
Introduction

Water is an extremely important resource for human 
sustainable development. Currently, along with the 
development of industrialization and modernization, 

environmental pollution in general and water 
environment is a burning problem for us. Textile 
dyeing companies as well as other chemical companies 
consume large quantities of dyes, resulting in highly 
soluble dyes that become a major source of water 
pollution. Organic dyes are not easily decomposed, 
the discharge of untreated wastewater containing 
many dyes into the aquatic environment causes serious 
consequences for the ecosystem as well as human 
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Abstract

In this study, we investigated the adsorption process of organic Congo red (CR) by M/Fe-MOF  
(M=Co, Ni) materials. The results of the study show that the optimal adsorption capacity of the 
materials under the optimal conditions is as follows: Adsorbent weight 0.1 g/L and pH8 for all  
3 materials. At the concentration of colorant CR 75 mg/L, the adsorption capacity reached 530 mg/g for  
Co/Fe- MOF materials; for Ni/Fe-MOF materials, the adsorption capacity reached 560 mg/g,  
at the colorant concentration CR 140 mg/L; for Fe-MOF materials, the adsorption capacity reached  
523 mg/g, at the colorant concentration CR 120 mg/L. The experimental data are consistent with 
Langmuir and PSO models for both M/Fe-MOF materials (M=Co, Ni). Research results on the reuse 
process of M/Fe-MOF (M=Co, Ni) materials show that the material is reused 4 times. With this result, 
it can be considered as the first step to improve the efficiency of pigment adsorption in the current water 
pollution treatment problem.
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health (allergic reactions). skin, mutagenic, teratogenic, 
and carcinogenic) [1].

To date, many methods, including photodegradation, 
adsorption, coagulation, and membrane filtration, 
have been studied to remove industrial pollutants. 
Among the mentioned methods, adsorption is the 
most favored for dye removal due to many advantages 
such as fast operation, high efficiency, and ease of 
handling. Traditional adsorbents, such as activated 
carbon, zeolites, silica microspheres and natural fibers, 
have been used to remove pollutants; however, their 
applications are limited due to inadequate adsorption 
capacity, relatively low thermochemical stability, 
and poor reusability [65]. To optimize the adsorption 
capacity and handle the dye contamination problem, 
research has been carried out on metal-organic 
framework materials. The metal-organic framework 
(MOF) is a new type of porous crystalline material 
composed of metal ions and organic ligands. Due 
to its special features, including high porosity, high 
specific surface area and catalytic efficiency, as well 
as magnetic and electrochemical capabilities, MOF 
has many applications, namely adsorption applications. 
MOF has attracted a lot of interest in the field of organic 
dye removal, for example, Zn-MOF [2] , Al-MOF [3], 
Fe-MOF [4] and Cu-MOF [5].

Some researchers have focused on using MOFs to 
remove environmental pollutants such as organic dyes 
from wastewater [6-9]. In 2020, Author Gulzhian I. 
Dzhardimalieva et al studied several synthetic pathways 
for metal-organic frameworks (MOFs) to remove 
organic dyes methylene blue (МB), Congo red (CR) and 
methyl violet (MV). Dye adsorption follows pseudo-
first order kinetics [10]. In 2021, author Giulia Rossella 
Delpiano et al studied the adsorption of Malachite Green 
and Alizarin Red S dyes using Fe-BTC metal-organic 
framework as adsorbent. In this study, the iron-based 
Fe-BTC MOF material, prepared by a rapid, aqueous, 
aqueous process, was used as an adsorbent to remove 
alizarin red S (ARS) and malachite blue dyes. (MG) 
from the water. Experimental results show that: optimal 
adsorption pH is 4, and at 298 K, adsorption equilibrium 
is reached in less than 30 minutes after pseudo-second-
order kinetics [11]. Most recently (in 2022), author Ngan 
Tran Thi Kim research Co-doped Fe-MOF bimetallic 
organic framework materials at different ratios were 
synthesized based on the solvothermal method. The 
post-synthesized materials were evaluated for their 
ability to absorb various dyes, including Methylene 
Blue (MB), Methyl orange (MO), Congo red (CR), and 
Rhodamine (RhB). The highest adsorption capacity of 
MB dye by 0.3 CoFe-MOF reaches up to 562.1 mg/g 
at pH 10, the initial concentration of MB of 200 mg/L, 
after 90 min. The adsorption efficiency on the mixed 
system of cationic (MB) and anionic (MO) dyes 
yielded the highest removal efficiency of 70% and 81%, 
respectively, after 30 min [12]. The author Zhen-Zhen 

Xue, research construction of Cu(I)-organic frameworks 
with effective sorption behavior for iodine and Congo 
red. The Cu(I)-organic network displays an excellent 
adsorption behavior toward iodine and efficient uptake 
and separation capacity for Congo red, which could 
be further deemed as a promising candidate for the 
treatment of wastewater [13].

This study evaluates the applicability of M/Fe-MOF 
bimetallic organic framework material (M=Co, Ni)  
in removing toxic dye Congo red from industrial 
waste. The adsorption characteristics and dye removal 
efficiency of Fe/M-MOF were investigated by 
influencing factors such as pH, time, initial concentration 
of dye and amount of adsorbent. To study the 
adsorption isotherm model, this thesis uses Langmuir, 
Freundlich, Temkin and Dubinin-Radushkevich models. 
For the adsorption kinetics, pseudo-first order (PFO), 
pseudo-second order (PSO), intraparticle diffusion  
and Elovich models were included. The reusability of 
the adsorbent was also evaluated by synthetic studies. 
In summary, through this study, MOF materials  
have shown useful properties in removing CR from 
water.

Material and Methods  

This study investigates the influence of factors 
affecting the adsorption process: concentration, time, 
solution pH and mass on the adsorption efficiency 
of organic pigments (methyl blue). Weigh 0.001 g of 
material into 10 mL of organic colorant solution at 
different concentrations from 10 to 100 mg/L. Stir at  
a constant temperature of 200 rpm. Sampling over 
time, centrifuged to remove solids from solution using 
a Centrifuge PLC series centrifuge (5000 rpm, 10 min). 
Measure residual organic pigment concentration by  
UV-Vis. The expected product will be an organic 
pigment adsorption process with high efficiency.  
The tasks to be performed include time survey  
(for 5-480 minutes), organic colorant concentration 
survey (10-100 mg/L), solution pH survey (2, 4, 6,  
8, 10), survey the material weight (0.05; 0.1; 0.2;  
0.3 g/L).

The adsorption capacity was calculated according to 
the following formula:

In which qe (mg/g) represents the adsorption 
capacity, Co and Cf (mg/L) represent the color 
concentrations before and after adsorption, respectively. 
Dos C (g/L) represent the content of adsorbent and W 
(g) represent the mass of the adsorbent.
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Results and Discussion

Assessment of the Material’s Advertisement 
Capability

Effect of pH Value on CR Adsorption Capacity

The pHpzc parameter of the material describes the 
state that the charge density on the surface when the 
pH variation reaches a value of zero [14]. Fig. 1. shows 
the pHpzc values of the materials in the order: 2.45 
(MOF)<4.06(Ni/Fe-MOF)<4.3 (Co /Fe-MOF). Note that 
when the pH of the solution is lower than the pHpzc 
value, the surface of the material is positively charged, 
resulting in electrostatic forces between the anions and 
the positively charged functional groups on the surface. 
In contrast, when the surface is negatively charged at 
pH>pHpzc, there is a tendency to attract positively 
charged cations from the solution.

Fig. 2 shows the influence of pH value on the CR 
color adsorption capacity. Congo Red is an example of a 
diazo dye, and the initial pH affects the molecular form 
of CR in solution. When the pH decreases, the color 
of the CR solution changes from red to dark green, at 
pH 10-12 the solution has a different red color than the 
original red. The color changes with pH indicate that 
the degree and nature of the ionic character of the CR 
molecule are dependent on the pH of the medium [15]. 
The pH of the solution can significantly affect the CR 
adsorption efficiency of the adsorbent, related to the 
electrostatic interaction between the CR molecules 
and the adsorbent. Looking at the graph, we can see 
that the adsorption capacity of all 4 materials reached 

high values at pH 8 as follows: Co/Fe-MOF (81 mg/g),  
Ni/Fe-MOF (66 mg/g), respectively, MOF (38 mg/g). 
At pH above 8, reduction of adsorption occurs due to 
repulsion between the anionic dye molecules and the 
negatively charged adsorbent surface. We chose pH 8 as 
the best pH value to conduct the next experiments.

In general, the surface groups on the adsorbent are 
less protonated at higher pH, so the surface of the metal-
based adsorbent is less positively charged, leading to  
a weaker electrostatic attraction with the S+ anion 
groups. in the CR molecule. In most cases, the CR 
adsorption capacity decreased with increasing pH of the 
CR solution. For example, the CR adsorption capacity of 
NiO–SiO2 hollow microspheres decreased continuously 

Fig. 1. Isoelectric curves of the materials a) Co/Fe-MOF, b) Ni/Fe-MOF, c) Fe-MOF.

Fig. 2. Effect of pH value on the adsorption capacity of M/Fe-
MOF materials (M=Co, Ni).
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with increasing pH from 4–12 [16]. However, Bao et 
al. (2019) [17] explored the CR adsorption capacity of 
porous NiCo2O4 nanosheets with the change of pH and 
found that the largest amount of CR adsorption occurred 
at pH = 6, while the zeta potential decreased with pH 
increased from 4 to 12. The porous NiCo2O4 nanosheets 
exhibit a decrease in adsorption capacity when the pH is 
decreased from 6 to 4, which is attributed to the partial 
resolution of the NiCo2O4 nanosheets under acidic 
conditions. Therefore, we choose pH8 as a condition for 
the following experiments.

Effect of Time on CR Adsorption

Fig. 3 shows that the materials reach the adsorption 
equilibrium time respectively as follows: at the time 
point of 60 minutes, the materials Ni/Fe-MOFs  
(205 mg/g), Co/Fe-MOF (285 mg/g) and Fe-MOF 
(185 mg/g) reached the highest value of adsorption 
capacity. After this time, the adsorption capacity 
reached equilibrium, the adsorption capacity decreased 
insignificantly. The solution will be shaken continuously 
in this experiment so that the external mass transfer 
coefficient increases leading to faster adsorption of the 
dye molecules. Through this experiment, we found that 
the modified material has a higher adsorption capacity 
and faster equilibrium time than the original material 
(Ni/Fe-MOFs, Co/Fe-MOF).

In an experiment to investigate the time of the 
MOF Fe3O4@MIL-53(Al) material adsorbing CR, 
the adsorption time was investigated from 20 to 
300 minutes. At 0-180 min, the adsorption capacity 
of CR increased rapidly. From 180 to 300 min, the 
adsorption capacity of CR did not increase significantly 
with increasing time, so 180 min is the adsorption 
equilibrium time of CR [18].  

Therefore, we choose a time of 60 minutes for 
the next adsorption experiments for Ni/Fe-MOFs,  
Co/Fe-MOF, Fe-MOF materials. As for the Mn/Fe-MOF 

materials, the 90-minute hook was chosen to conduct 
the next experiments.

Effect of Adsorbent on CR Adsorption Capacity

First, the amount of adsorbent has a great influence 
on the applicability of the material, so optimizing the 
amount of adsorbent will help reduce the actual cost. 
Here, the amount of substance to be investigated 
ranges from 0.05 to 0.2 g/L. To investigate the effect 
of material content on the adsorption capacity of CR 
organic pigments, we fixed other conditions of the 
experiment.

As observed from Fig. 4, the CR color adsorption 
capacity reached its maximum at 0.1 g/L dose and 
then gradually decreased. For example, a Co/Fe-MOF 
material of nearly 152 mg of CR pigment is absorbed 
per gram of material at an amount of 01 g/L, while that 
value for a dosage of 0.2 g/L is only about 63, 5 mg.  
The reason for this phenomenon is related to the effective 
sites on the material. Only when the effective site of the 
material is fully utilized can maximum efficiency be 
achieved [19]. When the amount of adsorbent is large, 
too many adsorbent particles in the solution will lead 
to overlapping of the adsorption binding sites, reducing 
the equilibrium adsorption capacity of CR [20].

The increase in CR color removal with increasing 
amount of material is due to an increase in the number 
of adsorption sites of the material in the aqueous 
solution. However, CR color removal is not beneficial 
when high material dosages are used, possibly because 
the significant addition of material particles can alter 
the physical properties of the solid/liquid (ie. viscosity), 
which limits the diffusion of solute molecules to the 
surface of the material. Therefore, to minimize the 
amount of material used, we carry out experiments with 
an optimal dose of 0.1 g/L to reduce CR pollution in 
water.

Fig. 3. Effect of time on the adsorption capacity of M/Fe-MOF 
materials (M=Co, Ni).

Fig. 4. Effect of amount of adsorbent on the adsorption capacity 
of M/Fe-MOF materials (M=Co, Ni).
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In a previous study on Fe-MIL-88NH2 material, the 
CR removal rate was first increased when the dose of 
Fe-MIL-88NH2 was increased from 5 mg to 15 mg. 
As the amount of adsorbent increased, the surface area 
and adsorption site of the adsorbent increased, which 
improved the CR removal rate. When the Fe-MIL-
88NH2 dose is above 15 mg, the CR removal rate can 
reach 87.2%, and the elimination rate is little changed 
with further increase in the Fe-MIL-88NH2 dose [20].

Effect of Initial Concentration of CR Colorant 
on Adsorption Capacity

The effect of concentration on the adsorption of 
organic pigments on materials was investigated from  
5 mg/L to 160 mg/L, respectively, for CR pigments.

The results in Fig. 5 show that the adsorption 
capacity increases with increasing initial antibiotic 
concentration. The adsorption rate increased almost 
linearly, and the CR adsorption capacity peaked at 
approximately 75 mg/L for Co/Fe-MOF, 120 mg/L for 
Mn/Fe-MOF and MOF, and 140 mg/L for Mn/Fe-MOF 
and MOF. with Ni/Fe-MOF. The increase in initial 
concentration increases the interaction between CR 
molecules and the adsorbent, the adsorption process 
will take place more strongly. Therefore, this topic has 
selected this concentration range to study the adsorption 
isotherm for further experiments.

In a previous study, four different concentrations, 
50, 100, 150 and 200 mg/L, respectively, were chosen 
to investigate the effect of the initial dye concentration 
(C0) on the adsorption of CR onto Cabentonite. 
Results were obtained at 20ºC and pH 6.92 of the CR 
solution, with increasing the initial dye concentration 
from 50 to 200 mg/L, the amount of dye adsorbed by  
Ca-bentonite increased from 23.25 to 85.29 mg/g.  
The graph also shows that the adsorption of CR is 
fast at the beginning, and then becomes slower near 
the equilibrium. To explain this phenomenon, in the 

first stage, the adsorption process is fast due to the 
large number of vacancies on the surface, and after a 
while, the remaining surface vacancies will be difficult 
to adsorb. due to the repulsive force between the CR 
molecules adsorbed on the Ca-bentonite surface and 
the CR molecules in the solution phase. The adsorption 
process is highly dependent on the initial concentration 
of the solution [21].

Surveying Models of Thermal and Dynamics 
of Advertisement

Isothermal Adsorption

Adsorption models were used to explain the 
mechanism, chemical affinity, and surface properties 
of CR adsorption. To evaluate the adsorption isotherm 
models of CR pigments on experimental data converted 
into various forms based on adsorption isotherm 
models: Langmuir, Freundlich, Temkin, D-R.

It can be seen in Fig. 6 that the four models have 
good compatibility with the experimental data and the 
calculated correlation coefficients R2 are all greater than 
0.8 as described in Table 1. However, based on the R2 
value, we see the correlation of the models appearing 
in the order: D-R < Freundlich < Temkin < Langmuir. 
Therefore, adsorption occurs on a heterogeneous 
surface, there is an interaction between the adsorbent 
and the adsorbent, the adsorption center has heat of 
adsorption occurring, and the heat of adsorption of all 
molecules decreases linearly count.

Based on the calculated data and the correlation 
coefficient of each model, the Langmuir isotherm model 
shows the highest correlation coefficient (R2 = 0.9895 
- 0.99309), showing high compatibility of the Langmuir 
isotherm model for the investigated data. Therefore, the 
adsorption of CR onto M/Fe-MOF is a monolayer and 
homogeneous surface adsorption. In other words, the 
adsorbed substances form a monomolecular layer, and 
adsorption can only occur at a finite (fixed) number of 
equally defined sites. In addition, there are no lateral 
interactions between the adsorbed molecules, even on 
neighboring sites [22]. 

In the study on the MB and MG color adsorption 
of Fe3O4@AMCA-MIL53(Al) materials, Alqadami 
A. A. et al. investigated and concluded about the 
correlation between the Langmuir isotherm model for 
the materials. data on the adsorption of both colors on 
the material surface [23]. Another study in 2020 on 
the adsorption of anionic dyes on Sn(II)-BDC MOF 
materials, the Langmuir isotherm model was proved 
again for its high compatibility with the adsorption 
process [24]. Also in 2020, Valadi F. M. and colleagues 
also concluded that the Langmuir isotherm model with 
compatibility R2 = 0.9986 is suitable for the CR color 
adsorption process on La-MOF-NH2@Fe3O4 materials. 
than the Freundlich model (R2 = 0.7879) [25]. 

 Fig. 5. Effect of initial concentration of CR colorant on the 
adsorption capacity of M/Fe-MOF materials (M=Co, Ni).
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Adsorption kInetics

The adsorption kinetics of M/Fe-MOF materials 
(M=Co, Ni) were studied using four models including 

PFO, PSO, Elovich and Bangham. As seen in Fig. 7 the 
adsorption capacity increased rapidly during the first 
30 min and reached adsorption equilibrium thereafter. 
To investigate the adsorption mechanism, the obtained 

Table 1. Adsorption isotherm constants.

Fig. 6. The adsorption isotherm model of the materials a) Co/Fe-MOF, b) Ni/Fe-MOF, c) Fe-MOF.

Model Parameter Unit MOF Co/Fe-MOF Ni/Fe- MOF

Langmuir

kL L/mg 0.02479 0.04838 0.0243

Qm mg/g 658.3990 664.6904 694.2045

R2 – 0.99069 0.9895 0.99309

Freundlich

kF (mg/g)/(mg/L)1/n 56.64048 86.85323 58.59031

1/n – 0.45092 0.4127 0.4539

R2 – 0.9748 0.94074 0.98318

Tempkin

kT L/mg 0.29449 0.42282 0.29784

BT – 138.9804 151.0065 142.8630

R2 – 0.99107 0.98616 0.99308

D-R

Qm mg/g 469.2169 504.3617 493.2418

E kJ/mol 34.13592 14.02033 36.15805

R2 – 0.88248 0.95438 0.88054
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kinetic data were analyzed using kinetics model. The 
adsorption kinetic rate constants of the materials are 
shown in Table 3. Dynamic data the kinetics of dye 
adsorption onto M/Fe-MOF (M=Ni, Co) are well agreed 
by the pseudo-second-order model and these results 

suggest that the pseudo-second-order kinetics model is 
satisfactory. to represent dynamic data.

Based on the calculated data in Table 2, the 
correlation coefficient (R2) for all adsorption kinetic 
models is very high (0.91379-0.99233), showing good 

Table 2. Adsorption kinetic constants.

Fig. 7. The adsorption kinetic model of the materials a) Co/Fe-MOF, b) Ni/Fe-MOF, c) Fe-MOF.

Model Parameter Unit Fe-MOF Co/Fe-MOF Ni/Fe- MOF

PFO

k1 min–1/(mg/L)1/n 0.09386 0.10465 0.10755

Q1 mg/g 174.772 285.6268 193.287

R2 – 0.98 0.9646 0.98781

PSO

k2 g/(mg.min).104 6.59E-4 5.31E-4 7.07E-4

Q2 mg/g 194.4812 311.33552 213.2443

R2 – 0.98763 0.98234 0.98326

Elovich

α mg/(g.min) 81.15776 253.5016 133.5086

β g/mg 0.02962 0.02082 0.02905

R2 – 0.96083 0.93671 0.94263

Bangham
kB mL/(g/L) 66.0473 126.6535 81.45

αB – 0.2237 0.187 0.199

R2 – 0.93832 0.9138 0.9202
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superiority of this model for the CR color adsorption 
process of M/Fe-MOF materials (M= Ni, Co).

In a previous publication, Dionne Dickson and 
co-workers also reported the high reliability of the 
mentioned adsorption kinetics in the adsorption process 
on Fe(0) iron nanoparticles from the aqueous phase, and 
also concluded a similarly that PSO compatibility is 
highest [26]. And in another study on MB and MG color 
adsorption of Fe3O4@AMCA-MIL53(Al) materials, it 
was also concluded that PSO is more dominant [23]. In 
a study on activated carbon and acid dye adsorption, the 
survey data also showed that this adsorption followed a 
second-order adsorption model [27].

Unlike the adsorption behavior described by the 
first-order model, where it reflects the adsorption 
rate relative to the number of unabsorbed sites, 
chemisorption usually occurs through the steps of 
rate control, diffusion mechanism and the influence of 
functional groups on the surface [28]. Here, M/Fe-MOF 
(M= Ni, Co) possesses a series of very active adsorption 
sites (basic, phenolic, lactonic and carboxylic groups) to 
control the chemical interaction with CR (see Table 2).

Research of Material Results

Reuse research is an important strategy in 
demonstrating the potential effect of “green” adsorbents 
on the environment. The solvent used as an effective 
degreasing agent is ethanol. Accordingly, Fig. 8 shows 
that the M/Fe-MOF (Co, Ni) materials can be reused 
at least four times without significant change (<16%) 
in adsorption capacity: from 530 mg/g (1st time) to 

compatibility of statistical aspects of the surveyed data. 
However, the adsorption kinetics model is the most 
compatible of the four models given because R2 is the 
highest. The second-order kinetics model achieved 
the highest correlation coefficient (0.98234-0.98595), 
the above results show the high compatibility and 

Fig. 8. Research on the reuse process.

STT Adsorbent material Qmax 
(mg/g) References

1 MIL-100(Fe) MOF 597.85 [29]

2 Sn(II)-BDC MOF 97 [24]

3 La-MOF-NH2@Fe3O4 716.2 [30]

4 Fe3O4@Carbon 247.53 [31]

5 Fe3O4/MgAl-LDH 253 [32]

6 Iron oxide nanoparticle 67.1 [33]

7 MIL-68 (In) 1204 [34]

8 Cd(II)-MOF 97 [35]

9 Zn(II)-Nanoplate MOF 47 [36]

10 Sr5(PO4)3(OH)/Fe3O4 396 [37]

11 Fe3O4-cellulose nanohybrid 131 [38]

12 Fe-MOF 658 This study

13 Co/Fe-MOF 665 This study

14 Ni/Fe-MOF 694 This study

Table 3. Comparison of CR adsorption capacity of materials 
from previous studies.
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198 mg/g (4th time) for Co/Fe-MOF materials, from 
550 mg/g (1st time) to 203 mg/g (4th time) for Co/Fe-
MOF materials Ni/Fe-MOF, from 505 mg/g (1st time) 
to 175 mg/g (4th time) for Fe-MOF materials. Thereby, 
demonstrating the potential to reuse M/Fe-MOF (Co, 
Ni, Mn) materials is very clear.

Comparing the Research Results 
with Other Studies

To compare the treatment efficiency of CR pigments, 
Table 3 summarizes the results of the maximum 
adsorption capacity of different materials. Compared 
with other studies, the maximum adsorption capacity 
is very high in this study, proving that the M/Fe-MOF 
material (M=Ni, Co) can be a promising material. for 
the adsorption and removal of CR colorants and for 
most colorants in general in aqueous medium.

Conclusions

Through the research process, survey results 
were obtained on the adsorption of CR pigments by  
M/Fe-MOF (M=Co, Ni) materials. For Co/Fe-MOF 
materials: The adsorption capacity reached 530 mg/g, 
at the colorant concentration of 75 mg/L, the adsorbent 
weight was 0.1 g/L and pH8. For Ni/Fe-MOF materials: 
The adsorption capacity is 560 mg/g, at the color 
concentration of 140 mg/L, the adsorbent weight is 0.1 g/L 
and pH8. For Fe-MOF materials: The adsorption 
capacity reached 523 mg/g, at the colorant concentration 
120 mg/L, the adsorbent weight was 0.1 g/L and pH 8. 
The experimental data are consistent with Langmuir 
and PSO models for both M/Fe-MOF materials (M=Co, 
Ni). Research results on the reuse process of M/Fe-MOF 
(M=Co, Ni) materials show that the material is reused  
4 times. With this result, it can be considered as the first 
step to improve the efficiency of pigment adsorption in 
the current water pollution treatment problem. 
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