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Abstract 

Adsorbents based on carbonaceous materials, polymers, clays, and inorganic materials are common in the literature, but 

adsorbents designed from organic materials such as self-assembled heterocyclic compounds have not been studied so far. In this 

study, a new adsorbent pyrimidone derivative (DHPM) was synthesised employing a green protocol to tone down the cationic 

dye Methylene Blue (MB) from aqueous solution. The synthesised self-assembled bio-inspired molecules is characterized using 

Ultraviolet Spectroscopy (UV-Vis), Fourier transform infrared (FT-IR), 1H NMR & 13C NMR and Thermogravimetric analysis 

(TGA). The self-assembled molecule's propensity to adsorb MB dye was investigated as a function of MB concentration, time, 

temperature, pH and adsorbent dosage. The enhancement of adsorption capability over the cationic dye has been discussed in 

this script. A detailed examination of the adsorption kinetics revealed that the study conforms to pseudo-second-order model. 

Isothermal adsorption study over the MB dye were used with several models. Langmuir-Freundlich model was found to be the 

most accurate, with an adsorption capacity of 233.99 mg/g. The results are endothermic and spontaneous for the thermodynamic 

study of adsorption over MB dye onto the pyrimidone derivative.   
Keywords: Pyrimidone derivative (DHPM), Adsorption, Methylene blue, Isotherm, Kinetic. 

1. Introduction 

Among all other synthetic dyes, Methylene blue (MB) a 

heterocyclic aromatic compound, is frequently used than any 

other synthetic dyes in chemical and biological disciplines. 

This odourless dark green solid powder produces a blue-

coloured solution when it combines in aqueous medium 

[1,2]. More frequently, MB is predominantly utilised for 

paper colouring, temporary hair colouring, and colouring 

cotton and wool as a colouring agent. However, MB's 

adverse effects can exacerbate vision impairment, and 

repeated inhalation may result in nausea, vomiting, and 

mental illness [3,4]. Stopping the excessive release of 

dangerous substances into water bodies will protect the 

environment and the present bio cycle [5-15]. 

There are several methods to manage dye wastewater, 

including oxidative degradation, membrane separation, 

flocculation, sedimentation and adsorption [16-24]. It is 

challenging to popularise and deploy on a big scale despite 

the fact that they frequently need high costs and intricate 

operations [25,26]. Adsorption technology is currently the 

preferred method for removing dyes, and it is opted by 

researchers due to its ease of utilizing, safety, high 

efficiency, economy, multiple applications, and so on [27-

29]. Target compounds can be specifically removed from 

complex pollutant solutions by adsorption technique because 

of it is selectivity [30-33]. 

Since, the self-assembled bio-inspired molecules are an 

effective approach to build nano/micro-architectures, with 

several applications, particularly in the fields of biomedical 

sciences, bio-sensing, tissue engineering, etc., [34,35]. Such 

self-assembling processes are typically propelled by non-

covalent interactions between the relevant moieties, 

including hydrogen bonds, hydrophobic forces, electrostatic 

interactions, –stacking, and non-specific van der Waals 

forces [36]. The self-assembly of tiny organic molecules into 

various structural motifs has sparked tremendous interest for 

the adsorption investigation, which is motivated by its 

various applications created by the architectures of natural 

building blocks [37]. Although, carbon has a wide range of 

applications, it has not yet been used as an adsorbent to 

remove pollutants from polluted water. There are many 

materials used as an adsorbent in this work before, but this 

organic material has high efficiency of bond making ability 

with the MB dye. Further, self-assembled heterocyclic 
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compounds have a wide range of applications, they also have 

not yet been used as an adsorbent to remove pollutants from 

polluted water. 

In this work, a self-assembled heterocyclic molecule 

Ethyl 4-(2,4-dimethoxyphenyl)-6-methyl-2-oxo-1,2,3,4-

tetrahydropyrimidine-5-carboxylate (DHPM) with attractive 

physicochemical properties was synthesized by the 

environmentally benign techniques and it was utilized as 

novel adsorbent for removal of cationic MB dye. The 

characterization techniques like Fourier transform infrared 

(FT-IR), 1H NMR & 13C NMR and Thermogravimetric 

analysis (TGA) were analysed to evaluate the structure and 

physical nature of the self-assembled molecule. The 

adsorption capacity of the synthetic DHPM derivative was 

evaluated on toning down the MB dye from an aqueous 

solution. In diverse experimental settings, a variety of 

isotherm and kinetics models were used to assess the way 

the MB dye behaved upon being removed from polluted 

water. 

 

2. Materials and Methods 

Aerobic conditions were used for all reactions. Unless 

otherwise stated, the chemicals purchased were used without 

additional purifications which are procured from Sigma 

Aldrich. 

2.1 Synthesis of Ethyl 4-(2,4-dimethoxyphenyl)-6-

methyl-2-oxo-1,2,3,4-tetrahydropyrimidine-5-carboxylate 

(DHPM) 

2,4-dimethoxy-benzaldehyde (1 mmol), Ethyl-

acetoacetate (1 mmol) and urea (1 mmol) were added (Fig. 

1). The mixture was then stirred for 30 min at room 

temperature. TLC was used to ensure the completion of the 

reaction with ethyl acetate and n-hexane (1:4) as the eluent 

system. After this process, the mixture was added twice with 

ethyl acetate (2 x 20 ml) for the extraction. The extracted 

organic layer was concentrated, washed twice with distilled 

water and dried over anhydrous Na2SO4. The resulting solid 

was recrystallized with ethyl acetate. The yellow colour solid 

with yield of 95% was noted. 

 

 

 

 

 

 

 

Fig.1: Synthesis of Ethyl 4-(2,4-dimethoxyphenyl)-6-

methyl-2-oxo-1,2,3,4-tetrahydropyrimidine-5-carboxylate 

(DHPM). 

 

2.2 Characterization 

On a Bruker spectrometer, NMR spectra were recorded 

at 400 MHz using DMSOd6 solvent and TMS as the internal 

standard. A BRUKER ALPHA II ECO-ATR instrument was 

used to measure the FT-IR spectrum from 4000–550 cm-1 

range and Thermo Gravimetric Analyzer (TGA 4000 – 

PerkinElmer) were used. 

2.3 Adsorption Study 

The batch studies were carried out by a process of 

varying the concentrations between 25 to 200 mg L ̶ 1 (25, 

50, 75, 100, 150, and 200 mg L ̶ 1). A 50 mL Erlenmeyer 

flask is filled with 10 mL of MB dye solution and 10 mg of 

adsorbent (DHPM). The flask was tend to shake in a 

thermostat shaker-water bath at 298 K for 24 h, and the same 

were stirred at 70 rpm. By varying the dye solution's pH (50 

mg L ̶ 1) in various ranges between 2.5–10, the effect of pH 

on MB adsorption was investigated. 0.1 M HCl or NaOH 

solutions were used to alter the pH in order to attain the 

desired pH of the MB dye solution. To determine the impact 

of temperature, a 10 mL of the MB solutions with 10 mg of 

adsorbent (DHPM) was kept at an initial concentration of 50 

mg L ̶ 1 and tested by ascending the temperature from 298, 

303, 308, and 313 K for 24 h. The dye solution of 0.1 mL 

was taken from the top of the tube and diluted to 3 mL for 

measuring the dye's residual concentration. To quantify the 

absorbance, a UV-Vis spectrophotometer (UV–Vis) was 

used at max = 664 nm. At a concentration of 50 mg L-1 by 

adding 100 mg of DHPM with 100 mL of pH 10 MB dye 

solution was agitated at 298 K to evaluate the kinetic studies. 

During agitation, at regular intervals (from 6 min to 24 h) the 

MB solution was measured for the absorbance using UV-Vis 

spectroscopy at max = 664 nm. The following equations (1-

2) were used to determine the quantity of MB adsorbed on 

DHPMs at equilibrium (qe, mg g ̶ 1) and at time t (qt, mg g ̶ 

1) as well as removal efficiency. 

 

 

 

 

3. Results 

3.1 Characterization of DHPMs 

The FT-IR spectrum (Fig. 2) of DHPMs shows the 

presence of an NH which is ensured by 3237 cm-1 band 

appearance. Further, the aromatic C=O presence is 

confirmed by the existence of a 1696 cm-1 band. A band at 

1076 cm-1 confirms the existence of C-N-C. 

 

 
Fig. 2. The FT-IR spectrum of DHPMs 

 

Proton NMR confirms the structure of DHPMs shown [38] 

in Fig 3a. 1H NMR (400 MHz, DMSO-d6): δH (ppm) 9.05 

(s, 1H, NH), 7.16 (s, 1H, NH), 6.94−6.42 (m, 5H, Ar−H), 

5.40 (d, 1H), 3.92−3.90 (q, 2H), 3.32 (s, 3H), 1.06−1.02 (t, 

3H); 13C NMR peaks in Fig 3b refers the carbon present in 

the DHPMs. 13C NMR (400 MHz, DMSO-d6): δC (ppm) 

14.52, 18.59, 49.00, 59.43, 98.90, 124.66, 128.22, 148.98, 

152.73, 158.01, 165.87. 

 
Fig. 3. a) 1H NMR spectrum of DHPMs & b) 13C NMR 

spectrum of DHPMs 
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  Thermogravimetric analysis was used to 

investigate the thermal of stability and purity of synthesized 

DHPM molecules. TGA-DTG image shows the single step 

degradation at 300 – 380 ºC around 80 % which could be due 

to the decarboxylation and complete decomposition of 

amino groups (Fig. 4a). The residual content of the sample 

was calculated at 700 ºC around 12 % which could be the 

remaining carbon from the molecule. DSC thermogram 

shows the Tm around 218 ºC with sharp endothermic peak 

(Fig. 4b). 

 
Fig. 4. (a) TGA/DTA analysis (b) DSC analysis of DHPM. 

 

3.2 Adsorption performance 

 The role of pH in adsorption processes cannot be 

overstated, as it can significantly affect the interactions 

between dyes and adsorbents. To determine the impact of pH 

on adsorption of MB (Fig. 5a), the solution pH values were 

adjusted between 4.0 to 10. The adsorbent's capacity for 

adsorption increased steadily as the pH increased from 3.0 to 

5.0 at initial. However, it decreased between pH 5.0 and 9.0, 

and then increased again at pH higher than 9.0. The highest 

adsorption capacity was recorded at pH 10, with values of 

57.77 mg/g. This can be an imputation of the ionization of –

C=O and –NH– groups on the adsorbent surface at higher 

pH, creating more active adsorption sites for MB dye 

molecules and enhancing electrostatic interaction between 

positively charged MB dye and the adsorbent surface. Based 

on the previously mentioned findings, pH 10 was chosen for 

the MB adsorption studies.  

The adsorption capacity for the initial MB dye 

concentrations was examined by conducting experiments 

using concentrations between 25 and 400 mg/L. The results 

depicted in Fig. 5b reveals the capability of adsorption on 

MB dye increases when initial concentration increases, 

which could be attributed to the greater concentration 

gradient pressure generated by higher initial concentrations. 

The mass transfer of MB molecules from the solution to the 

surface of the adsorbent would be aided by the driving forces 

[39]. It ought to be noted that, the adsorption site on 

adsorbent's surface attain entire saturation at a concentration 

of 300 mg/L.  

For optimising the process of adsorption, it requires a 

study on the effect of temperature on dye adsorption. It was 

found that the adsorption capability increases from 19.67 to 

35.69 mg/g with rise in temperature from 25 to 50 ºC (Fig. 

5c). At higher temperatures, the kinetic energy of the dye 

molecules increases, which facilitates their diffusion and 

adsorption onto the adsorbent surface. Also, the solubility of 

the dye in water decreases with increasing temperature, 

which results in a higher concentration of the dye in the 

adsorption layer. 

 The contact time for effective dye removal is a crucial 

factor to consider when using adsorbent in wastewater 

treatment. To evaluate the adsorption capability for MB dye 

removal at 100 mg/L, the experiments were conducted at 

250C for varying durations, as shown in Fig. 5d. The 

adsorption capability for MB dye increased with increasing 

in contact time. Specifically, adsorption equilibrium was 

achieved after 150 min. 

 
Fig 5. Effect various parameters on adsorption MB onto 

DHPM adsorbent (a) pH, (b) initial concentration of MB, (c) 

temperature and (d) contact time. 

 

3.2.1. Isotherm study 
 To determine the maximum adsorption capacity and to 

understand the sorption interaction, adsorption isotherms 

were used. Langmuir [40], Freundlich [41], Dubinin-

Radushkevich [42] and Langmuir-Freundlich isotherm [43] 

models were plotted. The isotherm models of adsorption for 

the MB adsorption using the DHPM as the adsorbent were 

nonlinearly fitted and the results were shown in Fig. 6 with 

the corresponding parameters were calculated from these 

plots are presented in Table 1. Among the models, 

Langmuir-Freundlich isotherm model exhibited the highest 

R2 and lowest chi square (χ2), indicating its suitability in 

explaining the process of adsorption. According to this 

model, the maximum adsorption capability (Qmax) for MB 

dye at room temperature (298 K) was found to be 233.99 

mg/g. Table 1 also illustrates that the RL values for 

adsorbent were greater than 0.55066 and less than one, 

indicating that the adsorption process was favourable. 

Dubinin-Radushkevich model was used to calculate the 

mean energy (E), which provides valuable insights into the 

adsorption mechanism. A low value of E, which is below 8 

kJ/mol, suggests physical adsorption, while a high value 

indicates chemical adsorption [44]. The results of this study 

reveal that the adsorption process was physical, as the E 

value was 0.02486 kJ/mol. 

 
Fig 6. Nonlinear isotherm plot for the adsorption of MB on 

the DHPM (a) Langmuir, (b) Freundlich (c) Langmuir- 

Freundlich and (d) Dubinin-Radushkevich model. 
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Table 1. Equations and parameters of isotherm models for 

adsorption MB onto DHPM adsorbent. 

 

Model Parameter 

value 

Equation 

Langmuir 

Q°max 674.73 
𝑞𝑒 =

𝑄𝑜𝐾𝐿𝐶𝑒

1 + 𝐾𝐿𝐶𝑒
 

𝑅𝐿 =
1

1 + 𝐾𝐿𝐶𝑜
 

KL 0.00204 

RL (Co: 25 

to 400 

mg/L) 

0.95147 to 

0.55066 

R2 0.9371 

χ2 339.35 

Freundlich 

KF 2.13  

𝑞𝑒 = 𝐾𝑓  𝐶𝑒
1/𝑛

 n 1.16 

R2 0.92349 

χ2 412.77 

Langmuir-Freundlich 

Q°max 233.99  

𝑞𝑒

=
𝑄𝑜(𝐾𝐿𝐹𝐶𝑒)𝑚

1 + (𝐾𝐿𝐹𝐶𝑒)𝑚
 

 

KL-F 0.01036 

m 2.05 

R2 0.96843 

χ2 198.72 

Dubinin-Radushkevich 

QDR 208.19  

𝑞𝑒

=  𝑞𝑜 𝑒−𝐾𝐷−𝑅 𝜀2
 

𝜀 = 𝑅𝑇𝑙𝑛(1 +
1

𝐶𝑒
) 

𝐸 =
1

√2𝐾𝐷𝑅

 

KDR 809.11 

E 0.02486 

R2 0.92931 

χ2 

381.39 

 

3.2.2. Kinetic study 

The adsorption kinetics were examined to look into the 

rate of adsorption and any potential rate-controlling steps of 

adsorbents. Fig. 8 illustrates the fitting curves obtained using 

the pseudo-first-order [45], pseudo-second-order [46], 

Elovich [47] and intraparticle diffusion models. The Table 2 

summarizes the parameters acquired from these models and 

their equations. The outcomes demonstrated that, with the 

initial concentration of 50 mg/L, DHPM reached adsorption 

equilibrium for MB within 150 min. Compared to other 

kinetic models, pseudo-second-order model demonstrated 

the lowest chi square (χ2) value, a coefficient of 

determination (R2) greater than 0.999 and qt,cal is close to 

qt,exep value. Therefore, the experimental data for 

adsorbing MB fits the pseudo-first-order model well, 

suggesting that diffusion is the process that regulates the 

rate. While the pseudo-second-order models were useful in 

characterizing the process of adsorption, but the diffusion 

mechanism was unable to determine [39]. Therefore, the 

intraparticle diffusion model was employed. Fig. 7 

demonstrates that the rate constants can be obtained from the 

slope of the linear section of each curve. Additionally, the 

intercepts C can be obtained by extrapolating the first step in 

the curves to the time axis. The presence of two slopes in 

each curve suggests that there was a minimum of two 

diffusion steps involved in the adsorption process. The initial 

step corresponded to external surface adsorption or diffusion 

in macro-pores, which continued until the exterior surface 

reached saturation. The MB molecules penetrated less 

accessible pores, resulting in increased diffusion resistance 

and decreased diffusion rate. The magnitude of the slope of 

the linear portion reflected the diffusion rate, with a higher k 

indicating a faster diffusion process. Therefore, kp1 > kp2 

indicated a reduction in the available free path for diffusion 

and a decrease in pore dimensions, leading to a slower 

diffusion rate [48]. The second step involved gradual 

adsorption, which was controlled by intraparticle diffusion. 

Table 2. Kinetics parameters for adsorption of MB onto 

DHPM. 

Model Parameter 

value 

Equation 

qt,exep at 420 min 53.70 
𝑞𝑡 =

𝐶𝑜 − 𝐶𝑡

𝑚
×  𝑉 

PFO Model 

qe, cal 50.07  

𝑞𝑡

= 𝑞𝑒(1 − 𝑒−𝐾1𝑡) 

k1 0.03737 

R2 0.9415 

χ2 11.14 

PSO Model 

qt, cal 55.58  

𝑞𝑡 =
𝑞2

2𝑘2𝑡

1 +  𝑞𝑒𝐾2  𝑡
 

K2 0.0009 

R2 0.99992 

χ2 1.49081 

Elovich 

α 12.18  

 𝑞𝑡

=
1

𝛽
ln(1 + 𝛼𝛽𝑡) 

β 0.11158 

R2 0.97295 

χ2 5.15 

Intraparticle diffusion Model 

Kp(1) 7.00  

𝑞𝑡 = 𝐾𝑝 𝑡
0.5 + 𝐶 

 

C 4.68 

R2 0.99444 

Kp(2) 0.67094 

C 40.40 

R2 0.92471 

 

 
Fig 7. Nonlinear kinetic plot for the adsorption of MB on the 

DHPM (a) pseudo-first-order, (b) pseudo-second-order, (c) 

Elovich and (d) intraparticle diffusion models. 

3.2.3. Thermodynamic study 

In order to avail a better interpretation of the adsorption 

of MB onto DHPM adsorbent, various thermodynamic 

parameters were calculated. These included the enthalpy 

change (ΔH°, expressed in KJ/mol), free energy change 

(ΔG°, expressed in KJ/mol), and entropy change (ΔS°, 

expressed in KJ/mol). The following equations were used for 

the calculations: 

∆G° = −RTlnKc 
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lnKc =
∆S°

R
−

∆H°

RT
 

Where, Kc is the thermodynamic equilibrium constant 

(L/mol). T is temperature (K). R is the universal gas constant 

(J/mol*K). Table 3 results reveals the various 

thermodynamic parameters for MB adsorption onto DHPM. 

The adsorption process was spontaneous at the tested 

temperature, since the ΔG° value is negative. The value of 

ΔH° was positive, suggesting that MB adsorption via DHPM 

was endothermic, which was consistent with the analysis of 

the adsorption isotherm. Moreover, the ΔS° positive value 

indicates that the randomness of the system increased as the 

adsorption proceeded [39]. 

Table 3. Thermodynamic parameters for the adsorption of 

MB dye. 

 

Temperature 

(K) 
△G 

(KJ/mol) 

△H 

(KJ/mol) 

△S 

(J/mol) 

298 -1.07  

43.47 

 

144.42 313 -1.23 

323 -2.45 

 

Based on the results of isothermal, kinetic and 

thermodynamic studies reveals that, the adsorption process 

of MB dye on DHPM is a physical process that depends on 

weak attractive forces such as hydrogen bonding, n-π- 

interaction and π-π interaction as shown in Fig. 8. The FTIR 

spectrum was taken after adsorption experiment. The dye 

adsorbed materials were filtered and dried at 40 ºC. The –

NH stretching appeared at 3344 cm-1 for the synthesized 

material was slightly shifted to lower frequency at 3298 cm-

1 which indicates that the hydrogen bonding between dye 

and organic material (Fig. 9). 

 
 

Fig. 8. Contribution forces in adsorption of MB dye on 

the surface of DHPM. 

3.2.4. Recyclability of the present adsorbent 

          The repeated efficacy of the adsorbent in dye 

adsorption studies is essential for its long-term effectiveness. 

In order to evaluate the potential for reusing the suggested 

adsorbent, the self-assembled compound was added in a 

glass vial and the dye solutions (MB, 100 g mL-1) were then 

introduced to the vial. The dye solutions were analysed to 

determine their absorbance spectrum and the adsorption 

capability of MB dye was assessed. Afterwards, the self-

assembled compounds were filtered off from the dye 

solution and subsequently washed with dil HCl/acetone 

mixture then with distilled water. Subsequently, a new dye 

solution was introduced and its absorbance was measured. 

After conducting five cycles, it was observed that the dye 

adsorption capacity for MB was decreased well with the 

initial cycle in Fig 10. These studies indicated that self-

assembled compound have the potential to regenerate and 

selectively adsorb dyes for more times. 

 

 
Fig 9. FT-IR for before and after adsorption of the material 

 
Fig. 10. Recyclability of the adsorbent over MB dye. 

3.2.5. Comparisons of adsorption efficiency 

The outcomes of our investigation with previous studies 

on the MB dye using different adsorbent materials were 

compared (Table 4). Among other conventionally 

synthesized composites or materials, the self-assembled 

compounds demonstrates the better adsorption capacity. 

From these results, the presently used material has a better 

vision in the adsorption field. 

 

Table 4. Comparison of other adsorbents for removal of MB dye. 
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Adsorbent 

Adsorption 

capacity 
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Isotherm 

model 

pH 

 

Temperature 

(K) 

 

Equilibrium 

Time 

 

References 

NiO-HAp@ γ-Fe2O3 7.5 Langmuir 8.0 298 180 min [49] 

Modified biogenic HAp 205.22 Langmuir 7.0 313 240 min [50] 

Peanut shell 120.48 Langmuir 7.0 298 720 min [51] 

Kenaf core fibers 131.6 Langmuir 6.0 315 120 min [52] 

Peach stone 178.6 Langmuir 5.7 256 180 min [53] 

Pyrimidone derivative 234 Langmuir 9.0 298 180 min Present study 
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4. Conclusion 

A self-assembled bio-inspired heterocyclic compound 

synthesized using a green method employed as a novel 

effective adsorbent for the adsorptive removal of MB dye 

from aqueous solutions. Due to the ionisation of functional 

groups like keto and amine groups with increasing in 

temperature, the DHPM's adsorption ability towards MB 

enhanced in alkaline environments. The ideal adsorption 

conditions for MB are 0.1 g of adsorbate DHPM in 100 mL 

of a solution containing 50 mg L-1 of MB dye. Due to the 

hydrogen bonding, n-π and π-π interactions between the 

functional groups on the DHPM and MB, the adsorption 

capacity of DHPM for MB at 250C is 234 mg g-1. In kinetic 

studies, the PSO model is the most simulated to describe the 

MB dye adsorption kinetics as the intraparticle diffusion 

model indicates that the adsorption process takes place in 

two steps viz., surface diffusion and pore penetration. The 

non-linear Langmuir-Freundlich model were well fitted with 

the experimental equilibrium data. The thermodynamic 

analysis demonstrated that MB adsorption onto DHPM was 

endothermic (△Ho : 43.47 KJ/mol-1) and spontaneous (△Go 

: -1.07 KJ/mol-1 at 298 K). Overall, it can be concluded that 

DHPMs functions effectively as absorbents for adsorptive 

removal of cationic dye from aqueous solutions. 
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