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ab s t r ac t
Functionalized Guar gum (GG) on the surface of iron oxide (Fe3O4) nanoparticles was synthesized via 
conventional co-precipitation method. The nanocomposite was characterized by Fourier  transform 
infrared, X-ray diffraction, field emission scanning electron microscopy, transmission electron 
 microscopy, BET, vibrating sample magnetometer and zeta potential measurement. The efficiency of 
the nanocomposite was investigated towards the adsorption of different dyes such Congo red (CR), 
malachite green, methylene blue, methyl orange, Eriochrome Black T, methyl blue and Rhodamine 
B. Among which CR dye shows adsorption efficiency of 97% using the prepared nanocomposite. 
The presence of –NH2 in the CR dye was responsible for the efficient adsorption, as it easily forms 
hydrogen bonding with the surface hydroxyl group of Fe3O4-GG. The optimum condition for dye 
removal efficiency using Fe3O4-GG was investigated by varying different factors such as the influence 
of pH, the initial concentration of dye, adsorbent dose and influence of contact time. Moreover, the 
adsorption procedure was studied with various adsorption isotherms (Langmuir, Freundlich, Temkin, 
Dubinin–Radushkevich and Elovich) and Langmuir isotherm was best fitted to the experimental data 
for CR removal with maximum adsorption capacity of 60.24 mg/g. The CR adsorption rate follows 
the pseudo-second order and within just 5 min maximum adsorption occurred. This material can be 
effectively used up to five consecutive runs. Hence, the synthesized Fe3O4-GG can be used as a good 
adsorbent for CR removal and reduce the pollution load in waste water.
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1. Introduction

Nowadays disposal of dyes and organic contaminants 
generated from the industries is the major source of water 
pollution that became a worldwide environmental concern. 
Industries such as paper, printing, cosmetics, plastics, leather, 
textile and petroleum release different types of dyes into the 
aquatic environment which causes water pollution [1,2]. 

These pollutant dyes and organic compounds are reported as 
toxic, carcinogenic and mutagenic in nature. Even with a few 
dyes discharged into the water system can affect the aquatic 
ecosystem and pose a serious problem to living organisms. 
Thus the removal of dye from the waste water is necessary 
and important before it is discharged into the environment 
[3]. Most of these dyes such as congo red (CR), malachite 
green (MG), methylene blue (MeB), methyl orange (MO), 
Eriochrome Black T (EBT), methyl blue (MB) and Rhodamine 
B (Rhb), etc. are frequently used in various industries. 
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Among them CR dye, benzidine-based anionic bisazo dye, 
is most frequently used for various applications. This dye 
is responsible for several diseases such as human cancer, 
allergic dermatitis, skin irritation, and mutations [4]. Here, 
CR has been chosen as a model dye in view of its complex 
structure, restricted biodegradability, soundness towards the 
light and high dissolvability in water arrangement [5], so it is 
required to remove them during treatment. Till date, most of 
the techniques, such as photodegradation [6], adsorption [7], 
solvent extraction [8], coagulation [9], membrane filtration 
[10] and oxidizing agents [11], are used to take off poison-
ous chemicals from the dissolved aqueous solution. Among 
these, adsorption is a classical technique, because of its effi-
ciency, economy and high level of effectiveness [12].

In past decades, various low-cost adsorbents such as 
palm kernel seed coat [13], magnetic alginate beads [14], 
chitosan [15], bagasse fly ash [16], clay mineral [17], biode-
gradable waste [18], agricultural waste [19] and industrial 
waste products [20] have been used as effective adsorbents 
for adsorption of carcinogenic dyes from different water bod-
ies. A number of literature has also been reported towards 
the adsorption of Congo red on various adsorbent surfaces. 
Moreover, Kannan and Meenakshısundaram [21] have used 
activated carbon for the removal of congo red. Additionally, 
biogas waste has also been employed for the removal of 
Congo red from aqueous solution [22]. During the past 
decade, iron oxide has attracted much attention due to its 
wide range of applications such as biosensor development 
[23], biomedical engineering [24], drug delivery [25], biosep-
aration technologies [26] and other developments. Among 
various applications, iron oxides have been frequently used 
as adsorbent because of its several advantages such as low 
cost, extensive availability, good adsorption capacity and 
thermal stability [27,28]. Moreover, Fe3O4 has large specific 
surface area, reactive surface and easy magnetic separation 
after adsorption process. Therefore, the Fe3O4 nanoparticles 
can be a good selection for the adsorption of different dyes. 
The adsorption capacity of the Fe3O4 nanoparticle can be fur-
ther improved by modifying it with various polysaccharides. 
There is some literature available where polysaccharides 
modified magnetic nanoparticles have been reported such 
as adsorption of reactive black due using chitosan modified 
graphite oxide [29], cobalt ferrite/activated carbon/alginate 
composite beads for adsorption of MB [30], removal of MeB 
dye using chitosan-g-poly (acrylic acid)/vermiculite hydro-
gel composites [31], etc.

Among all available polysaccharides, guar gum (GG) 
is the most important class of polysaccharide that can be a 
promising supporting material for adsorption due to its 
thermal stability and higher solubility. So we have explored 
the grafting of GG on to the surface of Fe3O4 nanoparticles 
to improve the hydrophilicity of Fe3O4 [32–35]. Therefore, the 
combined properties of both GG and Fe3O4 nanoparticle can 
be used for adsorption of toxic dyes. Till now GG modified 
Fe3O4 nanoparticle has not been studied thoroughly for the 
adsorption of various toxic dyes.

It is assumed that cross-linking of Fe3O4 nanoparticles 
with GG occurs via the 3,4-cis-hydroxy moiety, and thereby 
the formation of a three-dimensional network responsible 
for the gelation (the mechanism is illustrated in Fig. 1(a)). 
Besides having previous reports on the mechanistic points, 

which says that the active sites of GG are responsible for the 
cross-linking with Fe3O4, till date the mechanism is not clear 
[36]. The author observed entirely two different mechanisms: 
(a) a condensation reaction of OH groups on Fe3O4 nanopar-
ticles and surface OH groups on GG and (b) an esterification 
reaction between Fe3O4 compounds and a hydroxyl group on 
GG. These two mechanisms do not impose any actual and 
clear mechanism. Therefore, it is still commonly believed that 
the formation of these nanoparticles only represents an unde-
sired side reaction which actually reduces the activity of the 
cross-linker [37]. Thus, generally, the cross-linking mecha-
nism is based on the ligand exchange reaction between Fe3O4 
nanoparticles and GG [38].

Keeping this in mind our aim is to synthesize an efficient 
and active GG-coated Fe3O4 nanocomposite adsorbent and 
to study its activity towards the adsorption of various dyes. 
The enhanced adsorption efficiency is due to the presence of 
multiple numbers of hydrogen bonding selective binding site 
of Fe3O4-GG nanocomposite with the CR dye. The optimum 
experimental condition such as pH, contact time, adsorbent 
dose and initial dye concentration was demonstrated in order 
to give knowledge about adsorption kinetics, isotherm, ther-
modynamics and reusability of the prepared adsorbent (i.e., 
Fe3O4-GG). The present study showed that Fe3O4-GG nano-
composite could be a challenging adsorbent for dyes removal 
at large scale and at low cost.

2. Experimental setup

2.1. Materials

Citric acid monohydrate, MB, GG and EBT were pur-
chased from Hi-Media (India). The anionic dyes such as MG, 
CR and Rhb were provided by Central Drug House Pvt. Ltd., 
New Delhi, India. Ferrous chloride anhydrous, isopropyl 
alcohol and aqueous ammonia solutions were purchased 
from Spectrochem, Mumbai, India. Ferric chloride anhydrous 
was procured from Finar reagent Company, Ahmedabad, 

Fig. 1. (a) Schematic illustration of the synthetic procedure 
for Fe3O4-GG nanocomposite (b) Schematic illustration of the 
adsorption process for the CR using Fe3O4-GG.
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Gujarat, India. All other reagents were of analytical grade 
and used without further purification. All solutions were 
prepared with distilled water as per the requirement.

2.2. Synthesis of Fe3O4 nanoparticles

Fe3O4 nanoparticles were prepared by chemical co-pre-
cipitation method [39]. Briefly, 5 g of FeCl2 and 11 g of FeCl3 
were dissolved in 100 mL deionized water and magnetically 
stirred vigorously for 2 h at 60°C under N2 atmosphere. Then 
ammonia (NH3. H2O) solution (20 mL, 25% pure) was slowly 
added to the solution with an observation of the colour, which 
changes to black and the pH of final mixtures was controlled 
between the ranges of 10–11. The solution was heated to 70°C 
within 15 min then 4 g of citric acid monohydrate was added. 
After 1 h continuous stirring, it was removed and cooled at 
room temperature. The black precipitate was separated by a 
magnet and the nanoparticles were washed five times with 
deionized water then isopropyl alcohol and dried in an oven 
at 50°C overnight.

2.3. Synthesis of Fe3O4-GG nanocomposite

First we have taken 250 mg of GG powder and 50 mL 
of isopropyl alcohol in a round bottom flask then continu-
ously stirred for 1 h under 60°C to facilitate the formation of 
a viscous gel. After the appearance of a completely homoge-
neous solution, then added 2.0 gm of Fe3O4 nanoparticles and 
stirred for 1 h at 60°C under N2 atmosphere then 0.5 mL glu-
taraldehyde 25% was added into the mixture as a cross linker. 
After completion of the reaction, the pH 9–11 in the solution 
was adjusted to 1.0 mol/L NaOH. The mixture was stirred 
for 3 h and heated to 60°C then after followed by washing 
with distilled water (centrifuged at 6,000 rpm for 10 min) to 
remove any free particles. Finally, the obtained composite 
was dried at 80°C so as to obtain a dry powder of Fe3O4-GG 
nanocomposite, which was stored in desiccators.

2.4. Characterizations of Fe3O4-GG nanoparticles

Fourier transform infrared (FTIR) analysis of the nano-
composite was performed with KBr discs in the range 4,000–
400 cm–1 on PerkinElmer (95277) FTIR Spectrometer Spectrum 
RX-I. Analytical study of the prepared composite was done 
using UV-Vis spectrophotometer (SHIMADZU-2450) and 
X-ray diffraction (XRD) measurements (Rigaku Dmax-2000 
diffractometer using Cu Kα radiation source [λ = 0.15418 nm]). 
The morphology and nanostructure of the synthesized sam-
ples were obtained using field emission scanning electron 
microscopy (FE-SEM) by Nova NanoSEM/FEI. The morphol-
ogy, composition and crystal structures of the samples were 
analyzed using transmission electron microscopy (TEM) on 
a JEOL 3010 instrument with a UHR pole piece using carbon 
coated 200 mesh copper grids at an acceleration voltage of 
100–500 kV. The specific surface area, total pore volume and 
pore size distribution analysis were performed using 77 K on 
a Quantachrome Autosorb 3-B apparatus; respectively. The 
magnetic properties were measured on the MPMS 3 incorpo-
rates. All the samples were dispersed in deionized water and 
the zeta potential measurements were carried out with a zeta 
sizer nano (MALVERN ZS 90).

2.5. Batch adsorption experiment

CR dye uptake study was performed by using batch 
adsorption experiment on a magnetic stirrer (5MLH 
plus, REMI, Kolkata, India). An amount of 150 mg of the 
Fe3O4-GG nanocomposite with 100 mL of dye solution of 
the required concentration was taken in a 250 mL of con-
ical flask and pH of the solution was adjusted by adding 
NaOH (0.1 M) or HCl (0.1 M) as required, then the mixture 
was stirred. The concentration of CR dye was analyzed by 
using UV-Vis (SHIMADZU-2450) spectrophotometer by 
monitoring the absorbance (495.7 nm). To get the optimum 
condition, the experiments were performed by varying 
adsorbent dose from 10 to 200 mg, initial dye concentra-
tion from 20 to 100 mg/L and pH from 2 to 12 and the solu-
tions were taken out at a different time interval during the 
adsorption. From the above experimental data, we get the 
optimum conditions, that is, adsorbent dose of 150 mg, 
dye concentration of 60 mg/L at pH 6 shows the highest 
efficiency in 5 min. Later on, Fe3O4-GG nanoparticles were 
separated from the solution by exposing to magnet shown 
in Fig. 1(b).

The percentage of dye removal was calculated using 
Eq. (1):

Percentage of removal =
−

×
C C
C

e0

0

100  (1)

And the equilibrium uptake was calculated using Eq. (2):

q C C V
We e= − ×( )0   (2)

where C0 is the initial concentration of the dye (mg/L), Ce 
is the final dye concentration (mg/L), qe is the equilibrium 
adsorption capacity (mg/g), W and V represent the weight 
of adsorbent (g) and the volume of dye solution used (L), 
respectively. All the batch experiments were carried out in 
triplicate and results represented here are the average read-
ings [40].

3. Results and discussion

3.1. FTIR analysis

FTIR spectra of Fe3O4, GG and Fe3O4-GG nanocomposite 
are presented in Fig. 2(A). In the case of Fe3O4, the peak at 
569 cm–1 relates to Fe–O group [41,42], whereas GG exhib-
its the characteristic adsorption band at 3,383 cm–1 due to –
OH stretching vibration of the polymer and water involved 
in hydrogen bonding [43]. The peak observed in the spectra 
at 800 and 1,200 cm–1 represents the highly coupled C–OH 
and C–O–C stretching mode of polymer back bone [44]. The 
peak 1,654 cm–1 attribute due to ring stretching of galactose 
and mannose. The weak bands around 770 cm–1 indicate 
the ring stretching and ring deformation of β-D-(1-4) and 
α-D-(1-6) linkages. The peak at 2,897 cm–1 and the marked 
bands at 1,059–1,033 cm–1 ascribed to C–H stretching and 
C–O stretching of GG, which indicated the formation of cova-
lent bond between –OH groups of GG and Fe3O4. All these 
findings suggest that CR on Fe3O4-GG is held by chemical 
activation or chemisorptions [33,45].
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3.2. XRD analysis

To determine the crystal structure and phase purity, the 
Fe3O4 and Fe3O4-GG nanocomposite were investigated by 
X-ray diffractometer shown in Fig. 2(B). The XRD patterns 
shows the characteristic peaks identified at 2θ = 30.09°, 
35.42°, 43.05°, 56.94° and 62.51°, which are marked by their 
indices (220), (311), (400), (511) and (440), which agree well 
with the XRD pattern of JCPDS file no. 65-3107, respectively 
[46–48]. The diffraction peaks of Fe3O4 -GG are similar to 
the Fe3O4 nanoparticles, which reveal the crystal structure 
of high purity of Fe3O4 is well maintained after the coating 
of GG. The average crystallite size was calculated using the 
Debye–Scherrer formula:

 D
B

=
0 94.
cos

λ
θ

  (3)

where D is the average crystalline diameter, 0.94 is the 
Scherrer constant, λ is the X-ray wavelength, B is the angular 
line width of half-maximum intensity and θ is the Bragg’s 
angle in degree. Here, the (311) peak of the highest intensity 
was picked out to evaluate the particle diameter of Fe3O4 and 
Fe3O4-GG. The D was calculated to be 4.2 and 6.8 nm, which 
is basically in accordance with the transmission electron 
micrographs discussed later.

3.3. FE-SEM analysis

The shape of the nanocomposite was investigated by 
FE-SEM and results are shown in Fig. 3. Figs. 3(a) and (b) show 
the FE-SEM micrograph of Fe3O4 and Fe3O4-GG nanocomposite, 
which has nearly uniform and spherical shape with homog-
enous dispersed nanoparticles. In both micrographs, size 
of the nanoparticles is almost same while some smaller and 
bigger size of the nanoparticles is also seen. To overcome this 
problem, later on, we are investigating TEM analysis for deter-
mining the size of the nanoparticles. In FE-SEM analysis, the 
magnetic nanoparticles were characterized using energy dis-
persive X-ray (EDX) analysis in order to identify the elemental 
components of the sample. Fig. 3(c) shows the EDX spectrum 
of Fe3O4-GG, which shows that various compositions were 
recorded. The effect illustrates strong peaks for Fe, C and O. 
The quantitative analysis indicated the molar presence of car-
bon (72.81%), oxygen (9.09%) and iron (18.08%) in the nano-
composite. Figs. 3(d)–(f) show energy dispersive study (EDS) 
of Fe3O4-GG nanocomposite which indicates the distribution 
of different element in different colour. That confirms well dis-
tribution of the element present in the nanocomposite.

3.4. TEM analysis

From the TEM analysis, we confirm the particles size 
and morphology of nanocomposite. Fig. 4 shows the 
TEM analysis of Fe3O4 nanoparticles and Fig. 6. shows 
GG-coated Fe3O4 nanocomposite. As we can see from the 
obtained micrograph, the prepared Fe3O4 nanoparticles and 
Fe3O4-GG nanocomposite are spherical in nature and some 
particles agglomerate, which is due to their high density 
and high specific surface area. The average particle size of 
Fe3O4 is 3.4 nm as shown in Fig. 5 whereas, Fig. 7 shows the 
distribution analysis for Fe3O4-GG and found to be 6.1 nm. 
After coating GG on the surface of Fe3O4, the particle size 
increases, and aggregation of particles reduces. Figs. 4(b) and 
6(b) show selected area electron diffraction study (SAED) 
of Fe3O4 and Fe3O4-GG nanocomposite. In both, the case 
predicts a well-determined set of rings with bright spots, 
which indicates that both the Fe3O4 and GG-coated Fe3O4 
nanocomposites are nanocrystalline in nature [49]. Fig. 6(c) 
shows the EDS micrographs of Fe3O4-GG nanocomposite 
indicating the distribution of different elements such as car-
bon, oxygen and iron. Fig. 6(d) demonstrates the distribution 
of all the element together and Figs. 6(e)–(g) show the ele-
ment maps of iron (Fe), carbon (C) and oxygen (O) individ-
ually. The elemental mapping confirms that all the elements 
are well arranged.

3.5. BET analysis

The nitrogen sorption technique was performed to 
investigate the textural properties of Fe3O4 nanoparticles 
and Fe3O4-GG nanocomposite. In this analysis, we found 
that the BET surface area, pore volume and pore size of the 
Fe3O4 nanoparticles are 220 m2/g, 0.99 cm3/g and 6.5 nm, and 
158 m2/g, 0.398 cm3/g and 15.5 nm for Fe3O4-GG nanocom-
posite. Fig. 8(a) shows that the nanocomposite has type IV 
isotherm (according to IUPAC classification). As we can see 
from Table 1, the surface area decrease after coating GG on the 

Fig. 2. (A) FTIR spectra of (a) Fe3O4 and (b) GG (c) Fe3O4-GG 
nanocomposite. (B) X-ray diffraction patterns of (a) Fe3O4 and (b) 
Fe3O4-GG nanocomposite.
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surface of Fe3O4 because the decrease in surface area can attri-
bute the increase in crystal size of the nanoparticles by apply-
ing the Scherrer formula [50–53]. The result shows the immo-
bilization of GG on the surface of Fe3O4 nanoparticles. The 
BET surface area and Barrett-Joyner-Halenda pore size dis-
tribution data confirm our prepared nanocomposite having 
mesoporous structure in nature and high surface area; these 
two properties having potential application in adsorption.

3.6. Magnetometer analysis

The magnetic property of Fe3O4 and Fe3O4-GG nanocom-
posite was analyzed by vibrating sample magnetometer. 

Fig. 8(b) shows that the saturation magnetization curves of 
bare Fe3O4 nanoparticles and Fe3O4-GG can reach 51.95 and 
22.73 emu/g at typical room temperature (298 K), (magnetic 
field ±5,000 G). As we can see from Fig. 8(b), these two sam-
ples show no remanence and coercivity. This indicates that 
the magnetic nanocomposites are paramagnetic in nature. 
However, the magnetic saturation value of the Fe3O4-GG 
nanocomposite became lower as compared with Fe3O4 
nanoparticles, because of its higher molecular weight of 

Fig. 4. (a) TEM of Fe3O4 nanoparticles (b) SAED pattern of Fe3O4 
nanoparticles.

Fig. 3. Field emission scanning electron microscopy (FE-SEM) images of (a) Fe3O4, (b) Fe3O4-GG nanocomposite, (c) EDX spectra of 
Fe3O4-GG nanocomposite, (d–f) EDS data of Fe3O4-GG nanocomposite.

Fig. 5. Histogram of particle size distribution of Fe3O4.



347J.K. Sahoo et al. / Desalination and Water Treatment 95 (2017) 342–354

GG [31]. When an outside magnet was added, the Fe3O4-GG 
nanocomposite was attracted rapidly to the place close to the 
magnet in a few minutes and the solution almost purified 
(inset in Fig. 8(b)). The result suggested that Fe3O4-GG has 
good removal properties and could be easily separated from 
aqueous solution by using magnetic field [46].

3.7. Zeta potential analysis

Zeta potential measurement as a function of pH has been 
performed to confirm the surface charge properties. The zeta 
potential data of Fe3O4 and Fe3O4-GG at different pH are 
shown in Fig. 8(c). The Fe3O4 magnetic nanoparticles have 

positive charge at lower pH which decreases with increase 
in pH and became negative after its isoelectric point. The 
isoelectric point of the Fe3O4 and Fe3O4-GG nanocomposite is 
found to be 8.8 and 7.5, respectively.

4. Preferential adsorption of different dyes

The removal efficiency of various dyes (40 mg/L) by 
Fe3O4-GG nanocomposite (150 mg adsorbent dose) is shown 
in Fig. 8(d). The observation indicates the preferential adsorp-
tion of the dyes containing the amino group (–NH2) group 
such as CR, which adsorbed with higher efficiency (∼97% 
for CR) as compared with other available dyes such as MG 
(∼43%), MeB (∼11%), MO (∼5%), EBT (∼4%), MB (∼5%) and 
Rhb (∼4%) on the magnetic nanocomposite surface. Fe3O4-GG 
nanocomposite contain surface hydroxyl group that can be 
easily bonded to the dyes (i.e., CR and MG) containing –NH2 
group can form hydrogen electrostatic bonding with the sur-
face hydroxyl group of the prepared Fe3O4-GG nanocompos-
ite, which leads to improvement of the adsorption efficiency 
of discussed dyes as compared with other dyes, without –
NH2 group. The most dominating mechanism for adsorption 
of organic dyes on polymer-coated Fe3O4 nanocomposite sur-
face is due to the surface complexation via electrostatic inter-
action under solution conditions [54,55].

5. Impact of different parameters on adsorption

5.1. Effect of dye concentration

Five various concentrations, that is, 20, 40, 60, 80 and 
100 mg/L have been chosen to examine the effect of ini-
tial concentration of CR dye onto adsorbent, and the result 

Fig. 6. (a) TEM image of Fe3O4-GG nanocomposites, (b) SAED pattern of Fe3O4-GG nanocomposites, (c) EDS mapping analysis of 
Fe3O4-GG nanocomposites. 

Fig. 7. Histogram of particle size distribution of Fe3O4-GG nano-
composite.
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obtained at adsorbent dose 150 mg, pH 6 and 25°C (room 
temperature) are shown in Fig. 9(a). From this figure, it was 
observed that the percentage removal of CR at 20 and 40 mg/L 
dye concentration is approximately same but after increasing 
the concentration of the dye from 40 to 100 mg/L, the removal 
efficiency decreased from 97.45% to 51.49% because the num-
bers of active binding sites were saturated and the removal 
efficiency decreases [56]. The optimum dye concentration 
was an initiate to be 40 mg/L.

5.2. Effect of pH

pH assumes as an important parameter to control the 
removal efficiency of CR dyes by the Fe3O4-GG nanocomposite. 

From Fig. 9(b), it is observed that about 97.58% of CR (initial 
concentration of 40 mg/L) is removed at pH 6. The isoelectric 
point of the Fe3O4-GG nanocomposite is found to be 7.5. The 
Fe3O4-GG nanocomposite has positive surface charge at pH 
< 7.5 and electrostatic interaction occurred between the pos-
itively charged nanocomposite and negatively charged CR 
dyes. But at pH > 7.5, the surface charge becomes more nega-
tive due to the presence of excess OH– ions on the adsorbent 
surface as shown in the following equation:

CH OH OH CH O H O2 2 2− − −+ +� ⇀�↽ ��

Hence, there is a repulsive force existing in between the 
adsorbent surface and the negatively charged CR dye result-
ing in the reduction of the adsorption efficiency. Hence in 
acidic condition, an ionic complex is formed between the 
anionic dye (CR) molecules and the cationic polymer func-
tionalized magnetic adsorbent surface.

5.3. Effect of adsorbent dose

The effect of Fe3O4-GG adsorbent dose on the removal of 
CR dyes from aqueous solution is illustrated in Fig. 9(c). The 
maximum CR dye removal efficiency for 40 mg/L solutions is 

Fig. 8. (a) N2 adsorption–desorption isotherm of Fe3O4 and Fe3O4-GG nanocomposite; (b) magnetization curve of Fe3O4 and Fe3O4-GG 
nanocomposite; (c) Zeta potential vs. pH of Fe3O4 and Fe3O4-GG nanocomposite; (d) preferential adsorption efficiency of different 
dyes on Fe3O4-GG nanoparticles.

Table 1
BET surface area, pore volume and pore size of Fe3O4 and Fe3O4-
GG nanocomposite

Sample BET surface 
area (m2/g)

Pore volume 
(cm3/g)

Pore size 
(nm)

Fe3O4 220 0.99 6.5
Fe3O4-GG 158 0.398 15.5
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61.3%, 74.2%, 81.6%, 97.4% and 97.5% with different adsor-
bent dose 10, 50, 100, 150 and 200 mg after 5 min, respec-
tively. As shown in the graph the optimum adsorbent dose 
is 150 mg, after which it reached equilibrium. The obtained 
results confirm that on increasing the amount of adsorbent 
dose, dye adsorption efficiency was also increased due to the 
availability of more adsorbent surface area [35,40].

5.4. Effect of contact time

Contact time is one of the essential factors in the design 
of economical adsorption system. Fig. 9(d) reveals that dye 
uptake initial rate increased sharply with time and attained 
equilibrium (97.5%) within 5 min for CR dyes. This phenom-
enon shows that monolayer exposure of dye molecule at the 
external interface of the nanocomposite is formed during 
the adsorption process. The initial higher rate of removal is 
due to the larger surface area as well as the abundant active 
binding site of the nanocomposite [57,15]. After maximum 
removal, the adsorption rate was controlled by the rate of dye 
transport from external to internal pores of the nanocompos-
ite materials.

6. Adsorption kinetics

In addition, kinetics studies would help to understand the 
mechanism of adsorption process and determine the rate lim-
iting step. Two kinetic models (pseudo-first order and pseudo- 
second order) were introduced to simulate the experimental data. 
The details of pseudo-first-order model are presented below:

log log
.

q q q
K

te t e−( ) = − 1

2 303
 (4)

where qe is the adsorption capacity at equilibrium, qt is the 
amount of dye adsorbed at time t. The parameter K1 (min–1) 
is the rate constant of pseudo-first-order adsorption. The plot 
of log(qe – qt) vs. t is illustrated in Fig. 10(a) (For CR) and the 
parameters such as K1, qe, and R2 (correlation coefficient) val-
ues are listed in Table 2.

 t
q K q

t
qt e e

= +
1

2
2  (5)

where the parameter K2 (g/mg min) is the pseudo-second- 
order rate constant. The plot of t/qt vs. t is illustrated in 

Fig. 9. (a) Removal of CR at different concentrations. (b) Effect of pH on the removal efficiency. The concentration of the adsorbent 
was 150 mg and the initial concentration of dye solution was 40 mg/L. (c) Effect of adsorbent dosage on adsorption of CR. (d) Effect 
of time on adsorption of CR.
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Fig. 10(b) and the parameters such as K2, qe and R2 (correla-
tion coefficient) values are listed in Table 2. The kinetic mod-
els fit well with pseudo-second-order model due to higher 
R2 value as compared with pseudo-first-order model. Our 
adsorption process follows pseudo-second-order model and 
is dependent on the amount of dye adsorbed on the surface 
of Fe3O4-GG nanocomposite at equilibrium. Generally, the 
pseudo-first-order is applicable to initial stage of adsorption 
that is why this model does not fit well with the whole range 
of contact time [40,58]. From the above the kinetic data, 
we confirm the adsorption process is due to chemisorp-
tions which involved valence forces between dye anion and 
adsorbent.

7. Adsorption isotherm modelling

After adsorption kinetics, isotherm studies are investi-
gated to describe the relationship between the dye molecules 
adsorbed at a given temperature per unit mass of the adsor-
bent (equilibrium adsorption capacity, qe) and the liquid phase 
dye concentration (Ce). They provide very useful information 
about surface properties, adsorption mechanism and affinity 
of an adsorbent towards an adsorbate [59]. Different isotherm 
models have been used to describe the isotherm curve. Five 
adsorption isotherm models, Langmuir, Freundlich, Temkin, 
Dubinin–Radushkevich (D–R) and Elovich, were selected 
and the equation is listed below.

The linearized forms of the Langmuir equation are 
expressed as follows:

 1 1 1 1
q bq C qe e

= +
max max

 (6)

C
q q

C
bq

e

e
e= +

1 1

max max

 (7)

where Ce is the concentration of dye under equilibrium con-
dition (mg/L), qe is the amount of dye adsorbed (mg/g), the 
calculated value of b is the Langmuir constant (L/mg) and 
qmax is the maximum adsorption capacity (mg/g) are listed 
in Table 3. The Langmuir isotherm curve is plotted between 
1/qe and 1/Ce (Fig. 11(a)), hence Langmuir isotherm represents 
the homogeneous surface adsorption.

Freundlich isotherm suggests a heterogeneous surface 
or surface supporting sites of different energy of adsorp-
tion [59]. The non-linear form of Freundlich isotherm is 
expressed as:

log logq K
n

Ce f e= +log 1  (8)

where n (heterogeneity factor) and Kf (mg/g) are the 
Freundlich constants indicating adsorption capacity and 
these parameters are calculated by plotting logqe vs. logCe, 
Where log(Kf) is the intercept and 1/n is the slope of the line 
formed (Fig. 11(c)), respectively. The adsorption constant and 
correlation coefficient values are listed in Table 3. The n value 
larger than unity indicates that the adsorbate (dye) has been 
satisfactorily adsorbed on the adsorbent (Fe3O4-GG nano-
composite) and if n < 1, the adsorption is unfavorable.

Temkin and Pyzhev consider the effect of indirect adsor-
bent–adsorbate interaction on adsorption isotherm. The 
adsorption study is analyzed by a uniform distribution of 
the binding energies, up to some maximum binding energy 
[60,61]. The linear form of Temkin isotherm is expressed as:

q B K B Ce T e= +1 1ln ln  (9)

B RT
b1 =  (10)

where B1 (KJ/mol) is the Temkin constant related to the heat 
of adsorption, KT (L/g) is the isotherm constant, R is the gas 
constant (8.314 J/mol K) and T (K) is the absolute tempera-
ture. The parameters such as B1, KT and correlation coefficient 

Fig. 10. Kinetic model parameters of CR adsorption on Fe3O4-GG 
(a) pseudo-first-order kinetic model and (b) pseudo-second-or-
der kinetic model.

Table 2
Kinetics parameters for CR dye adsorption on Fe3O4-GG

Initial dye 
concentration 
(mg/L)

Pseudo-first-order 
kinetics 

Pseudo-second-order  
kinetics

qe (mg/L) K1 R2 qe (mg/L) K2 R2

40 mg/L 3.85 0.07 0.95 5.26 2.71 0.99
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(R2) are calculated by plotting the graph between qe vs. lnCe 
and are represented in Fig. 11(d), respectively.

The D–R is generally applied to resolve the nature of 
biosorption process as physical or chemical. The linear form 
of this isotherm [62] is:

ln lnq q Ke m= − ε2  (11)

where K is a constant related to the adsorption mean free 
energy (mol2/KJ2), ε is the D–R isotherm constant and qm 
is the maximum adsorption capacity (mg/g). The parame-
ters such as K and qm are calculated by plotting the graph 
between lnqe and ε2 is located in Fig. 11(e), respectively. 
The Polanyi potential (ε) can be determined by using 
Eq. (12):

ε = +








RT

Ce
ln 1 1  (12)

where T (K) is the absolute temperature and R is the gas con-
stant (8.314 J/mol K). The mean free energy of adsorption E is 
calculated by using the following formula:

E
K

=
−

1
2

 (13)

The highest adsorption capacity for CR is determined to 
be 46.08 mg/g. It can be seen that experimental qm and calcu-
lated values are close to each other suggesting D–R partially 
over Langmuir isotherm. With the help of mean adsorption 
energy, information about the physical and chemical nature 
of the adsorption process is analyzed by the D–R isotherm 
model. Moreover, it is reported that when the value of E is 
<40 KJ/mol then the adsorption process is chemisorption 
mechanism [63]. When the value of E is below 8 KJ/mol or 
8–16 KJ/mol the adsorption process indicates physiosorption 
[64]. Calculated E-value 65.93 KJ/mol suggests that the type 
of adsorption may be interpreted as chemical adsorption of 
CR onto Fe3O4-GG.

The equation defining the Elovich model is based on the 
kinetic principle assuming that the adsorption side increase 

Table 3
Isotherm parameters for the adsorption of CR on to Fe3O4-GG at 
room temperature (300 K) and initial dye concentration 40 mg/L

Isotherm model Parameters

Langmuir qm (mg/g) = 60.24
b (L/mg) = 1.47
RL = 0.016
R2 = 0.99

Freundlich Kf = 15.13
n = 2.77
R2 = 0.96

Temkin KT (L/mg) = 20.58
B1 = 7.373
R2 = 0.92

Dubinin–Radushkevich qm (mg/g) = 46.08
K (mol2 K/J2) = –1.1674 × 10–4

E = 65.93
R2 = 0.97

Elovich KE = 6.63
qm = 12.19
R2 = 0.91

Fig. 11. (a) Langmuir isotherm plot, (b) effect of the initial concentration for CR adsorption on Fe3O4-GG, (c) Freundlich isotherm plot, 
(d) Temkin isotherm plot, (e) Dubinin–Radushkevich isotherm plot and (f) Elovich isotherm plot of CR on Fe3O4-GG.
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exponential with adsorption, which implies a multi-layer 
adsorption. It is expressed by the relation:

ln ln
q
C

K q
q
q

e

e
E m

e

m

= −  (14)

where qm is the Elovich maximum adsorption capacity (mg/g) 
and KE is the Elovich constant (L/mg) are calculated by plotting 
the graph between ln(qe/Ce) and qe are represented in Fig. 11(f).

All the isotherms are illustrated graphically in Fig. 11 
and the isotherm parameters are listed in Table 3. From the 
obtained RL value within the range 0 to 1, which confirms 
the adsorption process of CR on Fe3O4-GG was favorable at 
the condition being studied. However, the initial concentra-
tion increases from 20 to 100 mg/L as the RL value decreases 
(Fig. 11(b)). From the Freundlich isotherm, the values of 1/n 
less than 1 represent a favorable adsorption [65]. The smaller 
value of the Temkin constant (B1) suggested that adsorption of 
CR on Fe3O4-GG is favorable. The isotherm model with highest 
coefficient of correlation (R2) value is regarded as the well fit of 
isotherm models. The comparison of coefficients indicates that 
the Langmuir isotherm fits more precisely (R2 = 0.98) than the 
Freundlich isotherm (R2 = 0.96), Temkin isotherm (R2 = 0.92), 
Elovich isotherm (R2 = 0.91) and D–R isotherm (R2 = 0.97). 
The Langmuir adsorption isotherm model assumes monolayer 
formation between CR and Fe3O4-GG nanocomposite [66].

8. Comparative study of adsorption capacity with different 
adsorbents

The comparison study of highest adsorption limit of 
Fe3O4-GG nanocomposite with reported adsorbents has been 
examined to understand the effectiveness of the prepared nano-
composite as an adsorbent for the removal of anionic CR dye 
from aqueous solution. Table 4 reflects that qmax of synthesized 
Fe3O4-GG (60.24 mg/g for CR) is substantially higher than that of 
other reported adsorbents towards CR dye. This result indicates 
that Fe3O4-GG nanocomposite can be considered as a better 
adsorbent for the uptake of CR dyes from aqueous solution. As 
stated in Table 4, CR has higher adsorption rate with palm kernel 
seed coating material but the disadvantage of the material is 
that it cannot be regenerated for multiple applications. Whereas, 
overcoming the said disadvantage, our GG-based Fe3O4 nano-
composite can be regenerated for several cycles with an almost 
similar efficiency that can be shown in Fig. 8(d) [13–15,67].

9. Regeneration of dye-loaded adsorbent

The reusability of the nanocomposite (Fe3O4-GG) was 
studied with 40 ppm CR dye solution (pH = 6) mixed with 
150 mg of Fe3O4-GG nanocomposite for 5 min. The dye-loaded 
sample was filtered and dried completely. Afterward, the 
adsorbent was washed with ethanol and several times with 
deionized water [68]. Five successive adsorption–desorption 
cycles were performed to find out the repeated use of the 
adsorbent as an efficient adsorbent as shown in Fig. 12.

10. Conclusions

A simple method has been developed for covalently 
coating GG on to the surface of Fe3O4 nanoparticles by using 

low-toxic and cost-effective precursors. The dye CR was 
adsorbed in much higher amounts as compared with MG, 
MeB, MO, EBT, MB and Rhb. The preferential adsorption 
phenomena could attribute to the presence of –NH2 groups 
present in CR dye, which can bind easily with the surface 
hydroxyl groups of GG-coated magnetite nanoparticles. 
The optimum concentration of Fe3O4-GG nanocomposite 
is 150 mg/L, while the initial dye concentration 40 mg/L at 
pH = 6. Due to the paramagnetic behavior of the prepared 
nanocomposite, the magnetic adsorbent can be easily sepa-
rated dye by using a small magnet. The result indicates that 
the removal of CR is over 97%. There are several advantages 
of the nanocomposite that play a crucial role for dye adsorp-
tion such as higher surface area, easy separation by exposing 
magnet, hydrodynamic volume and controlled growth of 
GG-coated Fe3O4 nanocomposite as well as multiple numbers 
of H-bonding sites of nanocomposite with dye molecules. 
The optimum concentration of Fe3O4-GG is 150 mg/L, while 
the initial concentration of CR is 40 mg/L at pH = 6. The result 

Table 4
Comparison of adsorption efficiencies of Fe3O4-GG nanocom-
posite for removal of Congo red dye with different adsorbents

Dye Adsorbent qmax (mg/g) References

Congo red Magnetically 
modified fodder 
yeast cell

49.7 [14]

Congo red Chitosan/
montmorillonite 
nanocomposite

54.52 [15]

Congo red Chitosan-coated 
magnetic iron 
oxide

42.62 [67]

Congo red Palm kernel seed 
coat

66.23 [13]

Congo red Fe3O4-GG 
nanocomposite

60.24 Present study

Fig. 12. Reusability of the adsorbent.
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indicates that the removal of CR is over 97%. In addition, the 
adsorption capacity can be affected by ionic strength. The 
equilibrium data were found to fit better with the pseudo- 
second-order kinetics and Langmuir adsorption isotherm 
model. Finally, the recycling performance of adsorbent con-
tributes a significant accomplishment toward sustainable 
improvement towards the dye-polluted water.
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