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Cationic dyes like methylene blue (MB) and basic red 46 (BR-46) pose significant
environmental risks due to their toxicity and persistence in aquatic systems. This study
aims to enhance adsorption efficiency by modifying a melamine-based metal-organic
framework (MOF). By altering the solvent during synthesis, a porous structure, [Cu(n/-
OAc)(u-OCHs)(MA)]2 (CMP-Et), was successfully derived from [Cu(n!-OAc)(u-
OCH3)(MA)], (CMP-Me) using low-cost ethanol as a green solvent. The materials were
characterized using XRD, FT-IR, and SEM. The removal efficiency of MB and BR-46 at
an initial concentration of 20 mg/l was found to be 80 and 37%, respectively. The
adsorption capacity of CMP-Et for the removal of MB and BR-46 was calculated to be 161
and 74 mg/g, respectively. The adsorption data for these dyes were consistent with the
Langmuir and the Freundlich/Temkin isotherms, respectively, and followed pseudo-
second-order kinetics. This work demonstrates the potential of cost-effective MOFs
synthesized from inexpensive solvents like ethanol for efficient textile wastewater
treatment.

e Cost-effective, scalable synthesis of CMP-Et MOF for efficient dye removal

Highlights

e Rapid >80% dye removal within 30 minutes

e MB follows Langmuir; BR-46 fits Freundlich/Temkin isotherms
e High adsorption capacity for MB and following pseudo-second-order kinetics

performance
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1. Introduction

cosmetics extensively use coloring agents to dye their products
(Fattahi et al. 2024). The discharge of colored wastewater from

Among the most critical issues in industries is the reduction
and elimination of pollution and contaminants from
wastewater. The wastewater from each industry varies
depending on the type of product and the production process
in different factories. This wastewater may contain organic
matter, dyes, suspended chemical particles, heavy metals, and
other pollutants (Deshmukh et al., 2025). The removal of dyes
and pigments from wastewater has become a significant
concern in recent years. Industries such as textiles, paper
manufacturing, printing, plastics, leather, tanning, food, and

these industries can pose serious environmental hazards(Yin et
al., 2019). Annually, approximately 700,000 tons of dyes and
pigments, comprising nearly 10,000 different varieties, are
produced worldwide (Ashraf et al., 2021). These dyes belong
to diverse structural and functional categories, with an
estimated 2-26% entering wastewater streams during the
dyeing process (Aksu et al. 2010). The discharge of colored
effluents from textile industries into receiving water bodies
reduces sunlight penetration, deteriorates visual clarity, and
disrupts aquatic ecosystems. This phenomenon significantly
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impairs photosynthetic activity in aquatic plants and algae,
ultimately causing substantial environmental damage
(Mahmoodi et al., 2019). Dyes exhibit carcinogenic and
mutagenic properties in humans and may cause skin irritation
and other dermatological effects. Therefore, efficient and
effective treatment of colored wastewater is essential
(Kestioglu et al., 2005). Various treatment techniques are
utilized for dye removal from wastewater, including physical
adsorption methods such as membrane filtration, surface
adsorption, and ion exchange, and chemical treatment
approaches including chemical oxidation, advanced oxidation
processes (AOPs), and electrocoagulation(N Lotha et al.
2024). Methods such as membrane separation suffer from high
maintenance costs and membrane fouling issues. While ion
exchange offers high efficiency, it involves expensive resins
and sensitivity to interfering ions (Dhokpande et al., 2024).
Advanced oxidation processes, including chemical oxidation,
provide high degradation rates but come with substantial costs
for chemicals, energy, and equipment, along with the risk of
generating toxic byproducts. Electrocoagulation, despite its
high efficiency, entails significant energy consumption and
sludge production. In contrast, adsorption stands out as a
simple, cost-effective, and efficient method, making it an ideal
choice for removing dyes from wastewater (Hama Aziz et al.,
2024). Because this method is a selective process for removing
dye from wastewater, it offers the possibility of recycling and
reusing the adsorbent and reducing residues from production
(Degermenci et al., 2019). Several low-cost, selective, and
effective adsorbents have been utilized, including orange peel,
banana stem, rice husk, clay, activated carbon, coal ash,
sawdust, silica gel, and chitosan (Namasivayam et al., 1996;
Sharma et al. 2009). Moreover, multi-walled carbon nanotubes
(MWCNTs), Sobhanardakani et al. (2013); Sobhanardakani et
al. (2017), NiFe,O4 nanoparticles, Sobhanardakani et al.
(2016); Zandipak et al. (2016), and various metal-organic
frameworks (MOFs) and their composites, such as guanidine-
functionalized chitosan/UiO-66-NH, nanohybrid (UiO-66-
NH,@Cs-ISo-Gu), are currently being employed and
developed. Metal-organic frameworks, as a novel class of
advanced nanoporous materials, exhibit wide-ranging
applications, particularly in adsorption and separation
processes (Asadi et al., 2022). This class of porous compounds
has attracted significant attention in adsorption processes due
to their large pore sizes, high surface area, selective uptake of
small molecules, and optical or magnetic responses in the
presence of guest molecules. MOFs are formed through the
coordination of metal clusters (as coordination centers) with
organic ligands (as metal ion linkers). These compounds
possess unique physical and chemical properties(Stavila et al.
2014; Freund et al., 2021). Recently, MOFs have been under
development for dye removal from aqueous wastewater (He et
al. 2014; Asadi et al. 2022). Compared with other porous
adsorbents such as activated carbon and zeolites, MOFs offer
numerous advantages, including extremely low density,
tunable structure, large active surface area, simple synthesis,
and high thermal stability, making them suitable for various
physical and chemical applications(Gangu et al., 2016; Wang
et al. 2016). Enamul Haque used MOF-235 to remove
methylene blue (MB) and methyl orange (MO) dyes from
aqueous solutions. According to this study, even if MOFs do
not adsorb gases, they can be proposed as potential adsorbents

for the removal of harmful substances in the liquid phase. The
adsorption of MO and MB at different temperatures indicates
that the adsorption process is spontaneous, and entropy
increases with the adsorption of MO and MB (Haque et al.,
2011). Liu synthesized a polyoxometalate (H6P,W30s2)-
based metal-organic framework composite via a simple one-
step thermal solvent method and demonstrated its
effectiveness as an adsorbent, achieving 80% removal of MB
(20 mg/L) within 90 minutes (Liu et al., 2015). Similarly, Li
reported that BUC-17 MOF adsorbed 99.1% of Congo red
(100 ppm) in just 3 minutes (Li et al., 2017). Complementing
these advances, Mahmoodi engineered a graphene oxide-
incorporated MOF (NENU/GO) under ambient conditions
using ethanol, demonstrating enhanced adsorption of Basic
Red 46 (5-20 mg/l) across pH ranges, with n- interactions
identified as the dominant mechanism (Mahmoodi et al. 2019).
Building on these findings, this study investigates the efficacy
of a novel melamine-based MOF (CMP-Et) for removing two
cationic dyes, MB and BR 46, from aqueous solutions. The
significance of this research is twofold: First, melamine-based
MOFs are particularly valuable for adsorption processes due
to the ligand's low cost and high porosity. Second, the
framework coordinates with metal ions through melamine's
nitrogen atoms while providing three free amine groups. These
characteristics enable CMP-Et to achieve rapid, high-capacity
adsorption of cationic dyes through combined hydrogen
bonding and electrostatic interactions, in addition to its
inherent porosity. The study systematically probes CMP-Et’s
adsorption behavior toward cationic dyes under diverse
conditions, offering insights for designing scalable MOF-
based solutions for industrial wastewater purification.

2. Materials and Methods
2.1 Materials and Equipment

MB and BR 46 were used as model contaminants and were
purchased from Merck without further purification. Spectral
analyses, including FTIR spectra, were performed using a
Nicolet 800 spectrometer with KBr tablets, and Ultraviolet—
visible spectroscopy was performed using a Hitachi U-3310
spectrometer. In addition, the calculated specific surface area
(BET) was obtained using the computational method reported
by Tovari, based on the effective area of each methylene blue
molecule (Brij and Clint, 2010).

In addition, X-ray diffraction (XRD) analysis was performed
using a Stoe MP Stady instrument (STOE & Cie GmbH,
Germany), and scanning electron microscopy (SEM) analysis
was conducted using a MIRA3 TESCAN device (TESCAN
ORSAY HOLDING, Czech Republic).

2.2 Synthesis of CMP-Me

CMP-Me was synthesized following a previously reported
method (Chen et al., 2006). A mixture of 4 g Cu(OAc),-H,O
(20 mmol) and 2.5 g melamine (20 mmol) was added to 200
ml of methanol. The solution was refluxed for 3 h. After
cooling to room temperature, the resulting blue solid was
isolated, washed twice with diethyl ether, and dried under
vacuum.

2.3 Synthesis of CMP-Et

CMP-Et was synthesized following the same procedure as
reported for CMP-Me (Chen et al., 2006), with the only
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modification being the use of ethanol instead of methanol as
the solvent. Accordingly, a mixture of 2.5 g melamine (20
mmol) and 4 g Cu(OAc)>-H>0 (20 mmol) in 200 ml ethanol
was refluxed for 3 h. After cooling to room temperature, the
resulting green solid was isolated, washed twice with diethyl
ether, and dried under vacuum.

2.4 Ultrasonic Adsorption Method

Dye adsorption in batch mode was carried out in an ultrasonic
bath (frequency: 30 kHz, power: 200 W). Pollutant removal
experiments were performed by mixing varying amounts of
adsorbent (0.004, 0.006, 0.008, and 0.01 g) with 100 ml of dye
solution (20 mg/l) at natural pH 6. The effect of adsorbent
dosage on the removal of two cationic dyes was investigated.
After the adsorption process, the adsorbent particles were
separated from the solution samples via centrifugation. The
residual concentrations of MB and BR-46 were measured
using a UV-Vis spectrophotometer at wavelengths of 665 nm

Fig. 1 X-ray diffraction pattern of
the MOFs: a) CMP-Me and b)
CMP-Et
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3.1 CMP-Et Characterization Results

XRD patterns of CMP-Me and CMP-Et, shown in Fig. 1a and
1b, respectively, reveal sharp peaks at 26 of 9.5, 11.7, 13.7,
and 24.3° in both structures, indicating shared crystalline
features. However, observed differences in other regions of the
XRD patterns -particularly in peak positions and intensities-
highlight the impact of solvent change (from methanol to
ethanol) and the role of the auxiliary ligand in inducing
structural modifications. These changes led to the formation of
a new crystalline structure in CMP-Et, which, despite overall
similarities, differs from CMP-Me in crystalline arrangement
and lattice parameters. In previous studies, the XRD pattern of
the CMP-Me structure was not reported (Chen et al., 2006).
Nonetheless, a comparison of these two MOFs confirms the
emergence of a new crystalline structure in CMP-Et, attributed
to structural alterations caused by the solvent acting as an
auxiliary ligand(Qin et al., 2012; Qin et al., 2014).

and 531 nm, respectively. Adsorption kinetics and isotherms
were studied for both dyes (20 mg/l, pH 6) at varying
adsorbent dosages. All dye removal experiments were
conducted in triplicate, with an experimental error of
approximately 3%.

3. Results and Discussion

This study presents a novel synthetic route for preparing a
copper-melamine supramolecular framework (CMP-Et) with
enhanced dye removal properties. Unlike the previously
reported CMP-Me structure (Chen et al. 2006), which was
synthesized using methanol as the solvent and auxiliary ligand,
CMP-Et was independently prepared under identical
conditions but with ethanol replacing methanol during the
initial synthesis. This solvent substitution led to the formation
of a distinct green-phase material (CMP-Et) with modified
structural and functional properties.

(b)

(a)

20 25 30 35 40 45 50 55 60 65 70

2Theta (°)

The FT-IR spectrum of CMP-Et is shown in Fig. 2. The C-H
bending vibration related to ethanol at 1465 cm™, the C-O
stretching vibration at 1028 cm!, and the Cu-O stretching
vibration at 554 c¢m' confirm the presence of solvent as an
auxiliary ligand in the structure (George et al. 1998; Asadi et
al. 2025). The primary amine stretching vibrations in the range
3472-3249 cm™ confirm the non-coordination of copper with
NH: groups of melamine. The C=N---Cu stretching vibration
and Cu-N vibration at 1624 cm™' and 443 cm™', respectively,
indicate the coordination of Cu with triazine nitrogens. The N-
H bending vibration at 1549 cm™! and aromatic C-N stretching
at 1439 cm! confirm the presence of melamine in the MOF
structure (Chen et al., 2006).

The surface morphology of CMP-Et, examined by SEM at 2
pm magnification, reveals the formation of faceted polyhedral
crystals (Fig. 3). The faceted polygonal shape of the crystals
indicates the presence of distinct and regular crystal planes,
which is consistent with the XRD results. Studies have shown
that different solvents can influence crystal growth rates and
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the orientation of crystalline planes, leading to the formation
of various crystal morphologies(Qin et al., 2012; Qin et al.,
2014).

o Cun-0O
Fig. 2 FT-IR spectrum of the CMP-Et framework 100 > T .
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Fig. 3 Both images a) and
b) SEM of the CMP-Et
framework:

The results of inductively coupled plasma spectrometry (ICP)
analysis revealed a copper weight percentage of 20.2 £ 0.2%
in the CMP-Et structure. For determining the active surface
area of CMP-Et, the computational method reported by Tewari
in Eq. 1 was employed (Brij and Clint, 2010). Assuming an
effective area of 130 A? per methylene blue molecule, the
specific surface area of the metal-organic framework was
calculated to be 560.2 m?/g (Eq. 1), where Qmonolayer TEpTESENLS
the maximum adsorption capacity derived from the Langmuir
isotherm model.

A=Omonolayer’/Mx6.022x10%x4 (molecular) (1)

3.2 Adsorption studies

The results of the removal efficiency variations for MB and
BR-46 by the CMP-Et adsorbent are presented in Fig. 4(a,b).
For dye solutions with an initial concentration of 20 mg/l,
increasing the CMP-Et adsorbent dosage from 0.004 to 0.01 g
led to enhanced adsorption of both dyes. This improvement is
attributed to the increased accessibility of active adsorption
sites on the adsorbent surface (Moradi et al. 2022). The
maximum adsorption capacity was observed at an adsorbent
dosage of 0.01 g, as this quantity provides the highest number
of available active sites for dye molecule adsorption (Asadi et
al., 2022).

The specific surface area is a key parameter determining the
adsorption capacity of materials. Higher specific surface area
leads to increased porosity and contact surface with adsorbate
molecules, resulting in enhanced adsorption performance
(Majd et al. 2022). The results demonstrated that the CMP-Et
adsorbent exhibited superior performance in removing
cationic MB (80.39%) compared with BR 46 (37.01%) from
aqueous solutions. This significant difference can be attributed
to the chemical structure and particle size of the dyes. Due to
its smaller molecular size and more favorable chemical
structure, MB demonstrates better penetration into the
adsorbent's pores (Hor et al., 2016).

The adsorption time is also one of the important factors in the
adsorption process. The shorter adsorption time indicates high
porosity and the presence of surface load against absorbent
molecules. This characteristic is particularly advantageous for
water treatment systems in terms of processing time and
economic efficiency (Asadi et al. 2022). In this study, 79% of
MB and 36% of BR-46 (20 mg/l) were removed within the first
30 min after adding 0.01 g of the adsorbent. These results
demonstrate that CMP-Et is particularly effective for the rapid
removal of cationic dyes such as methylene blue.
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Fig. 5 (a and b) illustrates the adsorption capacity of CMP-Et
(0.004-0.01 g) for (a) MB and (b) BR-46 removal at an initial
dye concentration of 20 mg/L (contact time: 6-36 min). The
adsorption capacity analysis revealed that CMP-Et exhibited
superior performance in MB removal with an adsorption
capacity of 160.79 mg/g, compared with 74.02 mg/g for BR-
46. This difference in adsorption capacity may be attributed to
the distinct chemical structures of the two dyes and their
varying interactions with the adsorbent surface. Due to its
planar molecular structure and positive charge, MB likely

forms stronger interactions, such as electrostatic and hydrogen
bonds, with the functional groups present in the CMP-Et
structure (Asadi et al. 2022).

The highest adsorption capacity was achieved with 0.004 g of
the adsorbent for MB removal. Increasing the adsorbent
dosage from 0.004 to 0.01 g resulted in a decline in adsorption
capacity for both dyes, likely due to the saturation of active
adsorption sites and reduced accessibility to these sites at
higher adsorbent quantities(Khamizov, 2020).

Fig. 5 The adsorption 200 4 100 ~ b
capacity of: a) MB and b) 180 - (a) 90 ( )
BR-46 versus CMP-Et |
160 80
adsorbent  dosage  (dye
concentration: 20  ppm; 140 - 70
contact time: 6-36 min) 120 - 60 -
50 4
w100 - 3
i 40 A
80 1
30 A
60 A —0—0.004¢g —0—0.004¢g
10 0.006g 20 1 0.006g
0.008g 10 - 0.008g
20 A 0.01g —3—0.01g
’ 0 E3 T T T T T ]
0 T T T T T ] 0 6 12 18 24 30 36
0 6 12 18 24 30 36 . .
Time (min) Time (min)

Table 1 compares the adsorption capacities of various MOFs
for MB removal, showing that CMP-Et exhibits superior
performance with an adsorption capacity of 161 mg/g
compared with well-known MOFs such as Cu-BTC (96.4
mg/g), Ui0-66 (107 mg/g), and {[Cu(L)(H.O)](DMF)},
(143.3 mg/g). This enhanced performance is attributed to
CMP-Et's high specific surface area, optimal porosity, and
active functional groups that promote stronger interactions
with MB molecules. However, CMP-Et demonstrates lower
adsorption capacity than IFMC-1 (2939 mg/g) and
[ZnBT(H20):]n (458.24 mg/g), which is explained by their
higher nitrogen content and stronger electrostatic attraction,
enabling more robust interactions with MB molecules.

3.2.1 Kinetics Studies

In adsorption processes, first-order and second-order kinetic
models are employed to describe adsorption rates and predict
system behavior (Azizian et al. 2021). The pseudo-first-order
kinetic model, introduced by Lagergren in 1898 (Eq. 2),
expresses the adsorption process where q. and q; represent the
amount of adsorbed substance per unit mass of adsorbent at
equilibrium and at time t, respectively, and K, is the pseudo-
first-order adsorption rate constant(Pascu et al. 2013). The
pseudo-second-order kinetic model, developed by Blanchard
in 1984 (Eq. 3), determines the pseudo-second-order rate
constant (K) and adsorption capacity (qc) from the slope and
intercept of the corresponding plot(Oboh et al. 2013). These
models are widely used to study the adsorption of various
substances, including metal ions, dyes, and organic
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compounds from aqueous solutions, serving as essential tools
for designing and optimizing adsorption systems.

Table 1 Comparison of methylene blue adsorption capacity with different MOFs

Entry MOFs Adsorption capacity (mg/g) Ref.

1 [(CH3):NH,][In(L)]-4H,O-2DMF 281 Azhar et al. (2017)

2 Cu-BTC 96.4 Kaur et al. (2019)

3 Ui0-66 107 Liu et al. (2019)

4 HKUST-1 454 Liu et al. (2019)

5 [ZnBT(H20)2]n 458.24 Asadi et al. (2022a)

6 IFMC-1 293.9 Asadi et al. (2022b)

7 {[Cu(L)(H20)](DMF)}, 143.3 Li et al. (2024)

8 CMP-Et 185.25 This study
log(qe-q)=logq.-(K./2.303)t ) The kinetic results of the removal of methylene blue and basic
Ugi=(1/K> ¢.)+(t/q.) @) red 46 dyes at a concentration of 20 mg/I in the presence of

qr 29e qe porous CMP-Et adsorbent, with different amounts of
adsorbent and different contact times, are shown in Fig. 6.
Fig. 6 Kinetics of 61 6 1
pseudo-first order: a) @ (b)
MB, b) BR-46, pseudo- 41 4
second order: ¢) MB, d) 5 5 |
BR-46 (20 ppm) by
CMP-Et adsorbent; 2 0 s 0
contact time: 6-36 min g T
< & 2
22 3
A c _4 .
4 -
-6 1
6 qggggg ©0.004g
.006g
” -8 4 ®0.006g
. Ajo.00sg . . J 0.008g &
Time(min) 10 J
Time(min)
0.4 - 0.4 -
©/0.004 ()
035 14 0.35
0.3 03
0.25 4 025 A
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<015 - =
0.15 -
0.1 -
005 - 017 40.004g
: 005 | M0.006g
0 ; ; : : : ' 0.008g
0 6 12 18 24 30 36 0 T T T )

Time(min)

The kinetic results showed that the adsorption process
followed a pseudo-second-order kinetic model, while the
experimental data were in poor agreement with the pseudo-
first-order model and did not show a suitable correlation
coefficient as shown in Fig. 6 (a and b). The good fitness of
the data to the pseudo-second-order model (with a high
correlation coefficient) suggests that the adsorption

0 6 12 18 24 30 36
Time(min)

mechanism is mainly controlled by chemical interactions
between the dye molecules and the active sites of the adsorbent
(Bullen et al. 2021) as shown in Fig. 6 (c and d). These results
confirm that the adsorption of dyes on CMP-Et occurs through
electrostatic bonds, hydrogen bonding, or n-x interactions, and
the adsorption capacity depends on the amount of active sites
on the adsorbent surface(Khamizov, 2020).
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The results demonstrate that the pseudo-second-order model
more accurately describes the adsorption process, emphasizing
the importance of chemical interactions in adsorption. The
experimental and calculated q. values, rate constants,
correlation coefficients for both pseudo-first-order and
pseudo-second-order kinetic models, along with the intra-
particle diffusion constant (Kaifr), are presented in Table 2
These results indicate that the adsorption of MB and BR-46

onto CMP-Et is primarily controlled by intra-particle
diffusion. However, comparison of the correlation coefficients
(R?) for the pseudo-first-order and pseudo-second-order
kinetic models reveals that the pseudo-second-order model
shows better agreement with the experimental data,
confirming the significant role of chemical interactions in the
adsorption process (Ho 2006).

Table 2 The kinetics and intraparticle diffusion constants of MB and BR-46 adsorption by CMP-Et

Adsorbent Pseudo-first order Pseudo-second order Intraparticle diffusion
CMP-Et log(qe-qe) = log(qe) - (K1/2.303) t  (t/qy) = (1/K2 g¢?) + (1/ge)t qt= Kaigr t2+ 1
Dosage qe(exp) qe(cal) ki R? ge(cal) k> R? Kaite I R,
(® (mg/lg)  (mg/g) (mg/g) (mg/g min'?)  (mg/g)
MB-20 (mg/l)
0.004 185.2495  391.7419  0.16351  0.979 333.333 0.00019  0.99 30.6 15.23  0.939
0.006 171.5039  109395.6  0.56654  0.584 250 0.00028 0.984 29.92 524 0935
0.008 165.1355 1009253  0.56424 0.6 250 0.00026  0.98 29.14 3.808 093
0.01 160.7898  110917.5  0.57345 0.611 250 0.00025 0.978 28.69 1.864  0.932
BR46-20 (mg/1)
0.004 87.79273  123310.5 0.6103 0.563  142.857 0.00037 0.991 15.95 -2.294  0.968
0.006 74.64633 97949 0.60569  0.552 111.111 0.00056 0.995 13.11 0.464  0.966
0.008 75.36563  127.9381  0.13127  0.978 111.111 0.00057  0.99 13.23 0.718  0.954
0.01 74.0201 124451.5  0.62411  0.542 111.111  0.0006  0.997 12.45 3.178  0.973

3.2.2 Adsorption Mechanism

In this study, the intra-particle diffusion model (Eq. 4) was
employed to examine the adsorption mechanism and identify

capacity at time t, Kgirr denotes the intra-particle diffusion rate
constant, and I is a constant related to the boundary layer
thickness (Mahmoodi et al. 2019).

the rate-limiting step, where q, represents the adsorption g, = Kuyt"? +1 )
Fig. 7 Intraparticle diffusion of a) MB and 100 7.5 5.004¢ @ 209 L 0.004g
b) BR-46 sorption (20ppm) by the CMP- 99 | m0.006g A 0.006g  (b)
Et adsorbent 0.008g 0.008g

80 10.01¢g <@ 200 + 0.01g

70 - V'S ®

60 1 150 - . 2

S 50 ~ =

40 | 100

30 -

20 50 4

10 A

0 T T T T T ] 0 ' j )

o 1 2 3 5 6 0 2 4 6
€05 tr0.5

The boundary layer diffusion model was evaluated for the
adsorption of cationic dyes (20 mg/L) using CMP-Et at various
adsorbent dosages (0.004, 0.006, 0.008, and 0.01 g) and
contact times (6-36 min) (Fig. 7 (a,b)). The high correlation
coefficients and linear trends under all experimental conditions
confirm that boundary layer diffusion is the rate-limiting step
for both methylene blue and Basic Red 46 adsorption onto

CMP-Et, indicating the adsorption process is predominantly
controlled by mass transfer through the boundary layer and
intra-particle diffusion (Dharmarathna et al., 2024).

3.2.3 Isotherm Studies

Adsorption isotherm models were employed to describe the
adsorption behavior of various materials. These models
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establish the relationship between the amount of adsorbed
substance on the adsorbent surface (q) and its concentration in
the liquid phase (C) at equilibrium. In this study, three
adsorption isotherm models were investigated: Langmuir,
Freundlich, and Temkin.

The Langmuir isotherm model is based on the assumptions of
monolayer adsorption on a uniform surface without
interactions between adsorbed molecules(Ghasemzadeh et al.
2025). This model is expressed by Eq. 5, where q. (mg/g) is
the amount of adsorbed dye at equilibrium, qmax (mg/g) is the
monolayer adsorption capacity (maximum amount of adsorbed
dye), Ki (I/mg) is the Langmuir equilibrium constant (related
to adsorption free energy and adsorbent-adsorbate affinity),
and C. (mg/1) is the equilibrium concentration of the adsorbate
(El Jery et al., 2024).

Ce/ e:(]/KL Qmax) +(1/Qmax) C. (5)

The Freundlich isotherm describes adsorption on
heterogeneous surfaces with non-uniform adsorption energies
and is expressed by Eq. 6, where Kr is the Freundlich constant

and 1/n represents the adsorption intensity or surface
heterogeneity (El Jery et al., 2024).

Logg.= LogKr + (1/n) LogC, 6)

The Temkin isotherm assumes that adsorption energy
decreases linearly with surface coverage, making it ideal for
modeling chemisorption on heterogeneous surfaces. Its key
feature is the linear decline in adsorption energy as coverage
increases. The model calculations are performed using Eq. 7
(Mahmoodi et al., 2019).

qe= Br LnK7 + BrLnC. (7

The experimental results obtained from various tests were
fitted to Langmuir, Freundlich, and Temkin isotherm
equations. From the Langmuir plots (Fig. 8a (MB) and 8d (BR-
46)), the constants Ki and qmax were determined. The
Freundlich plots (Fig. (8b (MB) and 8e (BR-46))) yielded the
constants 1/n and K, while the Temkin plots (Fig. (8c (MB)
and 8f (BR-46))) provided the constants Kt and Br.

Fig. 8: a) The Langmuir, b) Freundlich, and c¢) Temkin isotherm
plots of MB adsorption, and the d) Langmuir, e) Freundlich, and f)
Temkin isotherm plots for BR-46 sorption (20 ppm) by CMP-Et

metal-organic framework
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The results of fitting the experimental data to the equilibrium
isotherms are presented in Table 3. According to Table 3a, the
higher R? values indicate better correlation of the experimental
data with the Langmuir isotherm model. The Langmuir results
show that the adsorption of cationic methylene blue dye on the
adsorbent occurs as a monolayer, with Ry < 1 indicating

favorable adsorption. The maximum adsorption capacity
(Qmax) of CMP-Et was found to be 200 mg/g, demonstrating
its high specific surface area (Arami et al., 2005). The results
of Basic Red 46 adsorption on CMP-Et (Table 3b) show
relative agreement of the experimental data with both the
Freundlich and Temkin isotherm models. The Freundlich
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results (1/n < 1) indicate similarity to a normal Langmuir-type
isotherm, while the Temkin results suggest that adsorption

occurs partially through chemisorption(Mahmoodi et al.
2019).

Table 3 The isotherm Langmuir, Freundlich, and Temkin data of a) MB and b) BR-46 adsorption (20 ppm) by
CMP-Et metal-organic framework

a b
Isotherm Equation Plot Parameters Unit -
q MB-20 (mg/l) BR46-20
(mg/)
Qmax mg/g 200 166.66667
Ce/qe:(l/KL Qmax)+(1/Qmax)Ce
. Kp L/mg 1 0.0631579
Langmuir Ce/qe VS. Ce
R? - 0.992 0.481
Re=1/(1+KrCyp)
R - 0.047619 0.4418605
I/n - 0.112 0.495
Freundlich  Logqe= LogKs + (1/n) LogCe  \°8 qeg S. log Kr L/mg 13583134 20.606299
) R - 0.843 0.522
Br - 19.24 40
Temkin ge= Bt LnK7 + Bt LnC. gde VS. In C, Kr L/mg 939.28068 0.481909
R? - 0.829 0.519

Table 4 Comparison of the adsorption performance of CMP-Et with various metal-organic frameworks for the

removal of organic dyes from aqueous solutions

Experimental ~Adsorption N Equilibrium
Entry  Adsorbent Adsorbate Conditions capacity (mg/e) Kinetic Model Model Ref.
T=25-45°C
Methyl pH=3-8.5 Pseudo-Second- . Haque et
1 MIL-53 orange C,=30-40 57.9 Order Langmuir al. 2010
ppm
Methylene _ 0
T=30-50 °C . a
) NH,-MIL-  blye® C—n0a0 762120 Ejﬁﬁ;‘ﬁ_ﬁﬁ;ﬁ“ Lanemuir Haque et
101(Al Methyl 0 1889 & al. 2014
(AD) y Order®
orange® ppm raet
Amaranth? a
MIL-101/ sunset _ 1 1'03 Pseudo-Second- . Lietal
3 graphene How® pH=7-12 81.28 Ord Freundlich 2016
. yellow rder
Oxide . 77.61°¢
Carmine
Methylene
blue? T=RT 293.9* Pseudo-Second- . Asadi et
4 IFMC-1 Basic red- pH= neutral 135.2° Order Langmuir al. 2022b
46°
Cr-
BTC/SA- T=25°C Temkin? Sonmez
5 R? Methylene pH= 10 13.90* Pseudo-second- Langmuir et al.
Cr- blue _ 10.06° order and 2024
C =10 ppm . e
BTC/SA- 0 Freundlich®
Ab
1];/1[ e T-RT 161° Pseud d Langmuir®
6 CMP-Et ue pH= natural seudo-second- Freundlich/ This work
Basic red- 74° order
b C,= 20 ppm Temkin®
46 0
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3.2.4 Comparison with Previously Reported MOFs

The adsorption performance of the metal-organic framework
CMP-Et was compared with other MOF-based adsorbents
(Table 4). Under ambient temperature and natural pH
conditions, CMP-Et demonstrated adsorption capacities of 161
mg/g for MB and 74 mg/g for BR-46 at an initial concentration
of 20 ppm. These results indicate competitive performance
relative to established adsorbents: MIL-53 (57.9 mg/g for
methyl orange; Haque et al. (2010)), NH>-MIL-101(Al) (188
mg/g for methyl orange; Haque et al. (2014), and IFMC-1
(135.2 mg/g for Basic red-46; Asadi et al. (2022b). Kinetic
analysis revealed that CMP-Et follows pseudo-second-order
kinetics, consistent with benchmark MOFs (MIL-53, NH,-
MIL-101(Al), and IFMC-1). Equilibrium studies showed
Langmuir model compliance for MB adsorption and
Freundlich/Temkin model fits for BR-46, highlighting its
adaptability to multiple adsorption mechanisms. These
findings position CMP-Et as a versatile and efficient adsorbent
for diverse aqueous-phase dye removal applications.

4. Conclusion

This study successfully developed an ethanol-based copper-
melamine framework (CMP-Et) through solvent-mediated
modification of the previously reported [Cu(n'-OAc)(u-
OCH3)(MA)]> (CMP-Me) structure, and employed it for the
investigation of cationic dye adsorption.

1. The metal-organic frameworks CMP-Me and CMP-Et
MOFs were characterized using X-ray diffraction (XRD),
Fourier-transform infrared spectroscopy (FTIR), and scanning
electron microscopy (SEM) techniques.

2. The adsorption capacities of CMP-Et for cationic dyes MB
and BR-46 were calculated as 161 and 74 mg/g, respectively.
Results demonstrate that CMP-Et exhibits high adsorption
capacity for cationic pollutants due to its three free NH>
groups.

3. MB adsorption on CMP-Et followed the Langmuir isotherm
and pseudo-second-order kinetics.

Although CMP-Et utilizes low-cost raw materials, the metal-
ligand bonds may dissociate under high-temperature, strongly
acidic, or alkaline conditions due to coordination bond
weakening. To address this stability limitation, we propose
post-synthetic modification of the MOF surface with
carboxylate and sulfonate functional groups. This approach
would not only enhance structural stability but also enable
anionic pollutant adsorption. As an efficient and cost-effective
adsorbent, CMP-Et exhibits significant potential for various
industrial applications, including wastewater treatment,
petrochemical processing, and the food industry, offering
promising solutions for improving water quality and reducing
environmental pollution.
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