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a b s t r a c t
Iron oxide nanoparticles (IONPs) were developed by alginate hydrogel template for chromium 
(VI) ions separation. The IONPs were characterized using Fourier-transform infrared spectroscopy, 
thermogravimetric analysis, scanning electron microscopy, transmission electron microscopy, X-ray 
diffraction and magnetic properties analysis. The separation efficiency of the IONPs for Cr(VI) 
ions investigated under initial Cr(VI) ions concentration, pH, adsorbent dosage, contact time and 
temperature. Furthermore, the adsorption process data were tested using different kinetic mod-
els. The isotherm nature was examined using Freundlich, Langmuir and Temkin models. Besides, 
the adsorption controlling step was determined using inter-particles and D-W diffusion models. 
The thermodynamic nature of the process was extracted using Van’t Hoff plot. 
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1. Introduction

Recently, covering the demands of the clean water for the 
domestic and the industrial uses presents a real challenge all 
over the world. The estimated world consumption of fresh-
water in 2025 is around 3.8 times the world consumption in 
1950. Only 16.65% of this demand is expected to be avail-
able by that time, which is a clear example of severe water 
scarcity problem [1]. Half of the world population has to 
face this problem by the year 2025, and a negative effect on 
economic development is much more expected as a result. 
Increasing the water resources has to be done in the direc-
tion of solving the problem. Treatment of the wastewater for 

possible reuse is one of the proposed strategies to increase 
water resources [2].

One of the main sources of water contamination is the 
heavy metal ions released into natural water by human 
activities [3]. Toxicity of the heavy metal ions found depends 
on its oxidation state [4]. A common industrial wastewater 
contaminant is chromium ions released by varied industries 
as two oxidation states; Cr(III) and Cr(VI). The higher oxida-
tion state (Cr; VI) is highly toxic and causes a wide range of 
health problems [5,6]. Main concerns about the cost and effi-
ciency of the conventional methods are raised [7–10]. These 
treatment methods can be classified as chemical, physi-
cal and biological. They are often selected based on many 
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advantages such as high selective separation, simplicity in 
control, and lower space requirement. Physico-chemical 
treatments can be considered to be the most suitable treat-
ment methods for the removal of metal ions from industrial 
wastewater. However, they still suffer from high operating 
cost due to the high price associated with the chemicals 
used and high energy consumption. Overall, each treatment 
method has its advantages and limitations. The main advan-
tages and disadvantages of the different physico-chemical 
treatments have been discussed in the published review by 
Al-Saydeh et al. [11]. Nanomaterials have many advantages 
as adsorbent materials which present a possible solution 
for the drawbacks of conventional treatment strategies [12]. 
However, separation of nanomaterials from the medium is a 
challenge which leads to the use of magnetic nanoparticles. 
Magnetic iron oxide-based nanoparticles received increased 
attention in the last decade [13] for the treatment of waste-
water [14]. The design and synthesis of such nanoparticles 
have centered on techniques such as sol-gel [15], chemical 
coprecipitation [16], microemulsion [17], etc. Most of these 
techniques result in aggregation of nanoparticles during 
synthesis. Copolymer templates have been efficiently used 
to host chemical reactions. They have the advantage of 
avoiding nanoparticle clustering and also providing sta-
ble frameworks against chemical degradation [18]. Use of 
copolymer templates has been reported for the synthesis of 
iron oxide nanoparticles (IONPs) such as maghemite [19], 
cobalt ferrite [20] and magnetite [21]. There is an increasing 
interest in the use of green resources for nanoparticle syn-
thesis. Starch has been reported as a capping agent during 
the preparation of iron oxide. Ferric salts precipitated as its 
hydroxide using triethylamine [22], or by precipitating a 
mixture of ferric and ferrous salts [23]. Polysaccharides have 
also been employed to modify the surface characteristics of 
the nano-iron oxides generated [24]. Carp et al. [25] reviewed 
the main developed synthetic routes of oxide materials with 
a special emphasis on the gel-template ones using alginate as 
an efficient raw material. Plumejeau et al. [26] briefly review 
the recent advances in metal oxide preparation by miner-
alization process of biopolymers such as cellulose, starch, 
alginate, chitosan, chitin, carrageenan, dextran, DNA, pec-
tin, collagen, gelatin, silk, lignin and white-egg. Ali et al. [27] 
reviewed recent information from synthesis to characteriza-
tion, and applications of iron NPs. The review summarizes 
the methods for the preparation of iron oxide NPs, size and 
morphology control, and magnetic properties with recent 
bioengineering, commercial, and industrial applications. 
Nidhin et al. [28] reported the preparation of nanoparticles 
of iron oxide in the presence of chitosan and starch biopoly-
mer templates. The particle size distribution was uniform, 
and particles were more or less monodisperse for chitosan 
and starch template-assisted synthesis. The iron oxide syn-
thesized was crystalline and matched with that of hematite. 
Janardhanan et al. [29] investigated natural polymers such 
as chitosan and starch as templates for the preparation of 
IONPs. The templates offer selective binding sites for Fe(II) 
under aqueous conditions. Controlled drying and subse-
quent removal of the template backbone enables the synthe-
sis of spatially separated IONPs. The crystalline character of 
the IONPs and near narrow particle size distribution were 
recognized. Earlier reported methodologies where natural 

polysaccharides and polymers have employed for encapsu-
lation or capping of iron oxides synthesized by precipitation 
methods [22–24,30]. This work uses alginate as a template 
in the template surface method. The binding and separat-
ing of the Fe(II) centre to carboxylic and hydroxyl groups 
in the alginate polymer which subsequently converted to 
the corresponding oxide by calcination was reported. The 
developed nanoparticles were characterized using different 
characterization tools such as Fourier-transform infrared 
spectroscopy (FT-IR), thermogravimetric analysis (TGA), 
X-ray diffraction (XRD), magnetic properties and particles 
size analysis. Finally, the iron oxide nanoparticles (IONPs) 
were evaluated for Cr(VI) removal from aqueous solutions 
under different operational conditions. The adsorption data 
were fitted using different kinetic and isotherm models. 
Moreover, the thermodynamics of the adsorption process 
was studied. 

2. Materials and methods

2.1. Materials

1,5-Diphenylcarbazide and sodium alginate (C6H7O6Na) 
medium viscosity purchased from Alpha chemika, India. 
Iron (III) nitrate (Fe (NO3)3∙9H2O) and potassium dichromate 
(K2Cr2O7) were purchased from Sigma-Aldrich (USA).

2.2. Methods

2.2.1. Iron oxide nanoparticles development

Equal portions of sodium alginate solution (4%) were 
mixed with iron nitrate solution (4%) using homogenizer 
to obtain a homogeneous hydrogel slurry. The slurry was 
then filtered and washed with distilled water to remove 
un-trapped iron nitrate. After that, the iron-alginate hydro-
gel was dried in a dryer at 60°C overnight. Finally, the dried 
iron-alginate particles were calcinated in an oven at 800°C 
for 3 h to have IONPs.

2.2.2. Iron oxide nanoparticles characterization 

2.2.2.1. Fourier-transform infrared spectroscopic analysis

The structures of IONPs were investigated by FT-IR using 
Fourier-transform infrared spectrophotometer (Shimadzu 
FTIR - 8400 S, Japan).

2.2.2.2. Thermal gravimetric analysis 

TGA of IONPs was carried out using a thermogravi-
metric analyzer (Shimadzu TGA-50, Japan). The tempera-
tures ranging from 25°C to 800°C under nitrogen atmosphere 
at a gas flow rate of 20 mL/min and a heating rate of  
10°C/min. 

2.2.2.3. Particle size analysis

0.1 g of IONPs were dispersed in 10 mL distilled water. 
Each sample was sonicated using an ultrasonic water bath 
for 15 min before being measured in a submicron particle 
size analyzer (Beckman Coulter N5, USA). 
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2.2.2.4. Scanning electron microscope 

Scanning of IONPs was examined using a scanning 
electron microscope (JEOL JSM 6360LA, Japan).

2.2.2.5. Transmission electron microscope

IONPs were carried out using transmission electron 
microscope (JEOL JEM-100CX) is a tungsten-filament. 
A magnification from 100x to 250,000x and a resolution 
power of 0.2 nm were provided (Faculty of Science – Alex 
University, Egypt).

2.2.2.6. X-ray diffraction

The crystallinities of IONPs were investigated by X-ray 
diffraction (XRD) analysis using (Shimadzu, XRD-7000) dif-
fractometer. X-ray diffractometer was adopted to investigate 
the solid-state morphology of IONPs. 

2.2.2.7. Magnetic property 

Magnetic measurement was done using a SQUID magne-
tometer (MPMSXL-7, Quantum Design, USA). Magnetization 
curves were recorded for a suspension and solid sample of 
SPION-alginate at 27°C with an applied magnetic field up to 
10,000 Oe.

2.2.3. Chromium ions separation

The separation of the Cr(VI) ions from synthetic solution 
was conducted under batch adsorption conditions. IONPs 
(0.1 g) were mixed with 25 mL of Cr(VI) solution (25 mg/L) 
of pH 2.0 for 4 h at 30°C. The chromium (VI) concentration in 
the samples was determined by measuring the optical density 
of the formed purple complex with 1,5-diphenylcarbazide at 
540 nm by UV spectrophotometer. The chromium removal 
(%) was determined according to the following equation: 

Removal %( ) = −( )
×

C C
C

e0

0

100  (1)

where Co is the initial concentration and Ce is the concentra-
tion at equilibrium.

The removal capacity is calculated according to the 
following formula:

q mg g
V C C

M
t/( ) = −( )0  (2)

where q is the uptake capacity (mg/g); V is the volume of 
Cr(VI) solution (mL) and M is the mass of IONPs (g).

3. Results and discussion

3.1. Characterization

3.1.1. FT-IR

Fig. 1 exhibits FT-IR of IONPs developed using algi-
nate as a template. The spectrum shows the active band at 
475 cm–1, which is attributed to α-Fe2O3 [29]. The chart also 

demonstrates absorption bands at 602 cm–1 assigned to vibra-
tion of Fe–O bond which is in agreement with the literature 
values [31,32], C–H stretching vibrations at 1,033 cm–1 [33,34] 
and at 2,925 cm–1 [29], C–O bending at 2,359 cm–1 and O–H 
stretching at 3,354 cm–1. The absorption band at 3,354 cm–1 
appeared due to absorption of moisture by nanoparticles 
from the environment [35].

3.1.2. Thermal gravimetric analysis

Thermal gravimetric analysis of the prepared IONPs was 
performed and presented in Fig. 2. The weight loss that is 
observed at temperature ranged between room temperature 
and 200°C can be attributed to the loss of the moisture con-
tent attached to the surface of the particles. The absence of 
a significant weight loss at higher temperature confirmed 
that there is no residue of polymeric template attached to 
prepared particles. 

Fig. 2. Thermal gravimetric analysis of the iron oxide 
nanoparticles.

Fig. 1. FTIR of the iron oxide nanoparticles.
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3.1.3. Particle size analysis

Different sizes of the IONPs were obtained using differ-
ent calcination temperature (Table 1). From the table, it can 
be seen that the elevation of the calcination temperature 
has a reducing effect on the particles size. The size reduced 
from 166 nm at 500°C to 39.8 nm at 800°C. That finding is in 
contrast with previous results using phosphonate alginate as 
a template [36]. 

3.1.4. Scanning electron microscope 

Fig. 3 shows a scanning electron microscopy (SEM) 
image of the synthesized IONPs confirming that the parti-
cles obtained were in the nanometer range. Also, the picture 
demonstrates the spherical structure of particles. Different 
size of particles may be attributed to the accumulations of 
prepared nanoparticles.

3.1.5. Transmission electron microscope

Transmission electron microscopy (TEM) was carried out 
to determine the morphology of prepared IONPs. The typical 
TEM image of IONPs was shown in Fig. 4. The diameter of 
particles shows that most of the particles are below 10 nm; 
however, the right shape and size of particles could not be 
defined as the particles agglomerated.

3.1.6. X-ray diffraction

XRD analyses confirmed that the synthesized nano-
particles were magnetite (Fe3O4), as shown in Fig. 5. There 
are seven characteristic peaks of 2θ, 33.28, 35.76, 49.64, 54.22, 
57.72, 62.56 and 64.14 and the corresponding intensities (I) 
with height are 442, 384, 370, 416, 362, 386 and 398, respec-
tively. In the pattern of XRD diffraction, the broad nature of 
the diffraction bands indicated that Iron oxide have small 
particle sizes.

3.1.7. Magnetic properties

The hysteresis loop of IONPs measured in the maxi-
mum applied the field of 15 × 109 E + 3 Oe at room tempera-
ture shown in Fig. 6. The saturation magnetizations were 
36.3 emu/g. The large saturation magnetization and super-
paramagnetic property of the prepared nanoparticles made it 
susceptible to the magnetic field and quickly separated from 
a liquid phase.

3.2. Separation of chromium (VI) ions

Recently, there is a fast-growing interest in using iron 
oxide nanomaterials for heavy metal removal. Collection of 
nanoparticles using magnetic field after treatment in waste-
water simplified its application. In the current study, Cr(VI) 
is used as a heavy metal pollutant model. Several factors 
can be affected by the adsorption process, such as contact 
time, solution pH, temperature, initial Cr(VI) concentration, 
adsorbent dosage. In addition to these factors, the effect of 
the nanoparticle size on the adsorption performance has 

Table 1
Particles size of the iron oxide nanoparticles prepared using 
different calcinations temperature (2% alginate, 2% iron nitrate 
and 3 h calcination time)

Calcination temperature (°C) Particle size (nm)

500 166.3
600 96.1
700 62.2
800 39.8 Fig. 4. TEM photograph of the iron oxide nanoparticles.

Fig. 3. SEM photograph of the iron oxide nanoparticles.
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been studied [37]. The results of these factors were dis-
cussed below. Moreover, the kinetic, isotherm and diffusion 
behaviour of the adsorption process of the Cr(VI) ions onto 
IONPs were studied. Finally, the thermodynamic parameters 
of the adsorption process were calculated.

3.2.1. Effect of the adsorption time

Fig. 7 shows the effect of varying the adsorption time 
on the adsorption capacity of the IONPs. From the value, it 
is clear that the adsorption capacity increased linearly with 
the adsorption time within the studied range. That trend 
gives an indication of the availability of adsorption centres 
on the IONPs surface. However, only 28% of the Cr(VI) 
ions were removed after 4 h. Kitkaew et al. [38] observed 
that the amounts of Cr(VI) removal elevated with increas-
ing contact times, where removal efficiency of Cr(VI) by 
the IONPs was initially high, being 60% and 80% after the 
contact times of 1 and 30 min, respectively, and then slowed 
down to 86% at the contact time of 120 min. That reflects 
that more significant numbers of adsorptive sites were avail-
able for adsorbate during the initial short contact times [38]. 
The obtained results in our study emphasize the limited 
quantities of adsorptive sites available on the IONPs sur-
face and nominate the occurring of the adsorption for the 
Cr(VI) ions mainly on the pores internal surface. This expla-
nation supported by the fact that the IONPs size in our case 
is 40 nm while it is below 10 nm in Kitkaew et al. [38] study. 

3.2.2. Effect of the chromium (VI) ions concentration

The impact of the initial Cr(VI) ions concentration 
varying on the adsorption capacity of the IONPs shown in 
Fig. 8. The figure demonstrated that the adsorption capacity 
increased linearly with the initial Cr(VI) ions concentration 
up to 25 ppm. After that, the adsorption capacity increment 
starts to level off and got stabilized at 100 ppm. The level-
ling off the adsorption capacity is an indication of the satu-
ration of the IONPs with the Cr(VI) ions. On the other hand, 
removing percentage decreased by increasing the initial 
Cr(VI) concentration, which is in agreement with literature 
findings by Shirsath et al. [39]. That might be because of 
the fact that with an increase in the initial concentration of 
the metal, the number of metal ions adsorbed on the sur-
face of Fe2O3. Thus increase in the several substrate ions 
accommodating in interlayer spacing inhibits the adsorp-
tion, which thereby decreases the reactive site of Fe2O3 result 
of that decrease in removal of chromium ions by Fe2O3 as 
the concentration of metal ions increases. Al-Saad et al. [40] 
tested the iron oxide (α-Fe2O3) nanoparticles and its appli-
cability to purify water from the aluminium (Al III), arsenic 
(As III), cadmium (Cd II), cobalt (Co II), copper (Cu II), and 
nickel (Ni II) where they found that increasing the concen-
tration of the metal did not affect much the adsorption of 
the metal As(III) and Cu(II) and their removal percentage 
remained around 95% for both. On the other hand, a dra-
matic decrease of the removal percentage for both cobalt and 
nickel was observed under the same conditions which refer 
to the effect of the metal ions type [40]. 

3.2.3. Effect of the adsorption pH

The pH of the solution is an essential parameter which 
controls the adsorption process. It affects the ionization of 
the adsorptive molecule and therefore, the surface charge 
of the adsorbent. Consequently, studying the effect of pH 
on the adsorption process is essential in adsorption analyses. 

Fig. 5. XRD pattern of the iron oxide nanoparticles.

Fig. 7. Effect of the adsorption time on the adsorption capacity of 
IONPs (iron oxide nanoparticles [0.1 g], 25 mL of Cr(VI) solution 
[25 mg/L] of pH 2.0, 0.5–4 h adsorption time and 30°C adsorption 
temperature).

Fig. 6. VSM measurements of the Iron oxide nanoparticles.
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In this particular case, the solution pH can change the sur-
face charge of the adsorbent as well as different ionic forms 
of chromium.

Fig. 9 shows the effect of varying the Cr(VI) ions solution 
pH on the adsorption capacity of the IONPs. The figure 
demonstrates an inverse relationship which the highest 
adsorption capacity and removing percentage was obtained 
at the lowest pH and then dramatically decreased with pH 
increase (i.e., decay curve). The same trend was obtained by 
other authors [41]. 

Chromium (VI) ions exist in the anionic forms (Cr2O7
2–, 

HCrO4
– or CrO4

2–) in water depending on the pH and con-
centration. In highly acidic media (pH < 1), the Cr(VI) ions 
exist mostly as H2CrO4 (pK1 = 6.51 and pK2 = 5.65). At pH 
between 2 and 6, there is an equilibrium between Cr2O7

2– and 
HCrO4

– ions. Under alkaline conditions (pH > 8), it exists 
predominantly as chromate anions. The equilibrium between 
chromate and dichromate ions in water can be shown by 
the following equation [42]:

Cr O H O CrO H2 7
2

2 4
22 2− − ++ +

 (3)

The optimum pH for adsorption of Cr(VI) onto dif-
ferent nano sorbent is within the 2–3 range. That can be 
attributed to the presence of Cr(VI) in various ionic forms 
in the solution at different pH values. HCrO4

– is the predom-
inant species at pH = 2–3 range, and it is readily adsorbed 
due to the low adsorption free energy [43]. On the other 
hand, a dramatic decrease in adsorption was observed 
in most cases when increasing the pH value [44,39]. This 
may be attributed to few reasons, mainly, the competition 
with hydroxyl ions for the adsorbent sites and the change 
of surface charge of the adsorbent leading to electrostatic 
repulsion between adsorbent and Cr(VI) anions leading 
to release of already adsorbed ions [45], as well as some 
of the trivalent cations, that may react with OH− ions and 

precipitated and thereby decreased the free metal ions 
available in the solution [46].

3.2.4. Effect of the adsorption temperature

Effect of varying the adsorption temperature on adsorp-
tion capacity was studied and is presented in Fig. 10. The 
figure revealed that increasing the adsorption tempera-
ture, in the studied range from 25°C to 50°C, increased 
the adsorption capacity slightly from 2.1 to 2.6 mg/g. The 
removal percentage shows the same behaviour, which rose 
from 34% to 42%. A study carried out by Shen et al. [47] on 
the adsorption of the elements (Cu2+, Cr6+, Ni2+ and Cd2+) by 
Fe3O4 showed a similar result, in which the adsorption of 
metals increases as temperature increased. This phenom-
enon can be explained by the increase of kinetic energy 
of ions at a higher temperature which leads consequently 
to increase in the collision of ions and particles [47]. 

3.2.5. Effect of the adsorbent dosage

The adsorbent dosage is another significant parameter 
in the study of the adsorption capacity of an adsorbent. 
The determination of the impact of adsorbent dosage gives 
an idea about the minimum amount of adsorbent need to 
be used for the adsorption process. This value is useful in 
the viewpoint of cost. The effect of varying the IONPs dose 
on its adsorption capacity and the removal percentage was 
studied and is presented in Fig. 11. A slight increase of the 
capacity was recognized with increase the dosage from 0.025 
to 0.1 g. After that, further improvement of the dose was 
companied with a decrease in the adsorption capacity. On 
the other hand, the removal percentage was continuously 
found to increase with the increase of the adsorbent dose to 
reach the highest value (64%) using 0.3 g. That may be due 
to the availability of active adsorption sites which adsor-
bate can adsorb. The obtained results are in agreement with 
the literature [39–41].

Fig. 8. Effect of the Cr(VI) ions concentration on the adsorption 
capacity of IONPs (iron oxide nanoparticles [0.1 g], 25 mL of 
Cr(VI) solution [5–100 mg/L] of pH 2.0, 4 h adsorption time and 
30°C adsorption temperature).

Fig. 9. Effect of the adsorption pH on the adsorption capacity of 
IONPs (iron oxide nanoparticles [0.1 g], 25 mL of Cr(VI) solu-
tion [25 mg/L] of pH [2.0–10.0], 4 h adsorption time and 30°C 
adsorption temperature).
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3.2.6. Effect of the adsorbent particles size

The impact of the IONPs size variation on the adsorp-
tion capacity and the removal percentage has been explored 
(Fig. 12). From Fig. 12, it is clear that the particles size has 
a direct impact on the adsorption capacity of the IONPs 
and the removal percentage of the Cr(VI) metal ions. An 
inversely proportional relation has been realized from the 
figure where the increment of the adsorption capacity of 
the IONPs and the removal percentage of the Cr(VI) metal 
ions is accompanied with a decrease of the particles size. 
This relation is a linear one in the particles size between 
166 and 96 nm, then turned to be exponential one with par-
ticle size below 96 nm where the capacity increases from 
1.1981 to 1.7369 mg/g for 96 and 39.8 nm particles. This 
behaviour is closely related to the rise of the contacted sur-
face area of the IONPs with the Cr(VI) anions solution.

3.3. Adsorption isotherm studies

Adsorption isotherms are mathematical models that 
describe the distribution of the adsorbate species among 
solid and liquid phases and are thus crucial from the chemi-
cal design point of view. The results obtained on the adsorp-
tion of the Cr(VI) anions onto the IONPs were analyzed 
by the well-known models given by Freundlich, Langmuir 
and Temkin. The sorption data obtained for equilibrium 
conditions have been analyzed by using the linear forms of 
these kinds of isotherms.

The Freundlich isotherm is a widely used equilibrium 
isotherm model but provides no information on the mono-
layer sorption capacity, in contrast to the Langmuir model 
[48,49]. The Freundlich isotherm model assumes neither 
homogeneous site energies nor limited levels of sorption. 
The Freundlich model is the earliest known empirical equa-
tion and is shown to be consistent with an exponential 
distribution of active centres, characteristic of heterogeneous 
surfaces [50].

ln ln lnq K
n

Ce F
f

e= +
1  (4)

where KF is the Freundlich constant depicts adsorption capac-
ity, and nf is a constant indicating adsorption intensity. With 
plotting lnqe against lnCe, a straight line with slope 1/nf and 
intercept lnKF obtained. The intercept of the line, KF, indicates 
roughly of the adsorption capacity with slope, n, as an indica-
tor of adsorption effectiveness. For the adsorption isotherms, 
the initial Cr(VI) anions concentration was varied while the 
pH and temperature of the solution, the agitation speed 
and adsorbent weight in each sample were held constant. 

Linear fits of sorption data of the Cr(VI) anions are given 
in Fig. 13a. According to the correlation coefficient (R2) 
value (0.906), it was demonstrated that the removal of the 
Cr(VI) anions using IONPs obeyed the Freundlich isotherm. 
The values of Freundlich constants nf and KF that were esti-
mated from the slope and intercept of the linear plot were 
3.349 and 0.8105 (Table 2). From the estimated value of nf, 

Fig. 10. Effect of the adsorption temperature on the adsorption 
capacity of IONPs (iron oxide nanoparticles [0.1 g], 25 mL of 
Cr(VI) solution [25 mg/L] of pH 2.0, 4 h adsorption time and 
[25°C–50°C] adsorption temperature).

Fig. 12. Effect of the IONPs size on its adsorption capacity [Iron 
oxide nanoparticles (0.1 g), 25 mL of Cr(VI) solution (25 mg/L) of 
pH 2.0, 4 h adsorption time and 30°C adsorption temperature].

Fig. 11. Effect of the adsorbent dosage on the adsorption capacity 
of IONPs (iron oxide nanoparticles [0.025–0.3 g], 25 mL of Cr(VI) 
solution [25 mg/L] of pH 2.0, 4 h adsorption time and 30°C 
adsorption temperature).
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it was found that nf > 1 indicating favourable adsorption 
for the Cr(VI) anions using IONPs [51]. 

The Langmuir equation, which is valid for monolayer 
sorption onto a completely homogeneous surface with a 
finite number of identical sites and with negligible interac-
tion between adsorbed molecules, is given by the following 
equation [52]:

C
q q K

C
q

e

e m

e

m

= +
1  (5)

where qe is the amount adsorbed (mg/g), Ce is the equilib-
rium concentration of the adsorbate ions (mg/L), and qm and 
K are Langmuir constants related to maximum adsorption 
capacity (monolayer capacity) (mg/g) and energy of adsorp-
tion (L/mg).

Plotting Ce/qe vs. Ce indicates a straight line with 1/qm 
slope and an intercept of 1/qmK. Fig. 9b illustrates the linear 
plot of the Langmuir equation for the Cr(VI) anions removal 
using IONPs at various initial Cr(VI) anions concentrations. 
The value of correlation coefficient (R2) is considered an 
indicator of the goodness-of-fit of experimental data on the 
isotherm’s model. The R2 value was 0.9991, indicating an 
excellent mathematical fit of the adsorption data. 

Langmuir parameters (qm and K) for the Cr(VI) anions 
removal were calculated from the slope and intercept of 
Fig. 13b. It was found that the computed value of qm is equal 
to 2.75 mg/g and K is equivalent to 3.805 L/mg (Table 2). 
That indicates that the IONPs have high efficiency and low 
energy of adsorption for the Cr(VI) anions removal.

To predict whether an adsorption system is favourable 
or unfavourable, dimensionless separation factor, which 
is considered as an essential characteristic of the Langmuir 
isotherms, is calculated. RL is defined as [53]:

R
KCL = +
1

1 0

 (6)

Values of RL (Table 3) for the Cr(VI) anions removal fall-
ing between zero and one show favourable adsorption [54], 
which confirmed that the adsorption of the Cr(VI) anions 
onto the IONPs under the conditions used in this study was 
favourable by Langmuir isotherm. 

Temkin isotherm considered the effects of indirect 
adsorbent/adsorbate interactions on the adsorption process. 
The heat of adsorption of all the molecules in the layer would 
decrease linearly with coverage due to adsorbent/adsorbate 

(a) (b)

(c)

Fig. 13. Adsorption isotherm models: (a) Freundlich, (b) Langmuir, and (c) Temkin.
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interactions [55]. It can be expressed in the linear form 
as [56,57]:

q B K B Ce T e= +ln ln  (7)

A plot of qe vs. lnCe (Fig. 13C) enables the determina-
tion of the isotherm constants B and KT from the slope and 
the intercept. From Fig. 13c, the calculated KT is equal to 
3.92 L/g, which represent the equilibrium binding constant 
corresponding to the maximum binding energy. The con-
stant B that is equal to 0.4863 J/mol is related to the heat of 
adsorption (Table 2).

Considering the R2 values for the three isotherm mod-
els, the Langmuir isotherm model gave the highest R2 value 
(0.9991), showing that the Cr(VI) anions adsorption onto 
the IONPs was best described by this model suggesting the 
formation of mono-layers of adsorption [52]. 

3.4. Adsorption kinetic models

Adsorption is a physiochemical process that involves the 
mass transfer of a solute (adsorbate) from the liquid phase to 
the adsorbent surface.

A study of the kinetics of adsorption is desirable as it 
provides information about the mechanism of adsorption, 
which is essential for an efficient process. 

The most common models used to fit the kinetic sorp-
tion experiments are Lagergren’s pseudo-first-order model 

(Eq. (8)) [55], pseudo-second-order model (Eq. (9)) [56], and 
Elovich model (Eq. (10)) [58].

ln lnq q q k te t e−( ) = − 1  (8)

t
q k q

t
qt e e

= +
1

2
2  (9)

q tt = +α βln  (10)

where qe (mg/g) and qt (mg/g) are the amount of dye 
adsorbed at equilibrium and at time t, respectively. k1 
(min−1) and k2 (g mg−1 min) are the pseudo-first-order and 
pseudo- second-order adsorption rate constants, respectively. 
The Elovich constants are α (mg/g min), the initial sorp-
tion rate, and β (g/mg) the extent of surface coverage and 
activation energy for chemisorption.

3.4.1. Pseudo-first-order model

The pseudo-first-order kinetic model was the earli-
est model about the adsorption rate based on the adsorp-
tion capacity. The value of the pseudo-first-order constant 
(k1; 0.5107) and correlation coefficient (R2; 0.9941) was 
obtained from the slope of the plot ln (qe−qt) vs. time in 
Fig. 14a. It indicated that the correlation coefficients are 
excellent. However, the estimated value of qe was calculated 
from the equation; 1.21 mg/g differs from the experimental 
value, 1.7369 mg/g; Table 4. 

3.4.2. Pseudo-second-order model

The experimental kinetic data were further analyzed 
using the pseudo-second-order model. By plotting t/qt 
against t for Cr(VI) anions, a straight line was obtained 
and the second-order rate constant (k2; 0.488) and qe value 
(2.08 mg/g) were determined from the slope and intercept of 
the plot, Fig. 14b. The value of the correlation coefficient (R2) 
is equal to 0.9767 (Table 4). Accordingly, the kinetics of Cr(VI) 
anions adsorption can be described well by first-order equa-
tion; however, the qcal value is far from the experimental one. 
On the other hand, the qcal value by the second-order equa-
tion is much closer to the experimental one. The findings of 
this investigation are in agreement with different published 
results that investigated the adsorption of Cr(VI) anions by 
ZeoliteNaX and activated carbon [59,60]. 

3.4.3. Elovich model

The simple Elovich model is one of the most useful 
models for describing the kinetics of chemisorption of 

Table 2
Adsorption parameters values for the MB removal with the 
different studied equilibrium isotherms

Isotherm model Parameters
Langmuir KL (L/g) qmax (mg/g) R2

3.805 2.75 0.9991
Freundlich KF (mg/g) n R2

0.8105 3.349 0.906
Temkin KT (L/g) 3.92 Bt (J/mol) 0.4863 R2 0.9301

Table 3
RL values for different initial Cr(VI) anions concentrations

Co (ppm) RL

5 0.05
10 0.026
25 0.0104
50 0.00523
100 0.00262

Table 4
Adsorption parameters of the pseudo-first, the pseudo-second order and the Elovich kinetic models

Pseudo-first-order Pseudo-second-order Elovich

qe,exp (mg/g) qe,cal (mg/g) K1 (min–1) R2 qe,cal (mg/g) K2 (m2 mg–1 min–1) R2 β (g/mg) α (mg/g min) R2

1.7369 1.21 0.5107 0.9941 2.08 0.488 0.9767 0.4136 1.0485 0.961
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gas onto solid systems. However, recently, it has also been 
applied to describe the adsorption process of pollutants 
from aqueous solutions. Fig. 14c illustrates the plot of qt 
against lnt for the sorption of the Cr(VI) anions onto the 
IONPs. From the slope and intercept of the linearization of 
the simple Elovich equation, the estimated Elovich equation 
parameters were obtained. The value of β is indicative of 
the number of sites available for adsorption (0.4136) while 
α value (1.0485 mg/g) is the adsorption quantity when lnt is 
equal to zero; that is, the adsorption quantity when t is 1 h. 
The value of α (1.0485 mg/g) is very close from the experi-
mental value; 0.9725 mg/g. This value helps understand the 
adsorption behaviour of the first step [61]. Also, from this 
figure, it is clear that the Elovich equation fits very well with 
the experimental data (R2 0.961); Table 4.

3.5. Adsorption mechanism models

Following up, the adsorption mechanism of any ions 
onto solid from aqueous phase is going through a multi-
step process. Initially, two steps were recognized in the liq-
uid phase. The first step is the transport of the ions from the 
aqueous phase to the surface of the solid particles, which 
is known as bulk diffusion. This step is followed by diffu-
sion of the ions via the boundary layer to the surface of the 

solid particles (film diffusion). The last step, consequently, 
happened in the solid phase where the ions transport from 
the solid particles surfaces to its interior pores, known as 
pore diffusion or intraparticle diffusion. This step is likely 
to be slow, and therefore, it may be considered as the 
rate- determining step.

Adsorption of an ion at an active site on the solid phase 
surface could also occur through a chemical reaction such 
as ion exchange, complexation and chelation. 

The diffusion rate equations inside particulate of Dunwald–
Wagner and intraparticle models were used to calculate the 
diffusion rate of the Cr(VI) anions onto the IONPs. Usually, 
the adsorption process is controlled by either the intraparti-
cle (pore diffusion) or the liquid-phase mass transport rates 
(film diffusion) [62]. Experimenting in a batch system with 
rapid stirring left the possibility that intraparticle diffusion 
is the rate-determining step [63]. Weber and Morris [64] 
explored the possibility of affecting the adsorption process 
via intraparticle diffusion resistance using the intraparticle 
diffusion model described as follows:

q k t It = +id
1 2/  (11)

where Kid is the intraparticle diffusion rate constant, Weber 
and Morris [64] have figured out the thickness of the 

(a) (b)

(c)

Fig. 14. Adsorption kinetic models: (a) pseudo-first-order model, (b) pseudo-second-order model, and (c) Elovich model.
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boundary layer from the values of I. Greater boundary layer 
effect was noticed with more significant intercept [65]. The 
plot of qt vs. t0.5 is presented in Fig. 15a. Usually, two sepa-
rate linear portions represent each line observed. These two 
linear portions in the intraparticle model suggest that the 
removal process consists of both surface removal and intra-
particle diffusion. While the first elongated part of the plot 
is the indicator of the existence of the boundary layer effect, 
the second linear portion is due to intraparticle diffusion 
[66]. In our case, only one linear part was obtained with out-
standing R2 value (0.9905), which indicates the exits of the 
boundary layer effect. The intraparticle diffusion rate (kd), 
0.7048 (mg/g min), calculated from the slope and the val-
ues of C (0.2975), the intercept, provides an idea about the 
thickness of the boundary layer. The larger the intercept, 
the higher is the boundary layer effect [65]. Accordingly, the 
boundary layer effect, in our case is minimal.

In case of involving the intraparticle diffusion in the sorp-
tion process, then a linear relationship would result from the 
plot of qt vs. t1/2, and the intraparticle diffusion would be the 
controlling step if this line passes through the origin [62]. 
Fig. 15a confirms that straight lines did not pass through the 
origin. 

The diffusion rate equation inside particulate of Dunwald–
Wagner can be expressed as [67] follows:

log
.

1
2 303

2−( ) = −






×F K t  (12)

where K is the diffusion rate constant and the removal per-
centage, F is calculated by (qt/qe). The proper linear plot of 
log (1−F2) vs. t (Fig. 15b) indicates the applicability of this 
kinetic model (R2 0.9939). The value of the diffusion rate con-
stant K for the Cr(VI) anions to the IONPs was found to be 
–0.418 min–1. The linear line for the equation almost crosses 
the origin, indicating that the intraparticle diffusion is most 
probably the primary rate-controlling step [68]. This finding 
explains the slow rate of removal and the low removal per-
centage after 4 h of adsorption; 28%. 

3.6. Adsorption thermodynamic studies

The effect of variation adsorption temperature was illus-
trated previously in Fig. 10. A positive impact of elevating 

the adsorption temperature of the Cr(VI) anions has been 
observed. Such finding is an indication of the endothermic 
nature of the Cr(VI) anions adsorption process on the IONPs 
adsorbent. 

From engineering aspects, the values of thermody-
namic parameters such as the enthalpy change (ΔH°), the 
free energy change (ΔG°) and the entropy change (ΔS°) 
should be taken into consideration to conclude the sponta-
neity of the adsorption process. A spontaneous system will 
display a decrease in ΔG° and ΔH° values with increasing 
the temperature. All the thermodynamic parameters were 
calculated from the following equations [69,70]:

lnK S
R

H
RT0 = −

∆ ∆  (13)

where: 

K
q
C
e

e
0 =  (14)

∆G RT K= − ln 0  (15)

where R is the gas constant (8.314 J/mol K), and T is the 
temperature in K. Table 5 lists down the values for the 
thermodynamic parameters (Fig. 16). The positive value for 
the ΔH° (11.495 kJ/mol) indicates the endothermic nature 
of the process, which explains the increase of the Cr(VI) 
anions adsorption efficiency as the temperature increased. 
As informed by Alkan et al. [71], the enthalpy change val-
ues as a result of the chemisorption are between 40 and 
120 kJ mol−1, which are more significant than that caused 
by the physisorption. Consequently, the lower value of the 
heat of adsorption acquired in this study indicates that the 
adsorption of the Cr(VI) anions is probably attributable 
to the physisorption. Conversely, in the kinetics study, it 
was described that the adsorption is chemisorption. Thus, 
it is evident from the lower ΔH° value that the physisorp-
tion also takes part in the adsorption process in which the 
Cr(VI) anions adhere to the adsorbent surface only through 
weak intermolecular interactions. The positive value for 
the entropy change, ΔS° (21.875 J/mol K) illustrating the 

(a) (b)

Fig. 15. Adsorption mechanism models: (a) intraparticle model and (b) Dunwald–Wagner model.
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disorderliness at the solid/liquid interface during the 
adsorption of the Cr(VI) anions onto the IONPs. The ΔG° 
values reflect the feasibility of the process.

3.7. Comparative study

The qmax values of Cr(VI) by different adsorbents from 
the literature reports compared with IONPs (this study) 
shown in Table 6. The IONP adsorbent showed a higher 
qmax value of Cr(VI) than some adsorbents reported ear-
lier, such as various AC adsorbents [72–74], and even more 
top than iron oxide and maghemite nanoparticles [38,41]. 
However, it was lower than some other adsorbents [75,76]. 
The discrepancy of qmax values for Cr(VI) among adsorbents 
could be attributed to the different solutions chemistry and 
affinities of the adsorbent for Cr(VI). Overall, the qmax of 
IONP adsorbent for Cr(VI) was in a moderate range com-
pared with the other adsorbents. The IONPs adsorbent 
can rapidly be separated from the water by installing a 
magnetic separator in the adsorption process and then col-
lected from the treatment system. The adsorption capacity 
of contaminants such as dyes by IONPs improved by the 
development of a novel adsorbent, Fe–Mn–Zr metal oxide 
nanocomposite [77] where enhanced adsorption capacities 
of 196.07 and 175.43 mg/g observed for MO and EY dye, 
respectively, due to synergistic effects of physicochemical 
properties of tri-metal oxides.

A novel magnetic mesoporous adsorbent with a mixed 
phase of Fe2O3/Mn3O4 nanocomposite was developed and 
used as an adsorbent for toxic methyl orange (MO) dye 
removal. The maximum adsorption capacity of this nano-
composite was found to be 322.58 mg/g from the Langmuir 
isotherm model [78].

A mixed-phase of CaFe2O4 and ZrO2 magnetic nano-
composite (CaF-ZO-MNC) was developed and explored 
for reduction of methyl orange (MO) dye from an aqua 
matrix. Enhanced adsorption capacity towards MO dye 
was found to be 370.37 mg/g from the Langmuir model, 
which is higher than standalone nanoscale Fe, Ca and Zr 
metal oxide nanoparticles [79]. 

Nanoparticles of α-Fe2O3 were synthesized by simple 
chemical precipitation method and investigated for adsorp-
tive removal of methyl orange (MO) dye from aqueous solu-
tion. A maximum adsorption capacity as much as 28.90 mg/g 
is reported [80].

Mixed phase crystalline hausmannite and manganese 
ferrite nanoparticles with magnetic properties were devel-
oped and used as an adsorbent for removal of toxic dye 
reactive orange (RO) from water, and its easy magnetic 
separation process was explored and a maximum adsorp-
tion capacity as much as 200 mg/g was reported [81].

4. Conclusion

In this study, IONPs were developed by alginate hydro-
gel template for chromium (VI) ions separation. The sepa-
ration efficiency of the IONPs for Cr(VI) ions from aqueous 
solution was investigated under different operational con-
ditions. It was found that increase in the initial Cr(VI) ions 
concentration positively affected the adsorption capacity up 
to 40 mg/L where the saturation of the IONPs was noticed. 
In the contrary, the increase of the solution’s pH negatively 
affected the adsorption capacity. The adsorbent dosage 
influenced the adsorption capacity in a slightly apposi-
tive manner with increasing the dose up to 0.1 g where the 
maximum adsorption capacity was recognized; 2.32 mg/g. 

Table 5
Thermodynamic parameters of the Cr(VI) anions adsorption 
onto the IONPs under different temperatures

T ΔG (kJ mol−1) ΔH (kJ mol−1) ΔS (J K−1 mol−1)

298 5.12 11.495 21.875
303 4.84
308 4.64
313 4.58
318 4.495

Fig. 16. Van’t Hoff plot of the adsorption of the Cr(VI) ions on 
the IONPs.

Table 6
Comparative study of the Cr(VI) ions adsorption capacity by 
conventional adsorbents

Adsorbent qmax (mg/g) Reference

Sawdust 1.90 [72]
Granular activated carbon 0.99 [73]
Activated carbon 0.571 [74]
Hexadecyltrimethylammonium 
bromide-modified activated carbon

1.82 [74]

Cetylpyridinium chloride-modified 
activated carbon

1.66 [74]

Iron oxide nanoparticles 2.39 [38]
Maghemite nanoparticles 2.36 [41]
Magnetite nanoparticles 20.20 [75]
Fe-modified AC from Trapa natans 
husk 

11.83 [76]

Iron oxide nanoparticles 2.75 This study
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A fast decline has been observed with the further increase 
of the adsorbent dose. A linear relation has been seen with 
increasing the contact time up to 4 h. The same behaviour 
was observed with an elevation of the adsorption’s tem-
perature up to 35°C then the slower rate has been obtained 
with a further elevation of the temperature. Different parti-
cles size has been received by altering the calcination tem-
perature. An inversely proportional relation between the 
IONPs and the adsorption capacity has been established. 
Furthermore, the adsorption process data were best fitted 
using pseudo-first-order, pseudo-second-order and Elovich 
kinetic models. The isotherm nature of the adsorption pro-
cess was found to follow the classical monolayer Langmuir 
isotherm model. The maximum monolayer adsorption 
capacity was found to be 2.75 mg/g. The boundary layer 
effect was found slightly controlling step of the adsorption 
process according to the inter-particles diffusion model 
while the intraparticle diffusion is most probably the pri-
mary rate-controlling step according to the D-W diffusion 
model. This finding explains the slow rate of removal and 
the low removal percentage after 4 h of adsorption; 28%. 
The thermodynamic parameters of the adsorption process 
indicated an endothermic nature. Finally, the IONPs were 
characterized using FT-IR, TGA, SEM, TEM, XRD and mag-
netic properties analysis.
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