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a b s t r a c t
The magnetite nanoparticles were synthesized through co-precipitation method and were coated with 
neem (Azadirachta indica) leaf extract. The adsorbent was further modified by the addition of ethylene 
diamine for better performance. The synthesized material was characterized by Fourier transform 
infrared spectroscopy, scanning electron microscopy, Energy dispersive X-ray spectroscopy, thermo 
gravimetric analysis and X-ray diffraction techniques. Parameters influencing the adsorption such 
as concentration, temperature, pH, contact time and dosage were optimized through batch studies. 
Isotherm studies were conducted by plotting and analyzing the Langmuir, Freundlich and Dubinin–
Radushkevich isotherm models. The pseudo-first and pseudo-second order kinetic studies were 
carried out to understand the reaction kinetics. The adsorption was found to be efficient at room tem-
perature with a pH of 6. The optimum dosage of adsorbent was found to be 0.2 g and the reaction 
attained equilibrium in 90 min. The maximum adsorption capacity of the material was found to be 
19.23 mg/g from the Langmuir isotherm model. The temperature studies exhibit the reaction to be 
exothermic in nature. An appreciable desorption of the metal ions was obtained using 0.8 N HCl and 
the efficiency was found to be 79%.
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1. Introduction

The extent of industrialization has increased into a very
large extent in recent years. So has increased its effects on the 
ecosystem. A large number of water bodies across the world 
are severely polluted by industrial effluents which are dis-
charged into water bodies without proper treatment. Heavy 
metals are one among the most common industrial pollut-
ants. A metal whose density exceeds 5 g/cc can be catego-
rized as a heavy metal [1]. These metals can either be present 
as cations or oxyanions. There are chances for these metal 
ions to get accumulated in the body of living organisms and 

thereby causing toxic effects. Nickel is one among the heavy 
metals found in the industrial wastewaters which is majorly 
found in the form of Ni(II) ions. Nickel finds extensive appli-
cation in industries such as batteries, alloys, machineries, 
electroplating, petroleum, construction and certain house-
hold appliances. The Ministry of Environment and Forests, 
Government of India, has suggested a value of 3 mg/L or 
lower as the Ni(II) ions permissible concentrations in indus-
trial effluents [2]. Long-term exposure to Ni(II) ions can cause 
liver and kidney damage, lung cancer, dermatitis, nausea, 
vomiting, renal edema, hair loss, chronic asthma, etc. [3,4].

The conventional methods that exist for metal ion removal 
such as ion exchange, ultra filtration, chemical precipitation 
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and electrochemical methods can lead to the formation of 
toxic sludge, which can further complicate the water treat-
ment procedure [5–7]. Hence there is a need for an efficient 
and environmentally benign method for proper treatment 
of these pollutants. Recent studies suggest adsorption as an 
efficient technique in removing heavy metal ions from aque-
ous solutions. Further it is considered as one of the most eco-
friendly and economical treatment. Various materials that are 
reported as good adsorbents for the removal of Ni(II) ions 
include zeolites, agro wastes, industrial byproducts, biomass, 
polymeric materials, etc. [8–11].

Further, incorporating the properties of nanomaterials 
onto the adsorbents can enhance their efficiency, due to higher 
surface area to volume ratio. Moreover, nanomaterials are also 
known for increasing the chemical reactivity of the material 
[12]. This is due to availability of more number of surface 
atoms of higher energy. These surface atoms can easily inter-
act with the adsorbates such as metal ion or organic groups. 
Surface functionalization of these nanoparticles can further 
increase the adsorption efficiency and can also improve the 
chances for desorption [13–15]. It is seen that the donor groups 
such as amino and oxygen groups can efficiently bind with 
the transition metal ions via electrostatic interactions, covalent 
interactions, ion exchange, etc. [16,17]. Hence amine groups 
are preferred as best functionalizing groups for nanomaterials.

In particular, Fe3O4 nanoparticles are characterized by 
their highly paramagnetic nature, which is mainly due to 
their higher magnetic moments [18]. These are also found 
to have highly dispersive nature, enhanced catalytic activity 
and improved adsorption efficiency. Additionally, the mag-
netic nature of this adsorbent makes its separation from the 
solution easier [19]. Previous studies establish that the addi-
tion of neem extract provides stability to the nanoparticles 
by avoiding chances for particle agglomeration [20]. This can 
also control the crystal growth and are used for getting better 
yield of nanoparticles [21,22]. This is because of the functional 
groups in neem extract such as hydrocarbons, alkaloids, phe-
nolic groups, glycosides, etc. [23].

The present study focused on finding out the efficiency 
of neem-coated magnetite nanoparticles modified by amino 
group, in removing the Ni(II) ions from aqueous solution. 
A chemical modification onto its surface by an organic group 
is carried out to increase the adsorption efficiency. The adsor-
bent is being synthesized by co-precipitation method and 
conditions such as pH, concentration, temperature, dose 
and contact time are being optimized. Isotherm and kinetic 
studies are also being conducted to understand the reaction 
mechanism and kinetics.

2. Methodology

2.1. Synthesis of adsorbent

The tender neem leaves collected from the nearby locality 
were washed well with distilled water and crushed in a mor-
tar. 5% neem extract solution is prepared by taking 5 g neem 
leaves in 100 mL of distilled water. To obtain the neem extract, 
this solution is boiled around 50°C–60°C for 30 min. The solu-
tion is then cooled and filtered using Whatman filter paper 42.

Ferrous sulphate heptahydrate (FeSO4.7H2O) and Ferric 
chloride hexahydrate (FeCl3.6H2O) are mixed in 1:2 ratios and 

the mixture is stirred along with heating at 60°C for 10 min 
[24]. To the mixture of Fe(III) and Fe(II) solutions, 20 mL of 
the prepared neem extract is added along with stirring using 
a magnetic stirrer and heated for 5 min. 20 mL of ethylene 
diamine solution is then added to the above solution along 
with stirring, followed by the addition of NH3 solution. The 
final solution is stirred for 45 min, followed by cooling. After 
several cycles of centrifugal separation, the black precipitate 
was dried in a vacuum oven at 60°C. The material was then 
crushed into a powdered form for homogeneity and stored in 
a glass bottle inside a desiccator for further use.

2.2. Characterization studies

The synthesized adsorbent (magnetite nanoparticles) 
was characterized through scanning electron microscopy 
(SEM, Carl Zeiss, Sigma version) to understand the surface 
morphology. X-ray diffraction (XRD, Ultima IV, Rigaku, 
Japan) analysis was done to find out the crystallite size and 
crystalline nature of the material. Fourier transform infra-
red spectroscopy (FTIR, Nicolet IS 10, USA) was used to find 
out the various functional groups present on the adsorbent 
surface. Vibrating sample magnetometer (VSM, VSM 7410, 
Lakeshore, USA) technique was used to understand the 
magnetic nature of the sample. Further thermo gravimetric 
analysis (TGA, TG-DSC, Netzsch, Germany) was carried out 
to estimate the thermal stability of the material.

2.3. Batch adsorption studies

Stock solution of Ni(II) ions (1,000 mg/L) was prepared 
by dissolving 4.478 g of NiSO4.6H2O in 1,000 mL of distilled 
water. The required sample solutions of concentrations 
100–500 mg/L were prepared by a series of dilution from the 
1,000 mg/L stock solution. 0.2 g of adsorbent is added into a 
stoppered glass bottle and 50 mL of sample solution is added 
into it. The solution is shaken for 90 min in an orbital incuba-
tor shaker (SLM-INC-OS-250) at 150 rpm. The resultant solu-
tion is separated from the adsorbent by magnetic separation. 
The solution pH was adjusted using 0.1 M of HCL and 0.1 M 
of NaOH. The sample solutions of 100 mg/L with various pH 
(from 1 to 8) were analyzed, with sample volume as 50 mL 
and dosage of adsorbent as 0.2 g.

To find out the contact time needed for the reaction to 
attain equilibrium, different sample solutions of 100 mg/L of 
Ni(II) solution was shaken with 0.2 g adsorbent at specific 
time intervals (10–120 min). The effect of temperature on the 
adsorption process was studied by analyzing sample solu-
tions of 100 mg/L and dosage of 0.2 g at different tempera-
tures (from 293 to 323 K). The concentration of Ni(II) in the 
solution is analyzed through UV–Visible spectrophotometer,  
(Shimadzu UV-1700 PharmaSpec spectrophotometer). The 
Ni(II) solution is added with bromine water, ammonia solu-
tion and dimethyl glyoxime solution (1% solution prepared 
by mixing 1 g in 100 mL methanol) to form a complex. The 
wavelength of absorbance was fixed at about 445 nm. The 
adsorption capacity and efficiency can be calculated using 
Eqs. (1) and (2), respectively [25]:

q
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−( )×  (1) 
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where qe is the adsorption capacity given in mg/g, Ci and 
Cf are the initial and final concentrations of the solution, 
expressed in mg/L, V is the volume in L and m is the adsor-
bent dosage in g.

Isotherm studies of the adsorbent were carried out by plot-
ting the Langmuir, Freundlich and Dubinin–Radushkevich 
adsorption isotherms. This can suggest whether adsorption 
occurs on homogeneous or heterogeneous surfaces. It also 
helps us to figure out the possibilities of physisorption and 
chemisorption mechanisms in the present study. In order to 
find out the reaction pathway and the possible interactions 
between metal ions and nanoparticles, pseudo-first order 
and pseudo-second order models were plotted and analyzed. 
The thermodynamic studies were conducted in order to con-
firm the endothermic or exothermic nature of the adsorption 
process.

2.4. Desorption studies

Desorption efficiency of the adsorbent was analyzed by 
using HCl and water as the eluting agents. The strength of 
the HCl used for the study varied from 0.2 to 0.8 N. 0.2 g of 
adsorbent was shaken with a 200 mg/L solution and the adsor-
bent collected after shaking was subjected to three cycles of 
desorption analysis. All the batch experimental parameters 
were kept as constant. Desorption efficiency corresponding 
to both the solutions were analyzed via UV method.

3. Results and discussions

3.1. Characterization of adsorbent

The XRD analysis of the adsorbent is shown in Fig. 1. 
The six characteristic peaks of Fe3O4 at 2θ values of 29.46°, 
35.10°, 43.3°, 56.64°, 62.5° and 74.54° are observed. Based on 
the above values, the particles can be identified as magnetite 
nanoparticles. In general, sharp peaks indicate the crystal-
line nature of the material. However, the synthesized sample 
exhibited some variation in the sharp nature of peaks. This 
is due to the composite nature of the synthesized material 
involving the presence of amine and neem functional groups 

in the nanomaterials. Using the Debye–Scherrer formula 
given in Eq. (3), the average crystallite size is found to be 
29.2 nm [26].

d
cos

=
0 9. λ
β θ

 (3)

where d refers to the crystallite size, λ is the X-ray wave-
length, θ refers to the Bragg’s angle and β implies the full 
width at half maximum value of XRD lines.

The FTIR spectra of the adsorbent, analyzed within the 
range of 4,000–500 cm–1, are shown in Fig. 2. A small stretch-
ing with two bands at around 3,646 cm–1 is due to the N–H 
stretching of primary amines. This indicates the successful 
functionalization of amine groups onto nanoparticles sur-
faces. A very broad peak from 3,500 to 3,000 cm–1 is due to 
an O–H stretching and a peak at 1,633 cm–1 represents the 
carbonyl bond stretching in an amide group. Less intense 
peak near 1,111 cm–1 indicates the presence of alcoholic C–O 
(R–OH) stretching. The carbonyl stretching representing 
the amide bonds confirms the neem extract coating onto the 
material. A sharp peak near to 571 cm–1 confirms the forma-
tion of Fe3O4 nanoparticles [27,28].

To understand the magnetic nature of the amine-modified 
adsorbent, VSM analysis is carried out. The result of the anal-
ysis conducted at room temperature is shown in Fig. 3. The 
typical s-shaped thin curve and the absence of hysteresis 
show that the particle is superparamagnetic in nature [26]. 
Further the remnant magnetization value is also found to 
be less. A magnetic nanoparticle will usually have a value 
of 92 emu/g [29]. The saturation magnetization value of the 
amine-modified nanoparticles was found to be 38.5 emu/g. 
A similar decreased value is observed in the other studies of 
Fe3O4 nanoparticles [30]. However, a low value reported in 
the amine-modified nanoparticles was due to the amine and 
neem matrix of the iron oxide nanoparticles. Nevertheless 
this value is sufficient to separate the magnetic nanoparticles 
from the aqueous system after the adsorption process.

Surface topography of the material and texture was ana-
lyzed using SEM technique. The different resolutions of SEM 
images of the amine-modified nanoparticles display the cubical 
shaped particles as shown in Fig. 4. Due to the role of neem 
extract and amine-based functional groups, no prominent clus-
ters or agglomerations are noticed in the images. Apart from 
imparting necessary functional groups on the adsorbent, both 
the neem and the amine groups helped in capping the nanopar-
ticles. Further, the results of the Energy dispersive X-ray spec-
troscopy (EDX) analysis are shown in Fig. 5. The EDX images 
reveal the occurrence of carbon groups which is an indication 
of the organic coating of the sample. The iron is an indication 
for magnetite nanoparticles and nitrogen emerged from the 
amine group. In the EDX analysis of the nanoparticles after 
adsorption, a peak is shown for nickel, and this confirms the 
nickel adsorption onto the modified nanoparticles.

TGA of the adsorbent explains about the thermal stability 
of the adsorbent. The heating rate was taken as 10°C/min and 
the temperature was raised up to 1,400°C. In Fig. 6, the initial 
mass change up to about 200°C is due to the decomposition 
of water molecules. Further loss of mass up to 400°C is due 
to the decomposition of the organic moieties present on the Fig. 1. XRD pattern of the modified Fe3O4 nanoparticles.
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surface of adsorbent. From 400°C to 1,200°C, a flat curve is 
observed and this indicates that the material is stable up to 
about 1,200°C [31,32]. Another remarkable mass loss of about 
3% has occurred near to 1,289°C. A final mass loss of around 
15% corresponds to the organic groups bounded onto the 
nanoparticles surfaces.

3.2. Results of batch studies

3.2.1. Effect of concentration

Adsorption of Ni(II) by the modified magnetite nanopar-
ticles was largely influenced by the concentration of Ni(II) 
solution. By fixing the adsorbent dosage as 0.2 g, pH of Ni(II) 
solution as 6 and the contact time as 90 min, the concentration 
of Ni(II) solution was varied from 100 to 500 mg/L, at room 
temperature. From Fig. 7, it can be inferred that as concen-
tration increased from 100 to 500 mg/L, efficiency of adsorp-
tion decreased from 51.05% to 5.8%. The reason behind such 
a decreased efficiency with respect to higher concentrations 

is that, the number of available adsorption sites for a spe-
cific amount of adsorbent is fixed [33]. The reverse trend is 
observed when uptake capacity is plotted against concen-
tration. The uptake capacity corresponding to 100 mg/L is 
12.76 mg/g and that for 500 mg/L is 19.75 mg/g (figure not 
shown).

3.2.2. Effect of pH

The effect of pH of the Ni(II) solution on the efficiency 
of adsorption was studied by varying the solution pH from 
1 to 8 at a fixed concentration of 100 mg/L, dosage of 0.2 g 
and contact time as 90 min at room temperature. The graph is 
given in Fig. 8. The studies point out that the maximum effi-
ciency is at a pH of 6. At higher pH due to electrostatic attrac-
tion between nickel ions and negatively charged binding 
sites the adsorption increases [34]. But at lower pH, the Ni(II) 
ions and protons tend to occupy the adsorption sites due to 
enriched H+ ions developing a repulsive action with cationic 
Ni(II) ions and decreases the efficiency of adsorption [35]. 
Further when the pH is increased beyond 6, the efficiency is 
gradually decreasing due to the formation of hydroxides of 
nickel which hinders the adsorption process [36].

3.2.3. Effect of contact time

The change in the efficiency of adsorption with con-
tact time has been analyzed. For a fixed concentration of 
100 mg/L at pH of 6 and dosage of 0.2 g at room temperature, 
the contact time was varied from 10 to 120 min. As per the 
results given in Fig. 9, the adsorption efficiency is gradually 
increasing with increase in contact time and then reaches 
a saturation limit, which implies that there is a decrease in 
the availability of adsorption sites [37,38]. The efficiency of 
adsorption is found to be 50.86% at 90 min. Most of the active 
sites on the adsorbent surface are covered by the metal ions 
and this reaches equilibrium at around 90 min.

Fig. 2. FTIR spectra of modified Fe3O4 nanoparticles.

Fig. 3. VSM analysis of modified Fe3O4 nanoparticles.
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3.2.4. Effect of dosage

As per the graph shown in Fig. 10, the adsorption effi-
ciency is found to be increasing with an increase in the 
amount of adsorbent being used. After reaching a satura-
tion limit, increase in dosage causes decrease in adsorption 

efficiency. Initial increase of adsorption efficiency is due to 
availability of more surface area. But with very higher dos-
age there can be particle aggregation. There will be a higher 
number of active sites for adsorption but the metal ions to 
be adsorbed will be less in number [39]. The uptake capacity 
corresponding to 0.2 g adsorbent is 12.96 mg/g while that for 

Fig. 4. SEM images of modified Fe3O4 nanoparticles.

Fig. 5. EDX analysis of modified Fe3O4nanoparticles before and after adsorption.
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a 1 g adsorbent is 2.8 mg/g. This trend can be explained on 
the basis of relating the uptake capacity and dosage. We can 
find that as dosage (m) is less, the adsorption capacity (qe) is 
more according to Eq. (1). Hence 0.2 g is being fixed as the 
adsorbent dosage for carrying out further experiments.

3.2.5. Effect of temperature

The effect of temperature on the adsorption efficiency is 
studied. The analysis is conducted by varying temperature 
from 298 to 338 K, at fixed concentration of 100 mg/L, pH as 
6, dosage as 0.2 g and time as 90 min. Variation of adsorption 

Fig. 6. TGA of modified Fe3O4 nanoparticles.

Fig. 7. Effect of initial metal ion concentration on the adsorption 
efficiency. 

Fig. 8. Effect of pH on the adsorption efficiency.

Fig. 9. Effect of contact time on the adsorption efficiency.

Fig. 10. Effect of adsorbent dose on the adsorption efficiency.
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efficiency with increase in temperature is shown in Fig. 11. 
Adsorption efficiency is found to be decreasing from 298 to 
338 K. This can be attributed to the fact that increase in tem-
perature can cause a damage to the binding sites or can lead 
to desorption of metal ions from adsorbent surface [40,41]. 
Hence, the reaction tends to be exothermic in nature.

3.3. Isotherm studies

Langmuir, Freundlich and Dubinin–Radushkevich 
isotherm models were used for studying the equilibrium of 
adsorption process. The Langmuir isotherm model fits more 
for adsorption on a homogeneous surface implying that the 
adsorbent surface contains finite number of identical active 
sites [42]. In Langmuir model, the interaction between the 
adsorbed species is considered to be absent. The equation 
for adsorption capacity with respect to Langmuir isotherm 
model is given in Eq. (4).

1 1 1
q q q K Ce m m L e

= +  (4)

where qm is the maximum uptake of metal ions corresponding 
to the saturation of adsorption sites given in mg/g, Ce is the 
final concentration in mg/L, KL is the Langmuir constant. RL 
is the separation factor or the affinity between adsorbate and 
adsorbent [35]. RL is expressed mathematically as per Eq. (5).

R
K CL
L O

=
+

1
1  (5)

Co is the initial concentration in mg/L. If the value of 
RL = 0, the reaction is irreversible. If RL = 1, the reaction is 
linear. RL > 1 implies an unfavorable reaction and 0 < RL < 1 
implies a favorable reaction [43].

The Freundlich model is studied using Eq. (6) [44]:

log log logq K
n

Ce f e= + 1
 (6)

Kf and n are Freundlich constants related to adsorption 
capacity and adsorption intensity, respectively. Ce is the equi-
librium concentration of adsorbate given in mg/L. In the 

Freundlich model, the adsorbent surface is considered to be a 
heterogeneous one [45].

The results of Langmuir and Freundlich model analy-
sis is shown in Table 1. From the data obtained after plot-
ting Langmuir and Freundlich isotherms (Figs. 12 and 13) 
it can be understood that the adsorption process is more 
fitting toward Freundlich isotherm. This is indicated by a 
higher coefficient of determination, R2 = 0.908. This indicates 
that the adsorption occurs on a heterogeneous surface and 
both physisorption as well as chemisorption are likely to 
occur in the present study. The values of separation factor 
RL obtained from the Langmuir plot falls between 0 and 1. 
This suggests that the adsorption process is favorable. The RL 
value corresponding to each of the concentrations is given in 
Table 2. Based on the investigations on Freundlich model, a 
better adsorption and stronger bond between the adsorbate 
and adsorbent is marked by a lower 1/n value. An efficient 

Fig. 11. Effect of temperature on the adsorption efficiency.

Table 1
Results of the Langmuir and Freundlich isotherm analysis

Langmuir model Freundlich model

R2 = 0.837 R2 = 0.908
KL = 0.0395 L/mg Kf = 6.237 mg1 − (1/n) L1/n g−1

qm = 19.23 mg/g 1/n = 0.180
RL = 0.202 to 0.031  
(from 100 to 500 mg/L)

n = 5.55

Fig. 12. Langmuir isotherm plot for nickel adsorption.

Fig. 13. Freundlich isotherm plot for nickel adsorption.
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adsorbent is characterized by a 1/n value between 0.2 and 
0.8. An experimental 1/n value of 0.180 obtained in the pres-
ent study implies that the adsorption is favorable [46]. The 
maximum amount of metal ions being adsorbed correspond-
ing to the saturation of adsorption sites (qm) is found to be 
19.23 mg/g. The adsorption capacities of the various other 
iron oxide based adsorbents are compared and listed in 
Table 3.

The Dubinin–Radushkevich isotherm explains about 
the mean free energy of the adsorption (E) per molecule of 
the adsorbate [52]. The equations governing this isothermal 
model are as follows [53]:

q q ee m
B= − 2

 (7)

ln lnq q Be m= − 2  (8)

2 1 1
= +RT

Ce
ln( )  (9)

From the graph plotted against ε2 and ln qe (Fig. 14), the 
values corresponding to qm (maximum adsorption capacity 
in mg/g) and B (Dubinin–Radushkevich constant in mol2/J2) 
were found out. The value of E (expressed in kJ/mol) was 
calculated as follows [54]:

E
B

=
1
2

 (10)

Based on the value obtained for E, the type of adsorption 
process can be determined. For an E value less than 8 kJ/mol, 
physisorption is favored. If 8 kJ/mol < E < 16 kJ/mol, the 
adsorption occurs due to exchange of ions. For an E value 
greater than 16 kJ/mol, chemisorption is dominating [55].

From the results obtained after analyzing the Dubinin–
Radushkevich model, the maximum adsorption capac-
ity, qm and the constant, B is estimated as 17.2 mg/g and 
0.0001 mol2/J2, respectively. The value of E is calculated to 
be 0.0701 kJ/mol. Even though the value of E falls under the 
range for physisorption, a very low R2 value (0.67) suggests 
that this model does not give a best fit.

3.4. Kinetic studies

The rate constant for the reaction and the mechanism of 
adsorption process was determined by studying the adsorp-
tion kinetics. The mechanism of an adsorption process does 
depend upon the parameters such as adsorbent structure, 
nature of the sorbate and sorbent, etc. [56]. The expressions 
for finding out the first and second order kinetics are given in 
Eqs. (11) and (12), respectively [57]:

log q q log q
k

te t e    −( ) = − 1

2 303.  (11)

t
q q

t
ht e

= +
1 1

 (12)

where h = k2qe
2.

Here qe (mg/g) represents the amount of nickel ions being 
adsorbed at equilibrium while qt (mg/g) refers to the amount 
of nickel ions adsorbed at time t. k1 and k2 in the equation rep-
resents the rate constant corresponding to the pseudo-first 
and pseudo-second order reactions, respectively.

Table 2
Values of RL corresponding to different concentrations

Concentration (mg/L) RL

100 0.2020
200 0.1123
300 0.077
400 0.059
500 0.0310

Table 3
Comparative study of the adsorption capacity of various iron 
oxide adsorbents

Adsorbents Adsorption 
capacity (mg/g)

References

Fe3O4-tea waste 38.30 [35]
Iron oxide-coated sewage 
sludge

7.8 [39]

Fe3O4 35.6 [45]
Natural iron oxide coated 
sand

1 [47]

Multi-walled carbon nano 
tube/iron oxide magnetic 
composite

9.18 [48]

Iron oxide-coated waste 
silica

4.25 [49]

Magnetic Fe @ graphite 
nano-composite

9.2 [50]

Nanoscale zero-valent 
iron-impregnated cashew 
nut shell

70.05 [51]

Green synthesized 
amine-modified Fe3O4 
nanoparticles

19.23 Present study

Fig. 14. Dubinin–Radushkevich isotherm plot.
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The graphs corresponding to the pseudo-first order and 
pseudo-second order model for a 100 mg/L of nickel solution 
is given in Figs. 15 and 16. A comparison of the results of two 
types of kinetic studies is given in Table 4. On the basis of 
R2 value, the reaction fits more toward pseudo-second order 
model and the calculated qe values are comparable with the 
experimental qe value (13.14 mg/g). Hence, the kinetic studies 
suggest that the reaction preferably follows pseudo-second 
order kinetics and the favored adsorption type is determined 
to be chemisorption [55,58].

3.5. Thermodynamic studies

In order to find out the nature of the adsorption process, 
thermodynamic studies were conducted. For any reaction, 
the spontaneity and degree of randomness are marked by 
the change in free energy (ΔG0) and entropy change (ΔS0), 
respectively. Further the change in enthalpy (ΔH0) explains 
whether the reaction is exothermic or endothermic in nature. 
These thermodynamic factors were calculated on the basis of 
the following equations [59,60]:

K
C
Cc
a

e

=  (13)

∆ = −G RT Kc
0 ln  (14)

∆ = ∆ − ∆G H T S
0 0 0

 (15)

lnK S
R

H
RTc =

∆
−
∆0 0

 (16)

Kc refers to the distribution coefficient of adsorption. Ca 
and Ce indicate the concentration of the Ni(II) ions on the 
adsorbent and in the solution, respectively. Both the terms are 
expressed in mg/L. T implies the absolute temperature (given 
in K) and R refers to the universal gas constant, 8.314 J/mol/K.

The experiment was carried out at temperatures ranging 
from 298 to 338 K for a 100 mg/L solution at a pH of 6, using 
a 0.5 g adsorbent. The values of ΔG0, ΔS0 and ΔH0 obtained 
from the thermodynamic studies have been shown in Table 5. 
The negative value of ΔG0 suggests the reaction to be spon-
taneous in nature. The values of ΔS0 and ΔH0 were obtained 
from the graph plotted between ln Kc and 1/T (Fig. 17). The 
negative value of ΔH0 points out the exothermic nature 
of adsorption process [61,62]. A similar type of result is 
obtained in the case of cadmium adsorption using modified 
Caryota urens seeds [63]. The negative value of ΔS0 says that 
the degree of randomness of the reaction has decreased [64].

3.6. Desorption studies

The efficiency of desorption was determined by eluting 
the adsorbent with water and HCl. No specific desorption 

Fig. 15. Pseudo-first order model plot for nickel adsorption.

Table 4
Results of kinetic studies based on pseudo-first order and 
pseudo-second order model

Pseudo-first order model Pseudo-second order model

R2 = 0.814 R2 = 0.937
k1 = 0.0644 min–1 k2 = 7.04 × 10–4 g/mg/min
qe (experimental) = 13.13 mg/g qe (experimental) = 13.13 mg/g
qe (calculated) = 29.99 mg/g qe (calculated) = 22.22 mg/g

Table 5
Results obtained from thermodynamic studies

ΔH0 

(kJ/mol)
ΔS0  

(kJ/mol/K)
ΔG0 

 (kJ/mol)
–17.02 0.05 298 K 308 K 318 K 328 K 338 K

–2.07 –1.56 –0.96 –0.51 –0.05

Fig. 16. Pseudo-second order model plot for nickel adsorption. Fig. 17. Thermodynamic studies for nickel adsorption.
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was reported on using water as the eluting agent. This shows 
that no chances for physical adsorption are prevalent in the 
present study. But when the adsorbent was treated with HCl 
(0.2–0.8 N) there was a remarkable increase in the desorption 
efficiency (Fig. 18). With increase in the acid concentration 
a similar observation was reported for Ni(II) adsorption on 
using maghemite nanoparticles [65]. The maximum desorp-
tion efficiency with respect to 0.8 N HCl was found to be 79%. 
The positive results obtained using this acid-based reactive 
eluting agent expresses the likelihood of chemical adsorp-
tion in the current study. However, after successive cycles 
of desorption analysis, roughly 20% reduction in desorption 
efficiency is noticed (figure not shown). Further increase in 
the concentration of acid can lead to the damage of adsorbent 
material and hence not carried out. The present desorption 
analysis is carried out using HCl due its higher acidic nature 
than any other acid-based eluting agents.

4. Conclusions

The present study has mainly focused on finding out the 
efficiency of the amine-modified green synthesized Fe3O4 
nanoparticles for the adsorption of Ni(II) ions from aqueous 
solution. The material was synthesized via co-precipitation 
method and was characterized using techniques such as FTIR, 
XRD, SEM, EDX, TGA and VSM. The adsorption param-
eters such as concentration, pH, dosage, contact time and 
temperature were optimized. The reaction was found to be 
exothermic in nature. The isotherm studies using Langmuir 
and Freundlich adsorption isotherms suggest that the pro-
cess is likely to be a combination of both physisorption as 
well as chemisorption. The Langmuir adsorption capacity of 
the material is estimated to be 19.23 mg/g. Further the kinetic 
studies showed that the process follows pseudo-second 
order kinetics suggesting chemisorption. Based on the 
obtained results, the possible interaction between the Ni(II) 
ions and the adsorbent is suggested as electrostatic and 
covalent interactions. The thermodynamic studies reveal 
the exothermic nature of adsorption. Further an improved 
desorption efficiency of 79% is reported in the current study. 
Hence the present adsorption system using green synthe-
sized amine-modified nano-based adsorbent is proposed to 
be an effective alternate for the removal of nickel ions from 
aqueous solution.
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