
Egypt. J. Chem. Vol. 65, No. SI:13, pp. 185 – 197 (2022) 

 

   
 

 

_________________________________________________________________________________________________ 

*Corresponding author, e-mail:  amozarei@gmail.com (Amal M. Ibrahim) 

Receive Date: 22 April 2022, Revise Date: 28 June 2022, Accept Date: 17 July 2022, First Publish Date: 17 July 2022 

DOI: 10.21608/EJCHEM.2022.135033.5953 

©2022 National Information and Documentation Center (NIDOC) 

Egyptian Journal of Chemistry 
http://ejchem.journals.ekb.eg/ 

 

855 
 

Preparation of Non-stoichiometric Zinc Ferrite/Magnetite 
[(ZnxFe1- x)O.Fe2O3] Nanoparticles: Adsorption and Biological 

Activity 

Amal M. Ibrahim,*a Fatma A. Ibrahim,b,c Mohamed M. Selima 

aPhysical Chemistry Department., National Research Centre, NRC, Egypt.   
bDepartment of Chemistry, Faculty of Science, King Khalid University, Abha, Saudi 42 Arabia. 

cPhysical Chemistry Department, Faculty of Women for Art, Science and Education, 44 Ain Shams 

University, Cairo, Egypt 

Abstract 

Magnetic nanomaterials especially ferrites are gaining more interest recent years for environmental and 

biomedical applications. The preparation of non-stoichiometric zinc ferrite nanoparticles [(ZnxFe1-x)O•Fe2O3] 

was achieved by a modified co-precipitation route. The obtained samples were characterized by Scanning 

electron microscopy (SEM), X-ray diffraction (XRD), and Vibrating Sample Magnetometer (VSM). All samples 

have crystallite sizes in the range of 3-7 nm. The hysteresis curves for magnetic properties showed a very low 

coercivity tending to zero for pure ZnFe2O4.This behavior is attributed to the crystallite size which is smaller than 

that of a single domain. The prepared samples were evaluated upon removal of Alizarin yellow dye and various 

parameters for the adsorption process were studied. The adsorption process showed high removal efficiency, 

which reached to 93% in the case of the zinc ferrite sample with maximum zinc molar ratio. The removal 

efficiency was found to increase with increasing molar ratio of Zn. The obtained nanopowders were also tested 

for their antimicrobial activity against Gram-negative bacteria, Gram-positive bacteria, and pathogenic yeast. The 

sample with the highest molar ratio of zinc showed potent antimicrobial activity against Bacillus cereus, 

Staphylococcus aureus, and Candida albicans. The ZnFe2O4 sample is considered a promising antimicrobial 

agent.  

Keywords: magnetic nanomaterials; Zinc ferrite; magnetic properties; antimicrobial activity.

1. Introduction 

In recent decades, the water crisis is taking more 

effort and research to improve water treatment 

techniques to reuse industrial wastewater and many 

effluents of polluted water. One of the problems that 

arise after treatment of wastewater is the removal of 

the treatment agents from the water effluent to be 

able to reuse it. The manipulation of magnetic 

materials to act as wastewater treatment agents either 

as adsorbents for organic and inorganic pollutants or 

as disinfection agents for removing pathogenic 

microorganisms, this manipulation is considered a 

solution for the removal problem of the adsorbents. It 

is easy to remove magnetic agents after the 

wastewater treatment simply by applying an external 

magnetic field. Iron-based magnetic nanoparticles 

have attracted increasing attention due to their wide 

applications. Among iron-based magnetic materials, 

ferrites, a ferromagnetic metal oxide, are widely used 

in many fields, including drug delivery systems and 

pharmaceuticals [1,2], cancer treatment [3,4], sensors 

and biosensors [5-7], microwave absorbing materials, 

and magnetic resonance imaging [8,9]. Ferrites have 

been classified into three classes based on their 

crystal structure, hexagonal ferrites (hexaferrite), 

garnet, and spinel ferrites. Hexaferrites (Figure-1-a) 

have the general formula (MFe12O19) obtained by 

stacking two different types of structural blocks. 

Hexaferrites have the advantage of having a layer of 

oxygen atoms in a closed-backed structure [10, 11]. 

https://doi.org/10.21608/ejchem.2022.135033.5953
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Garnet metal ferrites have the general formula 

(MFe5O12) (Figure-1-b). In garnet ferrite, all 

octahedral and tetrahedral sites occupy by metallic 

cations [12]. Iron-based spinel ferrites have a face-

centered cubic structure (Figure-1-c). Spinel ferrites 

have the formula [𝑴𝟏−𝒙
+𝟐 𝑭𝒆𝒙

+𝟐]A∙[𝑴𝒙
+𝟐𝑭𝒆𝟐−𝒙

+𝟑 ]B
. Where 

(A) represents the tetrahedral sites, (B) represents the 

octahedral sites, and (x) represents the trivalent iron 

ions in the tetrahedral positions [13]. 

 

 
 
 

Figure -1-a-hexaferrite crystal structure [14], -b- 

Garnet metal ferrite [15], and -c- spinel ferrite crystal 

structure [16] 

 

Zinc ferrite is one of the most interesting spinel 

metal ferrites. Nanostructured zinc ferrite exhibits 

exceptional physical, chemical, and magnetic 

properties. Zinc ferrite has the formula ZnFe2O4, in 

which divalent zinc ions occupy the tetrahedral sites. 

ZnFe2O4 represents a breakthrough in gas sensing 

applications [14], magnetic fluid hyperthermia in 

cancer treatment [4, 17], and as an MRI contrast 

agent [18]. Ferrites have also attracted attention in 

water treatment as photocatalysts and adsorbents by 

themselves or in combination with other materials in 

the form of composites [19-21]. Ferrites exhibit 

antimicrobial activity and are therefore being 

investigated for many biomedical applications [22-

24]. Zinc ferrite nanoparticles have been synthesized 

by various techniques [25], including solid-state 

reaction [26], sol-gel technique [27], hydrothermal 

synthesis [28], ball milling [29], microwave-assisted 

technique [30], and co-precipitation technique [31, 

32]. The co-precipitation technique is considered the 

most studied technique for ZnFe2O4 nanoparticles 

(ZFNps) preparation. Co-precipitation allows the 

doping content, the purity, and crystallite size of the 

produced nanoparticles to be precisely controlled 

[33]. In previous publications, ferrites were prepared 

by coprecipitation using a neutralizing agent, but the 

product needs further heat treatment. The ferrites 

obtained in these cases have non-uniform crystallite 

size due to the heat treatment [34-36]. In this work, 

ZFNps with different stoichiometric zinc molar ratios 

were prepared by the co-precipitation technique with 

slight modifications to increase homogeneity without 

the need for further heat treatment. The prepared 

ferrite nanoparticles (ZFNps) were characterized by 

X-ray diffraction (XRD), scanning electron 

microscopy (SEM), and vibrating sample 

magnetometer (VSM). In addition, the biological 

activity of ZFNps against Gram-negative bacteria, 

Gram-positive bacteria, and pathogenic yeasts was 

investigated. The obtained ZFNps were evaluated in 

the removal of organic dye (Alizarin Yellow R) from 

aqueous solutions using batch adsorption 

experiments, where different adsorption parameters 

were investigated. 

 

2. Experimental 

2.1. Materials  

Ammonium hydroxide solution (NH4OH) 30%, 

ferric chloride (FeCl3.H2O) and ferrous sulphate 

(FeSO4.7H2O) were supplied by Adwic Company -

Egypt. Zinc chloride (ZnCl2) was supplied by Aldrich 

Company. All chemicals and materials were used as 

received. Alizarin Yellow R (C13H9N3O5, molecular 

weight: 287.23 g/mol) was supplied by Sigma-

Aldrich in 99% purity (Figure-2-). 

 
Figure -2- Alizarin Yellow R 

 

2.2. Preparation of Different ZFNps with Different 

Molar Ratios of Zinc 

Zinc ferrite nanoparticles (ZFNps) were prepared 

by coprecipitation from the solution of precursors 

FeSO4.7H2O (ferrous sulphateheptahydrate), 

FeCl3.6H2O (ferric chloride hexahydrate), and ZnCl2 

(zinc chloride) in different molar ratios of Zn2+, so 

that the ZFNps are represented as (ZnxFe1-x)O.Fe2O3 

in which the divalent zinc replacing the divalent iron 

ions. The coprecipitation process was carried out by 

dropwise addition of ammonium hydroxide solution 

with constant agitation to achieve the pH of the 

reaction mixture pH = 10 at 50oC. The obtained 

ZFNps samples are designated as ZFNps (0), ZFNps 

(1), ZFNps (2), ZFNps (3) and ZFNps (4) and 

correspond to Fe3O4,(Zn0.25Fe0.75)O.Fe2O3, 

(Zn0.5Fe0.5)O.Fe2O3, (Zn0.75Fe0.25)O.Fe2O3and 

ZnFe2O4, respectively. 

(a)                    (b)                         (c) 
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2.3. Biological Activity Study:  

Qualitative evaluations were performed on 

nutrient agar plates according to Mostafa et al., 2016 

[37]. Inoculation of all microorganisms was prepared 

from fresh broth cultures incubated overnight at 37°C 

[38]. The spore suspension of the pathogenic strains 

was prepared and adjusted to approximately 0.5 

McFarland standard (1.5 × 108 /ml). 25.0 µL of the 

bacterial and yeast suspensions were inoculated into 

each plate with 20.0 mL of sterile nutrient agar 

medium (NA). After the medium had cooled and 

solidified, 100 µL of the prepared samples were 

applied to the wells (well diameter = 0.9 mm) - 

previously prepared- on the incubated agar plates. 

These colonized plates were placed in the refrigerator 

for one hour and then incubated at 37 ºC for 24 hours. 

The inhibition zones (ZI) were measured in mm [37] 

 

2.4. Characterization Techniques  

X-ray diffraction analysis was performed using an 

X-ray diffractometer (Shimadzu 7000, USA) to 

evaluate the phase composition. XRD spectra were 

obtained using a 30 kW rotating anode diffractometer 

with a copper target. XRD spectra were acquired 

between 20◦ and 80◦ (2) in a continuous scan at 

4◦/min using standard 2 geometry. The morphology 

of the synthesized powders was studied by field 

emission scanning electron microscope (FESEM) 

using Quanta FEG250 instrument. The magnetic 

properties were investigated using Vibrating Sample 

Magnetometer (VSM) Lake Shore Model 7410 

(USA) with general features: moment measurement 

range 0.1 x 10-6 emu to 1000 emu. Time constants 

(TC) (0.1, 0.3, 1.0, 3.0, or 10.0 seconds), output 

stability better than ±0.05% of full scale per day with 

fixed coil geometry and constant field and 

temperature.Absolute accuracy is better than 1% of 

reading ±0.2% of full scale (when DUT and calibrant 

are geometrically identical). Repeatability is better 

than ±1%, or ±0.15% of full scale, whichever is 

greater, fixed angle of rotation, field accuracy in 

Gauss 1% of reading or ±0.05% of full scale. 

 

2.5. Adsorption Study: 

The prepared ZFNps were tested for adsorption 

Alizarin Yellow R dye from its aqueous solutions at 

room temperature using the the patch experiment 

technique. The dye solutions were prepared by 

adding the appropriate weight in distilled water to 

obtain the desired concentration. The experiments 

were performed using thermal shaker devices. 

Different variables controlling the adsorption process 

were studied: contact time intervals (15-150 

minutes), ZFNps dose varied from 1g/L to 4g/L, and 

initial dye concentrations (25, 50, 75, 100 mg/L). The 

dye concentrations were monitored during the 

adsorption process using a UV-vis 

spectrophotometer. The percent removal of the dye 

was calculated using equation (1). 

 

% 𝑹𝒆𝒎𝒐𝒗𝒂𝒍 =  
𝑪𝒐 − 𝑪

𝑪𝒐

× 𝟏𝟎𝟎           𝒆𝒒𝒖𝒂𝒕𝒊𝒐𝒏 (𝟏) 

 

Where𝐶𝑜, is the initial dye concentration mg/L, 

and 𝐶 is the dye concentration after adsorbent 

separation at the end of the conducted experiment.  

 

The removal efficiency was calculated as the 

amount of dye (mg) adsorbed per amount of ZFNps 

(g) using equation (2). 

 

𝑸(
𝒎𝒈

𝒈⁄ ) =  
𝑽 (𝑪𝒐– 𝑪)

𝑴
               𝒆𝒒𝒖𝒂𝒕𝒊𝒏 (𝟐) 

 

Where Q is the removal efficiency, V is the 

volume of the solution (mL), and M is the mass of 

solid adsorbent (g). 

3. Results and Discussion  

The X-ray diffraction patterns of the prepared 

ZFNps with different Zn molar ratios are shown in 

(Figure-3-). The molar stoichiometry of the zinc ions 

replacing the iron ions in Fe3O4 to be zero, 0.25, 0.5, 

0.75, and 1.0. The sample ZFNps (0) representing 

pure Fe3O4 showed a significant pattern for magnetite 

in agreement with the JCPDS card no. (79-0417). The 

characteristic peaks for Fe3O4 were located at 2θ = 

30.66, 36.07, and 62.8o. In the samples labeled 

ZFNps (1) and ZFNps (2), which have compositions 

of (Zn0.25Fe0.75)O-Fe2O3 and (Zn0.5Fe0.5)O-Fe2O3, 

respectively, divalent zinc ions were introduced into 

the spinel structure instead of iron ions. The intensity 

of the peaks corresponding to magnetite was 

decreased. On the other hand, no significant peaks 

were detected for the ferrite phase, which could be 

due to the amorphous nature of the sample as well as 

the low molar ratio of zinc ferrite formed in the 

products. For the sample designated ZFNps (3) with 

composition (Zn0.75Fe0.25)O-Fe2O3, the significant 

peaks for zinc ferrite were found at 2θ = 32.56, 41.1, 

44.7, and 48.9o in agreement with JCPDS card no. 

(36-0398). The occurrence of the ferrite pattern was 
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accompanied by a significant pattern of magnetite. 

For the sample labeled ZFNps (4), which represents 

ZnFe2O4 as pure ferrite, the XRD pattern showed 

only peaks of spinel zinc ferrite crystal structure. All 

sample patterns showed a broadening of the peaks of 

the phases obtained, indicating low crystallinity. The 

crystallite size of both the ferrite and magnetite 

phases was calculated using Scherer's equation (3) 

and were in the range of 3-7nm. 

 

𝐿 =  
0.089 𝜆

𝛽 cos 𝜃
                              equation (3) 

 

Where β is the FWHM of diffraction peak, λ is the 

wavelength of X-ray (0.154 nm), L is the crystallite 

size, and θ is the Bragg peak position. 

 

Scanning electron micrographs were shown in 

(Figure-4-) for different ZFNps samples. The SEM 

images were accompanied by the EDEX analysis 

data(Figure-5-). The images show a strong 

agglomeration of the powder obtained from the 

nanoparticles. The image for the sample ZFNps (0) 

showed a homogeneous agglomeration of the 

nanoparticles of Fe3O4. For samples ZFNps (1), 

ZFNps (2), and ZFNps (3), the images show some 

degree of heterogeneity, as both Fe3O4 and ZnFe2O4 

were represented. In the case of sample ZFNps (4), 

representing the zinc ferrite phase ZnFe2O4. Zinc 

ferrite appeared as aggregates of spherical 

nanoparticles. The EDEX analysis data for the 

samples are in agreement with the theoretical atomic 

percentages for all components 

 

 
Figure -3- XRD diffractograms for the prepared 

samples with different compositions, the peaks 

corresponding to the magnetite phase denoted as M 

and that for zinc ferrite phase denoted Z. 

 

The magnetic properties of the obtained samples 

were studied by establishing the relationship between 

the magnetization (M) and the applied magnetic field 

strength (H). The curves of the hysteresis loop 

obtained in (Figure-6-) show hysteresis loop curves 

of zero coercivity in all hysteresis loops. The sample 

which is labelled ZFNps (4) - representing the pure 

zinc ferrite ZnFe2O4 - shows a linear magnetization 

curve indicating superparamagnetic properties of zinc 

ferrite with single domain character [39,40]. The 

saturation magnetization (Ms) decreased with the 

increase of the molar ratio of zinc ferrite in the 

composition of the prepared ZFNps (Figure-7-) with 

Ms being the lowest for the pure zinc ferrite sample. 

The decrease of "Ms" with the introduction and 

increase of Zn2+ ions in the spinel crystal structure 

could be due to the decrease in the ability of Fe3+ ions 

to be interchangeable between the tetrahedral and 

octahedral sites [41]. In the obtained samples, the 

calculated crystallite size range is much smaller than 

the critical size for both Fe3O4 and ZnFe2O4, and the 

crystallite size decreases slightly with the increase of 

the molar ratio of zinc. This could be a reason why 

does "Ms" decrease with increasing zinc ferrite 

formation in the products. 

 

4. The Biological Activity of The Obtained ZFNps 

Zinc ferrite is reported as a biologically active 

material and getting more attention during past 

decades in many biological applications [42]. ZFNps 

samples were tested for inhibition of Gram-negative 

bacteria [Escherichia coli (ATCC25922) and 

Pseudomonas aeruginosa (ATCC27853)], Gram-

positive bacteria [Bacillus cereus (ATCC 6629) and 

Staphylococcus aureus (ATCC 6538)], and 

pathogenic yeasts (Candida albicans (ATCC 10231)). 

The inhibition zones value are shown in Table (1) as 

the diameter of the zone of inhibition in millimeters 

of the sample. 

 All samples showed no inhibition effect for 

Escherichia coli and Pseudomonas aeruginosa. These 

results could be explained by the inability of the 

prepared samples to have the effect required for the 

destruction of this bacterial species. The mode of 

action in inhibiting Gram-negative bacteria depends 

on the destruction or injury of the bacteria cell wall to 

penetrate it and affect bacterial metabolism. The 

ZFNps(3) and ZFNps(4) samples showed excellent 
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inhibitory activity against both Gram-positive 

bacteria and pathogenic yeasts, exhibiting broad-

spectrum antimicrobial activity against both bacteria 

and fungi. These two samples can affect the cell wall 

of Gram-positive bacteria by binding with it and 

causing inhibition of nucleic acid synthesis, which in 

turn affects metabolic activity in bacterial cells [43]. 

The samples designated ZFNps(0)&(1) showed low 

antifungal activity against pathogenic yeast (Candida 

albicans). Meanwhile, samples ZFNps(2), ZFNps(3), 

and ZFNps(4) showed high antifungal activity, which 

could be explained by the disruption of the fungal 

cell wall structure [44]. Sample ZFNps(4) showed 

excellent antimicrobial activity against both 

Gramme-positive bacteria (Bacillus cereus & 

Staphylococcus aureus) and pathogenic yeast 

(Candida albicans). The inhibition zone of 20-28 mm, 

outperforms the other two samples ZFNps (2 & 3), 

which have inhibition zones of 11-26 mm and 20 

mm, so the sample with the code ZFNps (4) can be 

considered a promising antimicrobial agent.

 

 

 
Figure -4- Scanning Electron Microscope Images for prepared samples 
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Figure -5- EDEX analysis data for prepared samples 

 
Figure -6- magnetic hysteresis loops of the prepared (ZnxFe1-x)O.Fe2O3 samples 
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Figure -7- the saturation values obtained from 

magnetization magnetometer measurements for the 

prepared samples as a function in Zn2+ molar ratio 

 

Table (1): Inhibition zone diameter (millimeter) of 

the samples  

Samples 

Test 

bacteria 

ZFN

ps(0) 

ZFN

ps(1) 

ZFN

ps(2) 

ZFN

ps(3) 

ZFN

ps(4) 

Escherichia 

coli 

** ** ** ** ** 

Pseudomon

as 

aeruginosa 

** ** ** ** ** 

Bacillus 

cereus 

** ** ** 17.0 23.0 

Staphylloco

cusaureus 

** ** ** 11.0 20.0 

Candida 

albicans 

** ** 20.0 26.0 28.0 

5. Sorption efficiency of the ZFNps on removal of 

Alizarin yellow R 

Some factors controlling the sorption process of 

the dye on the prepared ZFNps with different molar 

compositions were investigated.  

 

5.1. Effect of Contact Time of Adsorption 

Experiment: 

The effect of the contact time of the sorption 

process is first studied to determine the equilibrium 

time at which the sorption process reaches dynamic 

equilibrium and appears to remain constant. The 

effect of contact time is studied on different ZFNps 

for 50 ppm dye at room temperature (20oC) and 

stirring speed of 200 rpm. (Figure -8-) shows that the 

removal efficiency increases dramatically in the first 

few minutes, and the rate of increase becomes very 

slow until equilibrium. At the equilibrium the amount 

of adsorbed dye equals the amount of desorbed dye, 

and no further increase is observed. At this point, 

adsorption represents the maximum capacity under 

these conditions [45]. In this study, an equilibrium 

time of 90 minutes was determined. It can be seen 

from the figure that the removal efficiency is lowest 

for the ZFNps(0) sample which is magnetite (Fe3O4) 

without zinc addition. Then the removal efficiency 

starts to increase with the increasing molar ratio of 

zinc and reaches its maximum with ZFNps(4), which 

is pure zinc ferrite ZnFe2O4. 

 

 
Figure -8- effect of contact time on adsorption of 

Alizarin yellow dye on different ZFNPs at 20oC and 

200 rpm 

 

5.2. Effect of Adsorbent Dosage  

The effect of the amount of different ZFNps 

adsorbents was shown in (Figure -9-). It can be 

observed that the removal efficiency increases with 

the increasing amount of adsorbent. Also, the 

removal efficiency of different non-stiometric ZFNps 

showed that as the molar ratio of zinc increases, the 

efficiency increases and reaches maximum efficiency 

in the case of sample ZFNps (4), which is a pure zinc 

ferrite sample ZnFe2O4. 

 

Figure -9- effect of ZFNPs dose on different 

ZFNPs at 20oC and 200 rpm 

5.3. Effect of Initial Dye Concentration 

The effect of the different initial dye 

concentrations on the different molar compositions of 



 Amal M. Ibrahim et.al. 

_____________________________________________________________________________________________________________ 

________________________________________________ 

Egypt. J. Chem. 65, No. SI:13 (2022) 

192 

nonstiometric zinc ferrite nanoparticles was studied 

using the optimum adsorbent dose and contact time 

(15 mg & 90 minutes) as shown in (Figure -10-). The 

percentage removal of dye decreased with the 

increase of initial dye concentration from 25 to 100 

mg/L. This behavior could be due to the fact that at a 

low dye concentration, any single adsorbate ion 

present in the solution can easily reach the active site 

of the adsorbent, and consequently high adsorption 

activity was observed. On the other hand, at higher 

dye concentrations, the adsorbed ions have difficulty 

in reaching the active site of the adsorbent, and the 

saturation of the active sites of the adsorbent prevents 

further uptake of the dye, resulting in a decreasing 

behavior. The adsorption efficiency increases with 

increasing molar ratio of zinc and reaches its 

maximum in the pure zinc ferrite sample ZFNps(4). 

 

 
Figure -10- effect of dye concentration on 

adsorption of Alizarin yellow dye on different ZFNPs 

at 20oC and 200 rpm 

 

5.4. Effect of pH 

The effect of pH is one of the most important 

parameters that affect the adsorption processes,  

effect of pH on adsorption of Alizarin yellow R dye 

on different prepared zinc ferrite nanoparticles is 

studied on pH range from 2 to 10 (Figure-11-). The 

relationship revealed that the adsorption efficiency 

decreases with increasing pH, also the efficiency 

increases as the molar ratio of zinc increases. The 

efficiency of zinc ferrite increases in the acidic 

medium and decreases in the basic medium, this 

behavior is devoted to the interaction between 

charges on both dye molecules and ZFPps. Alizarin 

yellow R dye has two hydroxyl groups that undergo 

protonation/deprotonation upon acidic/basic medium 

change, it also contains an azo group which is 

transformed into quinone group in basic medium and 

vice versa Scheme Ⅰ [46]. So, alizarin yellow is 

acquiring a negative charge in the basic medium and 

a positive charge or less negative in the acidic 

medium. On the other hand,  zinc ferrite is reported to 

have a pH zero point at 9.3, this means that ZFNps 

acquire a positive charge in acidic and neutral media 

meanwhile acquiring a negative charge in the basic 

medium [47].  This is not the only factor related to 

the ferrite structure, zinc ferrite could be considered 

an amphoteric material in which iron oxide sites 

undergo protonation and deprotonation exchange 

with pH change Scheme Ⅱ.[48]. These all factors 

explain the high adsorption efficiency in the acidic 

medium due to electrostatic attraction between dye 

molecules and adsorbent molecules (ZFNps), and low 

efficiency in the basic medium due to repulsion 

between them. 

 

 
Figure -11- effect of  pH on adsorption of  

Alizarin yellow dye on different ZFNPs at 20oC and 

200 rpm 

 

 
 

 

5.5. Sorption kinetics modeling  

the adsorption process of Alizarin Yellow R dye 

onto nonstiometric zinc ferrite nanoparticles was 

investigated using the fitting of the kinetic data 

obtained in three different kinetic models which are 

pseudo-first-order reaction rate, pseudo-second-order 

reaction rate, and intraparticle diffusion models. 

Lagergren and Svenska expression (equation 4) is 

used to elucidate the pseudo-first-order reaction 

model. Lagergren constant was calculated to see if 

0
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the adsorption process obeys the pseudo-first-order 

reaction model or not [49]. 

 

𝐥𝐧(𝒒𝒆 − 𝒒) =  𝐥𝐧 𝒒𝒆 − 𝒌𝟏t          𝒆𝒒𝒖𝒂𝒕𝒊𝒐𝒏 (𝟒) 

 

Where qe and q are the amounts of dye adsorbed 

(mg/g) at equilibrium and at time t (min), 

respectively, and k1 is the rate constant of adsorption 

(L/min). The values of k1, qe calculated from the 

equation and the correlation coefficient (R2) values of 

fitting the first-order rate model at different 

concentrations are presented in table 2. The linear 

relationship between ln (qe–q) versus time is 

represented in (figure -12-), the R2 values are too low 

indicating that the process of Alizarin Yellow R dye 

adsorption did not obey the first-order rate kinetics. 

Also, the theoretical values of qe calculated from the 

straight line equation is different than that the 

experimentally determined, which insure that the 

removal process didn’t fit with pseudo-first-order 

reaction model. 

 
Figure -12- Pseudo-first-order plots for different 

nonstiometric zinc ferrite nanoparticles (at 20oC, 200 

rpm). 

The pseudo-second-order model expressed by Ho 

and McKay's in which adsorption data were studied 

using equation (5) 

 

𝒕
𝒒𝒕

⁄ = (𝟏
𝑲𝟐𝒒𝒆

𝟐 ⁄ ) + 𝒕
𝒒𝒆

⁄                      𝒆𝒒𝒖𝒂𝒕𝒊𝒐𝒏 (𝟓) 

Where k2 is the equilibrium rate constant of the 

pseudo-second order (g/mg min). The linear 

relationship between t/qt versus t  (min.) are shown in 

(Figure –13-). The k2, qe and correlation coefficients 

(R2) were calculated from this plot and are given in 

Table 2. The correlation coefficient (R2) values are 

high enough to prove that the adsorption process of 

Alizarin Yellow R dye is obeying the pseudo-second 

order model. Also, the calculated values of qe is close 

to the values determined experimentally, which 

support the same conclusion [50, 51]. This behavior 

confirms that the sorption process for Alizarin yellow 

R dye using different nonstiometric zinc ferrite 

nanoparticles is depending mainly on chemisorption 

process. 

 
Figure -13- pseudo-second- order plots for different 

nonstiometric zinc ferrite nanoparticles (at 20oC, 200 

rpm). 

Weber–Morris established the intraparticle 

diffusion model by correlation the adsorption uptake 

with t1/2 Eq. (6)  

𝒒𝒕 =  𝒌𝒅𝒕
𝟏

𝟐⁄ + 𝒄                                       𝒆𝒒𝒖𝒂𝒕𝒊𝒐𝒏 (𝟔) 

Where, kd is the intra-particle diffusion rate 

constant. Values of C are related to the thickness of 

the boundary layer. The relationship for studying 

intraparticle diffusion is represented in (figure -14-). 

In case of the relation between qt versus t1/2 will be 

linear this, indicates that intraparticle diffusion 

occurs, and if the plot passes through the origin, then 

the rate determining step in adsorption process is only 

due to the intraparticle diffusion [52].  

 

Figure -14- intraparticle diffusion plots for different 

nonstiometric zinc ferrite nanoparticles (at 20oC, 200 

rpm). 

Intraparticle diffusion plot is consisted from two 

regions, the first region belonged to surface 

adsorption in which film formation occurs. 

Meanwhile the second region in the plot represents 

the adsorption process in which the intraparticle 

diffusion is the limiting step. The non-linearity of the 

plot even it is close to linear nature indicates that 
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intraparticle diffusion occurs but the fact that the 

second region of the plot (plateau region) is not 

passing through the origin point indicating that the 

intraparticle diffusion is not the only determining step 

in adsorption process. 

 

5.6. Adsorption Mechanism  

The aqueous solution of Alizarin yellow dye has  

pH = 6.8, which is almost neutral and slightly acidic. 

At this pH, dye molecules acquire a positive charge 

(as mentioned earlier). Meanwhile, ZFNps acquire a 

negative charge because the solution pH is less than 

pH zero. The opposite charges on the adsorbate and 

adsorbent lead to electrostatic attraction. This 

attraction initiates and facilitates the diffusion of the 

adsorbate toward the adsorbent surface. Once dye 

molecules get closer to ZFNps the oxygen atoms in 

the spinel structure sites act as active adsorption sites 

due to their negative partial charge due to the electron 

cloud. Hydrogen-bonding could be formed in this 

case, increasing the strength of adsorbate–adsorbent 

interaction. As the molar ratio of zinc atoms increases 

in the spinel structure, the efficiency of the 

adsorption increases. This could be devoted to the 

fact that the insertion of zinc atoms replacing the iron 

atoms could cause defect sites which increase the 

number of the active site and subsequently enhance 

the adsorption efficiency.    

 

Conclusions  

 

• Magnetic nanoparticles are becoming 

increasingly important for environmental 

and biomedical applications. Treatment of 

wastewater involves both remediations of 

organic and inorganic pollutants and 

disinfection of pathogenic microbes. It is a 

goal to achieve both processes with the same 

treatment agent. 

• Non-stoichiometric zinc ferrite nanoparticles 

were successfully prepared. The obtained 

samples showed a tendency to 

superparamagnetic materials with the 

increase of Zn2+ molar ratio up to pure 

ZnFe2O4, which exhibits superparamagnetic 

nature. Normal ferrites show ferromagnetic 

behavior, but when the crystallite size was 

smaller than the single domain size, the 

nanoparticles show superparamagnetic 

properties. 

• All prepared samples have crystallite size 

(3-7nm) smaller than a single domain, which 

leads to hysteresis loops with zero 

coercivity. The hysteresis curve of ZnFe2O4 

shows a superparamagnetic material without 

saturation magnetization (Ms).  

• These magnetic properties facilitate the 

separation of adsorbing nanoparticles after 

treatment by applying a magnetic field, 

which is the main goal of such a study of 

magnetic materials.  

• Moreover, the obtained ZFNPs were studied 

in the removal of the dye Alizarin Yellow R 

from its aqueous solutions; the efficiency of 

ZFNPs reaches 93% in room temperature 

and normal pH of the dye solution  

• The biological activity of the prepared 

samples was studied as inhibitors for 

gramme-negative, gramme-positive and 

pathogenic yeasts. The biological studies 

showed a high efficiency of ZnFe2O4 as an 

antimicrobial agent against gramme-positive 

bacteria and pathogenic yeasts.  

• The increase in Zn2+ molar ratio has a 

positive effect on all the applications 

studied; this could be due to the replacement 

of Zn2+ ions with a smaller atomic size than 

Fe2+ in the tetrahedral sites in the spinel 

crystal structure. 

• ZnFe2O4 nanoparticles are considered 

excellent candidates for the removal of 

organic dyes and pathogenic microbes.  

• The sorption process for Alizarin yellow R 

dye using different nonstiometric zinc ferrite 

nanoparticles is best fitted with the pseudo-

second- order model which indicates that the 

adsorption process is mainly a 

chemisorption process. 

 

 

Table 2: The pseudo first-order and second-order kinetic parameters for Alizarin yellow R dye removal using 

different nonstiometric zinc ferrite nanoparticles 

Kinetics model qexp 

mg/g 

Pseudo-first-order Pseudo-second- order 

Sample  K1 

min.
-1 

qe 

mg/g 

R2 K2 qe R2 

ZNFPs(0) 18.506 0.0088 2.786 0.6923 0.00234 22.522 0.9958 

ZNFPs(1) 21.724 0.0055 1.928 0.6880 0.00742 22.8833 0.9977 

ZNFPs(2) 30.896 0.0096 2.934 0.7028 0.00224 34.7222 0.9906 

ZNFPs(3) 40.362 0.0096 2.590 0.6733 0.00395 42.1941 0.9992 

ZNFPs(4) 46.586 0.0091 2.565 0.7085 0.00480 47.8469 0.9999 
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• Even though the intraparticle diffusion 

occurs but it is not the main limiting step 

during adsorption process 
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