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Abstract: Porous magnetite Fe3O4 nanospheres (PMNs) are synthesized for removal from an aqueous 

solution of anionic dyes Acid Red 57 (AR57) and Remazol Red (RR) and are used as a high-

performance adsorbent. Characterization of PMNs was carried out using various techniques, such as 

Fourier-transform infrared spectroscopy, the surface area measured by Brunauer Emmett-Teller (BET), 

and it was found 143.65m2g-1, and were spherical-shaped as determined by TEM. Surface modification 

was calculated using electron microscopy (SEM) scanning. The spherical morphology of the PMNs is 

very uniform, with an average particle size of ~25,84 nm in diameter. Variables such as initial pH, the 

dosage of adsorbent, contact time, and temperature were analyzed to find the optimal adsorption 

conditions for extracting Acid Red 57 (AR57) and Remazol Red (RR) from aqueous solutions. For 

respective AR57 and RR, the optimal pH for the extraction of the anionic dyes examined from water 

solutions was 3 and 4. The maximum adsorption potential expected for AR57 and RR dyes was 888.68 

and 808.43 mgg−1, respectively. The effects of the initial solution pH, temperature, initial concentration, 

contact time, salinity, and dosing of PMNs were systematically analyzed. These dyes were suitable for 

acid pH adsorption, as the PMNs Zero-charge point (pHPZC) equals 4.3. Adsorption findings were based 

on the Langmuir, Freundlich, Dubinin – Radushkevich, and Temkin adsorption isotherms. The 

adsorption isotherm had been found to follow the Langmuir model for both dyes. The mean adsorption 

energy (Ea) is 20.24 and 31.3  kJmol−1 for AR57 and RR, respectively, indicating a chemisorption 

process. The adsorption kinetics had been found to follow the pseudo-second-order kinetic model. The 

adsorption process was verified to be endothermic and spontaneous by thermodynamic studies. Using 

ethanol as a solvent, it was also studied the process of desorption of the adsorbed anionic dyes. 
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1. Introduction 

Despite a big issue: water contamination, rivers, seas, and lakes become more and more 

water-disposed. One of the water contaminants that has gained much attention is an organic 
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dye, due to its toxic nature and harmful effects on all life types [1]. Dyeing factories are one of 

the major sources of pollution from the atmosphere because the heavily colored waste 

discharged colorants are resistant to light, other chemicals, oxidizing agents and due to their 

chemical composition are biologically non-degradable and thus, once released into the aquatic 

environment, it is difficult to remove [2]. Removal of this colored water into receiving waters 

may affect aquatic life [3,4]. 

Owing to economic considerations such as ultrafiltration, coagulation, oxidation, 

ozonation, reverse osmosis, sedimentation, flotation, precipitation, and so on, modern 

wastewater treatment systems are complicated to use in the treatment of textile dyes[5]. Recent 

years have seen the removal of pollutants by adsorption become more common. Thanks to the 

demonstrated efficiency of changing waste to stable forms than the traditional treatment 

methods mentioned above [6,7].  

Porous magnetite nanoparticles (Fe3O4), as a result of their attractive potential 

applications as an interesting class of crystalline materials, have provided great agreement of 

consideration [8]. The size and shape-controlled synthesis of nano-scaled magnetite has been 

of considerable interest recently [9,10]. 

PMNs were synthesized and described in this study, and the adsorption activity of AR 

57 and RR was analyzed in detail[11]. Parameters influencing the adsorption cycle, such as 

initial dyes concentration, solution pH, the dosage of PMNs, temperature, and contact time, 

were examined. Isotherm and kinetic simulations analyzed the experimental equilibrium 

adsorption data [12-14].  

2. Materials and methods 

2.1. Chemicals. 

Chemicals were used as obtained without additional purification process. They include 

ammonium ferrous sulfate (99%, Tianjin Kemiou Chemical Reagent, China), 2-

methylimidazole (Hmim) (Sinopharm chemical reagent Co. Ltd., China), anhydrous ethanol 

(99.7%, Sinopharm chemical reagent Co. Ltd., China), Acid Red 57 and Remazaol Red were 

purchased from Merck KGaA, 64271 Darmstadt, Germany. 

2.2. Preparation of porous magnetite nanoparticles (PMNs). 

Porous magnetite nanoparticles were prepared by weighing about 1.67 gm from 2-

methyl imidazole and dissolve it in 20.75 methanol, stirring well for 10 min until completely 

dissolved (solution 1). About 3.9 gm from ferrous ammonium sulfate were weighed and 

dissolved in a suitable amount of distilled water (about 25 ml), stirring well for 10 min until 

completely dissolved (solution 2). A dark brown suspension solution was formed after adding 

solution 2 to solution 1, then stirring well for 15 min. The solution was poured into a clean 

bottle and put in ultrasonic at 50 oC for 15 min to decrease the particle size of PMNs. The 

solution was filtered, and the precipitate was dried in the oven at 60 oC for 6 hours until 

completely dry [15,16].  

2.3. Preparation of Adsorbate. 

A stock solution (1x10-3 M) of AR57 and RR were prepared individually. We used 

bidistilled water in preparing the stock solutions and during all experimental analysis. 
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Table 1. Adsorbate (Acid Red 57 and Remazol red) properties utilized in the study. 

Dye Ball and stick model of dye 
Molar mass 

(g.mol-1) 
λ max 

Electrical 

property 

Acid Red 57 

 

548.57 512 Anionic 

Remazol Red 

 

562.58 541 Anionic 

2.4. Characterization of PMNs. 

With a JASCO-FT/IR-4100 spectrometer (Jasco, Easton, MD, USA), FTIR analysis 

was carried out in the wavenumber range 400–4000 cm−1 the finely ground sample of PMNs 

was involved into KBr discs before analysis. By X-ray diffraction (XRD) system structural 

deviations of the as-prepared PMNs samples was investigated a Shimadzu XRD-6000 diffract 

meter (Shimadzu Corporation, Tokyo, Japan) equipped with Cu Kα radiation (λ = 1.54 Å). The 

2θ range was varied between 5–80° at a scanning rate of 0.02o. We measured and optimized 

space group and lattice parameters of the crystal system by using CRYSFIRE and CHEKCELL 

computer databases. The samples' morphologies and structures were characterized by 

transmission electron microscopy (TEM, FEI Teanci G2 F20, USA). UV-visible 

spectrophotometer (HACH LANGE DR5000) was based on sample absorbance measurements 

using 1.0 cm quartz cell. N2 sorption isotherms were recorded at the boiling temperature of 

liquid nitrogen (-196 °C) on ASAP 2020 (Micrometrics, USA). The particles were exposed to 

a vacuum (5 × 10−3 torr) at 200 °C before analysis to ensure a clean surface. Using the 

Brunauer-Emmett-Teller (BET) method, from which the surface area of Brunauer-Emmett-

Teller (BET) and pore volume of Barrett-Joyner-Halenda (BJH) were determined. A scanning 

electron microscope (SEM) was used to study the surface morphology of PMNs investigation 

was at speeding up voltages of 20 kV (JEOL-JSM-6510 LV) using gold coating examination. 

HANNA instrument pH meter (model 211) was used for pH modification. 

2.5. Experimental Design for Batch Adsorption Studies. 

Experiment parameters such as pH value (2−12), A stock solution (1×10−3 molL–1) of 

Acid Red 57 (AR57) and Remazol Red (RR) dye was prepared by dissolving an appropriate 

quantity of the powder in distilled water. Dose concentration of sorbent (PMNs) (0.01 to 0.1) 

g 25 mL−1, adsorbent dosage, and temperature (25–55 °C) on the adsorption of AR57 and RR 

in aqueous solution were investigated in detail [17]. After agitation at 200 rpm for 120 min, 

the adsorbent was separated by the magnet [17] (Figure 2). The concentration of dyes was 

determined by UV–vis at 512 and 541 nm for AR57 and RR, respectively [18,19]. 
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Percentage of dye removal (R) was calculated using Eq. (1): 

%R = 
(𝐶0−𝐶𝑡)

𝐶0
 𝑥 100                    (1) 

While the sorption capacity (qe, mmolg−1) was determined by the mass balance 

equation (Eq. 2): 

qe = 
(𝐶0−𝐶𝑒)𝑉

𝑀
       (2) 

The sorbet amount of dye per unit weight of the sorbent at time t (qt, mmolg−1) was 

calculated from the mass balance equation (taking into account the decrement in the volume 

of the solution) as follows (Eq. 3): 

q(t) =  ∑
[ C(t)(i−1)−C(t)(i)V(t)(i−1)]

M

n
i=1      (3) 

where C(t)(i) (molL–1) is the dye concentration of the withdrawn sample number i at time t, 

C(t)(0) = C0, V(t)(i) (mL) is the volume of the solution in the flask at sample number i and time 

t, and M is the mass of the sorbent in the flask. Here, V(t)(i) – V(t)(i–1) = 1 mL (the sample 

volume). 

 

Figure 1. Schematic illustration of the adsorption process for the Acid red 57 (AR57) and Remazol red (RR) 

using Fe3O4. 

3. Results and discussion 

3.1. Characterization of PMNs. 

3.1.1 X-ray diffraction (XRD) patterns. 

PMNs pattern XRD appears in Fig.2. The samples can be assigned to PMNs in keeping 

with the XRD pattern, and no alternative element has been discovered in those samples [20-

22]. The occurrence of strong peaks at 2θ = 30.45°, 35.765°, 36.94°, 43.46°, 53.94°, 57.485°, 

63.09° and 74.7° match to planes (200), (311), (222), (400), (422), (511), (400), and (533), 

respectively. That shows the high crystallinity of the PMNs prepared. The XRD analysis on 

the prepared PMNs is relatively compatible with the Fe3O4 standardized cubic spinel figures 

(JCPDS card no. 19-0629). No additional peaks are detected which fit into other phases, 

representing high purity and good sample crystallinity. 
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Because of the peak locations and intensity ratios, a polycrystalline design of the Fe3O4 

nanoparticles was suggested [23]. Scherrer formula was used to calculate the size of PMNs 

nanoparticles in crystallite (Eq. 4): 

D=
𝐾λ

𝛽 cosθ
                       (4) 

where λ is the wavelength of the X-ray (1,54 Å), β is the angular width of the peak at half its 

maximum intensity (full width at half maximum) corrected for instrumental expansion, β is the 

limit of the Bragg diffraction rate, and K is the Scherrer constant (0,9 Å). The crystallite size 

of PMNs measured at the height of the high-intensity peak at 2θ = 35° was 30.05 nm. Since the 

magnetite (PMN) and magnetite (Fe3O4) XRD patterns are very similar, it is important to 

calculate the interplanar distance d and the lattice parameter to distinguish between the two 

phases[24]. The interplanar spacing d and the lattice parameter for the reflected peak (311) were 

calculated using the following equations (Eq. 5 and 6): 

2dhki sinθ = nλ                                                            (5) 

a = dhki (h2+k2+i2)1/2                                                   (6) 

The calculated values (d = 2,50860 Å and a = 8,3181 Å) are extremely close to the 

standard values for Fe3O4 (d = 2,5320 Å and a = 8,3960 Å) recorded in JCPDS file (JCPDS 

19-0629). The final samples are reported to be magnetite [25,26]. 

 
Figure 2. X-ray diffraction spectra of PMNs. 

 
Figure 3. FTIR spectrum of PMNs. 
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3.1.2. Fourier-transform infrared (FTIR) analysis. 

FT-IR between 4000 and 400 cm−1 was used to examine the functional groups present 

in the material PMNs. The spectrum of PMNs with FT-IR is shown in Figure 3. The bands of 

absorption obtained at 2977 cm−1 correspond to the O–H strain [27].  The peak at 614 cm-1 

correspond to Fe-O bond. It indicates the magnetic core's existence and is even more noticeable 

in the magnetite nanoparticles [28]. 

3.1.3. Brunauer-Emmett-Teller (BET) surface area. 

The pores' surface area and volume are both very important factors to determine in a 

material porous because the pores' size and volume can significantly influence the properties 

of the materials and their application processing capability [29]. In general, this is achieved by 

measuring the Brunauer-Emmett-Teller (BET) surface area of the material. BET tests use a 

physisorption-based adsorption isotherm and the potential of a gas to be weakly bound to the 

material's exterior surface as it comes into contact. Physisorption is a reversible process, and 

so gas easily adsorbs and desorbs to the surface of the content. The volume of gas adsorbed at 

a series of different pressures, at a constant temperature, is calculated to give the adsorption 

isotherm. The temperature is usually held constant using liquid nitrogen; thus, the temperature 

is ~77 K. The sum of gas adsorbed is plotted against the relative pressures that give the graph 

called the adsorption isotherm. The curve form on the graph provides insight into the sort of 

pores that in the material Fig. 4. The adsorption isotherm of PMNs can be labeled as Type V, 

which indicates the existence of hysteresis loop, capillary condensation occurring in a 

mesoporous, limit uptake at high initial P/Po loop is defined by mono-multilayer adsorption, 

while the 2nd loop represented the desorption [30]. 

 
Figure 4. N2 sorption isotherm of PMNs. 

The PMN's BET surface area was 143.65 m2/g with a value of 16.2 Å for the N2 

molecule's cross-sectional area. However, the total volume of pores at saturation pressure 

measured as the liquid volume is 0.161 cm3/g. The average pore size of 2.24 nm, which is 

helpful for application with adsorption. 
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3.1.4. SEM and TEM analysis. 

Scanning electron microscopy (SEM) and Transmission electron microscope (TEM) 

are well-thought-out as the key methods for clarifying surface morphology, the theory of 

physical properties, and PMNs. It is suitable for the determination of the adsorbent's porosity, 

morphology, and proper size. PMNs were analyzed via SEM and TEM. Figure 5 and Figure 6. 

The SEM and TEM study agreed that nanoparticles were PMNs because their average diameter 

was ~25,84 nm. PMNs have large pores in which the related hood of adsorption and dye 

trapping is high in these pores. TEM also shows clearly that PMN particles are of a spherical 

form [31]. 

 
Figure 5. SEM image. 

 
Figure 6. TEM image of PMNs. 

3.2. Batch experiments. 

3.2.1. Determination of point of zero charge (pHPZC). 

One of the most important factors in the adsorption process was pH, as it determined 

the form of adsorbent solution and the sorbent's surface load. The PZC measured the PMN's 

surface load, defined as the pH (pHPZC), at which the positive surface load is equal to the 

negative load [20]. PMNS pHPZC was found to be at 4.3. 

Under this pH, the PMNs obtain a positive charge due to the functional group's 

protonation, and there is a negative charge on the PMNs surface above this pH. Adsorption of 

anionic colors is favored at pH < pHPZC, where the surface is negatively charged (Figure 7). 
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Figure 7. Relation between the initial pH and ΔpH of PMNs. 

3.2.2. Effect of pH. 

The solution pH is one of the most important factors affecting the adsorbent potential 

in removing dye. Variation of pH affects the acid-base composition of the solution and affects 

the surface load of PMNs; this is critical for the adsorption of ionic colors. The adsorption 

potential for the PMNs adsorption process increased with pH range from 2 to 4 (Figure 8). 

The removal of the tested dyes AR57 and RR by PMNs nanoparticles at different pH 

values (2–12) was studied at Concentrations of 1.83x10−4 molL−1 of the adsorbent dose of 

AR57, 25℃, and 0.02 g were examined, while the initial concentration of RR, 25℃, and 0.02 

g of PMN were 1.51x10−4 molL−1. The adsorption efficiency of AR57 and RR decreased 

slightly with a further increase of pH [32,33].  

This AR57 and RR adsorption pattern can be explained by the PMN's Zero Charging 

Point (pHPZC), and the pHPZC has been specified at 4.3. These two anionic dyes, AR57 and RR, 

exist stably in the studied Ph range in their anionic form; thus, adsorption capacity increased 

slowly due to positive charged PMNs. The quantity of OH− in solution increases with pH rise, 

and OH− excess clashes with two selected dyes to attract PMNs and adsorb them on their 

disabled sites.  

 
Figure 8. (a) pH effect on AR57 adsorption using the adsorbent (PMNs): (T: 25 oC; C0: 1.83x10−4 molL−1); (b) 

pH effect on RR adsorption using the adsorbent (PMNs): (T: 25 oC; 1.51x10−4 molL−1). 

 Thus, under alkaline conditions, the adsorption of AR57 and RR on PMNs decreases; 

high ability adsorption occurs when there is heavy electrostatic cooperation between the Fe3+ 

https://doi.org/10.33263/BRIAC115.1337713401
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Cation and SO3− dye anions at a strongly acidic pH as the attraction between the PMNs is 

charged positively surface and the acid (anionic) dyes. When the system's pH increases, the 

number of negatively charged sites is increasing, and the number of positively charged sites is 

rising. Based on the above results, the slight suggested the presence of another force supporting 

the process, and reference could be made to the hydrogen bonding [34,35]. 

3.2.3. Effect of adsorbent dosage. 

The adsorption of AR57 and RR in PMNs nanosphere was determined by adjusting the 

adsorbent range ((0.01 to 0.1) g 25 mL−1), adsorbent concentration (1.83x10−4 molL−1 at 25 

℃), and pH (3) for AR57. For RR, a concentration of 1.51x10−4 molL−1 at 25 ℃ and pH 4 

were used. The findings are from Figures 9a and 10a indicate the adsorption potential of AR57 

and RR as a function of the adsorbent dose. The adsorption capacity for AR57 and RR grows 

from 3.55 to 0.434 mmol/g and from 3.5 to 0.37 mmol / g, respectively, when the PMNs dosage 

rises from 0.01 to 0.1 g 25 mL. Figures 9b and 10b show the effect of PMN-sorbent dosage on 

equilibrium concentration (C/C0) of AR57 and RR. As the dose increases, the AR57 and RR 

balance concentration is reduced. This is because of the increased surface adsorption of the 

PMNs. The results showed that the efficiency of removal increases to 95.15% (C/C0= 0.048) 

at an adsorbent dosage of 0.1g, 25 mL, C0: 1.83x10−4 molL−1 and pH=3 for AR57, while for 

RR, the removal efficiency rises to 98.3% (C/C0= 0.017) at an adsorbent dosage of 0.1g, 25 

mL, C0: 1.51x10−4 molL−1 and pH=4. The adsorbent surface is self-possessed by active sites 

possessing a variety of binding energies[36]. At low adsorbent concentration, all the sites are 

completely exposed. The adsorbent surface is saturated faster, indicating higher adsorption 

efficiency. An increase in adsorbent mass leads to a reduction in the adsorption potential for 

equilibrium per unit adsorbent weight (qe) since excess adsorbent is present in the solution for 

the restricted amount of AR57 and RR ions[37]. 

The result is that the 0.01 g 25 mL dosage achieves the full load capacity for the sorbent, 

and the 0.1 g 25 mL dosage achieves the full removal efficiency of 95.15% (C/C0= 0.048) for 

AR57 and 98.3% (C/C0 = 0.017) for RR. Therefore, determining the optimal dose of adsorbents 

depends on the nature and purpose of the treatment processes. If the goal is the WHO's water 

quality norm, a greater quantity of PMNs is ideal (0.1 g 25 mL), and if the goal is the average 

sorbent load per unit mass, the dose of (0.01 g 25 mL) is more appropriate. 

 
Figure 9. Effect of PMNs dosage on AR57 adsorption: (a) Sorption capacity vs. SD; (b) relative residual 

concentration (C/C0) vs. SD (C0: 1.83x10−4 molL−1; T: 25 °C; pH 3). 
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Figure 10. Effect of PMNs dosage on (a) RR adsorption sorption capacity vs. SD; (b) relative residual 

concentration (C/C0) vs. SD (C0: 1.51x10−4 molL−1; T: 25 °C; pH 4). 

3.2.4. Effect of contact time. 

Study the adsorption of tested dyes AR 57 and RR onto PMNs was examined with dye 

concentrations ranging from 8.85x10−5 to 3.94x10−4 molL−1 and 9.32x10−5 to 1.91x10−4 molL−1 

for AR57 at pH 3 and 0.02 g adsorbent dosage and RR pH 4 and 0.02 g adsorbent dosage, 

respectively the removal increases with time and attains saturation in about 5-100 mins with 

200 rpm agitation speed. The findings showed that the dye's adsorption was rapid at the initial 

stage of the adsorption reaction (60 min) of the adsorbent/adsorbent interaction, and the 

quantity removal rate was almost negligible due to the rapid adsorption site exhaustion. At first, 

the rate of removal of the dye volume is higher since the adsorbent's greater surface area is 

available for adsorption of the dye [38]. However, all the sites were now colored as the reaction 

bears equilibrium, and thus the adsorption was slow [39]. 

3.2.5. Effect initial concentration (C0). 

The impact of the initial concentration of tested dyes AR 57 and RR onto PMNs was 

examined with dye concentrations ranging from 8.85x10−5 to 3.94x10−4 molL−1 and 9.32x10−5 

to 1.91x10−4 molL−1 for AR57 at pH 3 and 0.02 g adsorbent dosage and RR pH 4 and 0.02 g 

adsorbent dosage, respectively, with time and achieved a maximum value at 90 min. The 

percentage removal decreased as the initial dye concentration of AR57 and RR increased. The 

percentage reduction in adsorption was due to the depletion of the PMNs active binding sites 

at higher AR57 and RR concentrations [40]. 

3.2.6. Adsorption isotherms. 

Isotherm studies give significant visions by clarifying the adsorbate distribution 

between solid and solution phase during the adsorption equilibrium, and adsorption isotherms 

expose the behavior of adsorbate how to interact with adsorbent. Equilibrium revisions that 

give the adsorbent and adsorbate capacity are described by adsorption isotherms, which is 

usually the ratio between the quantity adsorbed and that remained in solution at equilibrium at 

fixed temperature. Numerous isotherm models have been used for considering the equilibrium 

adsorption of compounds from solutions such as Langmuir [41], Freundlich [42], Dubinin–

Radushkevich [43], and Temkin [44].  
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The Langmuir isotherm model accepts the uniform energies of adsorption onto the 

adsorbent surface. It is based on a statement of monolayer adsorption's existence onto a 

completely homogeneous surface with a fixed number of identical sites and negligible 

interaction between adsorbed molecules [45, 46]. The Freundlich model is an empirical equation 

based on adsorption of heterogeneous surface or surface supporting sites of varied affinities. It 

is assumed that the stronger binding sites are occupied first and that the binding strength 

decreases with the increasing degree of site occupation. Dubinin–Radushkevich isotherm is an 

empirical model initially for the adsorption of subcritical vapors onto micropore solids 

following a pore-filling mechanism. It is applied to distinguish the physical and chemical 

adsorption for removing a molecule from its location in the sorption space to the infinity. The 

Temkin isotherm assumes that the heat of adsorption of all molecules in the phase decreases 

linearly when the layer is covered and that the adsorption has a maximum energy distribution 

of uniform bond. 

3.2.6.1. Langmuir isotherms. 

Langmuir adsorption, originally developed to describe liquid-solid adsorption 

processes, is often used to calculate and contrast the adsorption potential of various adsorbents 

[41]. Langmuir isotherm accounts for the surface distribution by matching relative velocities 

of adsorption and desorption (dynamic equilibrium). Adsorption is proportional to the fraction 

of the adsorbent's exposed surface, while desorption is proportional to the fraction of the 

protected adsorbent surface [47]. In the linear form, the Langmuir equation can be written as 

follows Eq (7): 
Ce

qe
=  

1

qmKL
+

Ce

qm
                                                                                (7) 

where Ce is equilibrium adsorbate concentration (mmolg-1). KL is Langmuir constant related to 

adsorption capability (mmolg-1), which can be correlated with the variation in the appropriate 

area and adsorbent porosity, which means that the wide surface area and pores volume results 

in a higher adsorption efficiency. 

The constants qm and KL are measured using the plot Ce/qe vs. Ce with slope 1/qm and 

intercept 1/(qmKL). The critical characteristics of the Langmuir isotherm can be indicated by a 

dimensionless constant called the separation factor RL Eq (8): 

RL =  
1

1+c0KL
         (8) 

where KL is Langmuir constant (mmolg-1), and C0 is the initial concentration of adsorbate 

(mmolg-1). RL values indicate the adsorption to be unfavorable when 𝑅𝐿 > 1, linear when 𝑅𝐿 = 

1, favorable when 0 < 𝑅𝐿 < 1, and irreversible when 𝑅𝐿 = 0. 

3.2.6.2. Freundlich Isotherms: 

Freundlich isotherm is true for adsorption processes that occur on a heterogeneous 

surface [42]. This isotherm explains the surface heterogeneity and the exponential distribution 

of the active sites and their energies [48]. The Freundlich isotherm linear form is as follows 

[49] Eq (9): 

ln qe = ln KF +
1

n
 lnCe                                                                      (9) 
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where KF is adsorption capacity (mmoLg-1)(Lmmol-1)1/n and 1/𝑛 is adsorption intensity. The 

relative energy distribution and the heterogeneity of the adsorbed sites are also indicated. KF 

and n can be calculated from a linear plot of ln qe vs. ln Ce 

3.2.6.3. Dubinin–Radushkevich Isotherms: 

Dubinin-Radushkevich isotherm model is an empirical adsorption model widely used 

to describe the adsorption processes with Gaussian energy distribution on heterogeneous 

surfaces. This isotherm is only ideal for intermediate adsorbent concentrations because it 

demonstrates an asymptotic activity, which is impractical. 

The model is a semiempirical equation where adsorption is followed by a pore filling 

process [43]. This presumes a multilayer character involving Vander Waal's forces, applicable 

to physical adsorption processes, and is a fundamental equation that qualitatively defines the 

adsorption of AR57 and RR on PMNs [50] Eq (10): 

ln qe = ln QDR −  KDRε2                                                                               (10) 

where the Polanyi potential is ε (J2mol−2). The gas constant is R (8.314 Jmol−1K−1). 

The ln qe vs. ɛ2 plot slope provides KDR (mol2/kJ2) and QDR (mmol/g) adsorption 

efficiency for the intercept yields [4]. 

3.2.6.4. Temkin Isotherms. 

Temkin isotherm model considers the impact of indirect adsorbent/adsorbent 

interactions on the adsorption process; adsorption processes are also presumed; adsorption heat 

(Δ𝐻ads) of all layer molecules are also assumed to decrease linearly as a result of increasing 

surface coverage[44].  The Temkin isotherm is valid only for medium concentrations of ions. 

The linear form of the isotherm Temkin model is given by the following Eq (11): 

qe =  βT ln KT + βT lnCe        (11) 

The β and KT parameters are the Temkin constants, which can be calculated by the qe 

vs. ln ce plot. The parameter for linear and nonlinear forms of Langmuir, Freundlich, 

Dubinin–Radushkevich, and Temkin isotherm models are shown in Table 2. 

Table 2. Isotherms and their linear forms for the adsorption of AR57 and RR onto PMNs. 

Models Parameter 
Dyes 

AR57 RR 

Langmuir 

qm exp (mmolg-1) 1.6 1.438 

qm (mmolg-1) 1.62 1.437 

KL (Lmmol-1) 2.18E+04 1.11E+06 

RL 0.04 0.05 

R2 0.999 0.9999 

Freundlich 

n 9.07 16.24 

KF (mmoLg-1)(Lmmol-1)1/n 1.178 2.42 

R2 0.7985 0.52 

Dubinin–Radushkevich 

QDR 0.787 0.593 

KDR(J2mol-2) -1.22E-09 -5.11E-10 

Ea(kJmol-1) 20.24 31.3 

R2 0.848 0.563 

Temkin 

bT(Lmol-1) 16799.38 33957.95 

AT (kJmol-1) 17.24 28.16 

R2 0.8388 0.5226 
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Finally, the Langmuir isotherm model is the best match, so the most appropriate model 

is considered to define the isotherm for the adsorption of both AR57 and RR colors with PMNs 

sorbent figure 11 to 14 for AR57 and RR. The Langmuir model presented AR57 and RR with 

a strong correlation coefficient R2 = 0.9999. 

 
Figure 11. Linearized plots for sorption isotherms for AR57: (a) Langmuir equation; (b) Freundlich equation. 

 
Figure 12. Linearized plots for sorption isotherms for RR: (a) Langmuir equation; (b) Freundlich equation. 

 
Figure 13. Linearized plots for sorption isotherms for AR57: (a) Dubbin-Radushkevich equation; (b) Temkin 

model. 

 
Figure 14. Linearized plots for sorption isotherms for RR: (a) Dubbin-Radushkevich equation; (b) Temkin 

model. 
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Moreover, Table 2 shows that the qm calculated from the Langmuir isotherm was 

identical to the experimental qmax. Also, for AR57 and RR, the RL value was approximately 

0.04 and 0.05, which indicate a favorable adsorption behavior. 

For AR57 and RR, respectively, the Dubinin-Radushkevich isotherm results are shown 

in Table 2 and Figs 13 and 14. Chemisorption processes are claimed to be the mean energy 

value of the adsorption isotherm. Indeed, it is generally admitted that 8 kJ.mol-1 is the limit 

energy for distinguishing physical (below 8 kJ.mol-1) and chemical sorption (up 8 kJ.mol-1). 

Even given the porous sorbent effect and the energy involved in the sorption processes, this 

isotherm was traditional. This finding suggests that the binding of dye ions on the sorbent 

surface may occur as a monolayer. The absorption occurs on a homogenous surface by 

monolayer sorption. That should be based on experimental observation for validation. 

Consoling the homogeneous surface hypothesis (or homogeneous sorption energies) is the 

presence of the same type of functional groups. 

A summary of the correlation coefficient values derived from the isotherm models 

Langmuir, Freundlich, Dubinin-Radushkevich and Temkin Table 2, shows that the correlation 

coefficients for Langmuir are higher than those for the isotherm models Freundlich, Dubinin-

Radushkevich and Temkin. This finding suggests that the binding of dye ions on the sorbent 

surface may occur as a monolayer. The absorption occurs on a homogenous surface by 

monolayer sorption. 

That should be based on experimental observation for validation. The presence of the 

same type of functional groups is consoling the earth's hypothesis (or homogeneous energies). 

The pattern classification as follows: Langmuir > DubinRadushkevich > Temkin > Freundlich, 

both for AR57 and RR. 

3.2.7. Adsorption kinetics and mechanism studies. 

The adsorption kinetics analysis defines the dyes' uptake rate, and this rate precisely 

regulates the adsorbate uptake residence time at the solid solution's interface. In the beginning, 

the degree of elimination of measured dye by adsorption was high. It then slowed down 

gradually until reaching an equilibrium above which the rate of removal increased significantly. 

The optimum adsorption was calculated at 100 minutes and is thus known as the equilibrium 

time. 

3.2.7.1. The pseudo-first-order. 

According to the kinetic model equations below the pseudo-first-order kinetic models 

were used to match the experimental results and obey the adsorb kinetics of tested dyes on 

PMNs. 

Lagergren's pseudo-first-order rate formula [51] is given as Eq. 12: 

log(𝑞𝑒 − 𝑞𝑡) = log 𝑞𝑒 − (
𝐾1

2.303
) 𝑡                                                                                (12) 

The ln (qe - qt) vs. t plot gives a straight line with the -K1 slope and intercept ln qe. 

3.2.7.2. The pseudo-second-order. 

The experimental data associated with a kinetic model of the pseudo-second-order. 

The kinetic model of the pseudo-second-order [52] is expressed as Eq. 13: 
𝑡

𝑞𝑡
=

1

𝐾2𝑞𝑒
2 +

t

qe
                                                                                                           (13) 
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 Values of K2 and qe for various initial dye concentrations were determined from the 

slope and linear plot intercept of t/qt vs. t. 

Comparison of kinetic models, the pseudo-second-order kinetic model R2 values 

(0.9999) are much higher than those of the pseudo-first-order kinetic model (0.91472) for 

AR57, while the pseudo-second-order kinetic model R2 values (0.9999) for RR are much higher 

than those for the pseudo-first-order kinetic model (0.82202) Table 3, and the kinetic pseudo-

second-order configuration is the perfect match for both the AR57 and RR colorants. The 

pseudo-second-order kinetic model qe (calc.) value is in true understanding with the 

experimental findings. The rate-limiting step in these adsorption processes may be 

chemisorption with strong forces through the sharing or exchange of electrons between sorbent 

and sorbate Figures 15 and 16. 

 
Figure 15. Modeling of uptake kinetics for AR57 with: (a) pseudo-first-order rate expression; (b) pseudo-

second-order rate expression. 

 
Figure 16. Modeling of uptake kinetics for RR with: (a) pseudo-first-order rate expression, (b) pseudo-second-

order rate expression. 

3.2.7.3. Webber (intraparticle diffusion). 

Weber postulated an empirical relationship with four parameters for a wide range of 

adsorption systems, which gave an excellent interpretation of the data pattern [53] Eq. 14: 

𝑞𝑡 =  𝐾𝑖 𝑡
1

2⁄ + 𝑋                                                                                       (14) 

The Kdif and C parameters were calculated from the qt vs. t1/2 linear plot. 

Webber's curve (intraparticle diffusion) provides multilinearity; it does not traverse the 

source. For AR57 and RR, respectively, the kinetic model of intraparticle diffusion (R2 = 

0.23375 and 0.20884) was calculated from the slope of the corresponding second linear region 

(Figures 17 and 18). 
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Only the initial stages of adsorption (initial sharp rise) are essential for the external 

resistance to mass transfer surrounding the particles. The second linear portion is the normal 

adsorption processes, with the regulation on intraparticle diffusion. Suppose the plots do not 

pass through the origin. In that case, this means that the pore diffusion is not the only rate-

limiting step. However, other kinetic models can also regulate the adsorption rate, all of which 

can function simultaneously. 

3.2.7.4. Elovich. 

The equations which describe this model are based on a kinetic principle, which implies 

that adsorption sites increase exponentially with adsorption; this implies multilayer adsorption 

[54] Eq. 15: 

𝑞𝑡 =  
1

𝛽
ln(𝛼𝛽) +

1

𝛽
 𝑙𝑛𝑡                                                                              (15) 

The constants α and β were obtained from a line plot qt vs. ln t on the slope and 

intercept, respectively. 

The Elovich equation indicated that the adsorbent's active sites are heterogeneous and 

give different chemisorption activation energies. As the dye concentration increased, the 

constant α (attached to the rate of chemisorption) increased, and the constant β (attached to the 

surface coverage) decreased (Figures 17 and 18), which is due to the decrease in the available 

adsorption surface for the adsorbates. Therefore, by increasing the concentration within the 

range studied, the chemisorption rate can be increased [55]. Table 3 shows the importance of 

all data concerning kinetic parameters. 

 
Figure 17. Modeling of uptake kinetics for AR57 with (a) simplified model of resistance to intraparticle 

diffusion (Morris and Weber equation); (b) Elovich equation. 

 
Figure 18. Modeling of uptake kinetics for RR with (a) simplified model of resistance to intraparticle diffusion 

(Morris and Weber equation); (b) Elovich equation. 

Electrostatic interactions between the surface of the PMNs and negative ions AR57 and 

RR negative ions explain the adsorption mechanism as they considered anionic dyes containing 
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one group of sulphonic acids (-SO3Na) in AR57 whereas (-SO3H) in RR. In an aqueous 

solution, the dye separates hydrogen ions (Fe3+). Sulfonate anions (-SO3-) for RR and AR57 as 

AR57 dissociates from sodium ions (Na+) and sulfonate anions (-SO3
−) while RR dissociates 

from hydrogen ions (H+) and sulfonate anions (-SO3
−). 

However, at acidic pH, the sulfonic groups may be protonated to the neutral form (-

SO3H) due to their pKa values below zero, showing negative load even at higher acidic 

solutions. The mechanism analysis shows that the presence of Fe3+ on PMNs surface exposed 

to nanoparticles in a decisive role in high adsorption for AR57 and RR and the ionic bond 

between Fe3+ and(-SO3
−).  

Therefore, at an acidic medium, the number of negatively charged sites on PMNs 

decreases, and the number of positively charged sites increases, enabling the adsorption of 

negatively charged dye ions due to the electrostatic force of attraction. Therefore, AR57 and 

RR's adsorption power to the PMN surface is favorable at lower pH (Eq. 16). 

                          (16) 

Table 3. Kinetic parameters and their correlation coefficients for the adsorption of AR57 and RR onto PMNs. 

Models Parameter 
Dyes 

AR57 RR 

Pseudo-First-order kinetic 

K1 (min-1) 0.0102 -0.0157 

qe (mmolg-1) -0.19 0.20475 

R2 0.91472 0.82202 

Pseudo-second-order kinetic 

K2 (g mg−1 min−1) 0.328 3.47 

qe (mmolg-1) 1.64 1.47 

R2 0.9997 0.9999 

Intraparticle diffusion 

Ki (mgg-1min1/2) -0.0676 -0.068 

X (mgg-1) 0.548 0.542 

R2 0.2338 0.215 

Elovich 

β (g/mg) -4.2 -4.13 

α (mgg-1.min-1) 2.63 2.65 

R2 0.428 0.379 

Experimental data qe (mmolg-1) 1.64 1.47 

3.2.8 Thermodynamic parameters. 

The effect of temperature on adsorption needs to be studied in light of practical 

application. The adsorption experiments were carried out at 5 different temperature degrees: 

298, 303, 308, 313, and 318 K. The capacity for adsorption increases marginally from 1.415 to 

1.57 mmol.g−1 for AR57 and from 1.538 to 1.609 mmol.g−1 for RR with an increase in 

temperature from 298 to 318 K. This behavior shows that AR57 and RR adsorption processes 

to PMNs are endothermic. This finding may be due to increased mobility of dye molecules and 

the diffusion rate of adsorbent molecules across the surface of higher temperature PMNs, 

resulting in increased adsorption efficiency. This conduct indicates that the processes of 

adsorption of AR57 and RR to PMNs are endothermic. This finding can be due to increased 

mobility of dye molecules and the diffusion rate of adsorbent molecules across the surface of 

PMNs with higher temperatures, resulting in increased adsorption efficiency. 

The dye adsorption was confirmed by the pseudo-second-order rate constant [56]. The 

following Arrhenius type relationship (Eq. 17) states as a temperature relation:  

ln k2 = ln A  -  Ea/RT                                                                                     (17) 
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Kc is the adsorption equilibrium constant calculated by Eq. 18 and applied with the 

Van't Hoff equation Eq. 19 and conventional thermodynamic equation Eq. 20 and 21 for 

measuring the thermodynamic constants of the sorbents  

e
C

e
q

=cK                                                                                                     (18) 

where qe and Ce are equilibrium concentrations of AR57 and RR on the adsorbent and in the 

solution, respectively. 

∆Go = -RT lnKc                                                                                          (19) 

∆Go = ∆Ho − T∆So                                                                                       (20) 

Therefore the Van't Hoff equation becomes: 

R 

S

RT 

H-
   ln C

 
+


=K                                                                                   (21) 

Therefore, the value of standard enthalpy change (∆Ho) and standard entropy change 

(∆So) for the adsorption cycle is determined from the slope and intercept of the ln Kc vs. 1/T 

plot also, Ea was calculated from Arrhenius plot intercept (Figures 19 and 20). The 

thermodynamic parameter's value of ∆H° has a positive value indicating that the reaction has 

an endothermic nature in adsorption processes, while ∆G° has a negative value that indicates 

the reaction is spontaneous (Table 4). As the negativity of ∆G° increased with increasing 

temperature, it confirms that the "favorability" increases with temperature [57,58]. 

 
Figure 19. (a) Van't Hoff plots for AR57 adsorption onto the PMNs adsorbent; (b) Arrhenius plots for AR57 

adsorption onto the PMNs adsorbent. 

                         
Figure 20. (a) Van't Hoff plots for RR adsorption onto the PMNs adsorbent; (b) Arrhenius plots for RR 

adsorption onto the PMNs adsorbent. 

Table 4. Standard enthalpy, entropy, and free energy changes for AR57 and RR adsorption on PMNs. 

∆Ho (kJ mol−1) ∆So (J mol−1K-1) Ea (kJ mol−1) T0 (K) ∆Go (kJ mol−1) 

298 303 308 313 318 

15.59 64.4 55 242 -34.49 -34.8 -35.1 -35.5 -36.1 

27.01 114 2.46 237 -6.39 -6.96 -7.5 -8.1 -9.3 
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In industries and water purification plants, the maximum temperature at which the 

adsorption is highly feasible and spontaneous is important. The adsorption of AR57 and RR on 

surfaces with PMNs can be either spontaneous or non-spontaneous, depending on temperature. 

The maximum temperature value that coincides with a null value of standard free energy can 

be inferred from Eq. 22. The temperature variety can be calculated by the temperature value at 

which the normal free energy for adsorption processes is zero (T0). Then, the minimum 

temperature is random. 





S

H
T0




=                                                           (22) 

In this case, the calculated value for AR57 and RR of zero standard free energy 

temperature (T0) is 242 and 237 K, respectively. The low T0 values indicate the viability of the 

adsorbents studied, which remove both colorants at very low temperatures 

3.2.9. Effect of ionic strength (addition of NaCl). 

 The effect of chloride ions on extracting Acid Red 57 and Remazol Red was 

investigated by adding concentration NaCl (from 10 to 40 g/L C0: 1.83x10−4 molL−1; sorbent 

dosage: 0.02 g/25 mL) for AR57 while for RR (C0: 1.51x10−4 molL−1; sorbent dosage: 0.02 

g/25mL).  

 
Figure 21. Influence of NaCl on AR57 adsorption onto the PMNs adsorbent (C0: 1.83x10−4 molL−1; initial pH 3; 

T: 25 ℃; sorbent dosage: 0.02 g 25 mL−1). 

 
Figure 22. Influence of NaCl on RR adsorption onto the PMNs adsorbent (C0: 1.51x10−4 molL−1; initial pH 4; 

T: 25 ℃; sorbent dosage: 0.02 g 25 mL−1). 
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The sorption efficiency is slightly reduced for the considered adsorbents increasing the 

amount of NaCl. Sorption capability reduction of about 20 %, when sodium chloride 

concentration is 20 g / L, was expected. This is possibly due to chloride anions' competitive 

effect on the AR57 and RR anions to interact with the sorption sites [59]. Interestingly, even if 

the concentration of NaCl is 40 g. L−1, the decrease in adsorption efficiency decreases by 

1.5%, which means the potential is retained even under extreme conditions (Figures 21 and 

22). 

3.2.10. Comparison with other adsorbents. 

A comparison was made and presented in Tables 5 and 6 of the maximum AR57 and 

RR adsorption capacities using PMNs as an adsorbent with that of the other adsorbents 

previously mentioned. This indicates that PMNs have a high potential of adsorption for both 

AR57 and RR. 

Table 5. Adsorption capacity (qm) of various adsorbents for the AR57 dye. 

Adsorbent Qm (mgg−1) Reference 

Surfactant-modified sepiolite 425 [60] 

Sepiolite 134.6 [61] 

HTAB-modified sepiolite 307.4 [62] 

Acid activated bentonite 416.3 [63] 

PMNs 888.68 This work 

Table 6. Adsorption capacity (qm) of various adsorbents for the RR dye. 

Adsorbent Qm (mgg−1) Reference 

Chiston 182.18 [64] 

Rice husk ash 0.86 [65] 

NH2-MCM-41  50.4 [66] 

Pistachio shell 108.15 [67] 

Saw Dust 2.73 [68] 

PMNs 808.43 This work 

3.14. Desorption studies. 

A significant property is the reusability of adsorbent devices such as PMNs for 

implemented applications. Our work now relates to the adsorption efficiency of PMNs for three 

consecutive adsorption-desorption sequences. The regeneration of the examined sorbent PMNs 

(the adsorbent charged by AR57 and RR) was achieved by injecting 0.02 g of PMNs into the 

container and washed carefully afterward by flowing several times using 0.01 M HCl until pH 

reaches 7, then washed several times with distilled water. The remaining amount of coloring 

was substituted with ethanol. The adsorbent was collected and put in the oven for 4 hours at 

60℃. 

After regeneration, the adsorbent ready for the second run of uptake. The separation 

efficiency of the regeneration of adsorption/desorption processes was the full adsorbent for the 

2nd run of uptake after regeneration [69]. Regeneration efficiency was found to be 98.2, 94.5, 

90.1 % for the separate adsorption/desorption process. For AR57 and 97.2, 95.6, 92 % for RR 

(Eq. 23). It can be due to the blocking of adsorption pages with PMNs. Also characterized XRD 

of the material of PMNs after three-cycle research and found that the crystallinity and structure 

were the same  
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This result shows that PMNs are highly productive and still serve more than 90 percent 

of the original potential after the third sprint and excellent magnetic separation efficiency 

Figure 23.  

The efficiency of regeneration was calculated using the following equation: 

Regeneration efficiency (%)  =  
Total adsorption capacity in the second run

Total adsorption capacity in the first run
 ×  100                  (23) 

 
Figure 23. X-ray diffraction spectra of PMNs and PMNs regenerated. 

4. Conclusions 

To sum up, nanospheres of Porous magnetite Fe3O4 (PMNs) have been successfully 

synthesized. They have proven to be a high-efficiency adsorbent. The morphology of the PMNs 

is very uniform in a spherical shape, with an average particle size of ~25,84 nm in diameter. 

The contents of PMNs have a relatively high BET surface area of 143.65 m2g−1 and an average 

pore size of 2.24 nm, which is helpful for adsorption. Results suggested that AR57 and RR 

adsorption was highly dependent on initial dye concentration, initial solution pH, contact time, 

and temperature. The adsorption equilibrium showed that the Langmuir isotherm is a better fit 

of the experimental data than the other versions for both AR57 and RR dyes. The mean 

adsorption energy (Ea) is 20.24 and 31.3 kJmol−1 for AR57 and RR, respectively, suggesting 

the chemisorption method. The pseudo-second-order kinetic model, based on the correlation 

coefficient (R2), was found to follow the adsorption kinetics. The determined thermodynamic 

parameters (ΔHo, ΔSo, and ΔGo) showed that, under the experimental conditions, the adsorption 

of both dyes on PMNs was spontaneous and endothermic. PMNs have strong reusability 

characteristics due to their high efficiency since they still serve more than 90 % after the third 

run of the initial capacity and excellent magnetic separation efficiency. It is expected that 

PMNs, which feature well-defined standard mesopores, high surface area, and crystalline 

frameworks, provide great potential for different types of applications. 
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