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Abstract: The study presented a green and benign approach via mechanochemistry for
rapidly preparing a typical cobalt-based zeolitic imidazolate framework, namely ZIF-9.
The structural, morphological and textural properties of the obtained material were

confirmed by X-ray diffraction (XRD), scanning electron microscopy (SEM), and nitrogen
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sorption at 77 K. The prepared material was then employed as an efficient adsorbent to
remove Congo red (CR) from the aqueous solution. Intensive experiments were then
conducted with the removal of CR to investigate the effect of adsorption conditions,

including contacting time, pH value, and initial concentration of organic dye solution.

The adsorption process follows the pseudo-second-order kinetic model, indicating that the

adsorption of the CR dye is primarily chemical adsorption. The Langmuir model fitted

the experimental data with a maximum adsorption quantity of 248.22 mg/g. Besides, the
adsorption capacity of prepared ZIF-9 still remained stable after three cycles. This strategy
was a simple method compared to conventional methods in terms of reducing the amount

of used solvents, energy requirements, and the duration of the synthetic process.

Keywords: mechanochemistry; ZIF-9; zeolitic imidazolate frameworks; Congo red;

adsorption

m INTRODUCTION

With rapid industrialization and inefficiently
planned urbanization, the excessive discharge of effluents
containing organic dyes has not only severely threatened
public health but also caused environmental deterioration
due to their low biodegradability and the potential source
of carcinogenicity [1-3]. Congo red (CR) is a typical
example of an anionic azo dye that is widely used. These
dye molecules pose significant health risks, causing
allergies and diseases affecting the eyes, skin, respiratory
system, reproductive system, and even leading to cancer
and genetic mutations [3]. However, due to their low cost
and desirable properties, such as high durability under
standard production and storage conditions, brighter
colors, etc., azo dyes continue to be used [4]. Hence, the
treatment of water contaminated by CR is crucial.

Numerous treatments have been utilized for dye
removal, namely membrane filtration, irradiation,
advanced  oxidation  processes, electrochemical
degradation, ozonation [5-6] and photodegradation [7-
8]. Some of the key aspects inhibiting their scope of
application lie in their affordability and need for
specialized equipment. Therefore, adsorption has been
deemed promising in water decontamination due to
process simplicity, cost-effectiveness, potential of
regeneration and lack of secondary pollution, in which
the exploration of the fabrication of proper adsorbents is
tremendously centralized [5,9]. More research has been
carried out to study the adsorption ability of various
adsorbents for removing CR dye in wastewater [10-12].

A prominent class of porous material, namely
metal-organic frameworks (MOFs), has recently drawn

tremendous attention from many scientists. The
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particular interest in MOF materials is in the light of the
possible modification of their pore size and high surface
area [13-14]. It should be noted that for MOFs to be
employed in water purification, substantial water stability
is a prerequisite, in which zeolitic imidazolate frameworks
(ZIFs), a subclass of MOFs, are reported to be an
outstanding candidate [14-15]. In ZIFs, the carboxylic
acid linkers are replaced by imidazole linkers, and the
metal-oxygen bonds are replaced by metal-nitrogen
bonds, thus enhancing the bond's stability compared to
MOFs. Particularly, ZIF-9 is constructed from tetrahedral
cobalt ions bridged by benzimidazolate, forming the
extended crystalline three-dimensional network [16-17].
Although the pore diameter of ZIF-9 was quite small,
about 0.29 x 0.43 nm, the external surface of the structure
could strongly bind to organic compounds or dye
molecules via aromatic m-n stacking, electrostatic and
coordination bonding [16,18-19]. This material was also
reported to be a typical hydrophobic material, which is
tremendously advantageous for the efficient capture of
organic molecules. Therefore, ZIF-9 can be deemed a
promising material for treating wastewater containing
organic substances [20].

In previous studies, ZIF-9 material was commonly
synthesized using solvothermal methods with solvents
like DMF. However, expensive organic solvents that are
flammable and environmentally unfriendly have limited
the application of this material in environmental
treatment due to their negative impact on the
environment and living organisms. Mechanochemistry
has proven highly effective for synthesizing MOFs and
other metal-organic materials. Short reaction times and
quantitative conversion, coupled with lack of solvent,
allow mechanochemistry to provide MOFs faster and
simpler than conventional routes [21]. These techniques
have facilitated the rapid and efficient assembly of nearly
all major MOF families, including MOEF-5, ZIFs, UiO-66
systems, and HKUST-1 [22-24]. Therefore, in this study,
ZIF-9  was
mechanochemistry towards the application for the

prepared facially via free-solvent
removal of Congo red from water, in which the
stoichiometric metal-ligand was applied. The adsorption

behavior of ZIF-9 was explored for CR under varied
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conditions, including contact time, initial concentration,
and pH. The isothermal and kinetics models of the CR
adsorption were also discussed in this work.

m EXPERIMENTAL SECTION
Materials

Chemicals in this study were purchased from
commercial suppliers (Xilong, Merch, Acros) and used
directly without any further purification. Cobalt nitrate
(Co(NO:s)»-6H,O,  98%,
benzimidazole (bIm, 99%, Merch), and potassium
carbonate (K,COs, >99%, Acros) were used as
precursors for ZIF-9 synthesis. CR dye (98%) used for
the adsorption experiments was purchased from Xilong.

hexahydrate Xilong),

Instrumentation

Scanning electron microscopy (SEM) studies were
conducted on a S-4000 microscope (Hitachi, Japan). The
N, adsorption-desorption isotherm was measured at
77 K
activation at 120 °C overnight and the surface area was
calculated by the Brunauer-Emmett-Teller (BET)
method. Powder X-ray diffraction (PXRD) patterns
were recorded between 5° and 50° using a CuKa

liquid nitrogen temperature after vacuum

radiation source on a D8 Advance Bruker.
Procedure

Preparation of zeolitic imidazolate framework
material, ZIF-9

In a typical preparation, 0.44 g of Co(NO:;),-6H,O
(1.50 mmol), 0.35 g of bIm (3.00 mmol) and 0.21 g of
K,CO;s (1.50 mmol) were ground thoroughly for 60 min
at ambient condition. The resulting mixture color was
purple. The sample was then washed by centrifugation
with 3 x 30 mL H,O and 3 x 30 mL acetone to remove
water-soluble substances and excess starting reagents.
Subsequently, the material was soaked in acetone for 3 d
and dried under vacuum at 120 °C for 4 h, affording
activated samples for experiments.

Adsorption studies

To evaluate the adsorption capacity, the as-
prepared ZIF-9 was added to 15 mL of CR solution with
an initial concentration of 100 ppm in a 20 mL vial with
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a cap. The experiment was conducted at room
temperature (~30 °C) with continuous stirring for 4 h.
Afterwards, the clean supernatant was collected via
centrifugation (3000 rpm, 5 min). The concentration of
CR was determined with a UV-vis spectrophotometer
(Thermo Scientific G10S) at A = 497 nm and subsequently
calculated via the analytical calibration curve. The effect
of experimental parameters on the CR capture of ZIF-9,
including adsorption time (0-360 min), initial CR
solutions (50-1000 ppm), and initial pH (4-11), were
investigated. After each experiment, Eq. (1) was employed
to calculate the equilibrium adsorption capacity (qe,
mg/g) of the ZIF-9 material;

_Cy-C

Qe <V (1)

m
where C, is the initial concentration of the CR solution

(mg/L), C. is the concentration of CR at equilibrium
(mg/L), V is the volume of CR solution (L), m is the mass
of ZIF-9 (g).

Based on the profile of the time-dependent
adsorption, two models, namely, pseudo-first-order (Eq.
(2)) and pseudo-second-order (Eq. (3)) models were
employed to clarify the interaction of CR molecules and
ZIF-9 external surface [25-26].

ln(qe —qt)zlnqe =kt (2)
L:%Jrit 3)
qt que Qe

The theoretical Langmuir (Eq. (4)) and Freundlich
isotherm equations (Eq. (5)) in the linearized form were
employed to investigate the adsorption model of Congo
red molecules and ZIF-9 material [27-28];

LU U @
9e AmKiCe Am

ln(qe):ilnCS+InKF (5)

where qm is the maximum amount of adsorption (mg/g),
K. is the Langmuir constant related to the energy of
adsorption, Kr and n are Freundlich constants.

m RESULTS AND DISCUSSION

The crystalline phase of the as-prepared sample was
investigated by XRD. As expected, the patterns of the as-
synthesized ZIF-9 showed a good agreement with the

simulated structure of ZIF-9. Particularly, it was
observed that XRD results exhibited signature peaks at
20=6.97, 7.57 and 9.10° (Fig. 1), corresponding to the
crystalline phase of ZIF-9. These obtained signals were
consistent with previous reports, indicating that ZIF-9
was successfully synthesized via mechanochemistry [29-
30]. It should be noted that ZIF-9 fabrication relied on
the presence of basic compounds to promote the
production of benzimidazolate bridges.

Insufficient basicity hindered the deprotonation of
benzimidazole ligands, resulting in prolonged synthesis
duration. In contrast, the excessively basic inorganic salt
inhibited the desired formation of the highly crystalline
ZIF-9 phase. Therefore, the selection of substances with
appropriate basicity is critical for an efficient and high-
quality ZIF-9 synthesis. Within this study, the utilization
of K,CO; as a basic salt for the successful synthesis of
ZIF-9 was necessary, proving the feasibility of successful
synthesis of the crystalline phase of ZIF-9 with K,CO;,
deviating from the previously reported employment of
NaHCOs; [29]. In addition, employing such procedures
reduced reaction time and eliminated the utilization of
solvents, thus providing a facial and solvent-free
approach to ZIF-9 fabrication.

Nitrogen isothermal sorption measurements were
carried out to evaluate the textural properties of ZIF-9.
The low-pressure nitrogen uptake confirmed the presence
of microporosity. The higher slope at the intermediate
pressure region suggested an increasing accumulation of

(a) ZIF-9 (as-prepared)

(b)* ZIF-9 (calculated)

lll‘lLJlL At

5 1'U 1 '5 2'0 2'5 3'[1 3'5 4'U 4'5 50
26 (°)

Fig 1. PXRD pattern of (a) as-prepared ZIF-9 and (b)

calculated ZIF-9 [31]
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non-microporosity, accompanied with the hysteresis at
(p/po>0.4), which
indicated capillary condensation [32]. The obtained

intermediate pressure regions
isotherm revealed that no maximum quantity adsorbed in
the relative pressure range greater than 0.97 was achieved,
confirming the presence of a broad range of pores
consisting of micro-, meso-, and macro-pores in as-
Indeed, DFT-derived calculations
demonstrated a large distribution of pore sizes, including
1.72, 2.34, and 50.40 nm (Fig. 2). Moreover, the BET-

specific surface area was calculated to be 5.43 m*/g, which

prepared ZIF-9.

was well-aligned with previous reports due to the low
nitrogen uptake [30]. It could be rationalized that the pore
diameter of the material was far smaller than the kinetic
diameter of nitrogen molecules to afford a high uptake of
nitrogen during the analysis.

The morphology and structural characteristics of
the as-synthesized ZIF-9 were investigated via SEM (Fig.
3). The SEM images revealed two distinct morphologies
consisting of stacked sheet-like layers and almost cube
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shapes with irregular distribution. This observation
suggested a possible incomplete crystal growth process,
with a chemical transformation from a cube shape
towards a sheet-like structure, suggesting an influence of
water content during ZIF-9 synthesis. Initially, limited
water molecules might favor the formation of the cubic
phase. As the synthesis progressed, the prolonged
exposure to water molecules in the air during the
fabrication stage likely promoted the sheet-like structure
[30]. In agreement with the study of Chen and co-
workers [30], increasing the water-to-ethanol ratio was
discovered to induce the phase evolution from 3D to 2D
ZIF-9. Notably, both recorded morphologies are
consistent with previously reported ZIF-9 syntheses via
solvothermal and hydrothermal methods [30,33-34].

To highlight the application of ZIF-9 prepared by
the mechanical route, ZIF-9 was employed to remove
CR from the aqueous solution. The adsorption
experiments were conducted over intervals ranging from
0 to 360 min to investigate the influence of adsorption

1 10 100
Pore diameter (nm)

Fig 2. (a) Nitrogen sorption isotherms at 77 K and (b) pore distribution of ZIF-9

Fig 3. SEM images of as-prepared ZIF-9 with different scales
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time, in which 10 mg of ZIF-9 was added into 15 mL CR
solution with an initial concentration of 100 ppm. The
adsorption of CR occurred rapidly in the initial 5 min,
followed by a gradual decline in adsorption rate. The
trapping capacity reached approximately 126.0 mg/g
within 1 min of adsorption, while this value could rise up
to 165.4 mg/g after 60 min, respectively. The removal
efficiency reached a saturation state of approximately
200 mg/g after 4 h (Fig. 4), and no further improvement
was observed over the extension of time. The uptake trend
could be attributed to the abundance availability of
binding sites, favoring the quick removal of CR molecules
[35]. Once these sites were completely occupied by CR
molecules, the adsorption rate became slower, indicating
the equilibrium state was acquired. A similar tendency
was also observed in the study on the adsorptive removal
of MB using ZIF-67 [36].

The time-dependent adsorption results were
analyzed using two kinetic models, including pseudo-
first-order and pseudo-second-order models (Fig. 5). The
coefficient of determination of the pseudo-first-order and
pseudo-second-order model (R?) was 0.8834 and 0.9989,
respectively, thus indicating the pseudo-second-order
model offered a more appropriate description of the CR
ZIF-9
Additionally, a calculated q. of 210.86 mg/g closely

adsorption  process towards framework.
matched the experimental value (qeep), suggesting
chemical adsorption was mainly responsible for the
adsorption mechanism, which was well-aligned with the

proposed adsorption concept of ZIF-9 and study of Dai et
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al. [19]. It should be noted that the rate and trapping
capacity of CR removal of as-prepared ZIF-9 was far
faster and higher as compared to the modified ZIF-9
toward increasing macroporous volume in Dai and et al.
study, in which CR uptake obtained approximately
40 mg/g within 30 min of adsorption process while as-
reported ZIF-9 acquired 5min to afford nearly
120 mg/g, proving the rapid and efficient treatment of
CR in water. In other words, the trapping capacity of
ZIF-9 possibly exhibited the reliance on the polar surface
of ZIF-9, where the formation of various interactions,
including electrostatic attraction, m-m interaction and
coordination bonding rather than the accessible space.
The positively charged metal centers likely interact
favorably with the negatively SO;™ charged groups of CR
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Fig 4. CR uptake versus the adsorption time

(Experimental condition: ZIF-9 10 mg, 15mL CR

solution 100 ppm)
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Fig 5. CR adsorption kinetics in (a) first-order and (b) second-order models
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molecules via electrostatic attractions. Moreover, m-7
stacking between the m-system of the aromatic ring of
benzimidazolate ligands and the conjugated aromatic
skeleton of CR dyes, along with potential coordination
between the nitrogen moieties in bIm and Co*, further
contributed to strong chemical binding between the dye
molecules and the ZIF-9 surface (Fig. 6). It should be noted
that the accumulative micro- and meso-pore volume of
ZIF-9 was determined to account for approximately 93%,
whereas the theoretical molecular size of CR is reported
to be approximately 1.46 x 0.93 x 2.6 nm, which is too
large for organic dye molecules to penetrate the
framework. In fact, the inter-particular pores as well as the
pores of the outer surface of the particles, might be
responsible for capturing the CR molecules, which were
observed in the SEM images. The intrinsic micropores of
material might serve the purpose of solvent extravasation
from the adhered dye molecules [32].

The impact of the initial concentration of CR
solution was subsequently investigated. As the initial dye
concentration increased from 50 to 1000 ppm, the

adsorption capacity of ZIF-9 increased accordingly,
reaching saturation at 200 ppm with a CR uptake of
240.1 mg/g. Hence, the adsorption dynamic was indeed
dependent on the initial concentration of the anionic
dye. However, beyond 200 ppm, there was minimal
change in adsorption efficiency, with a slight increase to
259.5 mg/g at 1000 ppm (Fig. 7). In other words, the
observed improvement in the adsorption efficiency of
ZIF-9 might be related to the concentration gradient,
which provided the driving force for the mass transfer of
CR molecules from the solution towards the surface of
ZIF-9 per unit of time with increasing initial CR
concentration up to a certain value, namely 200 ppm.
This result suggested the adsorptive sites within the ZIF-9
network were no longer available, and the saturation
state of CR adsorption was probably achieved.

These initial dye concentration-dependent trapping
capacities were applied to investigate the adsorption
kinetics of CR from aqueous solution onto the ZIF-9
surface, employing two typical isothermal adsorption
models, namely Langmuir and Freundlich models (Fig. 8).

Fig 6. Plausible interactions of the ZIF-9 with CR: (a) electrostatic attraction, (b) n-7 interaction, (c) coordination

bond
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Fig 7. Adsorption capacity versus initial CR

concentration (Experimental conditions: ZIF-9 10 mg,
contact time 240 min)

The Freundlich isotherm displayed a lower determination
coefficient (R*=0.7591). Meanwhile, the Langmuir
model exhibited a higher determination coefficient
(R*=0.9956), making it more appropriate for describing
the capturing process. The adsorption of CR onto the ZIF-
9 surface might occur at adsorption sites until reaching
saturation, with minimal interactions between the
adsorbed dye molecules and even neighboring sites. The
Langmuir model also assumes that the adsorption is
monolayer and is dependent on active sites on the
adsorbent surface with constant and uniform energy [37].
The Freundlich isothermal adsorption model is an
empirical model used to describe non-homogeneous but

not limited to multi-layer adsorption in which the solid
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Fig 8. (a) Langmuir adsorption and (b) Freundlich adsorption isotherm of CR adsorbing on ZIF-9

surface is uneven [38]. Furthermore, the maximum CR
uptake amount deriving from the Langmuir equation
was calculated to be 248.2 mg/g, which was closely equal
to the experimental result of 240.1 mg/g. The CR uptake
exhibited superiority over the previous study, which
could be attributed to medium and large-sized slit-like
pores deriving from the irregular distribution of the
stacked ZIF-9 layers and particles, affording comparable
CR dye capture. The CR adsorption process might be
involved in the even distribution of CR molecules
adhered onto the binding sites via electrostatic
attractions, m-m stacking and coordination bonding,
forming a single layer on the surface of ZIF-9 (Fig. 6).

To study the effect of pH on CR adsorption by ZIF-
9, experiments with the pH range from 4 to 11 were
conducted and the adsorption capacity of CR was
recorded and shown in Fig. 9. The adsorption capacity
increased as the pH increased from 4.0 to 7.0, with the
highest adsorption capacity at pH = 7.0 being 200.14 mg/g.
It can be explained that in an acidic environment, the
ionization of Na* was inhibited by a high number of H*
ions, which decreased the CR adsorption uptake [39].
When the initial pH value is in the range between 7.0 and
10.0, CR's high adsorption capacities remain at
approximately 200 mg/g. However, as the initial pH of
the solution further increased to 11.0, the CR adsorption
capacity of ZIF-9 decreased to approximately 150 mg/g.
The main reason could be that a great amount of OH"
ion in the solution would compete with CR for active
sites in the basic environment [40].
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Fig 9. CR uptake versus initial pH (Experimental
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conditions: ZIF-9 10 mg, contact time 240 min, initial pH
was modified by adding HCI and NaOH solutions)

The ZIF-9 material was employed for three reused
cycles of adsorption experiments to investigate the
10). After
equilibrium in each cycle, the adsorbent was collected by

reusability  (Fig. achieving adsorption
centrifugation, washed with ethanol, dried at 120 °C, and
reused for the next cycle. The adsorption capacity of ZIF-9
decreased over each generation cycle, from 201.14 mg/g
in the first cycle to 125.70 mg/g in the third cycle, which
could be attributed to several factors. Firstly, some CR
molecules were tightly adsorbed on the adsorbent surface
and could not be desorbed completely, resulting in a lower
number of active sites after each reuse cycle [41]. Second,

the repeated exposure of ZIF-9 to CR molecules could

cause physical or chemical changes on the surface of the
material [42].

The CR adsorption capacity of mechanochemically
synthesized ZIF-9 was evaluated and compared with
previously reported adsorbents (Table 1). In particular,
the adsorption process of MgO-graphene oxide, Fe-
MIL-88NH,, and UIO-66-TETA relied on electrostatic
and 7-m interaction, similar to the mechanism used by
ZIF-9. It should be noted that the fabrication of those
materials required many toxic chemicals, intensive energy,
and complicated processes. In this study, ZIF-9 synthesis
utilized a solvent-free mechanochemical pathway to
overcome such disadvantages, providing a greener and
more sustainable alternative. This environmentally
friendly approach highlighted the potential of ZIF-9 for

200 4

150 4

q (mg/g)

100 4

50 4

0

1st cycle 2nd cycle 3rd cycle

Fig 10. CR uptake versus number of cycles

Table 1. CR adsorption capacity of various adsorbents

Materials Precursors Synthesis method Mechanism of adsorption Ads.orp ton
capacity (mg/g)

ZIF-9 Cobalt nitrate, benzimidazole, Mechanochemistry Electrostatic interaction, 248.14 This

potassium carbonate n- interaction, study
coordinated bond

Fe-MIL-88NH- Ferric chloride, 2-amino-terephthalic Solvothermal Electrostatic interaction 175.00 [43]
acid, N,N-dimethylformamide

Ag-Cu-CeO; Silver acetate, cerium nitrate, copper Co-precipitation  Electrostatic interaction, 54.71 [44]
sulfate, cetyltrimethylammonium hydrogen bonding,
bromide coordinated bond

MgO-graphene oxide ~ Graphene oxide, magnesium acetate, Solvothermal Electrostatic interaction, 237.00 [45]

ethylene glycol, ethanol,
polyvinylpyrrolidone

T-Tt interaction
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Adsorption

Materials Precursors Synthesis method Mechanism of adsorption . Ref.
capacity (mg/g)
Cu-MOF Copper chloride, methyl-1H-1,2,4-  Hydrothermal Electrostatic interaction, 119.76 [46]
triazole-3-carboxylate, water T-7 interaction, van der
Waals interaction

Melamine Polyvinyl alcohol, zirconium Solvothermal Electrostatic interaction, 303.95 [47]
sponge/polyvinyl tetrachloride, triethylenetetramine n-1 interaction, hydrogen
alcohol@UIO-66- dimethylformamide, ethanol, interaction

TETA glutaraldehyde, methanol, 2-

aminoterephthalic acid

practical application in removing emerging organic
contaminants.

m CONCLUSION

In summary, mechanochemical synthesis has proved
to be a successful method for the preparation of ZIF-9
without the addition of any solvents during the synthesis
phase. Compared to the liquid-based synthesis methods,
the mechanochemical approach makes it possible to
reduce the amount of solvent used, the temperature of the
synthesis process (ambient temperature), and the reaction
time, making the preparation process more sustainable.
The results demonstrated the feasibility of the CR
molecules adsorption, in which the dye molecules adhered
on the external surface of ZIF-9, whose pore diameter is
far smaller than the anionic dye. The adsorption kinetics
and isotherm were characterized via the pseudo-second-
order model and Langmuir adsorption model,
respectively. This study offered theoretical knowledge on
MOF preparation for the water purification application
that only a high BET surface area could not guarantee
high adsorption capacity. The as-prepared ZIF-9 proved

to be a promising candidate for water purification.
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