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The development in technology of synthetic azo dyes, has led to excessive water resources pollution. Even
at lower concentration they can impart the quality of water and human life. Herein, we have developed a
novel synthesis strategy via introducing salicylic acid (SA) for the synthesis of a leachy crystalline
material H-MIL-53(Fe) with hierarchical pores (HP) and exposed coordination unsaturated sites (CUS),
which had higher surface area and larger pore volume than the as synthesized MIL-53(Fe). Due to these
characteristics, H-MIL-53(Fe) was competent removal of orange G (OG, one of the frequently used azo
dyes) with equilibrium in 300 min and the maximum adsorption capacity of 163.9 mg/g. The adsorption
mechanism of OG onto H-MIL-53(Fe) was mostly based on electrostatic attraction between CUS of H-
MIL-53(Fe) along with HP as active species to OG diffusion and bind. By comparing H-MIL-53(Fe) with
other adsorbents for OG adsorption, it is undoubtedly that H-MIL-53(Fe) can be used as a promising
adsorbent for OG removal from aqueous solutions.
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Nowadays dyes pollution is an increasingly worldwide concern
[1,2]. It is estimated that more than half of the dyes pollution are
azo derivatives, making them the major class that becomes an
integral part of the industrial wastewater [3,4]. Orange G (OG) is
one of the azo dyes which is frequently used in the pulp and paper
industries [5]. The occurrence of —N=N— chromophore group
and aromatic structure make it non-biodegradable, resistant to
oxidizing agent and light. Even at lower concentration equals to
1 mg/L, it can affect the quality of water and human life which
causes even cancer [6]. Therefore, it is imperative to remove dyes
from the aquatic environment by using low cost, easy operation
and efficiency technology.

Among different technologies for removal of dye from
wastewater such as flocculation, ozonation, and membrane
filtration [7], adsorption is reported to be one of the most
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competitive methods for its efficiency, simplicity and low cost [8].
Different materials such as activated carbon [9], zeolite [10], clay
[11], and molecular sieve [12] have been studied. However, the
defects of traditional adsorbents are their low efficiency and
difficulty in regeneration. Metal-organic frameworks (MOFs) are a
new class of porous, crystalline materials possessing a large surface
area, tunable pore size and shape, adjustable composition, and
functional pore surface that show great promise for use in
adsorption [13,14]. Among them, MIL-53(Fe) have small size and
flexible structure properties leading to convenience of parting,
immense reactivity and large number of active sites for inter-
actions with contaminants which were made them to be used as
promising adsorbents [15]. But it still possessed problems with
adsorption dyes. For example, MIL-53(Fe) is completely closed
pore structure, which greatly limits its specific surface area and
hence its adsorption capacity and efficiency. Therefore, it is highly
desirable to create the hierarchical pores (HP) for obtaining a large
specific surface area and improving mass transfer.

Previous researchers have reported some HP creation methods,
such as direct synthesis and templating methods [16-20].
However, the achievements of these approaches are limited in
some respects. New linkers are difficult to synthesis and templates
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are usually randomly added to the frame during the site assembly
process [21]. Thus removing them may cause collapse of the frame,
although the pores formed in the MOFs, stability is worse [22,23].
Hence, the coordinated molecule, similar to the linker, which
partially blocks the traditional linker assembly brings new
opportunities in the synthesis process. Due to the coordination
between small molecules, the coordinated molecule can produce
defects in MOFs crystal and the stability of the framework can be
maintained.

In this study, a novel strategy to synthesize H-MIL-53(Fe) via
introducing the small molecule salicylic acid (SA) as the
coordinated molecule is proposed, and it was selected as an
adsorbent to be used in removal of OG from aqueous solution. With
the coordination unsaturated sites (CUS) and HP structure, the
resulting composite materials, H-MIL-53(Fe), offers new oppor-
tunities for the adsorption of OG azo dye.

The MIL-53(Fe) was synthesized by the traditional method with
the firmness smooth surface (Fig. 1a). The novel strategy to H-MIL-
53(Fe) synthesis was shown in Fig. 1b. Particularly, the Fe3* first
mixed with SA forming a purple solution at room temperature (r.t.)
due to the complexation of Fe**-SA. This is a conventional color
reaction, which has been applied to detecting other related aspects
[24]. Then, the self-assembly process of Fe>* and H,BDC was
performed under solvothermal conditions. As complex of Fe**-SA
has already existed, it has a competitive coordination and a certain
steric hindrance effect on the normal coordination of Fe3* and
H,BDC, which disrupts the normal assembly process. Meanwhile,
when H,BDC forms stable complexes with Fe>*, the interactions of
Fe3* with SA are unstable, therefore, they are removed from the
system which results in HP and CUS (pale blue circles) during the
rapid growth of crystals. The crystal defects and nanounits
constitute hierarchical porosity together. The surface morphology
of H-MIL-53(Fe) is seen like crystals of rough surface and is sorted
in irregular octahedral shape according to the scanning electron
microscope (SEM) image. The hierarchical porosity was further
confirmed by transmission electron microscopy (TEM) images. The
TEM image depicted that defects are on the surface of H-MIL-53
(Fe), while it exhibits novel leachy crystalline structure.

To further explain the porosity of H-MIL-53(Fe), N, adsorption-
desorption measurements were performed. it was observed to
have the BET surface area of 187.85 m?/g, which is 20 times more
than MIL-53(Fe) (Fig. 2a) [25]. The significant increase on the
surface area of H-MIL-53(Fe) can be explained by the fact that the
salicylic acid (SA) used during its synthesis has contributed to the
increase of more opened pores distributed in H-MIL-53(Fe)
(Table S1 in Supporting information). Moreover, the HP of H-
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Fig.1. Schematic diagram of reactions process in synthesis and SEM, TEM images of
MIL-53(Fe) (a); and H-MIL-53(Fe) (b).
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Fig. 2. N, adsorption-desorption isotherms (a); pore size distributions using
density functional theory (DFT) method (insert: HRTEM of H-MIL-53(Fe)) (b); XRD
patterns (c); and TGA (d) of H-MIL-53(Fe) and MIL-53(Fe).

MIL-53(Fe) can be created through SA addition. With the presence
of SA, the pores sizes show the micropore and mesoporous
distribution consistent with HRTEM results (Fig. 2b). Moreover,
powder X-ray diffraction (XRD) patterns shows the crystal
structure of the synthesized materials H-MIL-53(Fe) and MIL-53
(Fe) with the main diffraction peaks found to some extent,
although peak intensity reduces slightly (Fig. 2c). It can be
explained that H-MIL-53(Fe) maintained a fine crystalline struc-
ture well commensurate with previous reports for MIL-53(Fe) [26].
Guided by the weight loss information on MIL-53(Fe) from
thermogravimetric analyzer (TGA) curves, it showed a sharp step
at around 492 °C and the similar curve of H-MIL-53(Fe) possessed
almost the same step in the 491 °C (Fig. 2d). This indicates that
adding SA can create leachy crystalline structure without further
affecting the stability. Meanwhile, according to Fourier transform
infrared spectroscopy (FTIR) spectrums (Fig. S1 in Supporting
information), the change of absorption peak at 1528 cm~! and
there is a slight loss of carboxylate groups (1434cm™!) [27]
indicating that SA has affected the coordination between linker
(H,BDC) and irons while the stability of the framework can be
maintained.

Leachy crystalline structures are designed to help improve mass
transfer efficiency and obtain more CUS active sites. To test
performance of the novel adsorbents, we determine the equilibri-
um time of adsorption of OG on H-MIL-53(Fe) and MIL-53(Fe). It
was found that the removal rate of the dye continuously increases
and then remained constant after 300 min. Therefore, a period of
300 min was selected for further experiments. Fig. 3a shows that
there was a dramatic increase of OG removal in the first 60 min for
both adsorbents and was slow till 300 min. This can be explained
that there were more vacant surface sites for adsorption on the H-
MIL-53(Fe) than MIL-53(Fe) due to the relative high surface areas
and the specific defects. However, with the increase of time, the
surface adsorption sites tend to be saturated, and only the specific
leachy crystalline structure of H-MIL-53(Fe) can enable the
reaction to proceed further [28]. The effect of initial OG
concentration on adsorption of H-MIL-53(Fe) and MIL-53(Fe)
was investigated at different concentrations (20—100 mg/L) by
keeping other parameter constant (adsorbent dose of 0.02 g, pH 4,
300 min, at 298 K) (Fig. 3b). It was found that the adsorption
capacity increased and gradually reached a plateau when
increasing the initial OG concentrations. However, when the
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Fig. 3. Comparison of adsorption efficiency and adsorption capacity between H-
MIL-53(Fe) and MIL-53(Fe): Effect of contact time on the adsorption capacity with
100 mg/L OG (insert: the structure of OG) (a), and effect of the initial concentration
of OG on the adsorption capacity for 300 min (insert: the diagram of OG adsorption)
(b). Schematic illustration of the adsorption mechanism of OG (c).

initial OG concentration was 50 mg/L, MIL-53(Fe) basically reached
the adsorption equilibrium. Even if the initial OG concentration
reached 100 mg/L, H-MIL-53(Fe) still not reach equilibrium,
indicating that H-MIL-53(Fe) had a larger adsorption capacity
than MIL-53(Fe) [29]. This was because that there were more
sufficient binding sites available of H-MIL-53(Fe) for OG adsorption
which resulted in a better interaction between dye molecules and
adsorbent. After comparing the performance of H-MIL-53(Fe) with
other adsorbents (Table S2 in Supporting information), it can be
concluded that a novel leachy crystalline H-MIL-53(Fe) was
synthesized, in a facile efficient and low cost strategy, suggesting
a promising adsorbent in the removal of OG azo dye from aqueous
solutions.

The initial pH plays an important role in adsorption process and
is a major parameter that controls the adsorption properties of a
material. It affects the charge distribution of the surface of the
adsorbents as well as OG molecules. As shown in Fig. S2
(Supporting information), from pH 3 the adsorption capacity
increases dramatically and attains the maximum at pH 4 for both
adsorbents. The decrease observed from pH 5-10 may be explained
by the conversion of OG molecules to OG* which resulted in a
repulsion characteristic over the positively charged surface of both
H-MIL-53(Fe) and MIL-53(Fe) [30]. However, H-MIL-53(Fe)
showed continual removal of OG at pH range 6-8 due to more
active sites than those of MIL-53(Fe) and its surface became less
negatively charged. Therefore H-MIL-53(Fe) showed a higher OG
removal in a wide pH range than MIL-53(Fe). The adsorbed amount
of OG increased with increasing adsorbent amount. Therefore, this
can be described that the more increase in the adsorbent dose, the
more active sites will also be available for OG dye molecules [31].
Beyond 0.02 g of H-MIL-53(Fe), the adsorption efficiency is greatly
reduced for initial concentration of 20mg/L OG (Fig. S3 in
Supporting information). Therefore 0.02 g was selected to be used
for the all experimental batches. Moreover, the adsorption capacity
of OG was still higher than 127 mg/g in three successive cycles,
showing an excellent capacity for regeneration (Fig. S4 in
Supporting information). The small decrease in adsorption

performance may result from a minor decrease in crystallinity
of the used MOF, however, the mainly diffraction peaks remained
basically unchanged after reaction for three cycles (Fig. S5 in
Supporting information)

After adsorption, the peak was enhanced at position 1507 cm™
—N=N— bending) due to the overlap of the new peak with the
original one and the new band 1044 cm ™! (vs. (-SO5) stretching) [32]
was obviously presented in the spectrum of H-MIL-53(Fe)-OG
(Fig.S6in Supporting information). These peaks were presentdue to
the characteristic adsorption peaks of OG, which suggested that OG
was successfully adsorbed on H-MIL-53(Fe). Coupled with the
results of the pH study, mechanism is mainly based on the
electrostatic attraction between Fe-(OH)," cations and the nega-
tively charged sulfonic group of OG-SO5;~ [33] (Fig. 3c). A new
synthetic strategy gives H-MIL-53(Fe) leachy crystalline structure
with HP and more CUS active sites. Because of these unique
characteristics: 1) H-MIL-53(Fe) provides relatively high specific
surface area which provides sufficient space to host the adsorption
active sites; 2) HP is another key point we should pay attention to,
since it effected the OG diffusion inside the framework once the
pollutants adsorbed on the surface. OG can be easily coordinated
with the metal cations in the MOF, and consequently the adsorption
capacity increase; 3) CUS fabricated through the strategy provides a
novel approach for MOF materials, and the generation of CUS is
another factor which will have great effects on dyes removal. Hence,
0OG-S03™ is more easily diffused and binded with H-MIL-53(Fe).
This electrostatic attraction well explains why the adsorption
capacity of H-MIL-53(Fe) is 3 times higher than that of MIL-53(Fe).

To investigate the adsorption kinetics and to explain the
sorption mechanism of OG to H-MIL-53(Fe) and MIL-53(Fe),
pseudo-first-order (Fig. 4a) and pseudo-second-order (Fig. 4b)
kinetics models were applied to fit the experimental data. As the
correlation coefficients of the pseudo-second-order rate model for
the linear relation of t versus t/qt was very close to 1, it confirmed
that OG had been adsorbed via chemical reactions [34]. And also,
the relevant parameters and normalized standard deviation are
given in Table S3 (Supporting information).

The adsorption isotherms of OG on H-MIL-53(Fe) and MIL-53
(Fe) were present. And the fitting results based on the Langmuir
and Freundlich models were shown in Figs. 4c and d. High
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Fig. 4. Adsorption kinetic fitting with (a) pseudo-first-order model and (b) pseudo-
second-order model on H-MIL-53(Fe) and MIL-53(Fe) with 100 mg/L OG at 298 K.
Adsorption data simulation with (c¢) Langmuir and (d) Freundlich isotherm
adsorption models on H-MIL-53(Fe) and MIL-53(Fe) with 20-100 mg/L OG for
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correlation coefficients (R?) suggested that the experimental data
of MIL-53(Fe) fitted to the Langmuir model well and interestingly
Langmuir and Freundlich isotherm both shows great description of
H-MIL-53(Fe). Based on the hypothesis condition of Langmuir
model, it was speculated that the former adsorbent underwent
monolayer chemisorption of OG onto their surface. However, it is
more appropriate to interpret that monolayer and multilayer
adsorption processes both occur on the heterogeneous H-MIL-53
(Fe). The theoretical maximum adsorption capacity (Ggmax)
obtained from Langmuir model was calculated to be 163.9 mg/g,
which was higher than that of MIL-53(Fe). The relevant parameters
and normalized standard deviation are also given in Table S4
(Supporting information).

In summary, H-MIL-53(Fe) have been developed via an easy
method and used for OG removal. SA, a defect-generation
molecule, was introduced to fabricate a hierarchically porous
crystalline structure with CUS active adsorption sites which
guarantee the equilibrium time in 300 min and the maximum
adsorption capacity of 163.9 mg/g. The adsorption of OG on H-MIL-
53(Fe), was mostly based on electrostatic attraction along with the
monolayer and multilayer adsorption processes both occurring on
the heterogeneous H-MIL-53(Fe). In addition, H-MIL-53(Fe) was
applied for the removal of OG in surface water, despite of various
ions and organics interference, the removal efficiency still high
(Fig. S7 in Supporting information). These merits of high
adsorption performance make the prepared H-MIL-53(Fe) partic-
ularly desirable for efficient OG removal in industrial application.
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