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ABSTRACT: In this study, we determined the capacity of metal organic framework, which we prepared by the 

solvothermal mixing of Zn ions and 1,4-benzenedicarboxylic acid (Zn/BDC) moieties to adsorb methyl orange 

(MO), and amoxicillin (AMX). Results obtained show that MO and AMX adsorption capacity by Zn/BDC (mg/g) 

was found to increase with increase in solution concentration, for each contaminant type. Three isotherm models 
were applied to the adsorption data: Freundlich, Langmuir, and Temkin.  R2 values obtained for the adsorption of 

MO, 0.9778, 0.8589 and 0.9038 for Freundlich, Langmuir and Temkin plots respectively, indicates that all three 

models fit the adsorption data appreciably good, with the Freundlich isotherm providing the best fit. Those for AMX, 
0.6737, 0.0616, and 0.5300 indicated a poor fit, but the Freundlich isotherm came out as best fitting isotherm for 

AMX, an indication of a multilayer adsorption process. Maximum possible amount of contaminant adsorbed per 

gram of Zn/BDC deduced from the Langmuir isotherm for the adsorption of both contaminants were 93.46 mg/g 
and 18.41 mg/g for MO and AMX respectively. This, among other indicators, showed the preference of Zn/BDC for 

MO relative to AMX. Adsorption kinetic models: pseudo first order, pseudo second order, and Weber-Morris 

intraparticle diffusion models, gave R2 values that indicate that intraparticle diffusion dominated the adsorption of 
MO, while the adsorption of AMX followed pseudo second order kinetics, an indicator of chemisorptive mechanism. 

Calculated Qe values, were in close agreement with experimental values. 
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In recent times, a global water pollution concern has 

arisen due to rapid increase in industrialization and 

urbanization. Pharmaceutical products and synthetic 

dyes are among emerging chemical stressors with 

immense potential to cause negative health and 

environmental impacts (Samal et al., 2022; Singh et 

al., 2021). These are all indispensable household 

consumables with daily global formulation volumes 

commensurate with population and demand. Dyes are 

colour imparting materials whose negative health and 

environmental impacts mainly arise from the presence 

of aromatic functions in their structures. Thus, they 

carry potential health and environmental threats of 

same magnitude as direct aromatic species. They also 

pose a threat to aquatic life by reducing the amount of 

penetrable sunlight radiation, being extremely colored 

(Lellis et al., 2019). Pharmaceuticals are wide range of 

products employed for health restoration purposes. 

Prescription drug class such as antibiotics are highly 

utilized by humans, and in veterinary medicine, which 

increases the possibility of their continuous 

contamination of water bodies and their 

concentrations growing to pollution levels (Polianciuc 

et al., 2020). Treatment of waste waters from hospitals 
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and pharmaceutical industries had attracted immense 

attention due to the number of negative environmental 

impacts of antibiotics as well as other drug 

formulations. Amongst the concerns are the possibility 

of causing antibiotic resistance in bacteria. Infection of 

humans by antibiotic resistant bacteria has direct 

consequences including delayed health recovery, 

morbidity and mortality (Merlin, 2020; Polianciuc et 

al., 2020). Further, antibiotics leaves persistent 

chemical residue in water, sediments and soil, which 

causes phytotoxicity, tissue toxicity and genotoxicity 

in worms, and bacteria (Chen et al., 2017; Timmerer 

et al., 2020; Dong et al., 2012). A number of effective 

methods to rid waste organic water of contaminants 

have been reported. They are: electro-degradation, 

photocatalytic degradation, advanced oxidation, 

adsorption, precipitation, coagulation-flocculation, 

ion-exchange, and biological treatment (Balarak et al., 

2017; Chaba and Nomngongo, 2019). However, 

adsorption is the most utilized method since it is 

relatively cheap, offers efficiency in contaminants 

removal operation as well as design simplicity 

(Ferdowsi et al., 2015). Here a good number of 

adsorbents are being employed, including: activated 

carbons, zeolites, silica gel, and alumina. However, in 

recent times researchers are investigating a class of 

materials with nanosized pores as possible alternatives 

to the infamous adsorbents. These emerging materials 

include: dendrimers (Wazir et al., 2020), carbon 

nanotubes (Mashkoor et al., 2020), Zinc Oxide 

(Yuvaraja et al., 2018), covalent-organic frameworks 

(Rasheed, 2022), as well as metal-organic frameworks 

(Furukawa et al., 2014). Metal-organic frameworks 

(MOFs) are crystalline porous materials which 

originated from the pioneering works of Yaghi and Li 

in 1995 (Yaghi and Li, 1995). Their preparation 

mostly yields a self-assembled reticulated array of 

metal nodes, known as secondary building units, that 

are bridged by organic ligands. This array of building 

units and ligands leaves an open framework with 

specific topology, depending mainly on the 

coordination geometry of the metal. MOFs have large 

pore volume and ultrahigh surface area to mass ratio. 

These properties have been leveraged upon and 

applied in gas capture (Trickett et al., 2017), drug 

delivery (Maranescu and Visa, 2022) and aqueous 

adsorption of contaminants (Furukawa et al., 2014).In 

this study, we determined the capacity of metal 

organic framework, which we prepared by the 

solvothermal mixing of Zn ions and 1,4-

benzenedicarboxylic acid moieties, to adsorb 

antibiotics and azo-dyes from water. 

 

MATERIALS AND METHODS 
Analytical grade reagents were employed for the 

study, including: Zn(NO3)2 ∙6H2O (Aladdin Biological 

Technology Co, LTD, Shanghai, China) benzene-1,4-

dicarboxylic acid (Merck KGaA, Darmstadt, 

Germany), N,N-dimethylformamide (DMF) (Merck 

KGaA, Darmstadt, Germany), methanol (Merck 

KGaA, Darmstadt, Germany), and methyl orange dye 

(Kem light Laboratories PVT Ltd, Mumbai, India). 

Representative antibiotic, amoxicillin, was a capsule 

content prepared by ‘’me cure’’ industries Ltd, Lagos, 

Nigeria. The capsule was purchased from a local 

pharmaceutical store.  

 

Preparation of amoxicillin stock solution: 200 mg/L 

Stock solution of amoxicillin was prepared by 

dissolving 0.2 g of the powder in 1 liter of sterile 

water. The mixture was sonicated for thorough 

dissolution using an intelligent ultrasonic processor 

(from Shangai Huxi Industry Co. Ltd, China).  

 

Preparation of methyl orange stock solution: 200 

mg/L Stock solutions of methyl orange was prepared 

by dissolving 0.20 g of the powder into 1 liter of sterile 

water. Again, the dissolution was enhanced with a 

sonicator.  

 

Variation of initial adsorbate concentration: working 

solutions of concentrations: 10, 20, 30, 40 and 50mg/L 

were prepared from each of the stock solutions 

through serial dilution. All working concentrations for 

each of the two adsorbate solutions were validated 

with a single beam UV-Visible spectrophotometer 

(LI-285, a product of Lasany International, Panchkula, 

India). Batch adsorption tests were conducted in 100 

ml beakers with 20 ml solution mixed with 0.01 gram 

of Zn/BDC MOF and agitated with a magnetic shaker 

at a speed of 100 rpm for 1-hour equilibration time. At 

the stop of each study, solution extract was analyzed 

with the single beam UV-Visible spectrophotometer 

using wavelengths of 229 nm and 465 nm for 

amoxicillin and methyl orange respectively. 

 

Variation of adsorbate/adsorbent contact duration: 

To determine the performance of Zn/BDC MOF at 

various contact durations, adsorbent/adsorbate contact 

were maintained for the following times: 10, 20, 30, 

40, and 50, minutes. For each batch, a Zn/BDC load of 

0.01 g was mixed 30 mg/L solution. Each mixture was 

agitated with a magnetic shaker at a speed of 100 rpm. 

Extracts were analyzed using the single beam UV-

Visible spectrophotometer. 

 

RESULTS AND DISCUSSION 
The results obtained from the variation of initial 

adsorbate concentration are presented in terms of 

adsorbed percentages and adsorbent capacity. 

Adsorbent capacity was estimated from the equation: 
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Qe = 
(𝐶𝑜−𝐶𝑒)𝑣

𝑤
 

 

where Qe, Co, Ce, v, and w, are respectively adsorbent 

capacity, initial concentration of adsorbate, final 

concentration of adsorbate, volume of adsorbate 

solution used in the batch adsorption test, and weight 

of adsorbent used. 

 

The plots in Figure 1 shows that percentages 

(secondary axis) of MO and AMX adsorbed onto 

Zn/BDC tends to decrease as solution concentration 

increases. Contrastingly, adsorption capacity of 

Zn/MOF (mg/g) (primary axis) increased steadily with 

increase in solution concentration.  The observed 

higher sorption percentages for MO depict a slight 

adsorption preference of Zn/BDC for MO relative to 

AMX. This could be due to enhanced interaction of 

MO with the adsorbent, comparatively, as a result of a 

number of factors including: lower size, lower 

hydrophobicity, and higher motility (Table 1).  

 
Table 1. Structure and properties of MO and AMX 

Structure/Properties Methyl orange Amoxicillin 

Structure 

  
Molecular formula C14H14N3NaO3S C16H19N3O5S 

Molecular Mass (gmol-1) 327.33 365.4 

Aqueous solubility (g/L) (20 0C, pH=5.6) ~ 5. 00 a ~ 3.43 b 

Density (g/cm3) 1.28 1.6 

Molecular size (nm) 1.19 x 0.68 x 0.37 c 1.24 x 0.56 x 0.46 b 

References: a ~ (“Methyl Orange,” 2023), b ~ (Stuart et al., 2014), c ~ (Iwuozor et al., 2021) 

 

 
Fig 1: Plots of Adsorbent capacity/Adsorbed percentages against 

Initial adsorbate concentration 

 

Linear forms of the Freundlich, Langmuir, and 

Temkin (Table 2) were applied to the experimental 

data to estimate the extent of adsorption of MO and 

AMX onto Zn/BDC. The isotherm plots are presented 

in Figures 2-4. All isotherm parameter values for the 

adsorption of both MO and AMX are presented in 

Table 3. R2 values obtained for the adsorption of MO, 

0.9778, 0.8589 and 0.9038 Freundlich, Langmuir and 

Temkin plots respectively, indicates that all three 

models fit the adsorption data appreciably good, 

however, for the adsorption of AMX, R2 values of 

0.6737, 0.0616, and 0.5300 for Freundlich, Langmuir 

and Temkin plots respectively, show a relatively poor 

fit. Freundlich comes out as the best fitting adsorption 

model in this system going by the R2 values. This is 

indicative of the dominance of a multilayer adsorption 

process (Ukachuku and Abasi, 2021).  However, in the 

Zn/BDC-MO sorption system, the positive values of 

the Langmuir isotherm constants, KL (0.075 L/mg), Qm 

(93.46 mg/g), and the separation factor, RL (0.2), being 

0 < RL < 1 (representing a favourable adsorption 

process), also depict a monolayer adsorption process. 

This is not the case with the Zn/BDC-AMX sorption 

system, as shown by its poor Langmuir R2 value. 

Further, Qm represent the maximum possible amount 

of MO or AMX that can be taken by one gram of 

Zn/BDC. The higher Qm values, 93.46 mg/g, obtained 

from the Zn/BDC-MO sorption system relative to that 

obtained from the Zn/BDC-AMX sorption system, 

18.41 mg/g, only show that Zn/BDC adsorbed MO 

better than AMX. This is also revealed by the higher 

Freundlich constant, KF (which also represents 

adsorption capacity (Ukachuku and Abasi, 2021)). 

From Table 3, we see that KF(MO) > KF(AMX). The 

Temkin isotherm can be applied to estimate the heat of 

adsorption of an adsorption system (Ayawei et al., 

2017). The Temkin isotherm parameter, bT, is related 

to the heat of adsorption by the relation:  
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bT =  ∆𝑄 = −∆𝐻, 

 

where bT, ∆𝑄, and ∆𝐻 are the adsorption potential, 

heat of adsorption and enthalpy change respectively 

(Ukachuku and Abasi, 2021). Using the 

aforementioned relation, the heats of adsorption, ∆𝐻, 

from the bT values are: −134.82 Jmol-1 and −98.14 

Jmol-1, for MO and AMX respectively, which implies 

that adsorption of MO and AMX onto Zn/BDC are 

both exothermic processes. 

 
Table 2: Linearized Isotherm Models 

Model Linear equation 

Freundlich Ln Qe = Ln KF + 
1

𝑛
  Ln Ce 

Langmuir 𝐶𝑒

𝑄𝑒
  = 

𝐶𝑒

𝑄𝑚
 + 

1

𝐾𝐿𝑄𝑚
 

Temkin Qe = B Ln A + B Ln Ce 

 
Table 3: Values of Adsorption Isotherm Parameters for the Adsorption of Mo and Amx onto Zn/Bdc Mof 

Freundlich Isotherm Langmuir Isotherm Temkin Isotherm 

Parameters MO AMX parameters MO AMX parameters MO AMX 

N 1.74 1.23 Qm(mg/g) 93.46 18.41 bT(Jmol-1) 134.82 98.14 

KF (mg/g) 10.13 5.5 KL (L/mg) 0.075 0.233 A(Lg-1) 0.94 1.93 

R2 0.9778 0.6737 R2 0.8589 0.0616 R2 0.9038 0.5300 

   RL 0.20 0.08    

 
Fig 2: Freundlich Isotherm Plots 

 

 
Fig 3: Langmuir Isotherm Plots 

 

Three adsorption kinetic models were applied for the 

data obtained from contact time studies including: 

pseudo first order, pseudo second order, and Webber-

Morris intraparticle diffusion models. The linear 

equations are presented in Table 4. The adsorbent 

capacity at various contact times, Qt, was obtained by: 

Qt = 
(𝐶𝑜−𝐶𝑡)𝑣

𝑤
 

 

Where Qt, 𝐶𝑜, 𝐶𝑡, v, w, are the adsorbent capacity at 

the studied time interval, initial concentration of 

adsorbate, adsorbate concentration at time, t¸ volume 

of solution, and weight of adsorbent respectively.   
 

 
Fig 4: Temkin Isotherm Plots 

 

Kinetic models are useful in the prediction of likely 

mechanism of interaction between adsorbent and 

adsorbate. The parameters deduced from the employed 

kinetic models are presented in Table 5.  

 
Table 4: Adsorption Kinetic Models 

Kinetic model Linear equation 

Pseudo first order Ln(qe−qt) = Ln qe 

− k1t  
Pseudo second order 𝑡

𝑞𝑡
 = 

1

𝑘2𝑞𝑒
2 + 

𝑡

𝑞𝑒
 

Webber-Morris Intraparticle 

diffusion  

qt = ki.d t
1/2 + X 

 

The kinetic plots are presented in Figures 5 to 7. The 

R2 values obtained for adsorption of MO were 0.9156, 

0.9943, and 0.9947 for pseudo first order, pseudo 
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second order, and Weber-Morris intraparticle 

diffusion models respectively, thus depicting, by 

highest R2 value, the dominance of intraparticle 

diffusion in its adsorption. For AMX, the R2 values 

0.7704, 0.9583, and 0.8771 for pseudo first order, 

pseudo second order, and Weber-Morris intraparticle 

diffusion models respectively, reveal the dominance of 

pseudo second order kinetics in its adsorption, as 

shown by the R2 value, thus, suggesting a 

chemisorptive exchange of ions in the adsorption 

process (Guo et al., 2014). The Qe values calculated 

from the pseudo first order are 44.74 mg/g (MO), 

42.44 mg/g(AMX), those from the pseudo second 

order are 55.25 mg/g (MO), 54.64 mg/g (AMX). Both 

sets of Qe values are somewhat in agreement with the 

experimental values, 39.92mg/g (MO) and 42.87 mg/g 

(AMX), however, the pseudo first order values are 

closer.  
 

 
Table 5: Parameters from Adsorption Kinetic Models for Adsorption of Mo and Amx onto Zn/BDC 

Pseudo First Order Pseudo Second Order Intraparticle Diffussion 

Parameters MO AMX parameters MO AMX parameters MO AMX 

qe (mg/g) 44.74 42.44 qe (mg/g) 55.25 54.64 X (mg/g) 8.79 6.41 

k1 (min-1) 0.0681 0.0704 k2 (g mg-1 

min-1) 

0.0009 0.0012 ki.d (mg g-

1min-1/2) 

4.32 5.27 

R2 0.9156 0.7704 R2 0.9943 0.9583 R2 0.9947 0.8771 

 

 
Fig. 5: Pseudo First Order plots 

 

 
Fig. 6: Pseudo Second Order plots 

 

Pseudo firs order kinetics describes a physiosorptive 

processes involving non-bonding forces (Chitongo et 

al., 2019). This may have also contributed to the 

adsorption process for both MO and AMX, as shown 

by both the Qe values and the fairly high R2 values. The 

Weber-Morris intraparticle diffusion model is 

adjudged as the rate limiting step if the plot passes 

through the origin (Kang et al., 2021). Further, the 

number of jointed lines in the plots gives the number 

of steps of diffusion of particles through the 

adsorbent’s pores (Ukachuku and Abasi, 2021). The 

intraparticle diffusion plots for MO, Fig 7, is a single 

line, thus, showing that intraparticle diffusion is the 

rate limiting step in the adsorption of MO onto 

Zn/BDC. For AMX, a bilinear plot can be noticed, 

which indicate a two-step mechanism, and evidence 

that intraparticle diffusion was not the rate limiting 

step (Ukachuku and Abasi, 2021). 
 

 
Fig. 7: Weber-Morris Intraparticle diffusion plots 

 

Conclusion: The study has demonstrated, that 

Zn/BDC (prepared through the solvothermal blending 

of Zinc and benzene-1,4-dicarboxylic acid) can be 

effective as adsorbent of methyl orange and 

amoxicillin in aqueous media. This will benefit waste 

water management in pharmaceutical, textile and 

related industries. Conclusively, the outcome of the 
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study is an indication of a clear pathway to tackling 

those concerns arising from the presence of azo dyes 

and antibiotics in the environment.  
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