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Abstract — One of the most critical issues in the field of wastewater contamination is the occurrence of
colored compounds, including dyes. Synthetic dyes, including acid violet 7 (AV7) and methylene blue
(MB), have been employed in a variety of applications. In this study, the adsorption of AV7 and MB dyes
was compared using an adsorbent prepared from MOF-5. The adsorption isotherm and kinetics were
employed for the respective analysis of AV7 and MB dyes. The adsorption isotherm and kinetics were best
described by the Henry and Freundlich isotherm and the elovich and pseudo-second-order kinetic models,
respectively, for AV7 and MB. The BET (Brunauer-Emmett-Teller) analysis was employed to ascertain the
specific area and pore volume of MOF-5. The findings of this study demonstrate that MOF-5 adsorbents
are effective at removing AV7 and MB from aqueous media.
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I. INTRODUCTION

Dyes are extensively used in various industries such as printing ink, textiles, cosmetics, paper,
leather, and ceramics [1, 2]. As reported by [1], it is expected that approximately 15% of the dye will be
lost during processing and subsequently released into wastewater. As reported by [3], dye pollutants
significantly affect groundwater and environmental pollution. Synthetic dyes are a significant group of
water pollutants that pose a threat to public health and the environment. They can even promote the growth
of algae [4, 7] because most of them are hazardous and may cause cancer. The rapid expansion of several
industries, including coking, plastics, synthetic fibers, dyes, and petrochemicals, has led to a significant
increase in the volume of wastewater containing refractory organic contaminants. Its complex composition,
high concentration, low biodegradability, and biotoxicity pose significant risks to both human health and
the environment [9, 10, 11, 12]. Synthetic dyes are a significant class of water contaminants that attract
algae owing to their harmful and potentially carcinogenic properties [4, 7]. The acidic color violet is harmful
to humans and other animals because of its adverse effects on the skin, eyes, and respiratory system, as well
as its ability to modify the structure of genes and cause gene mutations. The dumping of dye waste into
rivers can damage ecosystems, pollute water, cause eutrophication, and disturb aquatic life. Watercolor is
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one of the most noticeable indicators of contamination. Some of the challenges associated with dye waste
treatment include a slow sorption capacity and multi-step adsorbent synthesis.

Acid violet (AV7) and methylene blue (MB) are among the most frequently utilized water-soluble
cationic dyes. Acid Violet-7 (AV-7) is an azo dye commonly used in various industries such as food,
leather, paper, soap, wool, silk, polyamide fiber, leather, medicine, and cosmetics. The substance is non-
volatile and highly soluble in water, with a reddish-purple color. AV-7 dye is more difficult to degrade and
genotoxic than other azo dyes due to its structure, which includes aromatic rings, and amino and sulfonic
groups [13]. Methylene blue (MB) (3,7-bis(dimethylamino) phenothiazine chloride tetra methylthionine
chloride) is one of the synthetic dyes that is applied in large quantities as a colourant for papers, in wool,
silk, and cotton and is classified as a cationic dye [8]. In addition to dye-containing wastewater, industrial
activity generates a large amount of ash as a by-product of burning solid fuels, such as rice husks and coal
fly ash.

Various physicochemical, chemical, and physical methods have been developed to remove dyes
from aqueous solutions, including membranes, adsorption techniques, and catalyst-assisted color oxidation.
Fruit peels, bio-coagulants, and cellulose-based bio-adsorbents are examples of materials that have been
employed as adsorbents for color removal. Metal-organic frameworks (MOFs) are a new class of
crystalline, porous materials that can hold both inorganic and organic molecules. Yaghi made this discovery
in 1999. According to [14], MOF-5, also known as IRMOF-1, has a cubic structure composed of
Zn4O(BDC)3, which is a metal-organic framework. The constituents of MOF-type materials are impressive
[15,16] because of their exceptional porosity, large surface area, ease of adjusting the pore size and shape
(microporous and mesoporous structures), as well as their potential for adsorption, storage, and separation
[17, 18, 19, 20, 21]. With a surface-to-volume ratio of 2200 m?/cm?3, MOF-5 has one of the highest ratios
among the MOFs. MOFs are utilized to adsorb hazardous pollutants from both liquid and vapor phases.
MOF-5 is a unique cubic network that joins the ZnO4 units with 1,4-benzene dicarboxylate linkers. The
interaction between the inorganic ZnsO molecule of MOF-5 and the bidentate ligand benzene-1,4-
dicarboxylate produces a three-dimensional structure [22].

However, pristine MOF adsorbents are unstable and exhibit low adsorption capabilities. Therefore,
MOF adsorbents have been developed in combination with other active species. Attempts have been made
to use waste siliceous materials such as rice husk ash (RHA) and coal fly ash (CFA) for incorporation into
MOFs, which may have significant potential to enhance some of their properties and partially solve the
waste material disposal problem. This study aimed to investigate the effectiveness and efficiency of MOF-
5 and its modification for removing AV7 and MB dyes from aqueous solutions. Furthermore, the kinetics
and isotherms adsorption were examined.

Il. MATERIALS AND METHOD
1.1 Raw materials

Sigma provided the acid violet and methylene blue dyes, zinc (II) nitrate hexahydrate, 1,4-
benzaldicarboxylic acid, and N, N-dimethylformamide (DMF). The rice husk (RH) and the burnt rice husk
(labeled as RHA-Ind) were obtained from Kilang Beras Co. Titi Serong Sdn Bhd, Parit Buntar, Perak.

[1.11 Synthesize of MOF-5

The process was initiated by using a combination of 1,4-benzaldicarboxylic acid and zinc (Il) nitrate
hexahydrate. The subsequent stage involved the addition of 100 mL N, N-dimethylformamide (DMF), 0.2
g of 1,4-benzaldicarboxylic acid, and zinc (I1) nitrate (1 g), followed by the completion of the process.
Finally, to aid the adsorption process, the beaker was covered with an aluminum foil. After that, heat the
samples in an autoclave at 110°C for 30 minutes. After the completion of the procedure, the samples were
cooled to room temperature. Once cooled, the material was centrifuged in multiple tubes, to ensure that the
volume of each tube was 50 mL. The mixture was centrifuged at 4000 rpm for 10 minutes was performed
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to separate the particles. Finally, the sample was filtered through a paper filter and placed in an oven (80°C)
for 24 hours.

[1.111 Batch adsorption studies

The batch adsorption experiments were performed using an IKA KS 4000 | control incubator shaker.
Preliminary tests were conducted for pristine and modified MOF-5 to determine the adsorption efficiency.
All experiments were conducted in 250 mL conical flasks covered with aluminum foil, with varying
amounts of adsorbent, mixing time, pH level, shaking rate, initial dye concentration, and solution
temperature. Approximately 100 mL of the AV7 or MB dye solution was used. Following each batch of
adsorption, the adsorbents were separated by centrifugation at 4000 rpm for 10 minutes. The remaining
solution was analysed using a UV-Vis spectrophotometer, and the concentration of residual AV7 or MB
was calculated using the calibration curve equation. Blank experiments were conducted to ensure that no
dye was adsorbed onto the beakers or adsorbent, and only water was used to prevent leaching. All
adsorption tests were performed in triplicate, and the data were analysed using average values. The amount
of AV7 dye adsorbed (ge) and the AV7 and MB removal efficiencies were calculated using Egs. (1) and
(2), respectively.

ge = =XV M

m

Co—Ce

Removal (%) = x 100 (2

Co
where ge is the amount of dye adsorbed (mg/g), m is the mass of the adsorbent (g), V is the volume of the

solution (L), and Co and Ce are the initial and equilibrium concentrations of AV7 and MB dye (mg/L),
respectively.

I1.IV Adsorption isotherm

Adsorption isotherm models are commonly used to study adsorption processes. This study used the
Elovich, Henry, Redlich-Peterson, and Jossens isotherms models for the MOF-5 equilibrium data. The
coefficient of determination (R?) was used to evaluate the application of the isotherm models to adsorption
treatment.

I1.IV.] Elovich Isotherm

The Elovich adsorption isotherm is founded upon kinetic principles and takes into account the
phenomenon of multilayer adsorption. It postulates that the number of adsorption sites increases
exponentially with the progression of adsorption. Mathematically, this is expressed as [23], where Kg
represents the Elovich constant. The linearized form is given by Eqgs. (7) and (8). The plot of In ge/Ce versus
Je, which yields a straight line with a slope of —1/qo and an intercept of In Ke qo.

—(9e
g—e = KgCee &) )
In 2—: =In Kgq, — Z—z (8)

I1.IV.11 Henry’s Isotherm

This is the most straightforward adsorption isotherm, in which the quantity of surface adsorbate is
directly proportional to the partial pressure of the adsorptive gas [5]. The isotherm model, which
demonstrates that all adsorbate molecules are isolated from their closest neighbours, provides an accurate
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description of the adsorption process at very low concentrations [6]. The following linear Eq.(9) represents
the relationship between the equilibrium adsorbate concentrations in the liquid and adsorbed phases:

de = KugCe (9)

In this context, Ce represents the equilibrium concentration of the adsorbate on the adsorbent, Kxe is Henry's
adsorption constant, and ge is the quantity of the adsorbate at equilibrium (mg/g).

ILIV. 11l Redlich-Peterson Isotherm

The Freundlich and Langmuir isotherms are combined to form the Redlich-Peterson isotherm,
which is a further extension of the Langmuir isotherm. One advantage of the equation is that it approaches
the Henry area at infinite dilution and is derived from the Langmuir isotherm [31]. This empirical isotherm
model comprises three parameters. The Redlich-Peterson isotherm incorporates the ideas set forth in the
Freundlich and Langmuir equations. As a consequence, the adsorption process integrates the two and
diverges from the predicted behavior of the optimal monolayer adsorption model [32]. The nonlinear form
of the Redlich-Peterson Isotherm is given by Eq. (10).

_ ACe
- B
1+BCy

de (10)
As B represents an exponent that ranges from 0 to 1. A is the Redlich-Peterson isotherm constant, expressed
as (L/g), while B is also a constant, expressed as (L/mg). The equilibrium liquid-phase concentration of the
adsorbent, represented by Ce (mg/L)), and the equilibrium adsorbate loading of the adsorbent, represented
by q (mg/g), are defined. At high adsorbate liquid-phase concentrations, the model reduces to the
Freundlich Eq. (11).
A 1—

Qe =2C.7" (11)
In the Freundlich isotherm model, the following relationships are represented: A/B = Kr and (1 — ) = 1/n.
The Langmuir equation, which is associated with the energy of adsorption, is reduced to b = B (Langmuir
adsorption constant, or L/mg) when f = 1. A is represented by the equation bgmi, where qmi is the maximal
Langmuir adsorption capacity of the adsorbent (mg/g),when B is equal to zero. The Eq. (12) simplifies to
Henry's isotherm model, with the Henry constant represented by 1/(1+b). The linear form of the Redlich-
Peterson isotherm is given by Eq. (12) [30]:

1n%=mng—mA (12)

The Redlich-Peterson constants can be determined by plotting of In (Ce/ge) versus In Ce. In this plot, B and
A represented the slope and the intercept, respectively [28,32,33,34,35]. The versatility of this isotherm
model allows its application to both homogeneous and heterogeneous systems. The model is linear in the
numerator and exponential in the denominator, representing adsorption equilibrium over a wide range of
adsorbate concentrations [36, 37].

IL.IV.1V Jossens Isotherm

The Jossens isotherm model is based on the assumption that the energy distribution of adsorbate-
adsorbent interactions at adsorption sites provides the foundation for its theoretical framework. This model
offers a straightforward equation for predicting the equilibrium state of a system [38]. In this model, the
term "heterogeneous surface” denotes the fact that the interactions between the adsorbent and the adsorbate
are not uniform. To illustrate, the Jossen isotherm can be represented as Eq. (13).

Ce = %exp (Fqg) (13)
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As F and H represent the Jossens isotherm constant, and equivalent to Henry's constant, P is the Jossens
isotherm constant, which provides insight into the adsorbent regardless of temperature and type. In the case
of low capacity, the equation reduces to Henry's law. However, following a reorganization of Eq. (14) [39],

In (ST) = —In (H) + F® (14)

In order to ascertain the values of H and F, it is possible to employ either the least-squares fitting technique
or a plot of In (Ce/ge) vs. Qe.

I1. V Adsorption Kinetics
I1.VV.l1 Elovich Kinetic Model

In the context of chemically adsorption processes occurring on surfaces with heterogeneous energy
distributions, the Elovich equation may be applicable [24]. In the case of low surface coverage, the effect
of adsorbed species on the rate of reaction is relatively insignificant [26]. Furthermore, the adsorption
energy increases in a linear fashion with surface coverage, as described by the Arrhenius equation [27].
The initial rate and extent of adsorption can be described by parameters, which can be used to assess the
chemisorption process. The lineal form of the Elovich kinetic model is given by Eq.(18).

q: = 3 In(ap) + 5 In() (18)

The constants o and  represent Elovic constants for the initial adsorption rate (mg/g.hr) and the degree of
surface coverage and the activation energy for chemisorption (g/mg), respectively.

[1.V.11 Liquid Film Diffusion Kinetic Model (LFD)

The rate-limiting step represents a crucial element in the corroboration of the adsorption mechanism.
The adsorption process is governed by a solute transfer process, which may be represented by external mass
transfer, intraparticle diffusion, or both. Accordingly, the liquid film diffusion model, as represented by the
Boyd kinetic expression [29], was employed. In order to quantify the magnitude of mass transfer, the term
containing the fractional capacity (In(1-gt/qe)) was plotted against time, and the slope of the resulting curve
was calculated to be the film diffusion rate constant (kir, 1/hr). The linear form of the liquid film diffusion
kinetic model is given by Eq. (19) [29].

In(1- %) = —Kyt (19)

1.V Characterization of adsorbents

A single analytical tool was employed to assess the selected MOF-5 adsorbents for the
aforementioned adsorption testing. Furthermore, the specific surface area of the adsorbents was quantified
utilizing a surface area and porosity analyzer, in accordance with the BET (Brunauer-Emmett-Teller)
method (Micromeritics ASAP 2020).

1. RESULTS
[11.1 Adsorption Isotherms

The relationship between the amount of adsorbent and the concentration of the liquid phase can be
determined using the Langmuir, Freundlich, Temkin, Elovich, Henry, Redlich-Peterson, and Jossens
isotherms. The constant values and coefficients of determination for each isotherm are listed in Table 1.
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Table 1. Adsorption isotherms constants

Dyes Isotherm Types Constant Value
qo (Mg/g) -3.66
: Ke (L/mg) -0.0055
Elovich Kedo 0.02
R? 0.969
KHe -0.4
Henry R? 1
AV7 B 5.7185
Redlich-Peterson A (L/g) -20.195
R? 0.955
F -0.2732
Jossens H 0.0202
P 0.8305
R? 0.969
Qm (mg/g) 13.23
Langmuir KL (L/mg) 0.25
R? 0.9738
MB
Qe (Mmg/Q) 4.39
Freundlich Kr (L/mg) 2.77
R? 0.9674

[11.11 Adsorption Kinetics

Kinetic studies were used to determine the potential rate-controlling step and adsorption mechanism.
Adsorption kinetics are governed by a number of processes, including those of reaction and diffusion [43].
The kinetic types (pseudo-first order, pseudo-second order, intraparticle diffusion, Elovich, and Bangham
model) and constants for AV7 and MB are listed in Table 2.

Table 2. Adsorption Kinetics constants

Dyes Kinetics Types Constant Value
- op Kir (hrt) 0.6464
Liquid film diffusion R? 0.9558
AV7 B (g/mg) 0.7872
Elovich o (mg/g-hr) 9.095
R? 0.9755
Qm (mg/g) 13.21
Pseudo-first-order K1 (1/hr) 0.00005
R? 0.9201
Qe (Ma/g) 5.65
MB Pseudo-Second-order Kz (1/hr) 0.0021
R? 0.9864
oo Kid (mg/g-hrt?) 0.2073
Intraparticle diffusion model RZ 0.9709
Ks 0.098
Bangham model R2 09726
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IV.DISCUSSION
IV.1 Adsorption Isotherms

The constant values and coefficients of determination for each isotherm are listed in Table 1. An in-
depth review of the data revealed that Henry, with the highest R? value of 1, provides a better fit to the
experimental data. The coefficient of determination (R?) values obtained for the Elovich, Redlich-Peterson
and Jossens isotherms are 0.969, 0.955, and 0.969 respectively. This result suggests that the adsorption
equilibrium data were not adequately described by the Langmuir and Freundlich, Temkin, Elovich, Redlich-
Peterson and Jossens isotherm models. The Henry isotherm model demonstrated the most accurate
representation of the adsorption behaviour of AV7, as evidenced by the highest coefficient of determination
presented in Table 1. The Henry isotherm constant was -0.4. These values are considered to be significant
in promoting the surface binding of AV7 dye molecules onto the high-energy sites of MOF-5. Table 1
presents the isotherm model constants and the coefficient of determination (R?) for the adsorption of MB
dye onto modified MOF-5. However, the MB dye adsorption process of the modified MOF-5 adsorbent is
not well explained by the Langmuir isotherm model, as indicated by the K. value of 0.25, which is relatively
high and indicates a strong interaction between the adsorbate and the adsorbent surface, suggesting a
favourable adsorption process. As an indication that the Freundlich isotherm can adequately explain the
adsorption mechanism, the Freundlich constant had a larger value compared to the Langmuir constant.
Accordingly, the adsorption of MB on MOF-5/CNC supported by CA could follow a process involving
multilayer coverage on a heterogeneous surface. Comparable results, showing a better agreement with the
Freundlich isotherm, were obtained for MB removal using cellulose-based adsorbents [40,41,42,43]. The
results indicated a significant interaction between AV7 and MB dyes molecules and the surface of MOF-5
adsorbent, owing to the uniform distribution of binding energies in the latter.

V.1l Adsorption Kinetics

Kinetic parameters play an essential role in the modelling of adsorption processes and the
exploration of the fundamental mechanisms underlying these processes. The applicability of the pseudo-
first-order, pseudo-second-order, intraparticle diffusion, liquid film diffusion, elovich, and Bangham
models were evaluated for AV7 and MB respectively. The kinetic data for the AV7 dye on the modified
MOF-5 adsorbent were found to be best fit by the liquid film diffusion, and Elovich models, respectively.
The constant values and coefficients of determination for each kinetic model are presented in Table 2.
Following a comprehensive analysis of the data, it was determined that the elovich model provided a
superior fit to the data set (R? = 0.9755). The adsorption data were fitted to the linearized pseudo-first-order
kinetic model, which proved to be inapplicable over the entire contact time for MB. The calculated ge was
determined to be 13.21 mg/g. In the majority of cases, the first-order model is applicable to the initial phase
of the adsorption process, but not to the remainder of the contact time [45,46]. The experimental data
exhibited a favourable fit over the entire adsorption range for the pseudo-second-order kinetic model. The
calculated ge from the pseudo-second-order model was determined to be 5.65 mg/g, which was closer to
the experimentally obtained ge (4.29 mg/g). Chemical interactions dominate the adsorption process, which
may be explained by pseudo-second-order Kkinetics for the adsorption reaction [47, 48]. The kinetic
parameters and coefficient of determination (R?) values are listed in Table 2. The adsorption process can
occur via a number of different pathways, including external diffusion, intraparticle diffusion and pore
diffusion [48]. The rate of the adsorption process is typically influenced by both intraparticle and pore
diffusion. The process of aligning experimental data with the parameters of diffusion models. The Weber—
Morris plot (q: vs t°°) yielded a linear relationship with an coefficient of determination (R?) value exceeding
0.9, suggesting that intraparticle diffusion may be a potential pathway for AV7 and MB adsorption. The
intercept of the Weber—Morris plot has been identified as a potential indicator of the thickness of the
boundary layer, with a larger intercept potentially indicating a larger boundary layer [43,49]. In this model,
the linear fit must pass through the origin, indicating that intraparticle diffusion is not the sole controlling
mechanism and that the adsorption process is a combination of multiple mechanisms [43,48]. The Bangham
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model was employed to ascertain the potential for pore diffusion to act as the rate-limiting step. The plot
was found to be linear with a coefficient of determination (R?) value greater than 0.9, indicating that pore
diffusion is the dominant mechanism governing the adsorption process for AV7 and MB. These results
indicate that the adsorption kinetics are fitted to elovich and pseudo-second-order model, which is based
on a chemical interaction between the adsorbent and adsorbate for AV7 and MB dyes [44].

V.11l Characterization
IV.11.1 BET (Brunauer-Emmett-Teller)

The modified MOF-5(MOF-5/RHA-1000/1.75:2) had large specific surface area 33.43 m?/g for
AV7 than the adsorbent film of MB 19.87 m?/g. In addition, the adsorbent film of MB had large pore
volume 0.27 cm?® /g compared to the modified MOF-5 (MOF-5/RHA-1000/1.75:2) 0.18 cm? /g for AV7.
The BET analysis showed that the AV7 and MB dyes follow the type Il and | isotherm adsorption
respectively. The Type I11 Isotherm is defined by a gradual increase in adsorption at low relative pressures,
which is then followed by a sharp increase at higher pressures. This type of isotherm is frequently observed
in non-porous or weakly porous materials, where the interactions between the adsorbate and the adsorbent
are relatively weak. This type of isotherm does not exhibit a sharp increase at low relative pressures,
indicating that microporous adsorption is either minimal or absent. Instead, the adsorption increases
gradually at higher pressures without reaching a clear plateau, suggesting the presence of multilayer
adsorption [50]. Furthermore, the type I isotherms are those where the pore size is not significantly larger
than the molecular diameter of the sorbate molecules. This isotherm shows that the extent of adsorption
increases with pressure until it reaches saturation, at which point no further adsorption occurs and the
monolayer is formed.

V. CONCLUSION

The present study examined the efficacy of MOF-5 adsorbents for the removal of AV7 and MB
dyes from aqueous media, with a particular focus on the adsorption isotherms and kinetics. The adsorption
isotherm and kinetics were employed for the respective analysis of the AV7 and MB dyes. The adsorption
isotherm and kinetics were best described by the Henry and Freundlich isotherm and the elovich and
pseudo-second-order kinetic models, respectively, for AV7 and MB. The comparative results demonstrated
that the adsorption isotherms and kinetics for the AV7 and MB dyes, respectively. The BET (Brunauer-
Emmett-Teller) analysis revealed the specific area and pore volume of MOF-5. The findings of the present
study suggest that MOF-5 has notable potential for the remediation of polluted water sources by removing
AV7 and MB dyes.
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