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ABSTRACT 

The kinetics studies methyl orange adsorption from aqueous solution, by using by bimetal-organic 

frameworks (Cux-Cr100-x–MOF), were investigated spectrophotometrically using the batch technique. Batch 

experiments were conducted to study the effects of pH and initial concentration of adsorbate dye adsorption. The 

kinetic data obtained from different batch experiments were analyzed using both pseudo first-order and pseudo 

second-order equations. The equilibrium adsorption data were analyzed by using the Freundlich and Langmuir 

models. The best results were achieved with the pseudo second-order kinetic model and with the Langmuir isotherm 

equilibrium model. The equilibrium adsorption capacity (qe) increases with increasing the initial concentration of 

dye and with decreasing pH. 
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1. Introduction 

Synthetic dyes are widely used for textile dyeing, paper printing, leather dyeing, color photography and 

as additives in petroleum products (Radha et al. 2005). They exhibit a wide range of different chemical structures, 

primarily based on substituted aromatic and heterocyclic groups. There are more than 100,000 dyes available 

commercially, most of which are difficult to biodegrade due to their centupled structure and synthetic origin 

(Alzaydien 2015; Puvaneswari, Muthukrishnan, and Gunasekaran 2006). The presence of very low concentrations 

of dyes in effluent is high visible and undesirable. Colored agents interfere with the transmission of light through 

water and hinder photosynthesis. Most of these dyes are harmful, when they are in contact with living tissues for a 

long time (Crini 2006). Physico–chemical or chemical treatment of such wastewater is however possible. 

A variety of azo dyes find use in the food and textile industries. However, most of these dyes are highly 

carcinogenic even when present in minute quantities. Methyl orange (MO) is a carcinogenic water-soluble azo dye 

which is widely used in textile industries, in manufacturing printing paper, and in research laboratories. It is also 

metabolized into aromatic amines by intestinal microorganisms (Ma et al. 2012; Zhang and Fang 2006). Methyl 

orange is stable, shows low biodegradability and is soluble in water hence it is difficult to remove from aqueous 

solutions by common water purification/treatment methods (Suciu et al. 2012).  

Many investigators have studied different techniques for removal of colored dye from wastewater such as 

biological treatment, adsorption, chemical oxidation, coagulation, membrane filtration and photochemical 

degradation (Alshorifi et al. 2021; Altass et al. 2022; Altass, Morad, et al. 2021; Bakry et al. 2022; Sohier A El-

Hakam et al. 2022; El-Yazeed et al. 2022; Mannaa et al. 2021). Among them, adsorption has become the most 

popular technique because of its effectiveness, operational simplicity, low cost and low energy requirements (S.A. 

El-Hakam et al. 2018; Nigam 2007; R. S. Salama et al. 2018b). In the past few years, many waste materials or by-

products have been investigated as adsorbents for removing dyes from water. The use of metal organic frameworks 

(MOFs) as adsorbents have received much attention because the unique structural and surface properties of these 

materials offer high chemical stabilities and specific surface areas that lead to high adsorption capacities (S A El-
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Hakam et al. 2013; Reda S. Salama  Salem. E. Samra, Shady M. El-Dafrawy and Awad I. Ahmed 2018; R. Salama 

et al. 2022; R. S. Salama 2019; R. S. Salama et al. 2018a). 

Metal–organic frameworks (MOFs) have generated huge scientific attention as a new class of materials 

because of their distinctive high specific surface areas, high crystallinity, excellent porosity, diverse functionality, 

uniform but tunable cavities and high modularity (Eddaoudi et al. 2001) that make them display potential in a wide 

range of applications like catalysis (R. S. Salama et al. 2018c; Shady et al. 2019), gas storage (Li, Kuppler, and 

Zhou 2009), dye adsorption (Chen et al. 2012), smart sensors (Hu, Deibert, and Li 2014), separation (Li, Sculley, 

and Zhou 2011) and drug delivery (Horcajada et al. 2011). Their structures contain extended co-ordination 

networks of metal centers as nodes connected by organic ligands as linkers which offers enormous structural and 

chemical diversity. These exclusive properties of metal organic frameworks offer an uncountable chance to produce 

specific required active sites and makes MOFs excellent applicants for a variety of applications (Ranocchiari and 

van Bokhoven 2011).  

Multivariate (MTV-MOFs) or mixed-component (MC-MOFs) metal organic frameworks represents the 

incorporation of several metal ions (Shady et al. 2019; Sun et al. 2015; Wang et al. 2014) or multiple organic 

functionalities (Sahiner, Demirci, and Yildiz 2017) within one structure resulting in materials with a higher catalytic 

activity. Basically, some original studies have previously revealed that the mixed-metal MOFs had superior 

properties over parent MOFs and in some cases, can even induce new functionalities (Altass, Khder, et al. 2021; 

El-Dafrawy et al. 2020; S. A. El-Hakam et al. 2021; Sohier A. El-Hakam et al. 2018; Ibrahim et al. 2021; Mannaa, 

Altass, and Salama 2021; R. S. Salama et al. 2020; R. S. Salama, El-Sayed, et al. 2021; R. S. Salama, Mannaa, et 

al. 2021; R. S. Salama, El-Bahy, and Mannaa 2021), due to the insertion of the second metal ions in the same 

frameworks. One of the representative examples is the fruitful synthesis of multivariate metal organic frameworks 

(MTV-MOFs), described by Omar Yaghi, in which up to eight different organic linkers were combined into one 

single framework (Deng et al. 2010). 

The main object of the present work is to investigate the potential of mixed component metal organic 

frameworks (Cux-Cr100-x–MOF) as an adsorbent material for removal of MO from aqueous solutions. The different 

parameters such as effect of the pH, adsorbent dosage, initial dye concentration and contact time that effects on the 

sorption process of methyl orange onto Cux-Cr100-x–MOF were investigated. The isotherms and kinetics parameters 

for the adsorption of methyl orange onto Cux-Cr100-x–MOF were calculated. Remarkably, Cu75-Cr25-MOF exhibits 

higher adsorption performance with maximum adsorption capacity equal 342.5 mg/g. 

2. Material and methods 

2.1. Materials 

Copper (II) nitrate trihydrate (Cu(NO3)2.3H2O, 98.5%) and Chromium trinitrate (Cr(NO3)3.9H2O, 98.5%) 

were purchased from Sigma-Aldrich chemical reagent co., terephthalic acid or benzene 1, 4-dicarboxylic acid 

(C8H6O4, 99+%) and methyl orange dye were purchased from Alfa Aesar. N, N-dimethylformamide ((DMF ≥ 

99.5%), ethanol (≥ 99.5%) were commercially purchased from Alfa Aesar and used without further purification. 

2.2  adsorbent preparation 

    Cux-Cr100-x–MOF was synthesized through a hydrothermal method according to the reported approach 

with slightly modified procedure (Kozachuk et al. 2012). The mixed-metal MOFs were synthesized by changing 

the ratios of the chromium and copper precursors. The reaction mixtures with molar compositions of 0.10 

Cu(NO3)2·3H2O (48 mg)/0.90 Cr(NO3)3·6H2O (622 mg)/ H2bdc (332 mg) (i), 0.25 Cu(NO3)2·3H2O (120 mg)/0.75 

Cr(NO3)3·6H2O (519 g)/ H2bdc (332 mg) (ii), 0.50 Cu(NO3)2·3H2O (241 mg)/0.50 Cr(NO3)3·6H2O (346 mg)/ 

H2bdc (332 mg) (iii), 0.75 Cu(NO3)2·3H2O (361 mg)/0.25 Cr(NO3)3·6H2O (173 mg)/ H2bdc (332 mg) (iv), 0.90 

Cu(NO3)2·3H2O (434 mg)/0.10 Cr(NO3)3·6H2O (69.2 mg)/ H2bdc (332 mg) (v) were dissolved in 30 ml DMF and 

10 ml deionized water for each synthesis. Then the mixtures were moved into a Teflon lined stainless steel 

autoclave then heated at 120 oC and preserved at that temperature for 48 h. After cooling, greenish Blue (according 

to the amount of chromium and copper) crystals were collected, washed one time with dimethyl formamide. Then 

for elimination of unreacted terephthalic acid stuck inside the pores, the product was washed with hot ethanol (70 
oC) for 4 h, then filtered and dried at 60 oC for 12h. 

2.3. Batch Adsorption Experiments 

Batch adsorption experiments of methyl orange were carried out in a 50 mL stoppered bottle at a constant 

temperature (25 ± 0.2°C) using a shaking thermostat machine. The effect of pH on the adsorption of MO was 

examined by mixing 50 mg of Cu50-Cr50–MOF with 50 mL of methyl orange (100 ppm) solution with the pH 

ranging from 2.0 to 12.0. The pH of the samples was adjusted by adding micro liter quantities of 1 mol/L HCl or 1 

mol/L NaOH. In kinetics studies, 50 mg of Cux-Cr100-x–MOF was mixed with 50 mL of MO solution with initial 

concentrations 200 ppm, and samples were withdrawn at desired time intervals. In isotherm experiments, 50 mg of 

Cux-Cr100-x–MOF was added to 50 mL of MO solution with varied initial concentrations (50–500 ppm). 
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 After adsorption, the samples were centrifuged using a centrifuge machine at a speed of 4000 r/min. The 

concentrations of methyl orange in aqueous solution were determined by using standard curve. The absorbance of 

MO in aqueous solutions was measured with a Shimadzu UV-1601PC spectrophotometer at 465 nm. Before each 

measurement, the base line of spectrophotometer was calibrated against solvent. The standard curve was obtained 

by plotting absorbance versus concentration of MO.  

The amount of MO adsorbed (qe) was determined by using the following equation: 

𝒒𝒆 =
[(𝑪𝟎 − 𝑪𝒆)𝑽]

𝑾
                                      (𝟏) 

Where, Ce and Co are equilibrium and initial concentrations of MO (mg/L), respectively, w (g) is the 

samples weight and V (L) is the volume of MO solution (50 ml). 

 

3. Results and discussions 

3.1. adsorption studies: - 

3.1.1 The effect of pH: 

One of the most vital parameters for whole adsorption process is pH adjusting of dye solution that 

influencing not only the active sites charge of adsorbent but also the ionization degree of MO solution during the 

adsorption process (Song et al. 2016). Therefore, in this work, pH was studied in the range of 2.0 – 12.0 using 

initial dye concentration of 100 ppm as shown in Fig. 1. This figure shows that the adsorbed amount of MO at 

equilibrium (qe) decreases from 93.4 to 14.5 mg/g as the pH changes from 2 to 12. The decrease in concentration 

of the dyes adsorbed at different pH may be due to different reasons. It could be as a result of the degree of ionization 

of the species at the different pH. More methyl orange was absorbed by Cu50-Cr50–MOF powder in an acid medium. 

So, the pH of the medium affects the quantity of the adsorbent adsorbed by a given adsorbent and from these results, 

the optimum pH was frequently reported to be at about pH 2.0. 

 
Fig. 1: Effect of initial pH on the adsorption of MO on Cu50-Cr50–MOF (adsorbent dosage = 50 mg, initial MO 

concentration = 100 ppm, solution volume = 50ml, temperature = 25oC, contact time = 90min). 

 

3.1.2. Effect of initial dye concentration and adsorption isotherms:   

Pure Cu-BDC, Cr-MIL-101 and mixed Cux-Cr100-x–MOF materials are very active for the methyl orange 

adsorption from aqueous solution. The adsorption capacities of methyl orange under these experimental conditions 

are summarized in table 1. The combination between copper and chromium in the same framework showed a better 

adsorption capacity compared to pure Cu-BDC and Cr-MIL-101as shown in table 1. 

 The removal percentage of methyl orange at different initial concentrations were investigated as shown 

in Fig. 2. The removal percentage of MO reduced progressively when the concentration of MO increases from 50 

ppm to 500 ppm. At a moderately low concentration (50 ppm), all adsorbents can totally remove methyl orange 

from aqueous solution. At a higher concentration of dye (250 ppm), Cu50-Cr50–MOF and Cu75-Cr25–MOF can still 
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cause complete removal of dye. Evidently, both Cu50-Cr50–MOF and Cu75-Cr25–MOF material show higher 

adsorption ability for MO removal than other adsorbents.  
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Fig. 2: Effect of MO concentration on the adsorption performance over Mixed MOFs. 

Table 1 showed that the adsorption capacity Cux-Cr100-x–MOF was increased with increase the copper 

content which may be due to the synergetic effect of Cu (II) and Cr (III) on methyl orange (MO) molecule, which 

enhanced the ability of methyl orange adsorption on mixed MOFs (Song et al. 2016). While, if more copper were 

introduced into the framework, it may block the pore and lead to the increase of diffusion reactions, which can 

actually decrease the amount of accessible active sites (Song et al. 2016), and thus, the Cu90-Cr10–MOF shows a 

smaller MO uptake capacity than that with lower Cu (II) in the framework. Therefore, among all the samples, Cu75-

Cr25–MOF shows the highest methyl orange dye capacity. 

The analysis and design of the adsorption process requires the relevant adsorption equilibrium, which is 

the most important piece of information in understanding an adsorption process. Fig. 3 shows Langmuir adsorption 

isotherm. 
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Fig. 3: Equilibrium adsorption isotherm of Methyl orange over Mixed MOFs. 
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The adsorption behavior of MO on pure Cu-BDC, Cr-MIL-101 and Cux-Cr100-x–MOF can be further study. 

Based on the adsorption equilibrium data, there are two adsorption isotherm equations of Langmuir and Freundlich 

isotherm models were applied. Firstly, The Langmuir isotherm is given by Equation (2). 
𝐶𝑒

𝑞𝑒

=
1

𝑞𝑚𝑘𝐿

+
𝐶𝑒

𝑞𝑚

                                  (2) 

Maximum adsorption capacity qm and Langmuir constants kL values are listed in Table 1 which are 

calculated from the isotherms shown in Fig. 4. The main features of Langmuir adsorption isotherm can be expressed 

in terms of equilibrium parameter or separation factor (RL), which defined by equation (3). 

𝑅𝐿 =
1

(1 + 𝑘𝐿𝐶𝑜)
                                  (3) 

 From Table 1, all magnitudes of RL are exist between 0 and 1 which demonstrates that methyl orange 

adsorption over Pure Cu-BDC, Cr-MIL-101 and Cux-Cr100-x–MOF samples from water is favorable.  
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Fig. 4: Linear form of Langmuir isotherm of methyl orange over Mixed MOFs. 

Secondly, the surface heterogeneity was examined by Freundlich model which is given by Equation (4) 

𝐿𝑜𝑔 𝑞𝑒 =
1

𝑛
 𝐿𝑜𝑔 𝐶𝑒 + 𝐿𝑜𝑔 𝐾𝐹                   (4) 

The parameter n and kF are calculated from fitted isotherm that shown in Fig. 5. The estimated values of 

kF and 1/n were represented in table 1. The slope (1/n) value used to determine the surface heterogeneity which 

ranged from zero to one and heterogeneity is high if the slope value closer to zero (Hu, Deibert, and Li 2014). The 

values of kF and 1/n obtained in this study shows that methyl orange adsorption over Pure Cu-BDC, Cr-MIL-101 

and Cux-Cr100-x–MOF samples favored by positive cooperatively binding and heterogeneous in nature.  

From table 1, it was evident that the Langmuir model was clearly the most suitable to describe the 

adsorption process due to its high correlation coefficients (R2) compared to the data obtained from Freundlich 

model. 
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Fig. 5: Linear form of Freundlich isotherm of methyl orange over mixed MOFs. 

 

3.1.3 Dynamic adsorption of methyl orange: 

One of the most important techniques used to evaluate the adsorption performance is kinetic study which 

describes the rate of adsorbate uptake above pure Cu-BDC, Cr-MIL-101 and Cux-Cr100-x–MOF samples and the 

equilibrium time. The amount of dye adsorbed at time t, qt (mg/g) was calculated using equation (5). 

𝒒𝒆 =
[(𝑪𝟎 − 𝑪𝒕)𝑽]

𝑾
                                     (𝟓) 

Where, Co is initial concentrations of MO (mg/L), Ct is concentrations of MO at any time (mg/L), w (g) 

is the samples weight and V (L) is the volume of MO solution (50 ml). 

Fig. 6 shows the evolution of the amount of adsorbed MO at any time (qt) with contact time (t) over pure 

Cu-BDC, Cr-MIL-101 and Cux-Cr100-x–MOF using initial dye concentration (Co=200 ppm) at pH = 2. The figure 

shows that adsorption of methyl orange was extremely fast in the first 30 min, then progressively decreases within 

increases contact time until reaches 90 min. Equilibrium was attained after 90 min and there is no extra growth in 

adsorption capacity with more increase in contact time. From these results, the equilibrium time in the adsorption 

experiments was taken as 90 min. 

Numerous steps were used to observe the adsorption kinetics controlling of sorption process like diffusion 

control, mass transfer and chemical reaction. Pseudo 1st order and pseudo 2nd order models used for MO adsorption 

over pure Cu-BDC, Cr-MIL-101 and Cux-Cr100-x–MOF. The similarity between the predicted values and 

experimental data was expressed by the correlation coefficients R2 (Li, Kuppler, and Zhou 2009).   

The formula of pseudo 1st order kinetic model is given by equation (6): 

𝐿𝑜𝑔 (𝑞𝑒 − 𝑞𝑡) = 𝐿𝑜𝑔(𝑞𝑒) − (
𝑘1

2.303
) 𝑡               (6) 

Where qt (mg/g) act as adsorption capacity of MO at any time (t) and qe (mg/g) is the adsorption capacity 

at equilibrium time, and k1 (min-1) is the rate constant of pseudo 1st order adsorption. 

  

On the other hand, pseudo 2nd order kinetic model is expressed by the equation (7): 
𝑡

𝑞𝑡

=
1

𝑘2𝑞𝑒
2

+
𝑡

𝑞𝑒

                           (7) 
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 Where K2 (g/ (mg. min-1)) is the rate constant of pseudo 2nd order adsorption that could be calculated from 

linear plot of t/qt against time. 
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Fig. 6: Kinetic adsorption curves of methyl orange using initial dye concentration (Co = 200 ppm) over mixed 

MOFs. 

Fig. 7 and Fig. 8 show the application of linear pseudo first and second order model to the kinetic 

adsorption. The evaluated kinetic parameters and correlation coefficient (R2) from kinetic models are summarized 

in table 2. The variance between calculated qm and theoretical qe and low R2 value indicate that the pseudo 1st order 

wasn't well matched to describe the adsorption of methyl orange over pure Cu-BDC, Cr-MIL-101 and Cux-Cr100-

x–MOF. From another point of view, pseudo 2nd order model was considered as the best-fit model in description of 

methyl orange adsorption from aqueous solution. It's clear that the rate of adsorption of MO was controlled largely 

by chemical process which mostly involved ion exchange. 
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Fig. 7: Pseudo 1st order kinetic model for adsorption of MO above mixed MOFs. 
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Fig. 8: Pseudo 2nd order kinetic model for adsorption of MO above mixed MOFs. 

3.1.4 Adsorption mechanism  

To predict the rate limiting step both intraparticle diffusion and Boyd plots are applied. From intraparticle 

diffusion plot as in Fig. 9, it is shown that the lines don't pass through the origin, therefore Intraparticle diffusion 

is not the only rate limiting step and indicates the effect of film diffusion (boundary layer diffusion). From Boyd 

plot, Fig. 10, it was observed that the plots are linear but do not pass though the origin suggesting that the adsorption 

process is controlled by film diffusion for all samples. Intra-particle diffusion and Boyd plot parameters for 

adsorption of methyl orange onto investigated adsorbent are shown in table 3. 
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Fig. 9: Intraparticle diffusion plot for adsorption of methyl orange onto (a) Pure Cr-MIL-101; (b) Cu10-Cr90–MOF, 

(c) Cu25-Cr75–MOF, (d) Cu50-Cr50–MOF, (e) Cu75-Cr25–MOF, (f) Cu90-Cr10–MOF and (g) Cu-BDC. 
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Fig. 10: Boyd plots for adsorption of methyl orange onto mixed MOFs. 

 

Table 1: Estimated constants of Langmuir and Freundlich isotherms for MO adsorption over mixed MOFs. 

Sample name 

Langmuir isotherm Freundlich isotherm 

qm 

(mg/g) 
kL (L/mg) RL R2 

kF 1/n R2 

Pure Cr-MIL-101 94.6 0.2362 0.0139 0.9982 37.948 0.1867 0.8708 

Cu10-Cr90–MOF 144.5 0.1572 0.0126 0.9994 50.541 0.2031 0.8841 

Cu25-Cr75–MOF 180.5 0.0978 0.0201 0.9976 53.345 0.2303 0.9356 

Cu50-Cr50–MOF 271.7 0.0915 0.0214 0.9983 68.278 0.2365 0.9381 

Cu75-Cr25–MOF 342.5 0.0713 0.0273 0.9834 87.927 0.3099 0.9876 

Cu90-Cr10–MOF 234.2 0.2339 0.0085 0.9993 80.397 0.2277 0.8972 

Pure Cu-BDC 86.71 0.40306 0.0473 0.9997 36.643 0.1786 0.9477 

 

Table 2: kinetics parameters for adsorption of methyl orange (200 mg/L) over mixed MOFs. 

Sample name 
Experimental 

qm (mg/g) 

Pseudo 1st order kinetics Pseudo 2nd order kinetics 

qe 

 (mg/g) 

k1  

(min-1) 
R2 

qe 

(mg/g) 

k2 

(g/(mg.mi

n)) 

R2 

Pure Cr-MIL-101 94.6 44.1 0.0105 0.9151 95.7 0.00064 0.9991 

Cu10-Cr90–MOF 144.5 160.79 0.0705 0.9896 149.2 0.00069 0.9995 

Cu25-Cr75–MOF 180.5 155.97 0.0457 0.9838 182.4 0.000601 0.9997 

Cu50-Cr50–MOF 271.7 163.82 0.0274 0.9623 274.1 0.000375 0.9996 

Cu75-Cr25–MOF 342.5 99.76 0.0071 0.5015 339.3 0.000402 0.9986 

Cu90-Cr10–MOF 234.2 163.80 0.0394 0.9444 238.7 0.000486 0.9997 

Pure Cu-BDC 86.71 38.94 0.0037 0.4556 80.97 0.000266 0.9995 
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Table 3: Intra-particle diffusion and Boyd plot parameters for adsorption of MO over mixed MOFs: 

Samples 

Intraparticle diffusion Boyd plot 

kd 

(mg/g.h0.5) 

C 

(mg/gm) 
R2 Intercept R2 

Pure Cr-MIL-101 14.26 1.88 0.7813 0.0136 0.8511 

Cu10-Cr90–MOF 25.80 7.04 0.9843 0.0639 0.9998 

Cu25-Cr75–MOF 28.82 13.63 0.8953 0.0328 0.8912 

Cu50-Cr50–MOF 39.31 25.41 0.9392 0.0451 0.9617 

Cu75-Cr25–MOF 69.04 41.32 0.8804 0.0715 0.9489 

Cu90-Cr10–MOF 24.43 35.56 0.9819 0.0346 0.9864 

Pure Cu-BDC 12.65 4.47 0.9752 0.0549 0.9912 

 

 

4. Conclusion  

Copper and chromium bi-metallic organic frameworks (MOFs) were synthesized by reaction of 1, 4 

benzene dicarboxylic acid as a linker with chromium nitrate and copper nitrate at different mole ratios as metal ion 

sources. The adsorption isotherms and kinetics study of methyl orange removal from water were investigated 

spectrophotometrically using the batch adsorption technique. The effect of initial dye concentration, adsorbent 

dosage and pH of the medium were investigated. The adsorption rate and the capacity were found to increase as 

adsorbent dosage increased but decreases as initial concentration of methyl orange increases, this may be due to 

the fact that the active sites of adsorbent can adsorb a certain concentration of dye. It was also found that the pH of 

the solution determines the concentration of dye that would be adsorbed on to mixed MOFs. The adsorption 

isotherms and adsorption kinetics also were studied and the data obtained fits well onto Langmuir isotherm and 

pseudo 2nd order kinetics, respectively. Mixed component metal organic frameworks (Cux-Cr100-x–MOF) are a 

promising adsorbent which can used to clean up textile wastes.  
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