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Method), and application of a catalyst zeolitic-imidazolate framework (ZIF-8) for
the impressive removal of various types of dyes such as Remazol golden yellow
RNL(RD3), Blue94 (RD2), Red141(RDs), Violet-5r (RDs), Red66 (RDs), Red195
(RDs), Red120 (RDy), Yellowl60 (RDsg), Yellowl76 (RDg) in the wastewaters
through the adsorption process. The effects of temperature, pH, dye concentration,
contact time, and adsorption dose on the adsorption process were investigated and
optimized. The isotherm models were studied through four-parameter equations,
Freundlich, Langmuir, Tepmkin, and Dubinin-Radushkevich. The adsorption

Keywords: isotherm data showed the Langmuir model was the consistent model. The COD and
Zeolitic-imidazole framework, BOD in the real sample were determined in the presence of the catalyst, and results
dye adsorption, wastewaters, show the values of BOD and COD were significantly reduced. The structure of the
isotherm models, kinetic studies synthesized catalyst was characterized by various techniques including FTIR,

SEM, XRD, specific surface area, and BET. The high adsorption capacity,
reusability, and recyclability of the catalyst were some of the advantages of the
prepared catalyst.

This catalyst was utilized as an efficient adsorbent for the removal of dyes from
textile wastewater. The observed results show a significant reduction in BOD and
COD using the prepared catalyst.

1. Introduction [2, 3]. Moreover, reactive dyes have resistance to natural
biodegradation owing to the aromatic rings in their
structure [4]. It is a potential danger to the aquatic
environment owing to its poor biodegradability [5].
"Photocatalytic degradation using nanocatalysts and
adsorption are two essential methods for dye removal [6,
7]. The toxicity of nanocatalysts remains a challenging
issue.

Recently, the development of catalyst/chitosan or zeolite
composites has gained attention as a promising approach
to mitigate the potential risks associated with catalyst
toxicity while preserving catalytic efficiency [8-11].

Nowadays, the elimination of environmental pollutants
has been a hot topic for scientists. Discharging the colored
wastewater of the textile industry in the environment
because of high toxicity, is one of the serious
environmental  challenges and created many
environmental and health problems [1]. Azo-reactive dyes
are one of the major pollutants that cannot be removed
from the environment by current conventional methods.
Reactive azo dyes have extensive use in textile industries
and provide many dyes discharged into the environment
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Adsorption is regarded as the identity of the most
effective, attractive, and simple method. Numerous
materials have been used as adsorbents, including porous
silica, activated carbon, zeolites, and porous polymers
[12-18]. Hence, it is still vital to establish robust and
effective capacity adsorbents. Metal-organic frameworks
(MOFs) display a significant difference in potential
reinforcements [19, 20], such as, gas storage [21, 22], gas
separation [23], catalysis [24, 25], energy storage [26, 27]
and biomedical applications [28, 29]. MOFs-based
materials obtained numerous applications for the removal
and adsorption of pollutants in recent years [30-32]. The
ZIF-8 [Zn (2-methylimidazole) 22H,0] formed from 2-
methyl imidazole ligands and Zn (I1) center ions dispense
more excellent chemical and thermal resistance than other
MOFs [33], and nano-sized of ZIF-8 is more beneficial for
removing reactive dyes.

The strategies for the synthesis of ZIF-8 nanocrystals are
still challenging. Presently, the solvothermal outline in
polar solvents such as N, N-dimethyl formamide, or
methanol, seems applied intensively since its significant
advantages were proven as high-yield and simple
processes [34]. In this work, the ZIF-8 crystals from Zn
(NO3)2:6HO and 2-HMim ligand were rapidly
synthesized under ultrasonic conditions and sonochemical
method in high yield. Response surface methodology
method can be applied to optimize the experimental
parameters to remove models of reactive dyes (RD3),
(RD2), (RDs), (RDs), (RDs), (RD¢), (RD7), (RDs), and
(RDyg). The Langmuir, Freundlich, Temkin, and Dubinin—
Radushk-evich (D-R) isotherm models assessed the
adsorption equilibrium. A kinetic study was also
performed using pseudo-first-order, pseudo-second-order,
first-order reaction model, second-order reaction model,
intraparticle diffusion, and Elovich models. Furthermore,
thermodynamic parameters were also evaluated by Van’t
Hoff equation. Finally, the adsorption mechanism of
reactive dyes on the surface of ZIF-8 was adequately
discussed.

2. Material and Methods

All chemicals adopted in this work were purchased from
Sigma-Aldrich and utilized as received without extra
purification. The dyes Remazol Golden Yellow RNL
(RD31), Red 195 (RDg¢), Red 120 (RDy), Everzol Yellow
3RS/HC, Yellow 176 (RDg), RY 160 (RDsg), Red 141
(RDs3), Remazol Brilliant Violet (RB-5R) (RD4), Blue 94
(RDy), and Red 66 (RDs) (Fig. S1) were purchased from,
D.Z.E dye company (Number: 3310350). The natural
textile waster water, including orange and red Bemacron
SER-DL, was collected from the Farizad textile Dying
Factory in Varamin, Iran. The crystalline nature of ZIF-8
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was analyzed by X-ray powder diffraction (XRD) pattern,
(model X’Pert PRO MPD, PANalytical, Made in the
Netherland). Fourier transform-infrared (FT-IR) spectra
were recorded on KBr pellets with a Tensor 27 Bruker
spectrophotometer. To the concentration of the dye, a
double beam UV-visible spectrophotometer was used
(Cary 60, Agilent Technologies, and the USA). To
estimate the pH of solutions, a pH-meter was used (S47-
K seven Multi, Mettler-Toledo, and Columbus, OH,
USA). The ultrasound-aided synthesis process was
performed through an ultrasonic bath. Brunauer-Emmett-
Teller (BET) surface area measurements and pore
volumes were performed by Belsorp mini Il Bel (Japan).
The ball mill apparatuses Retsch Model PM 100 with
zirconia balls have been used. The concentration level of
remaining COD and BOD in the real sample was
determined by the standard methods, using USA-HACH
spectrophotometer and Lutron DO meter. The
morophologies and elemental analysis were assessed by a
scanning electron microscope SEM (Mira Ill, Tescan,
Czech Republic) supplied with energy dispersive X-ray
analysis (EDAX).

3. Preparation of ZIF-8

Based on the literature, the ZIF-8(A) was prepared
through three approaches.

I) The solvothermal method [35]: 3.74 g of Zn
(NOs)2.6H,O (11.66 mmol) and 083 g of 2-
methylimidazol (12.64 mmol) were dissolved in 45 mL
DMF, and put in a Teflon line autoclave at 140 °C for 24
h. After removing the solvent, the residue was centrifuged
and washed with 15 mL chloroform. The colorless
polyhedral crystals.

product was dried under vacuum at 200 °C for 6 h (yield:
19, 67.18%) (Fig. 1a).

I1) The ultrasonic-assisted solvothermal method. The
mixture of Zn (NO3),.6H,0 (3.74 g, 11.66 mmol), and 2-
methylimidazole (1.2 g, 12.64 mmol) was dissolved in 45
mL of DMF under ultrasonic conditions. After 30 min, the
solution was placed in a stainless autoclave and heated at
140 °C for 24 h. After removing the solvent, the residue
was collected by centrifuging and washed with
chloroform (15 mL). Colorless polyhedral crystals were
placed under a vacuum at 200 °C for 6 h. The yield was
1.2 g, 80.62 % (Fig. 1b).

I11) The mechanochemical treatment was performed with
in a ball mill [36]: Zn (NO3),.6H.0 (3.74 g, 11.66 mmol)
and 2-methylimidazole (0.83 g, 12.64 mmol) as solid form
were placed in ball mill (4000 cycle/sec) for 3 h. The yield
was 1.4 g, 98.76 % (Fig. 1c).
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Fig. 1. The preparation of ZIF-8(C) by: (A) The solvothermal method, (B) The ultrasonic-assisted solvothermal method,
(C) The mechanochemical treatment in a ball mill

4. Adsorption study

Dye removal experiment an aqueous solution with
variable concentrations of reactive dyes was utilized as
simulated wastewater to examine the adsorption
characteristic of ZIF-8(C) composites. Dissolving the
reactive dye in deionized water, it was then diluted to the
required concentration. Then, the changes in the
absorbance of all solution samples were detected and
determined during the adsorption method. Here, nine
different types of organic and reactive dyes such as:
(RDy), (RD2), (RD3), (RD4), (RDs), (RDs), (RDy7), (RDs),
and (RDg) were considered for adsorption and removal
studies.

At first, 1000 mg\L aqueous solutions of each dye were
made beforehand, while adsorption, dye solution at
several concentrations were achieved by the progressive
dilution of the abovementioned stock solutions. ZIF-8(C)
compounds (0.002-0.01 g) were added typically to the dye
solutions (10-400 mg/L) and observed by UV-vis
absorption spectroscopy at the calibrated maximum
wavelengths (I = 411,593, 493, 560, 510, 543, 535,426
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and 411 nm, consistent to abovementioned dyes in
sequence).

Dye removal tests with the synthesized ZIF-8(C) were
moved out as batch tests in 10 mL masks under magnetic
stirring. For these experiments, 0.002-0.01 g of adsorbent
were placed in 50 mL Erlenmeyer, including 10 mL of the
dye solutions (10-400 mg/L), while agitating for an
appropriate point of time (20-60 min) utilizing an
acclimatized shaker at temperatures range of 25 to 65 K.
The dye solutions had various pHs within 2 to 10. Finally,
the adsorbent was separated from the aqueous solutions,
by transferring the contents of Heerlen to centrifuging
tubes for 30 min at 400 rpm. A UV-vis spectrophotometer
(Cary 60, Agilent Technologies, and the USA) was
utilized for analyzing the concentration of the reactive dye
solution after adsorption. The solution pH was altered by
appending a small quantity of NaOH or HCI. By ending
the adsorption tests, by centrifugation, the adsorbent with
adsorbed pigments was separated. After measurement, the
concentration of dyes versus times the quantities of the
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adsorbed dye at various times, (q:, mg/g) and percent
removal efficiency of reactive dye was obtained as:

(1) mee
@

Where Co, Ce, and, C: (mg/L) were the concentration of
the reactive pigment, at initial, equilibrium, and at various
times (t, min), respectively. V denotes the volume of the
reactive dye solution, and m (g) represents the ZIF-8(C)
mass. To estimate the adsorption capacity and assess
kinetics features, the dosage attention of the adsorbent
(0.002, 0.006, 0.008 and 0.01 g) and the initial dye
solution’s concentration (10, 20, 30, 50, 100,150, 200,
250, 300, 350 and 400 mg/L) were selected.

removal% =
_ (Co=CpxV

5. Result and discussion
5.1. Characterization of ZIF-8

Here we synthesized ZIF-8 by three methods and the
material’s textual features were determined by FT-IR,
SEM, XRD, and nitrogen adsorption/desorption isotherm.
To identify the phase structure of prepared ZIF-8(C), the
X-ray diffraction pattern was illustrated in Fig. 2. The
diffraction signals at 26 = 9.94° (011), 10.37° (002),
12.72° (112),14.73° (022),16.50° (013), 18.21° (022),
26.71° (134), 31.79° (235), and 36.27° (400) were
observed and results displayed perfectly matched with the
reported ZIF-8 XRD pattern [37].

The FT-IR spectra of synthesized ZIF-8(C) have been
illustrated in Fig. 3 and confirmed the structure of
synthesized ZIF-8(C). The peak of around 430 cm™
corresponded to Zn—N coordination bonding [38].
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Fig. 2. XRD pattern of ZIF-8 (C)
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The absorption band at 1585cm™! was ascribed to the C=C
chemical bond, and The asymmetric vibration band at
1146 cm? was attributed to the conjugated C-N
vibrations. Absorption peaks at 3141cm™ and 2929 cm™
owing to the stretching vibrations of C-H bonds in the
imidazole ring, and methyl group, respectively. The Fig.
4, displays the N adsorption-desorption analysis. The
Langmuir isotherm showed that the adsorbed dye
molecules were on the surface of ZIF-8(C) and had not
entered into the holes of ZIF-8(C) (Fig. 5). The obtained
data of total pore volumes (Vi (Cm*g) ) and BET
specific surface area (Sger (m?/g)) were illustrated in
Table 1.
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Fig. 3. FTIR spectra of ZIF-8(C)
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Table 1. The results data of N, adsorption-desorption isotherms

Sample

Sger (M?/g)

Viotal (Cm3/g)

ZIF-8(C)

701.39

161.15

4
Fig. 6. EDX's

5.2. Adsorption of reactive dyes by ZIF-8(C)
5.2.1 Effects of solution pH

The investigation of the effect of pH on the adsorption
procedure in the pH range of 2.0 to 10.0 was displayed in
Fig. 8. At first, the studies of removing dyes using ZIF-
8(C) were done with a dye concentration of 10 mg/L and
the adsorbent dose of 0.01 g, at r.t. for 1 h. The data
displayed that the maximum adsorption capacity of the
ZIF-8(C) was achieved by decreasing the pH to 2, and it’s
due to an increase in the concentration of H* ions that
enhanced electrostatic attraction between the dye
molecule and the positively charged ZIF-8(C).
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Furthermore, at high pH conditions due to increasing the
negatively charged ZIF-8(C), creating -electrostatic
repulsion between the active sites of the catalyst and OH
of the dyes.

5.2.2 Effects of contact time

Another important parameter of the removal dye process
is the examination of the contact time between the
adsorbent and adsorbate. This study was at pH = 2 and
0.01 g adsorbent dosage for an initial dye concentration
10 mg/L, and 60 min was chosen because of the
equilibrium time. As shown in Fig. 9, Experiments
exhibited that the amount of adsorbed dye increased
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gradually with the rise of contact time. Frequently, the
removal rate is initially fast, but it fades gradually with
time until reaching equilibrium, and maybe it’s due to

Electron Image 1
>

increasing repulsive forces among the solute molecules on
the bulk and solid phases over time (Fig. S2).

D1 = 142568 nm

Fig. 7. SEM images of the ZIF-8 (C).
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Fig. 8. Effect of pH of reactive dyes on adsorption

5.2.3 Effects of adsorbent dose on adsorption
performance

The effect of the amount of ZIF-8(C) on the removal of
dyes was examined. 0.002 g to 0.01g of adsorbent was
utilized for adsorption tests at constant initial pH = 2,
initial dye concentration 10 mg/L at room temperature for
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60 min. The results indicated that the adsorption
percentage incremented by raising the amount of ZIF-
8(C), and when the amount exceeded 0.002 g, due to
incremented surface area, and more adsorption sites
available, the adsorption percentage reached 100 % (Fig.
10).
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5.2.4 Effect of temperature

The effects of temperature on the adsorption of dyes by
ZIF-8(C) were assessed at direct pigment concentrations
of 20 mg/L and pH = 2 with a stirring time of 60 min. The
optimization of temperature for the adsorption procedure
was at the s range of 25-65 °C (Fig. 11). As data revealed,
the maximum adsorption for three types of dyes (RD.,
RDs, and RD4) was at 65 °C, indicating the adsorption
process’s endothermic nature. On the other, increasing the
temperature adversely affects removing other dyes (RD.),
(RDs), (RDs), (RDy), (RDs), and (RDg) and maximum
removal dye was achieved at 25 °C. Maybe for these six
dyes with increasing the temperature, the adsorption
capacity of ZIF-8(C) be reduced.

5.2.5 Effects of initial concentration of dyes

One of the most important parameters in the adsorption
dye process is dye concentration. Hence, ZIF-8(C) was
used to remove the different concentration ranges of the
dyes. Studies were performed to assess the impacts of
primary dye concentration on adsorption (25-65 °C) and
0.01g adsorbent concentration for 60 min. It was indicated
that the adsorption of reactive dyes onto ZIF-8(C) is
highly dependent on initial dye concentration, and when
the initial reactive dyes concentration increments from 10
to 400 mg/L, the equilibrium sorption capacities of ZIF-
8(C) were increased. Generally, the total number of
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possible adsorption sites is constant for a considered
adsorbent dose, and the percent removal of reactive dyes
diminishes by increasing the initial concentration. Hence,
the larger ratio of the adsorbent’s active adsorption sites is
available at lower primary concentrations. Therefore, the
dye’s percentage removal is more prominent at lower
initial concentrations; however, it is smaller at higher
primary concentrations (Fig. S3).

5.3 Adsorption isotherm

The adsorption isotherm is the correlation function
between the adsorbed pollutant amount and the
equilibrium adsorbate concentration. Using equilibrium
isotherms for the adsorption procedure, the relationship
between the equilibrium concentration of the solution (Ce,
mg/L) and the number of reactive dyes adsorbed on ZIF-
8(C) material (qe, mg/g) was determined. In this work for
the analysis of equilibrium data, based on literature, the
common adsorption isotherms mathematical models
containing Langmuir (3-4) (Fig. S4), Freundlich (5-6)
(Fig. Sb), Tempkin (7) (Fig. S6), and Dubinin-
Radushkevich (8- 9) (Fig. S7) were studied [39].

3) q_e ~ Qunax mea (C_e) )
(4) RL=1/(1+ KLC10) (4)
(5) e = Kfcez
(6) logq. = logK¢+ %log Ce
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(M ge = ElnkT +ElnCe
br br

(8) Ing, = Inq, — Be?
9  e=RTIn(1+)

The isotherm models were studied through four-parameter
equations, and adsorption isotherm data (Table 2) showed
the adsorption of the dye monolayer received by ZIF-8(C)
which was consistent with the Langmuir isotherm model.
Table 3 presents the comparison of our adsorbents'
performance with the results of some recent reports on
adsorbents regarding removing reactive dyes. The highest
adsorption capacity of ZIF-8(C) for removal dyes were
RD:= 400, RD,= 285.71, RD3= 416.66, RD4-416.66,
RDs= 303.03,
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RDe= 270.27, RD7= 666.66, RDs= 200, RDy= 101.01
mg/g. It can be concluded that the ZIF-8(C) possesses a
relatively higher adsorption capacity revealing its
applicability and feasibility as an effective, low-cost, and
suitable adsorbent in the adsorption method for removing
reactive dyes.

5.4 Adsorption kinetics study

Predicting the sorption rate is one of the most important
factors in the batch adsorption process design, which is
controlled by adsorption kinetics. Chemical kinetic models
are based on the chemical and physical characteristics of
the adsorbents. By investigating the kinetic uptake
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Table 2. Linearized isotherm coefficients for dye adsorption at different adsorbents (0.01g)
dosage and 50-400 mg/L dye concentrations (10 mL solution, pH=2, temperature =25-65°C, contact time time=60min).

Isoterm Remozal
Isoterm golden . Red Yellow  Yellow
Models paramete vellow Blue94 Red 141 Violet-5r Red 66 195 Red120 160 176
rs
RNL
Lanamuir Qm(ma/g) 400 285.71 416.66 416.66 303.03 270.27 666.66 200 101.01
mg del KL (L/mg)  0.0039 0.0062 0.0042 0.0039 0.0065 0.0051  0.0022  0.0081  0.0375
R? 0.9974 0.999 0.9982 0.9971 0.9992 0.9968  0.9958 0.986 0.9817
Freundlic | K (L/mg) 2,721 4.056 3.033 3.142 5.061 3.649 1.800 3.618 14.68
h model n 1.251 1.422 1.252 1.283 1.486 1.459 1.093 1.467 2.908
R? 0.9921 0.9902 0.9941 0.9828 0.9757 0.9655  0.9942  0.9702  0.9794
Kr(L/mg) 0.0620 0.0755 0.0667 0.0680 0.0890 0.0728  0.0531  0.0668  0.3449
Tempkin | brd/mol) 36.76 48.75 39.65 41.86 4354 50.38 29.66 49.05 115.52
model R? 0.9263 0.9579 0.9444 0.963 0.9879 0.9638  0.8877  0.8276  0.9678
B1 67.387 57.64 70.863 67.126 56.894 49.177 83.527 50.505 21.447
pubinin- | MY P 14062 1341 1881 646 14050 11974 15357 11452 (O
Radushke E (kJO/ 0.00009 0.0001 0.0001 0.0001 0.00007  0.0001  0.0001  0.0001 3
vich mol) 0.074 0.070 0.070 0.070 0.0845 0.070 0.070 0.070 0.129
model R? 0.8446 0.874 0.8488 0.8626 0.8973 0.9027  0.8086  0.7921 0.8802
Separatio | Co (mg/L)
n factor 50 0.836 0.763 0.826 0.836 0.754 0.796 0.900 0.711 0.347
(Ru) 400 0.390 0.287 0.373 0.390 0.277 0.328 0.531 0.235 0.0625

Table 3. Comparison of the adsorption capacity of reactive dyes by various adsorbents.

Adsorbents samples

Omax (mg/g) Ref

Remazol golden yellow RNL
RYG lop

New ZIF-8(C)

Red 141

Pyrrhotite Ash

Nickel oxide doped

Comcob activated carbon

New ZIF-8(C)

Violet_5r

Activated coal obtains from orange peel
Bent-NH2/TOL

Bent-NH2/HEX

New ZIF-8(C)

Yellow 176
HDTMA-zeolite
CTAB-zeolite
Biomass fly ash

5.63 +0.09 [40]
400 This study
5.07 [41]

38.91 [41]
2.86 [42]

416.66 This study

185.1 [43]
30.9 [44]
60.9 [44]

416.66 This study

13.148 [45]
5.539 [45]
3.65 [46]

120
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New ZIF-8(C) 101.01 This study
Red 120

Jatropha curcas shell treated by non-thermal plasma 85.3 [47]
Functionalized sludge 46.8 [48]
New ZIF-8(C) 666.66 This study
Red 195

NaOH treated jute fibre 270.27 [49]
Chisotan/polyanilline-chitosan 37.87/106.383 [50]
BVis 7.3 [51]
New ZIF-8(C) 250 This study
Yellow 160

Industrial Wastewater onto Modified Sand Aqueous 50 [52]
CAPB-NC 54.61+7.16 [53]
New ZIF-8(C) 200 This study

capacity against contact time, adsorption mechanisms and
rates can be defined. In the present work, experimental
conditions were optimized as initial concentrations of 10
and 400 mg/L, solution pH =2, and a dose of 1 g/L for
reactive dyes. The adsorption capacities first incremented
and then remained constant, with equilibrium times of 60
min for 10-400 solutions. The equilibrium adsorption
capacity increased from 10 mg/g with the increasing dye
concentrations, for example; RD:=190, RD,=180,
RD3;=200, RD,=183.46, RDs=175, RDs =156.23,
RD+=220.3, RDg =172.22, RDg =100 mg/g this indicated
that high dyes removal concentrations could lead to
auspicious adsorption. In this work for a better estimate of
dye adsorption kinetics over the treated adsorbents, the
dye adsorption kinetics were studied via the first- order
reaction model was used in terms of the solution
concentration (10) (Fig. S8), pseudo-first-order equation
of Lagergren et al. in terms of the solid capacity (11) (Fig.
S9), pseudo-second-order oriented by the solid phase
sorption (12), second-order reaction model, based on the
solution concentration (13) (Fig. S10), intra-particle
diffusion (14) (Fig. S11), and Elovich models (15) (Fig.
S12) [54].

ln Ct = ln CO - klt (10)

ln(qe-qt) =Ing-ks;t  (11)
t_ 1.1, (12)
9 h Q.
11
i k,t (13)
qr = kpt/2 +1 (14)

qe = %m( aB) + In(t) (15)The linear plot of t/q.

against time (t) for the adsorption of dyes by ZIF-8(C)
based on pseudo-second-order kinetic was indicated in
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The summary of obtained data of these studies was
illustrated in Table 4.

The results show that the R? amounts of the pseudo-
second-order model (R? value: RD;=0.9872, RD,=0.9812,
RD3;=0.9978, RD,=0.9986, RDs=0.994, RD¢=0.9962,
RD7=0.9713, RDs=0.9828, RDy=0.9752) has higher
correlation coefficient than the other models.

5.5 Thermodynamic study

The value of the thermodynamic study is in the discovery
of the different parameters such as the standard enthalpy
AH® (kJ/mole), formal free energy AG® (kJ/mole), and
standard entropy AS°(J/mole .K), presenting a precise
explanation of the adsorption procedure through the
practical application. The thermodynamic parameters are
determined through equations [55]:

(16) LnK4 = AS°/R — AH°/RT
(17) Kg = (Co — Cy) *V/(Co * m)
(18) AG® = —RTLnK4

The advantages of AS° and AH® were arranged from the
intercept and slope of the van Hof plot of In kq against 1/T
(Fig. S14). Table 5 shows the values of the various
thermodynamic parameters for dye. Positive AG® values
obtained at temperature for (RDs) indicated the feasibility
and the nonspontaneous nature of dye removal adsorption
ZIF-8(C). Negative AG° values obtained at all
temperatures RD1, RD,, RD3, RD4, RDs, RDs, RD7, and
RDg (Table 4) revealed the feasibility and the spontaneous
nature of dye removal adsorption by ZIF-8(C). For RD,,
RDs, and RD4 that are all negative. It was indicated that
the adsorption of reactive dyes to ZIF-8(C) could
spontaneously occur at these examined temperatures.
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Fig. 12. Kinetics plot for the adsorption of reactive dyes bye ZIF-8(C)

Table 4. Kinetics constants for the adsorption of reactive dyes by ZIF-8(C) (contact time=20-60 min, temperature=25-65°C,

stirring=400 rpm and pH=2) (Fig. S13).

Remazol Blue Red Violet- Red Red Red  Yellow Yellow

golden 94 141 5r 66 195 120 160 176

yellow
RNL

Pseudo—  Qeexp(Mg/g) 2962 3067 31 3027 3199 2762 2948 2919 3563

E;Zte; Ge.cal(Mg/g) 2290 2878 2247 2115 2510 2363 4151 2702  30.82
e Ky(min't) 00506  0.0557 00614 00783 00617 00754 0.1101 0.0575  0.0463
R? 08382 09905 0.8302  0.8645  0.8963 0.9723 0.9321 09879  0.9343

Co 4236 4384 4046 39.64 4284 4213 4437 4405 4329
2{3@; Ki 00136 00152 00147 00141 00163 00126 00151 00141  0.0196
Tt R? 08015  0.892 07446  0.6933  0.8725 0.7635 0.8758 0.8811  0.9149

Pseudo—  Geca(Ma/g) 2932 3134 3134 3021 3194 2777 3076 2958 3558
Segf(;ﬁ_ Ko(g/min.mg)  0.0155  0.009 00287 00413  0.0187 00241 0.0086 0.0105  0.0081
model R? 09872 09812 09978 09986 0994 09962 0.9713 09828  0.9752

second—  Co 4166 4444 3875 3717 4273 4081 4444 4385 4545
%dee; Kz 00004 00005 0.0005  0.005 0.0006 0.0004 0.0005 0.0005  0.0008
R? 08682 09617 07882 07371 09447 08181 0.9078 09418  0.9729
Intra- Kp(g/min.mg) ~ 1.4764 2555 10304 06567 1356 12021 2904 22798 27921
dﬁ?&ﬂ; C(mglg) 17538  11.007 22592 25047 21211 18448 83629 11.652  13.418
model R? 08527 09981 0.8663  0.9617 09631 09894 0.8388 09981  0.9609
Elovich  R? 07997 09993 08151 009303 09322 09989 0.8869 09993  0.9293

EISENE (Mg/g.min)  64.97 731 150580 22759547 200.85 14098 485 856 9.92

R (g/mg) 0237 0132  0.339 0524 0254 0280 0113 0148  0.123
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The AG°, the temperature rose become even more
negative, indicating that the higher temperature was more
satisfactory for the RD2, RDs, and RD4 adsorptions. AS®
and AH® were found to be 104.25, 36.24, 90.78 j/mol. K
and 34.33, 9.31, 30.69 kJ/ mol, respectively for the RD,
RDs, and RD4. Since AH® was positive, the validation of
adsorption of RD;, RDs, and RD4 to ZIF-8(C) was
considered as an endothermic reaction. The positive AS°
value, desorption of various pre-adsorbed water molecules
is also suggested over the adsorption of RD;, RDs, and
RD4 molecules to ZIF-8(C). Such analyses are consistent
with the findings of the adsorption isotherm and kinetics.

The endothermic adsorption to ZIF-8(C) was strongly
related to the chemical interaction. Mainly, the adsorption
phenomenon is physical owing to the lower adsorption
activation enthalpy for reactive dyes RD1, RDs, RDg, RD>,
RDs, and RDy. For reactive dyes (RDi1, RDs, RDs, RD7,
RDg, RDg), the enthalpy (—AH®) was attained, and the
negative value suggested that the adsorption was an
exothermic procedure. The negative value of AS° also
suggests that it reduces irregularities. AH® and AS°® =
(RD1: -9.07/-17.53, RDs: -12.93/-32.34, RDs: -17.03/-
44.07, RD7: -12.15/-34.78, RDs: -45.60/-146.00, RDg:-
9.17/-24.52) (Table 5).

Table 5. Thermodynamic parameters for the adsorption of reactive dyes on ZIF-8(C)

AS° (J/mol.K) AH°(Kj/mol)  AG°(Kj/mol) (K) (RNL) (PPM)
-17.53 -9.07 -3.65 298 30mg/L
-3.45 318
-2.91 338
AS°® (3/mol.K) AH°(Kj/mol) AG°(Kj/mol) K) (Blue 94) (PPM)
104.25 34.33 2.40 298 30 mg/L
1.27 318
-1.91 338
AS°/(J/mol.K) AH°(Kj/mol) AG°(Kj/mol) (K) (Red141) (PPM)
36.24 9.31 -0.99 298 30 mg/L
-1.16 318
-2.49 338
AS°(J/mol.K) AH°(Kj/mol) AG°(Kj/mol) )k( (Violet-5r) (PPM)
90.78 30.69 2.65 298 30 mg/L
2.38 318
-1.13 338
AS°(J/mol.K) AH°(Kj/mol) AG°(Kj/mol) (K) (Red 66) (PPM)
-32.34 -12.93 -3.18 298 30 mg/L
-2.47 318
-1.85 338
AS°(J/mol.K) AH°(Kj/mol) AG°(Kj/mol) (K) (Red195) (PPM)
-44.07 -17.03 -3.63 298 30 mg/L
-2.72 318
-1.82 338
AS°(J/mol.K) AH°(Kj/mol) AG°(Kj/mol) (K) (Red 120) (PPM)
-34.78 1215 -1.80 298 30 mg/L
-0.45 318
-0.40 338
AS°(J/mol.K) AH°(Kj/mol) AG°(Kj/mol) K) (Yellow 160) (PPM)
-146.00 -45.60 -1.00 298 30
0.23 318
4.12 338
AS°(J/mol.K) AH°(Kj/mol) AG°(Kj/mol) )k( (Yellow 176) (PPM)
-24.52 -9.17 -1.66 298 30
-1.27 318
-0.65 338
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Table 6: Removal of Red 120 dye from textile wastewater sample.

dye Initial concentration  Final concentration % Removal
(mg/L) (mg/L)
Red 120 50 5 90

5.6 Adsorption mechanism

The ZIF-8 surface was reported as positively charged [56].
The negatively charged sulfonic acid groups in the
received dye molecule were adsorbed readily over the
ZIF-8(C) with a positive charge (Fig. S15). For reactive
dyes, these superior adsorption features of ZIF-8(C) were
dependent highly on their exclusive structures and the
interaction between active functional groups like m-n
conjugation, electrostatic  interaction, and metal
coordination (all dyes) effect (Fig. S16).

5.7 Remove dyes from real samples

The ability and potential of synthesized catalyst can be
shown better by examination of the removal of dyes from
real wastewater. In this work, wastewater samples were
filtered with a 0.45-mm pore-size membrane filter to
remove suspended particulate matter, and the process was
according to our previous reports [57]. As shown in Table
6, the proposed method could be applied successfully for
the removal of Red 120 in textile wastewater sample with
acceptable efficiency.

5.8 The BOD and COD analysis

120

o o o

Removal%

o

cycles

100 - )
8 = =
6
4
2
0
1 2 3 4

The COD and BOD analysis of wastewater were
measured by Arman mohit pak Iranian company. The
initial levels of COD and BOD were 1910 and 810 mg/L,
respectively. After treatment, the amounts of COD and
BOD were decreased to 61 and 33 mg/L. The data
indicates the efficient performance of ZIF-8(C).

5.9 Recycle and
nanocomposites

regeneration of ZIF-8(C)

The recovery and reusability are among the most
important properties of catalysts. After decolorization of
the wastewater samples, ZIF-8(C) was separated by
centrifugation and washed with 0.1 mol/L NaOH in 50%
aqueous ethanol solution, dried in a vacuum oven, and
then reused directly for the next adsorption. Although the
adsorption of dye, was gradually reduced by improving in
desorption cycles, the recreated adsorbents still revealed
good performance for their adsorption after first-cycle
regeneration. In Fig. 13, there usability of ZIF-8(C) after
the four runs is still outstanding, representing the original
capacity of 95, 85, and 75% (RD., RDs, and RDy),
revealing the cost-effective prepared adsorbent.

H blue 94 ge(mg/g)
red 195 ge(mg/g)
M red 120 ge(mg/g)

Fig. 13. Recycled adsorption of RD,, RDg and RD7 (20 mg/L,by ZIF-8(C) 0.01 g).
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XRD patterns of ZIF-8(C) composites before and after
adsorption showed that the peaks shape of ZIF-8(C) after
the adsorption of dyes was according to ZIF-8(C) before
adsorption, revealing that adsorption failed to alter the
crystalline form of ZIF-8(C) (Fig. S17).

6. Conclusions

In this summary, the zeolitic-imidazolate framework, ZIF-
8(C), has been prepared with three different methods
containing the conventional solvothermal, ultrasonic
assisted solvothermal, and mechanochemical method, and
results showed that the best yield was obtained by the
mechanochemical method. The optimum conditions were
indicated by the response surface methodology-based
optimization results to remove the chosen reactive dyes:
(RDy), (RD2), (RDs3), (RD4), (RDs), (RDs), (RD7), (RDs)
and, (RDy) (Co =10 mg/L, dose = 1g/L, contact time = 60
min). ZIF-8(C) could also be recovered through the
straightforward, simple washing procedure, and the
catalyst could be reused for at least four cycles under
optimized conditions without significant loss of its
catalytic activity. Factors affecting the adsorption
capacity including mixing time, temperature, adsorbent
dose, initial concentration, and pH were investigated.
Various isotherm data were analyzed and the Langmuir
model was found as the most appropriate model. The
adsorption kinetics models were investigated and the
adsorption kinetics followed the pseudo-second-order for
all dyes. After determining the optimal conditions, the
effectiveness of ZIF-8(C) in decolorizing real textile
wastewater samples was evaluated, demonstrating
exceptional performance. The levels of BOD and COD in
the real textile wastewater were significantly reduced after
using ZIF-8(C).
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