe the adsorption of methyl orange over
modified and unmodified MIL-101. From another point of view,
the pseudo 2™ order model was considered the best-fit model
in the description of methyl orange adsorption from aqueous

solution. It is clear that the rate of adsorption of MO was largely
controlled by chemical processes that mostly involve ion
exchange.®

3.7.3 Effect of initial MO concentration and adsorption
isotherms. All the modified and unmodified MIL-101 materials
were very active for the methyl orange adsorption from aqueous
solution. The adsorption capacities of methyl orange under
these experimental conditions are summarized in Table 3. The
MIL-101 materials modified by sulfamic acid had better
adsorption capacity compared to pure Cr-MIL-101, which may
be due to the comparatively high concentration of amine
groups. As shown in Table 3, by increasing the numbers of
amine groups the adsorption increased up to 70% SA-MIL-101
then decreased; this decrease might be due to the accumula-
tion of sulfamic acid on MIL-101 surface as XRD and TEM
images indicate.

Previously, it was stated that the insertion of nitrogen- or
oxygen-containing functional groups into carbon materials

100 -
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40 -+
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Fig.17 The effect of the initial pH on the adsorption of MO on the 55% SA-MIL-101 sample (adsorbent dosage = 50 mag, initial MO concentration
= 100 ppm, solution volume = 50 mL, temperature = 25 °C, contact time = 90 min).
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might be helpful to enhance the adsorption capacity of mate-
rials for dyes.***” The introduced nitrogen- or oxygen-containing
groups may coat the metal organic framework material with
more basic sites and create more positively charged surfaces
that could improve the interaction between anionic dye (MO)
and MOFs though interactions like covalent bonding, electro-
static interaction, H-bonding, dipole-dipole interaction, and so
on.

In order to detect the role of functional groups containing
nitrogen in the adsorption capacity of pure and modified MIL-
101, the percentage removal of methyl orange at different
initial concentrations was also investigated as shown in Fig. 19.
The percentage removal of methyl orange was reduced
progressively when the concentration of methyl orange
increased from 25 ppm to 500 ppm. At a moderately low
concentration (25 ppm), all adsorbents could totally remove
methyl orange from aqueous solution. At a higher concentra-
tion of dye (250 ppm), 55% and 70% SA-MIL-101 could still
cause the complete removal of dye. Evidently, both 55% and
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Fig. 19 The effect of methyl orange concentration on the adsorption
performance over different adsorbents.

the high percentage of amine groups on the surface of the
modified Cr-MIL-101.

The adsorption behavior of methyl orange on pure and
modified MIL-101 was further studied, and two adsorption
isotherm equations, the Langmuir and Freundlich isotherm
models, were applied based on the adsorption equilibrium
data.

Firstly, the Langmuir isotherm is given by eqn (3):

C. 1 C.
- + -
qm

qe B QmKL (3)
where, Ky, is the Langmuir adsorption constant (L mg ™), ¢n, is
the maximum monolayer adsorption capacity (mg g ).

The Langmuir model assumes the formation of a monolayer
over the surface of the adsorbent without attraction between
adsorbed molecules. Maximum adsorption capacity g, and
Langmuir constants Ky, values are listed in Table 4, which were
calculated from the isotherm shown in Fig. 20. The main
features of the Langmuir adsorption isotherm can be expressed
in terms of the equilibrium parameter or separation factor (Ry),
which is defined by eqn (4):

. . . - 1
70% SA-MIL-101 material showed higher adsorption ability for R, = T+KC) (4)
MO removal compared to other adsorbents. This may be due to Lo
Table 3 Kinetics parameters for the adsorption of methyl orange (200 mg L) with different loading content on MIL-101

Pseudo first order kinetics Pseudo second order kinetics

Sample name Experimental g, (mg g™ ') R Ky (min™") g.(mgg ) R K, (g (mg min)™")  g.(mgg")
Pure Cr-MIL-101 at 150 °C 94.6 0.9151 0.0105 44.1 0.9991 0.00064 95.7
15% SA-MIL-101 at 150 °C 143.5 0.9069 0.0137 67.7 0.9997 0.00059 147.9
25% SA-MIL-101 at 150 °C 179.9 0.8909 0.0117 81.9 0.9999 0.00048 183.5
40% SA-MIL-101 at 150 °C 200.8 0.8272 0.0104 70.1 0.9999 0.00070 201.6
55% SA-MIL-101 at 150 °C 272.5 0.8522 0.0138 111.4 0.9993 0.00031 280.9
70% SA-MIL-101 at 150 °C 291.5 0.8832 0.0157 110.4 0.9991 0.00035 300.3
85% SA-MIL-101 at 150 °C 230.4 0.77325 0.0100 89.6 0.9997 0.00047 232.1
55% SA-MIL-101 at 250 °C 188.7 0.9022 0.0139 91.9 0.9991 0.00037 196.1
55% SA-MIL-101 at 350 °C 143.1 0.9192 0.0224 74.8 0.9996 0.00054 147.9
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Table 4 Estimated constants from the Langmuir and Freundlich isotherms for MO adsorption by modified MIL-101
Langmuir isotherm Freundlich isotherm

Sample name R? Ry Ky (Lmg™) gm (mg g™ R? 1/n Ky
Pure Cr-MIL-101 at 150 °C 0.9982 0.0139 0.2362 94.6 0.8708 0.1867 37.948
15% SA-MIL-101 at 150 °C 0.9954 0.0080 0.2478 143.5 0.8342 0.3488 21.704
25% SA-MIL-101 at 150 °C 0.9995 0.0076 0.2596 179.9 0.8975 0.2; 547 54.347
40% SA-MIL-101 at 150 °C 0.9994 0.0074 0.2665 200.8 0.9278 0.2584 60.234
55% SA-MIL-101 at 150 °C 0.9987 0.0067 0.2957 272.5 0.9234 0.2708 82.719
70% SA-MIL-101 at 150 °C 0.9980 0.0064 0.3115 291.5 0.9283 0.2402 98.356
85% SA-MIL-101 at 150 °C 0.9964 0.0066 0.3014 230.4 0.9346 0.1677 99.289
55% SA-MIL-101 at 250 °C 0.9992 0.0076 0.2619 188.7 0.9129 0.2330 62.127
55% SA-MIL-101 at 350 °C 0.9968 0.0173 0.1132 143.1 0.9337 0.2283 42.729

3.0

(b)

Pure Cr-MIL-101
15% SA-MIL-101
25% SA-MIL-101
40% SA-MIL-101
55% SA-MIL-101
70% SA-MIL-101
85% SA-MIL101

exAOPOR
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Fig. 20 Langmuir isotherms for the adsorption of MO onto modified
and unmodified Cr-MIL-101.
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Fig. 21 Freundlich isotherms for the adsorption of MO onto modified
and unmodified Cr-MIL-101.

Table 5 Maximum adsorption capacities of methyl orange onto N-
containing adsorbents

Adsorbents gm (mgg ") Ref.
NH,-MWCNTSs 185.5 86
NMC-3-800 202.4 88
ED-MIL-101 160.0 21

70% SA-MIL-101 at 150 °C 291.5 This work

This journal is © The Royal Society of Chemistry 2018

where C, (mg L") is the highest initial dye concentration. The
value of Ry, indicates that the type of isotherm can be unfavor-
able (R, > 1), linear (R, = 1), favorable (0 < Ry, < 1) or irreversible
(R, = 0).*® From Table 4, all values of R; were found between
0 and 1, which demonstrates that methyl orange adsorption
from water was favorable over all modified and pure MIL-101
samples.

Secondly, the surface heterogeneity was examined by the
Freundlich model, which is given by eqn (5):

log ¢. = % log C. + log K¢ (5)

where 7 is the adsorption intensity and K is the Freundlich
constant related to the adsorption capacity, calculated from the
fitted isotherms as shown in Fig. 21. The estimated values of Ky
and 1/n are represented in Table 4. The slope (1/n) was used to
determine the surface heterogeneity, which ranged from zero to
one; the heterogeneity is high if the slope value is closer to
zero.* The values of Ky and 1/n obtained in this study show that
methyl orange adsorption over MIL-101 modified with sulfamic
acid was favored by positive cooperative binding and was
heterogeneous in nature. From Table 4, it is evident that the
Langmuir model is the more appropriate model for describing
the adsorption process due to its high correlation coefficients
(R?) relative to the ones obtained from the Freundlich model.

From Table 4, the maximum adsorption capacity of methyl
orange over the 70% SA-MIL-101 sample calcined at 150 °C (¢,y,)
is 291.5 mg g~'. A comparison of the maximum adsorption
capacity g, values for methyl orange on 70% SA-MIL-101 with
previously reported N-containing adsorbents is summarized in
Table 5, which indicates that modified MIL-101 has great
potential for methyl orange removal from water. It is obvious
that the modified MIL-101 samples used in this work are
exceptional adsorbent materials for the removal of dyes from
wastewater.

4. Conclusions

In this study, a series of sulfamic acid-functionalized Cr-MIL-
101 catalysts was prepared for the first time via a facile
impregnation method and characterized by various techniques.
We demonstrated that Cr-MIL-101 has particle size of about

RSC Adv., 2018, 8, 20517-20533 | 20531
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300-500 nm and a crystalline structure. The modification of Cr-
MIL-101 by sulfamic acid crystals progressively increased the
surface acidity and Brensted/Lewis acid ratio up to 55 wt% SA
loading. The catalytic performance of SA/MIL-101 catalysts was
examined in the synthesis xanthenes and coumarin derivatives.
The catalytic performance was maximum at 55 wt% sulfamic
acid loading. The decrease in the catalytic activity at higher
loading (>55 wt%) may be due to the decrease in acid strength
and B/L ratio. The existence of small amounts of reachable basic
sites, like N-containing functional groups on the surface of SA/
MIL-101 materials, plays a great role in influencing the
adsorption activity of methyl orange. The adsorption isotherms
were well fitted to the Langmuir equation and the adsorption
capacity of SA/MIL-101 reached 291 mg g~ * for the 70% SA/MIL-
101 sample.
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