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Abstract 

In order to minimize the adverse impacts on the aquatic environment after treatment process, several attempts 

have been made to develop biodegradable, easy-to-recover, and environmentally friendly materials. The metal-

organic framework material (CoFe-MOF) was developed in the CMC aerogel matrix by solvothermal method and 

applied in tetracycline antibiotic (TCC) adsorption. The morphological and structural properties of the materials 

were analyzed by scanning electron microscope (SEM), x-ray diffraction (XRD), Fourier Transform Infra Red (FT-

IR), and  (Brunauer-Emmett-Teller)  (BET) to identify the crystals formed relative to the pristine MOF. The effects 

of various factors of the adsorption process such as time, pH, amount of adsorbent, and initial concentration of an-

tibiotics were investigated. Results have shown that the adsorption capacity was 188.7 mg.g-1 at pH 4, the initial 

TCC concentration of 80 g.L-1 and equilibration time of 120 min. The experimental data describing the antibiotic 

adsorption process follows the Pseudo-second-order kinetic model and the Langmuir isothermal model. The CoFe-

MOF aerogel material can recover and reuse all four cycles, thus it can be considered as a promising material for 

environmental remediation and other applications. 
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1. Introduction 

To date, antibiotics pollution in water envi-

ronment (e.g. ciprofloxacin, tetracycline, sulfa-
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methoxazole, sulfadiazine) is at an alarming 

rate. As antibiotic compounds are often not me-

tabolized well in humans and animals, and are 

not removed completely by wastewater treat-

ment plants, thus the remaining are discharged 

into the aquatic environment, causing a serious 
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impact on water quality. Therefore, global sci-

entific and social concerns have been raised to 

develop effective and applicable methods for 

antibiotics removal from water sources [1–5]. 

Metal-organic frameworks (MOFs) are 

formed by binding organic ligands with metal-

containing nodes through coordination bonds. 

These bridging properties play an important 

role in the formation of MOFs. Simultaneously, 

the shape of metal ions determined the struc-

ture of MOFs after synthesis. With their porous 

structure, large surface area, stability, and 

high functional group activity, MOFs are prom-

ising candidates for various applications such 

as gas storage, catalysis, adsorption, drug de-

livery, and sensing [6–9]. Therefore, MOFs are 

expected to become promising materials for 

many fields in the future. However, some appli-

cations of MOFs are hindered by their hard-

ness and their high susceptibility to crumbling. 

In addition, some MOFs have poor aqueous sta-

bility, mainly in powder form, leading to ag-

glomeration and complicating recycle. There-

fore, the materials that can immobilize MOFs 

has been developed to effectively support the 

recovery and reuse of MOFs. In order to over-

come these disadvantages, MOF materials are 

developed on different substrates, such as syn-

thetic polymers, metal foams, and metal oxides. 

Specifically, Yang et al. generated Ni/Co–MOFs 

with support by a highly porous 3-dimensional 

(3D) carboxymethylcellulose sodium (CMC) 

aerogel as a substrate [10]. In 2021, Nuhaa 

Shaheed and colleagues successfully synthe-

sized Cu-BTC/CNC (crystalline nanocellulose) 

and Cu-BTC/NFC (nanofibrillated cellulose) 

aerogel materials by direct mixing Cu-BTC 

powder with the pre-liquid solution, followed by 

gel formation and freeze-drying [11]. Liu et al. 

synthesized MOF(Fe)/HNTs material by adding 

HNTs by slightly increasing the specific surface 

area of the aerogel [12]. 

Aerogels are a special 3D material charac-

terized by high porosity, open structure, and 

large specific surface area, with a density of 

about 0.004–0.005 g.cm−3 [13]. Due to their dis-

tinct properties, aerogels are attractive for 

many applications, ranging from (1) energy in-

sulation and storage, (2) drug delivery and 

packaging, (3) catalysis, to (4) adsorption and 

removal of contaminants in water and air. Aer-

ogels are multifunctional materials with 3D 

bonded gel networks which can be prepared by 

either the drying method or the sol-gel method 

[14]. Various types of aerogels such as metal 

oxide aerogels, polymeric aerogels, silica aero-

gels, organic aerogels, protein-based aerogels, 

and carbon-based aerogels have been studied 

[15–17]. Compared with other aerogels, aero-

gels based on MOFs have a high specific sur-

face area and enhanced mechanical properties, 

due to the microporous and rigid structure of 

MOFs [18]. In the presence of aerogels as the 

matrix, the MOF crystals become more stable 

for growth and dispersion. 

In recent years, in order to improve biodeg-

radability, easy reuse, low cost, and environ-

mentally friendliness, cellulose aerogel is con-

sidered a potential substrate with aqueous sta-

bility, easy recycling and recovery, and a po-

rous structure, hence the use in the adsorption 

process for environmental treatment. However, 

research on aerogel composites containing 

MOF-derived materials for antibiotic treat-

ment have remained limited. Therefore, in the 

present study, the MOF aerogel material was 

synthesized on the carboxymethylcellulose so-

dium (CMC) substrate, followed by evaluation 

of the adsorption capacity of the material for 

tetracycline (TCC) antibiotic in the aquatic en-

vironment. 

 

2. Materials and Methods  

2.1 Materials 

Iron (III)  chloride hexahydrate 

(FeCl3.6H2O), Cobalt nitrate hexahydrate 

(Co(NO3)2.6H2O), Terephtalic acid (HOOC- 

(C6H4)COOH),  N,N-Dimethylformamide 

((CH3)2NCHO), ethanol (C2H5OH) were ob-

tained from Xilong Chemical Co., Ltd. 

(Shantou, China)), Sodium Carboxymethyl Cel-

lulose (C6H9OCH2COONa), Tetracycline 

(C22H24N2O8) were purchased from Sigma-

Aldrich Co. (St. Louis, MO, USA). All chemi-

cals and reagents were of analytical grade and 

more than 99% of purity. 
 

2.2 Preparation of CoFe-MOF Aerogel 

Co-doped Fe-MOFs materials were synthe-

sized by using the solvent heat method as de-

scribed previously by Tran et al. [19]. Specifi-

cally, FeCl3.6H2O (2.1 g), Co(NO3)2.6H2O (0.68 

g), and 1,4-benzene dicarboxylic acid (0.83) 

were dissolved in 60 mL of DMF, then stirred 

homogeneously (solution A) [19]. Besides, 2 g of 

CMC was mixed homogenously with 30 mL of 

deionized water until a clear solution was ob-

tained, which was then transferred to a 96-well 

plate and incubated for 1 h for gel formation. 

Finally, the gel was subjected to freeze-drying 

to obtain CMC aerogel. Small cylinders of CMC 

aerogel were then inserted into a 100 mL stain-

less steel Teflon tube, added with solution A 

and heated at 120 ℃ for 20 h. The material 
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samples were further cleaned with DMF and 

ethanol solvents. Finally, the product was dried 

at 120 ºC for 12 h. 

 

2.3 Adsorption of Tetracycline with CoFe-MOF 
Aerogel  

The factors affecting the adsorption process 

such as initial concentration, adsorption time, 

pH, and amount of adsorbent were investigated 

to evaluate the effectiveness of antibiotic re-

moval in an aqueous solution. The experi-

mental procedure was carried out in an aque-

ous medium by evaluating the factors affecting 

the adsorption capacity. The specific adsorbent 

at the concentrations of 0.002–0.04 g.L-1 was 

added into a conical flask (250 mL) containing 

50 mL of TCC antibiotic solution (10 – 100 

mg.L-1). The pH of TCC solution was adjusted 

at a range of 3–10 using HCl and NaOH (0.1 

M). The experiments were carried out for 3 

hours to reach equilibrium. The solid was re-

moved from the solution after the adsorption 

process. The final solution concentration was 

determined at the maximum absorption wave-

length on a UV-Vis instrument (Thermo, USA). 

All experiments were repeated three times and 

the data were represent as mean ± standard 

deviation (S.D.). 
 

2.4 Characterizations 

X-ray diffraction (XRD) method was per-

formed using D8 Advanced - Hitachi 

(Germany) to analyze the structure and crys-

talline phase composition of the material at Cu 

K radiation (λ = 1.54188 Å). Scanning elec-

tron microscope (SEM) was used to determine 

Figure 1. XRD patterns (a), FT-IR spectra (b), N2 adsorption-desorption isotherms (c) and pore size dis-

tributions (d) of CoFe-MOF aerogel samples. 
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the surface morphology and particle size of the 

materials using S4800 - JEOL Japan. Fourier 

transform infrared spectroscopy (FTIR) deter-

mined the presence of functional groups in ma-

terials on a Nicolet 6700 (Thermo Fisher Scien-

tific, USA) instrument with wave numbers 

ranging from 4000 to 400 cm−1. Capillary char-

acteristics and specific surface areas were ana-

lyzed on Micromeritics 2020 - Micromeritics 

(USA) equipment by N2 desorption isotherm 

method (BET). 

 

3. Results and Discussion 

3.1 Characterization of CoFe-MOF Aerogel  

The crystallinity of the prepared CoFe-MOF 

aerogel materials was characterized using XRD 

analysis. Figure 1(a) shows that the XRD re-

sults of the prepared materials exhibits a 

strong peak at 2θ = 21° - 22°, which is attribut-

ed to the cellulose II crystal structure, com-

pared to a strong peak at 2θ = 10.3°, 16.6°, and 

18.8° of CoFe-MOF. The high similarity be-

tween the XRD patterns of the CoFe-MOF aer-

ogel diffraction patterns is due to the limited 

number of CoFe-MOF additions and the rela-

tively low diffraction intensity. The study of 

Cong Huang et al. has successfully synthesized 

MOF material combined to the cellulose aero-

gel with crystal forms similar to that of the 

original MOF material based on a typical char-

acteristic peak around 20° on an XRD sample 

[20]. 

To detect the functional groups in the CoFe-

MOF aerogel structure, FT-IR spectroscopic 

analysis was shown in Figure 1(b). The peaks 

at 3386 and 3407 cm−1 show the covalent bond 

OH in the water molecule adsorbed on the sur-

face of the material. The ranges from 7.48-1018 

cm−1 (CoFe-MOF), and from 749-1063 cm−1 

(CoFe-MOF aerogel) are assigned to the C−H 

elongation of the benzene ring, respectively. 

The peaks at 1394-1598 cm−1 (CoFe-MOF) and 

1391-1596 cm−1 (CoFe-MOF aerogel) are at-

tributed to asymmetric (νas(C−O)) and symmet-

ric (νs (νs) oscillations. C−O)) of the carboxyl 

groups of BDC are coordinated to the central 

metal, indicating the formation of dicarbox-

ylate group bonds in the sample [21]. In addi-

tion, the CoFe-MOF aerogel has a sharp peak 

at 1654 cm−1 (very strong) and the vibrational 

characteristics of the C=O asymmetric bond, 

which have been shifted slightly to a higher 

wavelength than that of CoFe-MOF [22]. The 

peaks at 555 and 542 cm−1 represent Fe−O, 

and the peaks at 626 and 662 cm−1 represent 

Co−O bending fluctuations in CoFe-MOF and 

CoFe-MOF aerogel samples, respectively. 

The average capillary structure of the CoFe-

MOF aerogel material was determined based 

on the set point of the N2 adsorption-desorption 

isotherm (BET) showing the type II hysteresis 

ring (according to IUPAC classification) 

(Figure 1(c)-(d)). Compared to CoFe-MOF, the 

surface area and the pore volume of the experi-

mentally synthesized CoFe-MOF aerogel de-

creased from 280.9 to 11.7 m2.g−1 and from 2.2 

to 0.02 cm3.g-1, respectively. The surface area 

depletion can be attributed to the presence of 

CMC in the aerogel structure which is signifi-

cantly less porous in nature than that of CoFe-

MOF, depending on the MOF particles an-

chored on the aerogel matrix. On the other 

hand, the large pore size can facilitate the dif-

fusion of antibiotic molecules to the surface of 

the material, whereas the adsorption efficiency 

decreases when the pore size is too small, even 

though the surface area is high [23]. 

The morphology and structure of CoFe-MOF 

and CoFe-MOF aerogel are shown in Figure 2 

according to the optical image, the CoFe-MOF 

aerogel material grows and has the color of the 

Figure 2. SEM image of CoFe-MOF aerogel. 
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synthetic hybrid material as light brown. CoFe-

MOF aerogel presents an interconnected three-

dimensional lattice structure and the MOFs 

contained therein exhibit good dispersion, 

which further proves that the three-

dimensional lattice structure can effectively 

limit the growth and agglomeration of MOF 

particles. The different CMC contents in the 

aerogel lead to different morphology and struc-

ture of CoFe-MOF aerogels with MOF particles 

grown in a different lattice framework. CoFe-

MOF aerogel has an uneven surface due to the 

growth of MOFs and the distribution of CoFe-

MOFs in all locations on the flat aerogel sur-

face of the CoFe-MOF aerogel sample. 

 

3.2 Effect of Operating Parameters on Antibi-

otic Adsorption Capacity 

The surface properties of the CoFe-MOF 

aerogel and the state of existence of the TCC 

molecule are both affected by the solution pH. 

Therefore, the batch adsorption was carried out 

at different pH levels from 3 to 10. As shown in 

Figure 3(a),  after a period of 120 min, it can be 

seen that the adsorption capacity increases 

sharply. When the pH value increased from 3 

to 4 and above 5, the maximum adsorption ca-

pacity (32.2 mg.g-1) was achieved at pH 4. The 

pH affects the absorption and dissociation of 

compounds. The charge distribution on the ad-

sorbent surface and the oxidizing capacity of 

the adsorbent valences. Changes in Ph level 

can affect the adsorption of TCC molecules to 

the material surface. Specifically, the isoelec-

tric point (pzc) of CoFe-MOF aerogel in an 

aqueous medium is 4.2 (Figure 3(b)). When the 

solution has a pH < pHpzc, the material surface 

is positively charged and reversely when the 

solution has a pH > pHpzc, the surface of the 

material is negatively charged. Under different 

pH conditions, TCC exists as the cation TC+ 

(pH < 3.3), the zwitterion form TCC0 (3.3 < pH 

< 7.69) and TCC exists as the anion TCC− (7.69 

< pH < 9.69) and TCC2− (pH > 9.69) [24]. The 

surface of CoFe-MOF aerogel is positively 

charged at pH < 4.2. In an acidic environment, 

it is difficult for TCC molecules to be adsorbed 

on the surface of the material because of the 

electrostatic interaction between the positively-

charged surface of CoFe-MOF aerogel and the 

TCC cation. TCC molecules exist in a quasi-

neutral zwitterion form, which is electrostati-

cally attracted by the positively charged mix-

ture, leading to a significant increase in the ad-

sorption capacity of TCC. On the other hand, in 

alkaline environments with antibiotics, TCC 

carries a negative charge. Therefore, the sur-

face of CoFe-MOF aerogel accumulates a lot of 

negative charge, and the positive charge on the 

surface of the adsorbent decreases gradually, 

while the negative charge of TCC gradually in-

creases. Furthermore, at higher pH, the residu-

al OH− competes with TCC2− for binding to the 

adsorbent [20]. As a result, a dominant electro-

static repulsion between CoFe-MOF aerogel 

and TCC occurs and results in a low amount of 

TCC adsorption. 

The adsorption process occurred from 10 to 

240 minutes, while other experimental condi-

tions were maintained constant, including ad-

sorbent of 0.01 mg pH 4, and the initial concen-

tration of TCC of 20 mg.L-1. As shown in Figure 

4(a), at the early stage (0–120 min), the adsorp-

tion capacity rapidly increased the contact time 

Figure 3. Effect of initial pH (a) and zero charge point (b) of CoFe-MOF aerogel. 
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was prolonged. The adsorption equilibrium was 

observed at nearly 120 min with a maximum 

adsorption capacity of 33.95 mg.g-1. The results 

indicate that the removal efficiency is enhanced 

by increasing contact time due to the presence 

of empty active sites that are capable of captur-

ing TCC molecules. However, after about 120 

min of the process, due to the saturation of the 

active sites, the removal efficiency was re-

mained almost constant. 

After 120 min, the content of the material 

increased from 0.002 to 0.01 g.L-1, the adsorp-

tion efficiency of the TCC solution of the mate-

rial increased rapidly from 26.96 to 73.42% and 

the adsorption capacity decreased gradually 

from 115 to 62.65 mg.g-1 (Figure 4(b)). The in-

crease in antibiotic removal efficiency with in-

creasing dose may be due to an increase in the 

total surface area and adsorption sites of the 

adsorbent, similar to the study Seyed Mohammad et 

al. [24]. This forms more space for antibiotic 

molecules to be adsorbed on the surface of the 

material. Under the condition of a small 

amount of adsorbent, the number of reactant 

molecules is higher than that of reaction cen-

ters. Thus, when increasing the amount of ad-

sorbent, the reaction rate and adsorption effi-

ciency increase. However, if the amount of ad-

sorbent continues to increase, the adsorption 

center would decrease due to the collision and 

contact between the particles, thus leading to a 

decrease in the adsorption capacity. 

Figure 4(c) shows the effect of initial TCC 

antibiotic concentration on the ability to elimi-

nate TCC antibiotics. For CoFe-MOF aerogel, 

when increasing the initial concentration at 

equilibrium for 120 min of TCC solution (low 

concentration 10-80 mg.L-1), the adsorption ca-

Figure 4. Effect of time (a), dose (b) and TCC initial concentration (c), and recycle (d) on the adsorption 

capacity of CoFe-MOF aerogel. 
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pacity was linearly increased from 16.6 to 188.7 

mg.g-1. However, continuing to increase the 

concentration to more than 100 mg.L-1 would 

result in increasing the adsorption capacity 

(196.7 mg.g-1). At low TCC concentration, there 

are many more positions on the surface of 

CoFe-MOF, leading to gradual increase in the 

capacity. In contrast, when the initial concen-

tration of TCC is high, many TCC molecules 

are adsorbed on the surface of CoFe-MOF aero-

gel, which hinders the diffusion of TCC mole-

cules and their effect with photogenic holes or 

hydroxyl radicals. 

The important factor when assessing the ac-

tual usability of the material is based on the re-

use of the adsorbent in four consecutive uses, 

at constant conditions (Figure 4(d)). Before use, 

the CoFe-MOF aerogel adsorbent was washed 

with ethanol and dried at 120 °C for 20 h. TCC 

adsorption capacity after four cycles did not 

change significantly from 201.6 mg/g to 149.4 

mg/g. The decreasing adsorption capacity may 

be due to the elution process that has not com-

pletely removed the TCC molecules, the ad-

sorption sites are covered. Overall, the results 

show that the antibiotic removal efficiency of 

the material decreases after each reuse cycle. 

This phenomenon may be due to the masking 

of adsorption sites on the surface of CoFe-MOF 

aerogel materials, thus reducing the capture of 

antibiotic molecules by the adsorbent. Similar-

ly, Cong Huang et al. indicated that the antibi-

otic removal capacity decreased over the cycles 

due to the loss of adsorbent after each experi-

ment [20]. 

Kinetic models Equation Parameters Value 

Pseudo-first-order 
 

( )( )= − −
1 1

1 exp
t

Q Q k t
k1 (min−1/(mg/L)1/n) 

Q1 (mg.g-1) 

R2 

0.0157 

36.75 

0.9857 

Pseudo-second-order 

 

2

22 2

1t

t
Q

t

Qk Q

=

+

k2×104 (g/(mg.min)) 

Q2 (mg.g-1) 

R2 

3.1877 

47.29 

0.9958 

Elovich 

 

( )
1 1

ln ln
t

Q t
 

= +
 mg/(g.min) 

 (g.mg-1) 
R2 

0.974 

0.0773 

0.9843 

Bangham 

 

log log log log
2.303

m B

B

m t

C k
t

m V
C q

V



  
    

= +    
    −   

  

kB mL/(g/L) 

B 
R2 

3.6417 

0.434 

0.9732 

Table 1. The adsorption kinetic constants. 

Figure 5. Kinetic (a) and isothermal (b) model of TCC adsorption on to CoFe-MOF aerogel. 
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3.3 Adsorption Kinetics and Isotherm 

The mechanism and rate of TCC adsorption 

can be determined through kinetic modeling 

(Figure 5(a)). The CoFe-MOF aerogel was stud-

ied with four models (Pseudo first–order, Pseu-

do second–order, Elovich, and Bangham). The 

fit curves of Pseudo first–order, Pseudo second–

order, Elovich and Bangham are shown in Fig-

ure 5(a) and the corresponding parameter val-

ues are shown in Table 1. The correlation coef-

ficient (R2) of the kinetic model of CoFe-MOF 

aerogel is 0.9857, 0.9958, 0.9843, and 0.9732, 

respectively. It can be seen that the correlation 

coefficient R2 of the PSO model is the highest 

(R2 = 0.99857), indicating that the PSO model 

describes the TCC adsorption undergoing 

chemisorption on the surface of the PSO. The 

Elovich model has prominently demonstrated 

the adsorption and desorption rates of antibiot-

ics on the surface of the material. According to 

Table 1, the adsorption and desorption rates 

are 0.974 mg.(g-1.min-1) and 0.0773 g.mg-1,     

respectively, indicating high TCC adsorption by 

the material. In addition, the Bangham model 

with a correlation coefficient R2 > 0.97 shows 

that the model is suitable for the diffusion of 

TCC into the pores of CoFe-MOF aerogel mate-

rials. 

The adsorption isotherm values are deter-

mined by Freundlich, Langmuir, and Temkin 

adsorption isotherm models in non-linear form, 

the adsorption isotherm parameters and corre-

lation coefficient R2 (Table 2 and Figure 5(b)). 

The adsorption isotherms of TCC on CoFe-

MOF aerogel show the fit of the Langmuir 

model with correlation coefficient R2 which is 

more suitable than the Temkin and Freundlich 

model, and Langmuir and Temkin isotherm 

model can better analyze the adsorption pro-

cess of aerogel, with the corresponding correla-

tion coefficients of Langmuir (R2 = 0.9752), 

Temkin (R2 = 0.9721) and Freundlich (R2 = 

0.915). The results have shown that the une-

ven surface of the aerogel can form adsorption 

active sites with different energies. Further-

more, using the Langmuir equation, the maxi-

mum adsorption capacity was calculated as 

550 mg/g, which is insignificantly high as com-

pared to previous studies. However, the time to 

reach equilibrium (or maximum adsorption) for 

CoFe-MOF-aerogel (120 min) is much lower 

than other studies [24,25]. Finally, the adsorp-

tion of antibiotics on CoFe-MOF aerogel mate-

rials can be best explained by the Langmuir 

model with the highest R2 value of 0.9709. 

Based on the results, the predominance of the 

monolayer adsorption mechanism can be ap-

plied to this case. 

 

4. Conclusions 

CoFe-MOF aerogel material on CMC sub-

strate was successfully synthesized based on 

the solvothermal method. The CoFe-MOF aero-

gel material has a relatively high TCC adsorp-

tion capacity with an adsorption capacity of 

188.7 mg.g-1 at pH 4, and an initial TCC con-

centration of 80 mg.L-1 in 120 minutes. Dura-

bility tests have demonstrated that the materi-

al has high strength after 4 reuse cycles (from 

201.6 mg.g-1 to 149.4 mg.g-1). According to the 

isotherm adsorption model Langmuir, the max-

imum adsorption capacity of CoFe-MOF aero-

gel for TCC is 550.37 mg.g-1, and follows the 

Pseudo-second adsorption kinetic model. The 

electrostatic interaction between the surface of 

the adsorbent and the specific structure of the 

antibiotic TCC molecule is a factor that directly 

affects the adsorption capacity. This can be 

considered as a successful platform to improve 

the effectiveness of antibiotic adsorption in the 

water pollution treatment in recent years. 

 

Kinetic models Equation Parameters Value 

Langmuir 
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L
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Q K C
Q

K C

R
K C

=
+

=
+

kL (L.mg-1) 

Qm (mg.g-1) 

R2 

0.006 

550.37 

0.9752 

Freundlich 
 

1/n
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Q K C=

kF (mg/g)/(mg/L)1/n 

1/n 

R2 

5.3897 

0.7976 

0.9514 

Tempkin 
 

ln ln
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q B K B C= +
kT (L.mg-1) 

BT 

R2 

0.1068 

82.7517 

0.9621 

Table 2. The adsorption isotherm constant. 
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