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 The present study shows the synthesis of porous materials MOF-5 via a 
solvothermal method for wastewater treatment, particularly in the processes 
of capturing and removing Trypan blue (TB) dye from water. The structural 
and morphological properties of the synthesized MOF-5 were characterized 
using X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FT-
IR), scanning electron microscopy (SEM), and thermogravimetric analysis 
(TGA). At optimized conditions (pH = 3, T = 25 °C), MOF-5 demonstrated a 
maximum TB removal efficiency of 77%. Adsorption isotherm studies 
indicated that the process was best described by the Langmuir model, 
suggesting monolayer adsorption with a calculated maximum adsorption 
capacity (Qmax) of 25 mg/g. Kinetic studies showed that the adsorption 
followed a pseudo-second-order model. Furthermore, thermodynamic 
parameters confirmed that the adsorption process was spontaneous and 
endothermic. These findings demonstrate that MOF-5 is a promising 
adsorbent for dye removal from wastewater, with potential for scaling up 
from laboratory to industrial applications. 
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Introduction  

The discharge of dye-containing industrial 

effluents into water bodies represents a 

significant environmental challenge due to its 

detrimental effects on human health and aquatic 

ecosystems [1,2]. Industrial expansion has led to 

the widespread application of synthetic dyes, 

which are recalcitrant (resistant to degradation) 

and often carcinogenic. Consequently, their 

discharge without adequate treatment presents a 

significant threat to environmental and human 

health [3,4]. The paper, textile, tanning, cosmetics, 

and pharmaceutical industries are among the 

major sources of water pollution caused by dyes 

[5]. The explosive growth of the textile industry in 

recent years has caused substantial dye discharge 

into water sources [6]. Trypan blue (TB) is one of 

the most commonly used dyes in various 

industrial, medical, and biological applications 

[7,8]. According to the International Agency for 

Research on Cancer (IARC), TB is classified as a 

carcinogen, making its removal essential to 

mitigate its adverse effects on human health and 

the environment [9]. A range of techniques can be 

employed to remove dyes from contaminated 

wastewater, including ozonation, photocatalysis, 

adsorption, oxidation, photolysis, biodegradation, 

and membrane separation [10-12], Although 

most of these technologies may encounter 

limitations regarding effectiveness and economic 

feasibility, adsorption has emerged as a highly 

promising and efficient approach for water 

purification [13]. A range of materials has been 

studied, including inorganic substances like 

magnesium oxide and zinc oxide nanoparticles, 

natural biomass such as ground avocado seeds, 

phosphate sludge used as a porogen in ceramic 

membrane fabrication, and polymers like 

polyvinyl alcohol (PVA) [14–18]. Additionally, 

various composite materials, such as Nitrogen-

doped zeolite biochar (NZB), have been explored 

to enhance adsorption efficiency [19], while 

conventional adsorbents and composites have 

demonstrated varying degrees of efficiency in 

removing TB and other dyes. However, 

conventional materials often suffer from 

limitations such as high cost and low reusability, 

driving the search for more cost-effective 

alternatives [20,21]. Consequently, there is a 

significant need for alternative adsorbents that 

are high-capacity, low-cost, and sustainable. 

Recently, advanced porous materials, particularly 

metal–organic frameworks (MOFs), have been 

investigated for dye removal from wastewater 

owing to their unique properties, most notably 

their exceptionally high surface-to-volume ratio 

[22-24]. Among these, MOF-5 is highly promising 

due to its high surface area and porous structure. 

These properties make it suitable for applications 

ranging from drug delivery and gas storage to 

water treatment [25]. Its framework is composed 

of ZnO clusters primarily connected by tetra-

coordinated 1,4 benzenedicarboxylate (BDC) 

linkers [26,27]. The efficiency of MOF-5 in the 

adsorption of heavy metals and dyes from 

aqueous solutions has been demonstrated in a 

number of experiments. For example, MOF-5 has 

shown an exceptionally high adsorption capacity 

for methyl orange (MO), surpassing many 

traditional adsorbents by a wide margin [28]. 

Similarly, MOF-5 and its composites, such as MOF-

5/graphene oxide (MOF-5@GO), have 

demonstrated excellent performance in the 

removal of Rhodamine dye [29]. Furthermore, it 

has been reported that incorporating MOF-5 into 

hybrid systems enhances their stability and 

reusability [30,31]. This confirms the significant 

potential of MOF-5 in wastewater treatment 

applications. This study aimed to synthesize MOF-

5 as a hybrid material for treating wastewater 

contaminated with TB dye. The synthesized 

material was characterized using scanning 

electron microscopy (SEM), Fourier-transform 

infrared spectroscopy (FTIR), X-ray diffraction 

(XRD), and thermogravimetric analysis (TGA). 

The effectiveness of this adsorbent for TB removal 

was evaluated under specific experimental 
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conditions. Additionally, the adsorption behavior 

was comprehensively evaluated through 

thermodynamic and kinetic modeling. This work 

demonstrates the untapped potential of MOF-5 

for the removal of complex anionic dyes, such as 

TB dye, from aqueous solutions using a simple 

synthesis method involving a Teflon-lined 

stainless-steel autoclave. In contrast to previous 

studies that primarily focused on MOF-5 for other 

applications, including gas storage and the 

adsorption of colorless organic compounds. The 

novelty of this study lies in its detailed 

thermodynamic evaluation and the optimization 

of operational conditions pH, adsorbent amount, 

starting concentration, and contact time to 

achieve high removal efficiencies, both of which 

have been rarely explored in MOF-5-based 

systems. This study aimed to synthesize MOF-5 

via a solvothermal method and to evaluate its 

efficacy as an adsorbent for the removal of TB dye 

from aqueous solutions. The main objectives are 

defined by three primary goals that distinguish it 

from prior research: i) to investigate the novel 

application of MOF-5 for the adsorption of TB dye, 

representing the first comprehensive study of this 

specific adsorbent-adsorbate pair; ii) to provide a 

complete mechanistic analysis through detailed 

optimization of operational parameters and 

systematic modeling of adsorption isotherms, 

kinetics, and thermodynamics and iii) to 

rigorously assess the practical potential and 

economic feasibility of MOF-5 by evaluating its 

stability and reusability across multiple 

adsorption-desorption cycles. This work uniquely 

integrates a novel target pollutant with a 

thorough process analysis and a direct 

investigation of regenerative performance, 

offering new insights for advancing MOF-based 

technologies in practical wastewater treatment. 

The raw materials used were benzene-1,4-

dicarboxylic acid (H2BDC), zinc nitrate 

hexahydrate (Zn(NO3)2·6H2O), and N,N-

dimethylformamide (DMF). Overall, this work 

offers meaningful insights into the effectiveness of 

hybrid materials in wastewater treatment. 

Methodology 

Experimental materials and methods 

TB dye (C34H28N6O14S4) was purchased from 

Merck, Germany, with a purity of 99.9%. It was 

obtained in powder form, with a molecular weight 

of 960 g/mol, for the preparation of all solutions. 

Zinc nitrate hexahydrate [Zn(NO3)2·6H2O] was 

purchased from Daejung (>99%, China). Benzene-

1,4-dicarboxylic acid (H2BDC, 98%) and DMF 

(extra pure, 99%) were supplied by Sisco 

Research Laboratories Pvt. Ltd., India. Sodium 

hydroxide (NaOH, 0.1 M) and hydrochloric acid 

(HCl, 0.1 M) were obtained from Sigma-Aldrich 

(98%, Germany). All chemicals and reagents were 

used as received without further purification. 

Preparation of MOF-5 

Figure 1 illustrates the steps involved in the melt 

synthesis of MOF-5 using a Teflon-lined stainless-

steel autoclave, with slight modifications to a 

previously reported procedure [32]. Briefly, 3.86 

g of zinc nitrate hexahydrate (0.7 M) was 

dissolved in 40 mL of DMF under magnetic 

stirring until a clear solution was obtained. 

Separately, 0.82 g of benzene-1,4-dicarboxylic 

acid (0.2 M) was dissolved in another 40 mL of 

DMF under identical conditions. The two 

prepared solutions were mixed and stirred at 50 

°C for 40 min. The mixture was then placed into a 

100 mL Teflon-lined stainless-steel autoclave and 

treated solvothermally at 130 °C for 22 h. After 

cooling to room temperature, the resulting white 

crystals were separated by centrifugation at 4,000 

rpm for 10 min, rinsed three times with DMF, and 

dried at 60 °C for 24 h. 
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Figure 1. Synthesis of MOF-5

Characterization techniques 

A set of analytical techniques was used to 

confirm the successful preparation of the sorbent. 

The crystalline structure of MOF-5 was 

characterized using XRD (D8 ADVANCE, Bruker, 

Germany). FTIR (PerkinElmer FTIR 2000, 

Germany) was performed in the 4000–400 cm⁻¹ 

range using KBr pellets to determine the 

functional groups in the samples. The surface 

morphology and structural features of the 

synthesized material were observed using a 

scanning electron microscope (FEI Q250/EDAX, 

Thermo Fisher, Germany). Additionally, 

thermogravimetric analysis (TGA, TA Q500, USA) 

was conducted to assess the thermal stability of 

the produced material [32]. 

Adsorption study 

A series of adsorption experiments was 

conducted under various controlled conditions, 

including pH (2–12), initial TB concentrations 

(10–120 ppm), adsorbent dosages (0.01–0.4 g/L), 

and contact times (10–240 min). The pH was 

adjusted using 0.1 M HCl and 0.1 M NaOH. 

Adsorption tests were performed at room 

temperature (25 ± 3 °C) with continuous stirring 

(170 rpm) for 2 h. After centrifugation at 4000 

rpm for 15 min. The remaining dye concentration 

was determined using a UV–Vis 

spectrophotometer (SHIMADZU UV-1900, Japan) 

at a wavelength of 607 nm. The removal efficiency 

and adsorption capacity were then calculated 

according to the corresponding Equations 1 and 2: 

qe =  
C0−Ce

M
 × V                                                   (1) 

TB % =  
C0− Ce

C0
 × 100                                        (2) 

Where, qₑ represents the adsorption capacity of 

the adsorbent (mg/g), C0 and Ce are the initial and 

final concentrations of TB dye (ppm), 

respectively, M is the adsorbent weight (g), and V 

is the volume (mL) of TB dye solution. To 

determine the point of zero charge (pHpzc), 50 mg 

of MOF-5 was equilibrated for 48 hours with 50 

mL of 0.5 M NaCl solutions whose initial pH had 

been adjusted across a range of 1 to 12 [33]. The 

pHpzc was subsequently determined from a plot of 

the final pH against the initial pH, defined as the 

point where the two values were equal. 

Isotherm modeling 

Adsorption isotherm models are commonly 

employed to describe adsorption behavior and to 

estimate key parameters, such as the maximum 

adsorption capacity (Qmax) and the correlation 

coefficient (R²). These models also provide 

insights into the adsorption mechanism and the 

distribution of adsorbates between the liquid and 

solid phases. In this study, three isotherm models 
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were applied to evaluate the adsorption of TB dye 

onto MOF-5: Langmuir, Freundlich, and Temkin; 

each isotherm model provides specific insights 

into the adsorption mechanism. The Langmuir 

model assumes monolayer adsorption on a 

homogeneous adsorbent surface with a finite 

number of identical and energetically equivalent 

sites [34]. Its linear form is expressed as follows: 

Ce

qe
=  

Ce

Qmax+ 
1

Qmax
.b

                                                 (3) 

 Where, Ce is the initial concentration (ppm), qₑ 

refers to the adsorption capacity at equilibrium, 

Qmax indicates the maximum adsorption capacity, 

and b is the Langmuir parameter expressed in 

L/mg. The separation factor or equilibrium 

parameter, RL, is commonly used to predict the 

favorability of an adsorption process in the 

Langmuir isotherm context. It is calculated using 

the Equation 4: 

R𝐿 =  
1

1+ b C0
                                                         (4) 

Where, 

RL = separation factor, b = Langmuir adsorption 

constant (L/mg) and C0 = initial concentration of 

the adsorbate (ppm) 

The Freundlich isotherm is an empirical model 

that describes adsorption on heterogeneous 

surfaces and assumes a multilayer adsorption 

process. Its equation is expressed as Equation 5 

[33]: 

log 𝑞𝑒 = log K𝑓 +  
1

n
log 𝐶𝑒                                   (5) 

Where, qₑ denotes the mass of adsorbate 

adsorbed per unit mass of adsorbent (mg/g). 

While Ce initial concentration of dye, the 

Freundlich constant is denoted by the symbol Kf 

(L/mg) and n represents the value of the 

empirical constant. 

The adsorption mechanism is defined by the 

value of n: n = 1 indicating linear adsorption, n > 1 

suggests chemisorption, and n < 1 corresponds to 

physisorption [34]. 

The Temkin isotherm considers the effects of 

indirect adsorbate–adsorbent interactions and 

assumes that the adsorption heat decreases 

linearly with surface coverage. Its equation is 

expressed as Equation 6 [33]: 

qe =  
RT

b
 Ln (𝐾𝑇 . Ce)                                            (6) 

Where, b is the coefficient of adsorption heat and 

KT is the bonding equilibrium constant. 

Kinetic analysis 

To investigate the adsorption kinetics, both the 

pseudo-first-order (PFO) and pseudo-second-

order (PSO) models proposed by Lagergren were 

applied. The PFO model is typically used to 

describe the initial stages of adsorption, whereas 

the PSO model is more suitable for chemisorption 

processes controlled by active site availability. 

These models are expressed in Equations 7 and 8, 

respectively [15,30]: 

Ln (qe − q ) = Ln qe − (K1). T                              (7) 

t

q
=  

1

K2 . qe2 +  
t

qe
                                                       (8) 

Where, qₑ (mg/g) is the amount of dye adsorbed 

at equilibrium, q (mg/g) is the amount adsorbed 

at time t, and k₁ and k₂ are the adsorption rate 

constants for the PFO and PSO models, 

respectively. 

Thermodynamic studies 

The effect of temperature on the adsorption 

process is commonly evaluated through key 

thermodynamic parameters, including the 

enthalpy change (ΔH°), entropy change (ΔS°), and 

Gibbs free energy change (ΔG°). These parameters 

provide insights into the spontaneity, feasibility, 

and degree of randomness associated with dye 

adsorption onto the adsorbent surface. When ΔH° 

is negative, the process releases heat 

(exothermic), while a positive ΔH° signifies heat 

absorption (endothermic). Reported ranges of 

ΔH° between –20 and 40 kJ/mol are typically 
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associated with physisorption, while values 

between –80 and –400 kJ/mol are indicative of 

chemisorption. A negative ΔG° value 

demonstrates that the adsorption is spontaneous, 

while a positive value signifies non-spontaneous 

behavior. Similarly, a positive ΔS° value suggests 

increased randomness at the solid–liquid 

interface, whereas a negative ΔS° value implies 

decreased randomness [35–37]. The values of 

ΔG°, ΔH°, and ΔS° were calculated according to the 

Equations 9-11:  

∆G0 =  −R TLn Kc                                                 (9) 

Kc =  
Cs

Ce
                                                                       (10) 

∆G0 =  ∆H0 −  T∆S0                                           (11) 

Where, R denotes the gas constant (8.314 J/mol. 

K), T is the temperature in K, and Kc is the 

equilibrium constant . 

Results and Discussion 

Characterization 

The MOF-5 crystal structure was examined 

through XRD, as displayed in Figure 2a. The XRD 

pattern of MOF-5 is consistent with previously 

reported results [32,38]. The material exhibits 

characteristic diffraction peaks at 2θ values of 

6.72°, 7.76°, 9°, 12°, 15°, 17.7°, 18.5°, and 19.7°, 

confirming its crystalline structure.  The FTIR 

spectra of MOF-5 are presented in Figure 2b. A 

sharp absorption band at 1,573 cm⁻¹ corresponds 

to the asymmetric stretching of the carboxylic 

group in the terephthalic acid linker. Several 

peaks in the region between 600 and 1,200 cm⁻¹ 

are attributed to terephthalate-based vibrational 

modes. The region from 1,335 to 1,420 cm⁻¹ is 

associated with asymmetric stretching vibrations 

of C–H bonds in the organic linker, whereas the 

bands at 2,947 and 3,438 cm⁻¹ correspond to C–H 

and OH bending, respectively [39].  The SEM 

images of MOF-5 (Figure 2c) reveal irregular and 

fractured surface morphologies, which are 

characteristic of crystalline MOF structures. The 

fractured surfaces may be attributed to the 

intrinsic brittleness of MOF-5, while the irregular 

morphology suggests non-uniform crystal growth 

during the synthesis process. Such surface 

features are expected to increase the number of 

exposed active sites, thereby enhancing the 

adsorption capacity of the material [40,41]. 

The thermal stability of MOF-5 was evaluated 

using thermogravimetric analysis (TGA), as 

shown in Figure 2d. The TGA curve displays three 

distinct weight-loss stages, each corresponding to 

specific structural or compositional changes 

within the material. In the first stage, a 10% 

weight reduction observed below 150 °C is 

attributed to the removal of physically adsorbed 

water from the pores. The second major weight 

loss of about 47% between 200 and 400 °C 

corresponds to the onset of framework instability, 

where partial decomposition of the organic 

linkers occurs, reflecting the limited structural 

flexibility of MOF-5 at elevated temperatures. The 

final stage, extending up to approximately 800 °C, 

exhibits a total weight loss of 52.75%, which is 

associated with the complete collapse of the 

crystalline structure of MOF-5. These findings 

indicate that MOF-5 possesses good thermal 

stability up to nearly 400 °C, beyond which a 

pronounced structural degradation takes place 

[32,42]. 

The surface charge characteristics of the 

synthesized MOF-5 were evaluated by 

determining its point of zero charge (pHpzc). 

According to Figure 2e, the pHpzc was identified 

to be 6, indicating a neutral surface charge at this 

specific pH. In acidic environments (pH < 6), the 

MOF-5 surface acquires a positive charge. This 

proved advantageous for the adsorption of the 

anionic dye, as the attraction between the 

positively charged adsorbent molecules and the 

negatively charged dye molecules significantly 

accelerated the adsorption rate and increased the 

overall adsorption capacity [43]. 
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Figure 2. (a) XRD patterns, (b) FT-IR spectra, (c) SEM image, (d) TGA curve, and (e) pHPZC of as- synthesized MOF-5 
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Adsorption experiments 

Influence of pH 

pH is a crucial factor in adsorption studies due to 

its significant influence on removal efficiency. In 

this study, all experiments were carried out at pH 

values ranging from 2 to 12, with a contact time of 

2 hours, an initial TB dye concentration of 10 ppm, 

and a sorbent dose of 0.05 g/L at room 

temperature, as shown in Figure 3a. The results 

revealed that pH strongly affected TB removal 

efficiency, particularly under acidic conditions. 

The highest removal efficiency, approximately 

59%, was achieved at pH 3. Comparable results 

have been observed for ZIF-67 and ZIF-67@ZnO 

composites, where maximum TB uptake was 

achieved at pH 5 [43]. This behavior can be 

attributed to the anionic nature of TB, as acidic 

conditions enhance adsorption by inducing a 

positively charged adsorbent surface, thereby 

strengthening electrostatic interactions. These 

observations are in good agreement with the 

findings of the present study [44,45], and all 

subsequent experiments were conducted at pH 

~3.  

Influence of doses 

In adsorption processes, the adsorbent dosage 

plays a crucial role in determining the overall 

removal efficiency [16]. Therefore, selecting the 

optimal dosage is essential for effective TB dye 

removal. In this study, different concentrations of 

MOF-5 (0.01, 0.03, 0.05, 0.07, 0.1, 0.2, and 0.3 g/L) 

were investigated Figure 3b shows that the TB 

removal efficiency increased with increasing 

MOF-5 dosage, reaching a maximum of about 50% 

at the optimum dosage of 0.07 g/L. This 

improvement can be attributed to the higher 

number of available active sites on the adsorbent 

surface, which enhances dye–adsorbent 

interactions. However, at higher dosages, no 

further improvement was observed, possibly due 

to the saturation of dye binding sites and 

overlapping of adsorption layers, leading to 

reduced efficiency [43,45]. 

Influence of initial concentration 

Determining the appropriate initial dye 

concentration is critical for achieving effective 

removal. In this study, the adsorption 

performance of MOF-5 was evaluated at TB dye 

concentrations ranging from 10 to 120 ppm, while 

other experimental parameters were kept 

constant. As shown in Figure 3c, the removal 

efficiency decreased from 77 to 41% with 

increasing dye concentration. This decline can be 

attributed to the limited number of active 

adsorption sites on MOF-5, which become 

saturated at higher dye concentrations, leading to 

surface accumulation and insufficient adsorption. 

Consequently, the optimum initial dye 

concentration for TB removal was determined to 

be 10 mg/L [46]. 

Influence of contact time 

The interaction between the adsorbent and the 

dye molecules, and its influence on the overall 

adsorption process, can be evaluated by studying 

the effect of contact time. In this study, 

experiments were performed at different initial 

dye concentrations (10, 20, and 30 ppm) with 

contact times ranging from 10 to 240 min. Figure 

3d shows a rapid increase in removal efficiency at 

the early stages across all concentrations. This 

rapid uptake indicates the abundance of available 

active sites on the MOF-5 surface, which facilitates 

strong adsorbate–adsorbent interactions. Over 

time, the adsorption rate gradually decreased, and 

equilibrium was reached at approximately 60 

min, beyond which no significant increase in 

removal was observed. This behavior is attributed 

to the progressive occupation of active sites, 

reduced availability of vacant binding sites, and 

the establishment of a dynamic equilibrium 

between adsorption and desorption processes 

[47]. 
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Figure 3. Batch adsorption experiments: (a) Influence of pH, (b) influence of adsorbent dose, (c) influence of initial 

concentration, and (d) influence of contact time at various initial dye concentration (10, 20. and 30 ppm)

Adsorption isotherms 

The obtained data were analyzed using three 

isothermal models: Langmuir, Freundlich, and 

Temkin as shown in Figure 4. The results showed 

that all models exhibited good linearity. However, 

as presented in Table 1, a high correlation 

coefficient was obtained (R² = 0.999) for MOF-5 

confirming the suitability of the Langmuir model, 

further supported by a separation factor (RL) 

within the favorable range (0<RL<1). These 

findings indicate that the adsorption process 

follows a monolayer adsorption mechanism, with 

a maximum adsorption capacity of 25 mg/g 

[43,48]. 

 

Adsorption kinetics 

The PFO and PSO kinetic models were applied to 

investigate the adsorption process and extract its 

principal parameters. As shown in Figure 5, the 

correlation coefficients (R²) obtained for the PSO 

model at all initial concentrations were higher 

than those of the PFO model. In addition, Table 2 

indicates that the highest linear regression 

correlation coefficient (R²) was achieved with the 

PSO model. Therefore, the PSO model 

demonstrated a superior ability to describe the 

adsorption of TB onto MOF-5 compared to the 

PFO model, suggesting that chemisorption 

governs the adsorption process of TB dye [49]. 
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Figure 4. Adsorption isotherms of TB dye on MOF-5: (a) Langmuir isotherm, (b) Freundlich isotherm, and (c) 

Temkin isotherm 

Table 1. Isotherm parameters for TB dye adsorption by MOF-5 

Model Parameters 

 

Langmuir 

Qmax(mg/g) B (mg/L) R2 RL 

25 0.09 0.990 0.5 

 

Freundlich 

Kf n R2  

4.3 3.36 0.948  

 

Temkin 

KT(L/mg) BT (J/mol) R2  

0.8 5.98 0.838  

Table 2. Kinetic parameters of TB adsorption onto MOF-5 

Adsorbent 

MOF-5 

Pseudo-first-order Pseudo-second-order 

C0 

(ppm) 

qe 

(mg/g) 

k1 

(min-1) 
R2 

qe 

(mg/g) 

k2 

(min-1) 
R2 

10 1.22 -0.00008 0.236 5.4 0.089 0.999 
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Figure 5. Kinetics analysis of MOF adsorption (a) pseudo- first- order model and (b) pseudo- second- order model 

Table 3. Thermodynamic parameters of TB dye adsorption onto MOF-5 

 

∆H°(KJ/mol) 

 

∆S°(KJ/mol.K) 

ΔG° (KJ/mol) 

298.13 308.12 318.13 328.13 

8.7 0.034 -1.4 -1.78 -2.11 -2.4 

 

Adsorption thermodynamics 

The thermodynamic parameters (ΔG°, ΔH°, and 

ΔS°) for the adsorption of TB dye onto MOF-5 are 

summarized in Table 3. The small negative ΔG° 

values (−1 to −2.4 kJ/mol) indicate that the 

adsorption process is feasible but driven by weak 

forces. This behavior is consistent with several 

previously reported studies on dye adsorption 

using MOF-based adsorbents, where ΔG° values 

typically fall within the range of −1 to −5 kJ/mol 

and are commonly attributed to physisorption 

governed by weak interactions such as van der 

Waals forces and electrostatic attractions, while 

the positive ΔH° and ΔS° values indicate its 

endothermic nature and the increase in disorder 

at the solid–liquid interface [50]. This behavior is 

now interpreted as a limited enhancement of 

adsorption with increasing temperature, possibly 

due to the increased mobility of dye molecules 

and improved accessibility of active sites [53]. 

Reusability test 

The reusability of MOF-5 was systematically 

assessed to evaluate its practical applicability in 

repeated adsorption processes (Figure 6). The 

material underwent four successive adsorption–

desorption cycles, during which the dye-loaded 

adsorbent was regenerated by washing with 

ethanol and subsequently dried prior to reuse. A 

marginal decline in the removal efficiency was 

observed even after the fourth cycle, 

demonstrating the remarkable structural 

integrity and recyclability of MOF-5. These results 

underscore its potential as a sustainable, robust, 

and economically viable adsorbent for 

wastewater treatment applications. 

 

Figure 6. Cycling test of MOF-5
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Table 4. A comparison of adsorption capacities of several adsorbents of TB dye 

Adsorbent pH 
Temperature 

(K) 

[TB] 

(ppm) 

Dose 

(g/L) 

Qmax 

(mg/g) 
Ref. 

MOF-5 3 298 10-120 0.07 25 The present 

study 

Avocado seed powder 3 298 25 0.3 19.3 [16] 

MgO 5.42 298 15-45 0.02 93.54 [15] 

Fungal biomass 6 318 30-350 5 130 [16] 

NZB LTH 4.5-5 298 5-30 0.08 5.3 [19] 

Zn modified Luffa spong 7 303 10-50 1 47 [51] 

PDDA/GO 6 298 0.001-1 0.01 50 [52] 

Comparison of MOF-5 adsorption performance 

with other adsorbents 

Compared with other adsorbents, the use of 

easily prepared and effective materials is 

essential for achieving satisfactory adsorption 

performance. In this context, MOF-5 stands out as 

it can be synthesized with relative ease while 

offering distinct structural and functional 

properties, making it a promising alternative to 

conventional adsorbents. Table 4 shows the 

adsorption capacity of MOF-5 at lower doses 

compared to other adsorbents. This superior 

performance at low adsorbent dosages highlights 

the high affinity of MOF-5 toward the dye 

molecules, which can be attributed to its high 

surface area, well-defined porous structure, and 

the availability of active adsorption sites, thereby 

enhancing its practical applicability in 

wastewater treatment [54]. 

Conclusion 

The adsorption of the anionic dye TB onto MOF-

5 synthesized via the solvothermal method was 

investigated. Characterization analyses confirmed 

that MOF-5 possesses suitable pore 

characteristics for adsorption. The adsorbent 

exhibited a relatively high adsorption capacity 

compared with other reported materials. Under 

optimized conditions (pH = 3, initial TB 

concentration = 10 ppm, and adsorbent dosage = 

0.07 g/L), a removal efficiency of 77% was 

achieved within 60 min. Its strong agreement with 

the Langmuir model confirms that TB molecules 

were adsorbed in a uniform monolayer on the 

MOF-5 surface, with a maximum adsorption 

capacity of 25 mg/g. Thermodynamic and kinetic 

analyses revealed that the adsorption process is 

spontaneous and endothermic, and follows the 

pseudo-second-order kinetic model, suggesting a 

chemisorption mechanism. Moreover, MOF-5 

maintained good performance after four cycles, 

supporting its potential for reuse. These results 

demonstrate that MOF-5 possesses a strong 

capability for dye removal and can serve as a 

practical, economical adsorbent for wastewater 

treatment. Therefore, scaling up the process from 

laboratory experiments to pilot- and industrial-

scale applications could pave the way for its 

practical implementation in sustainable 

wastewater treatment systems. 
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