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a b s t r a c t
Magnetic peanut husk (PN-Fe3O4) was prepared by co-precipitation and applied for the removal 
of methylene blue (MB) from the solution. The results from the characterization of PN-Fe3O4 
showed that Fe3O4 was successfully loaded onto peanut husk. The effect of factors such as pH, 
temperature, salt, and contact time on the adsorption process were carried out using the batch 
method. The adsorption isotherm was well-described by the Langmuir isotherm whereas the pseu-
do-second kinetic-order was observed to be the best fitted kinetic model. The maximum equilibrium 
capacity of PN-Fe3O4 according to the Langmuir model was 32.5 mg g−1 at 303 K. After three adsorp-
tion cycles, PN-Fe3O4 had significant adsorption capacities as well as its magnetic properties which 
ensures its easy separation from the aqueous solution by the use of a magnet. A single-stage batch 
design for MB adsorption was also presented based on the Langmuir isotherm model. PN-Fe3O4 
is promising as an adsorbent to remove dyes from the solution.
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1. Introduction

The pollution of water bodies with industrial efflu-
ents has been a source of concern in recent times due to 
the significant role water plays in the survival of living 
organisms [1,2]. The constituents of these effluents may 
include dyes, pesticides, heavy metals, and polycyclic aro-
matic hydrocarbons [3,4]. Synthetic dyes such as methylene 
blue (MB) are used extensively in industries such as the  
textile and paper industry hence may be found in industrial 
wastewater [1,5].

MB is a cationic dye that has found its application as 
a coloring agent in the textile industry as well as in medi-
cine. It has also been associated with some adverse effects 
such as irritation to the skin and when ingested can cause 

convulsions, diarrhea, nausea, and vomiting [6]. Also, its 
presence in water affects its aesthetics and makes it unde-
sirable hence the need for its removal from effluents before 
it is released into the environment.

Activated carbon has been the preferred adsorbent in 
the adsorption processes for the removal of such pollutants 
from wastewater due to its excellent adsorption capabil-
ities [7,8]. However, the high cost of commercial activated 
carbon, the difficulty associated with its removal after 
the process as well as high regeneration cost act as major 
drawbacks to its application [9].

In the past decade, agricultural waste materials (AWM) 
have been observed to be good candidates for use as 
adsorbents in the removal of pollutants. AWM are found in 
abundance (hence their low cost) and also, usually require 
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facile preparation methods for use as adsorbents [10–13]. 
These materials are also known to possess functional groups 
such as –OH and –COOH which enables their surface to be 
modified to enhance their adsorption capacities as well as 
minimizing some adverse effects associated with their use 
[14]. Although significant adsorption capacities have been 
observed for these AWM, their removal after the adsorption 
process (involved centrifuging and filtration methods) have 
been a challenge [15–17].

Review articles in this area in a bid to resolve this chal-
lenge observed that the incorporation of magnetic nano-
particles into AWM are able to surmount this challenge 
as they can easily be separated from the aqueous solu-
tion by an applied external magnetic force [18]. Thus, the 
introduction of magnetic materials into AWM can greatly 
reduce energy consumption during the adsorption pro-
cess [19]. Characteristics of a good adsorbent such as good 
dispersibility, easy functionalization, and good biocom-
patibility have been observed for some magnetic materi-
als [20,21]. Magnetic materials can be separated from the 
solution using external magnets hence have good prospects 
in their application as adsorbents in environmental water 
treatment [22,23].

In this regard, the co-precipitation method has been 
the most widely used method for the preparation of Fe3O4 
nanoparticles [23]. This preparation method can proceed 
under benign conditions hence it is environmentally friendly. 
This study, therefore, seeks to incorporate magnetic nanopar-
ticles into AWM via co-precipitation method with the view to 
overcoming some challenges associated with the synthesis of 
adsorbents as well as to expound the potential of these mate-
rials as adsorbents for practical purposes.

Peanut husk (Arachis hypogaea) is generated as waste 
material in significant quantities due to the large scale pro-
duction of peanut globally. Thus in this study, a magnetic 
adsorbent, PN-Fe3O4 based on peanut husk was synthesized 
by incorporating Fe3O4 particles into peanut husk and then 
applied as an adsorbent for the removal of MB from solution. 
This synthesis design fits into the concept of using “waste to 
treat waste” as well as offering some added advantages such 
as facile preparation method under benign environmental 
conditions and easy separation after the adsorption process.

Studies to assess the effects of experimental conditions 
such as temperature, contact time, pH, and salt on the 
adsorption of MB onto the magnetically modified adsorbent 
(PN-Fe3O4) were also assessed.

2. Materials and method

2.1. Materials

Peanut husk (PN) was collected from its natural habitats 
in the farmland, Luoyang City, China. The biomaterial was 
washed with tap water and distilled water, dried in an oven 
at 80°C for 2 h. Dry materials were crushed into powder and 
sieved to −20 and +40 mesh size, then preserved for use. All 
chemicals are of analytical grade.

A stock solution of MB (1,000 mg L−1) was prepared by 
dissolving 1 g of MB in 1,000 mL of distilled water. Working 
solutions were obtained by diluting the stock solution with 
distilled water to the desired concentration.

2.2. Preparation of adsorbent and MB solution

The magnetic particle was prepared by co-precipitation 
[24]. Briefly, 4.80 g of FeSO4·7H2O and 9.34 g of FeCl3·6 H2O 
(molar ratio of Fe2+:Fe3+ as 1:2) were dissolved in 50 mL dis-
tilled water. This solution was added slowly to the peanut 
husk while stirring. The mixture was then placed in a water 
bath and the temperature was raised to 65°C. An aliquot of 
ammonia solution (28%) was added to the mixture to pre-
cipitate Fe3O4 ions. The pH of the mixture was then adjusted 
to 9.6 by the dropwise addition of ammonia solution. Then 
after, the mixture was placed in the water bath at 65°C for 
another 30 min. The mixture was then allowed to cool and 
the product formed was collected by the use of a magnet. 
The final product was then washed several times with water 
and ethanol until the pH was almost 7.0. The obtained 
product was then dried in an oven at 60°C and then labeled 
as PN-Fe3O4.

2.3. Characterization of adsorbent

The morphology of the unmodified (PN) and modified 
adsorbents (PN-Fe3O4) were obtained by scanning elec-
tron microscopy (SEM, Hitachi Su8020, Japan). The Fourier 
transform infrared microscopy (FTIR) of PN-Fe3O4 and 
PN-Fe3O4-MB (after adsorption) were assessed using the FTIR 
instrument (PE-1710 FTIR). The X-ray photoelectron spec-
troscopy (XPS, Thermo Escalab 250Xi, England) was carried 
out to confirm the adsorption mechanism whereas the Squid 
vibrating sample magnetometer (Quantum Design PPMS 
DynaCool, North-America) was used to test the magnetiza-
tion of PN-Fe3O4.

2.4. Adsorption experiments

Adsorption experiments to assess the adsorption capac-
ity of the prepared adsorbent (PN-Fe3O4) for the removal of 
MB were carried out using the batch method. Factors such as 
pH, adsorbent dose, initial MB concentration, temperature, 
and effect of salt were also carried out. The batch adsorption 
experiments were done in a mechanical shaker at a speed of 
120 rpm. For the adsorption experiment, 10 mL of MB solu-
tion (at different concentrations and pH values) were mixed 
with 0.010 g of the adsorbent in a 50 mL conical flask and 
then shaken at different contact times.

To assess the effect of a given factor on adsorption, its 
variable was varied in different experiments whereas all 
other parameters were kept constant. After the adsorption 
experiment, PN-Fe3O4 was separated from the mixture by the 
use of a magnet, and the concentration of MB solution mea-
sured using a UV/vis-3000 spectrophotometer (Shimadzu 
UV3000 UV-3000 with a 1 cm path length, Japan) according to 
the Beer–Lambert law at a maximum wavelength of 665 nm. 

The quantity of MB loaded onto a unit mass of PN-Fe3O4 
(qt or qe, mg g−1) was obtained using the expression:

q
V C C

m
=

−( )0  (1)

where C0 is the initial MB concentration (mg L−1), Ce is the MB 
concentration at any time t or equilibrium (mg L−1), V is the 
volume of MB solution (L), and m is the mass of PN-Fe3O4 (g).
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2.5. Desorption and regeneration

The spent adsorbent (PN−Fe3O4−MB) was obtained for 
the adsorption of 300 mg L−1 MB at pH 10. Then, the spent 
adsorbent was washed with distilled water to remove any 
unabsorbed dye and was dried at 333 K. MB-loaded PN−Fe3O4 
was desorbed by a 0.1 mol L−1 HCl solution (pH = 1), and 
the regenerated adsorbent reused under the same experimen-
tal conditions. The regeneration efficiency (%) was obtained 
as the ratio of values of qe before and after regeneration.

3. Results and discussion

3.1. Characterization

3.1.1. FTIR analysis

The use of the FTIR technique has been observed to be 
an important tool in the determination of functional groups 
which may contribute significantly to the adsorption pro-
cess. Fig. 1 shows the FTIR spectra of PN-Fe3O4 before and 
after adsorption of MB (PN-Fe3O4-MB). The peak observed 
at 3,439 cm−1 could be attributed to the O–H stretching 
whereas that at 587 cm−1 could be attributed to the Fe–O 
bond which signifies the successful formation of magnetic 
PN-Fe3O4 adsorbent [25]. Peaks at 1,632 and 1,635 cm−1 indi-
cate C=C stretching in PN-Fe3O4 before and after adsorp-
tion of MB, respectively. The abundance of these hydroxyl 
groups may function as proton donors hence in the depro-
tonated form, they may be involved in the coordination 
with cationic dyes [9]. The FTIR spectrum of PN-Fe3O4 after 
the adsorption process indicated a shift in the peak of the 
O–H group to 3,463 cm−1. This occurrence confirms that 
the O–H bond was involved in the adsorption of MB. The 
peak at 587 cm−1 which was attributed to the Fe–O bond 
was still observed in the adsorbent after the adsorption pro-
cess. This result suggests that PN-Fe3O4 still possessed its 
magnetic properties after the adsorption process.

3.1.2. VSM analysis

The magnetic hysteresis curves of Fe3O4 nanoparticles 
and PN-Fe3O4 are presented in Fig. 2. The magnetization 
saturation values were observed to be 77.64 and 32.74 emu g−1 
for Fe3O4 and PN-Fe3O4, respectively. The decrease in the 
magnetization saturation value of PN-Fe3O4 as compared 
to that of Fe3O4 could be due to the magnetic fielding 
effect of the natural peanut husk. This result confirms the 
magnetic properties of PN-Fe3O4 hence its ability to be easily 
separated from aqueous solutions by the use of a magnet.

3.1.3. SEM analysis

Fig. 3 shows characterization results obtained from 
SEM analysis of raw PN and PN-Fe3O4. The morphology of 
PN was observed to be fibrous with a porous and rougher 
surface. The surface of PN-Fe3O4, on the other hand, was 
observed to be less rough albeit with some observable 
pores. This observation is attributed to the incorporation 
of Fe3O4 which attaches itself within the pores and the sur-
face of PN. This change in the surface properties also con-
firms the successful formation of PN-Fe3O4. These properties 
of PN-Fe3O4 coupled with its particle size of about 100 µm 
aids in its adsorption capabilities for the removal of pollut-
ants in wastewater.

3.1.4. XPS analysis

From the XPS results shown in Fig. 4, analysis of the 
two spectra indicated that the valence states of Fe and 
O in the adsorbent before adsorption (PN-Fe3O4) and 
after adsorption (PN-Fe3O4-MB) demonstrated consistent 
results. In the O1s spectrum, the Fe–O peak was observed at 
529.6 and 532.6 eV in PN-Fe3O4 and PN-Fe3O4-MB, respec-
tively, indicating the presence of Fe3O4 [26]. This shows 
that the adsorbent still retained its magnetic properties 
even after adsorption hence could be separated from the 
aqueous solution using a magnet. The peak at 710.8 eV was 
observed in the Fe2p spectrum of both Fe3O4 and PN-Fe3O4, 
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Fig. 1. Comparison of the FTIR spectrum of PN-Fe3O4 before 
and after adsorption of MB.
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representing Fe 2p3/2 of ferric species in magnetite [27]. 
After MB adsorption, the peak of N1s became relatively 
intense due to the nitrogen element which existed in MB 
structure.

Fig. 4c and d show the high-resolution peaks of O1s 
before and after the adsorption process. Analysis of the 
O1s peak showed that there was about an 18.2% reduc-
tion in the O/C molar ratio after the adsorption of MB onto 

Fig. 3. SEM images of (a) PN and (b) PN-Fe3O4.
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PN-Fe3O4 (i.e., from 95.3% to 77.1%). This observation may 
be attributed to the interaction between the adsorbed MB 
ions and the hydroxyl oxygen groups present on PN-Fe3O4. 
Also, there was a redshift in the binding energy of the peaks 
after the adsorption process. This observation suggests the 
significant role of electrostatic interactions in the adsorption 
process [28].

3.2. Adsorption test

3.2.1. Effect of pH and reaction mechanism

The pH of a solution has been observed to be an 
important factor in the overall adsorption process as it 
affects the surface charge of the adsorbent, the dissociation 
of its functional group as well as the chemistry of the solu-
tion. As shown in Fig. 5a, it could be seen that the adsorption 
capacity (qe) of the adsorbent (i.e., PN-Fe3O4) for the removal 
of MB in solution was strongly influenced by the pH of the 
solution. The values of qe were observed to increase with an 
increase in pH with the maximum recorded at a pH of 10. 
This phenomenon demonstrates that ion exchange is one 
dominant factor in the adsorption process [21,22]. A sim-
ilar trend was observed by Zhou et al. [25] in their study 
of the removal of Cd(II) from water using iminodiacetic 
acid-modified magnetic biochar.

The point of zero charge (pzc) is the pH at which the 
total surface charge on an adsorbent is zero. At pH < pHpzc, 
the surface of PN-Fe3O4 is positively charged hence does not 
favor the adsorption of MB due to the electrostatic repulsion 
between the charges and also due to competition with pro-
tons for adsorption sites. However, at pH > pHpzc the surface 
becomes negative hence the higher tendency for the removal 
of MB. From Fig. 5b, the pzc of PN-Fe3O4 was approximately 
5.5, thus the pH values should be maintained above this 
value in order to ensure a negatively charged surface. This 
condition will be in favor of the adsorption process by elec-
trostatic attraction between PN-Fe3O4 and the MB cationic 
ions. The surface of PN-Fe3O4 is endowed with –OH and –
COOH functional groups which aid in the adsorption pro-
cess as expressed below:

–Fe–O–(C=O)–(OH)n + MB+ → –Fe–O–(C=O)–(O–MB)n+  
  + nH+ (2)

–Fe–O–(OH)n + MB+ → –Fe–O–(O–MB)n+ + nH+ (3)

As recorded by Volesky [29] the pKa values of –COOH 
and –OH are 1.7–4.7 and 9.8–13, respectively. Due to the 
difference in their pKa values, the participation of these 
functional groups is significantly influenced by the solu-
tion pH. From the results obtained from the study on the 
effect of pH on the adsorption process, it can be concluded 
that the adsorption of MB onto PN-Fe3O4 is more likely to 
be due to the interaction between the –OH groups and that 
of MB as higher solution pH favors the adsorption pro-
cess. This observation confirms that the electrostatic inter-
action may be the underlying reaction mechanism for this 
adsorption process. Fig. 6 is a schematic diagram show-
ing the plausible reaction mechanism associated with the 
adsorption of MB onto PN-Fe3O4. Maybe another action 

such as hydrogen bond has existed during the adsorption 
process and it is not shown in Fig. 6.

3.2.2. Effect of adsorbent dose and different adsorbents

As shown in Fig. 7, the adsorption capacity (qe) was 
observed to decrease with an increase in adsorbent 
dose. This is due to the availability of more active sites 
for adsorption leading to the unsaturation of these sites. 
The qe of PN-Fe3O4 was compared to that of raw peanut 
husk (PN) and Fe3O4. Using the batch experiment method 
(adsorbent dose = 0.01 g, T = 303 K, and contact time = 8 h) 
the qe at equilibrium for PN-Fe3O4, PN, and Fe3O4 for the 
removal of MB (10 mL, 300 mg L−1, and pH = 10) were 
found to be 31.9, 37.8, and 17.2 mg g−1, respectively. 
The reduction in the qe of PN-Fe3O4 for the removal of 
MB as compared to that of PN could be attributed to the 
presence of Fe3O4 which reduces the active sites avail-
able for the attachment of MB. However, the magnetic 
property of PN-Fe3O4 enables it to be easily separated 
from the solution after the adsorption process with a 
negligible loss in its quantity as compared to that of PN. 
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Fig. 5. (a) Effect of initial pH on adsorption of MB (C0 =100 mg 
L−1; m = 0.01 g, T= 298 K, t = 4 h) and (b) Plot for determination 
pH of point zero charge of PN-Fe3O4.
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This feature as well as the ease associated with its use as an 
adsorbent compensates for the reduction in its adsorption 
capacity for MB removal and also makes it preferable.

3.2.3. Effect of initial concentration at various dose

The initial concentration of the solution acts as a driv-
ing force for the adsorption process as well as increasing 
the interaction between MB and PN-Fe3O4. Fig. 8 illus-
trates the effect of initial MB concentration on the adsorp-
tion process. From the diagram, it was clearly seen that 

the adsorption process increased with the increase of MB 
concentration.

3.2.4. Effect of salt

Wastewater has been observed to contain salts hence 
the effect of ionic strength on the adsorption process is 
an important factor in the study of adsorption of dyes. 
In this study, different concentrations of NaCl were 
employed in order to assess the effect of ionic strength 

Fig. 6. Schematic diagram showing the plausible reaction mechanism for adsorption of MB onto PN-Fe3O4.
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on the adsorption process. As can be seen from Fig. 9, 
an increase in the concentration of NaCl resulted in the 
decrease in the value of qe. This trend could be due to 
the competitive effect between the positive charge of the 
salts and that of MB ions for the available sites during the 
adsorption process [28]. So there was electrostatic attrac-
tion or ionic exchange between PN-Fe3O4 and MB.

The qe value at a relatively higher salt concentra-
tion (0.1 mol L−1) was observed to have decreased by only 
18.41% (i.e., from 27.7 to 22.6 mg g−1). This result implied 
that other actions (such as hydrogen bond and Van der 
Waals’ force), which were not affected by ionic strength, 
were existed during the adsorption process. So the ability 
of PN-Fe3O4 can be used in a solution containing salts.

3.2.5. Effect of contact time and kinetic modeling

The results of adsorption quantity per gram PN-Fe3O4 
(qt) at different contact time (t) are shown in Fig. 10. It 
was observed that the adsorption of MB onto PN-Fe3O4 
increased with an increase in contact time until it reached 
equilibrium after 4 h. The adsorption rate could be grouped 
into three phases: an initial rapid phase (before 50 min), 
an intermediate phase (50–240 min), and a slower phase 
which resulted in equilibrium (240–480 min). The first 
phase represented the external surface adsorption. At this 
stage, there is a diffusion of MB ions from the bulk onto 
the surface of the adsorbent. This coupled with the avail-
ability of adsorption sites acts as a driving force for the 
adsorption process hence the observation of rapid adsorp-
tion [16,17]. The adsorption of MB onto PN-Fe3O4 could 
thus be controlled by an external mass transfer followed by 
intra-particle diffusion mass transfer. The adsorption pro-
cess was also observed to be endothermic as qe values were 
observed to increase with an increase in temperature.

The adsorption mechanism and characteristics of MB 
onto PN-Fe3O4 were assessed by means of kinetic models. 
In this regard, the pseudo-second kinetic-order, Elovich 
equation, and intra-particle diffusion model were used to 
predict the kinetic process. The pseudo-second-order kinetic 
model is expressed as [30]:

q
k q t
k q tt
e

e

=
+
2

2

21
 (4)

where k2 refers to the second-order rate coefficient, qt 
and qe are the amounts of MB adsorbed at time t and at 
equilibrium (mg g−1), respectively.

The Elovich equation is given as [31]:

q A Bt = + ln  (5)

where A and B are the Elovich constants.
The intra-particle diffusion model is expressed as [32]:

q K t Ct = +id
1 2/  (6)

where Kid is the intra-particle diffusion rate constant and 
C is the constant.

Table 1 shows the values of the parameters as well as the 
coefficients of the kinetic models for the adsorption process 
according to the nonlinear regressive analysis. As shown in 
Fig. 10, the equilibrium adsorption capacity obtained from 
the experiment was closer to that obtained from the pseu-
do-second kinetic-order as compared to the other kinetic 
models. As shown in Table 1, the R2 values obtained from 
the pseudo-second-order kinetic model were relatively 
greater than that recorded for the Elovich equation and the 
intra-particle diffusion model. This observation, as well as 
its smaller recorded SSE values, confirms its suitability to 
describe the adsorption process. Also, these results suggest 
that the adsorption process may be a chemical process [13].

3.2.6. Isotherm study

The amount of adsorbed molecules onto the surface 
of an adsorbent is usually expressed using adsorption 

0.02 0.04 0.06 0.08 0.10
22

23

24

25

26

27

28

q e
/ (

m
g 

g-1
)

CNaCl/ (mg L-1
)

Fig. 9. Effect of NaCl on MB adsorption (C0 = 300 mg L−1).

0 100 200 300 400 500

10

15

20

25

30

35

40

q t
/ (

m
g 

g-1
)

t/(min)

 313 K
 303 K
 293 K
 the pseudo-second kinetic order
  Elovich model
 Intraparticle diffusion model

Fig. 10. Effect of contact time on adsorption of MB and fitted 
kinetic models.



A.A. Aryee et al. / Desalination and Water Treatment 194 (2020) 269–279276

isotherms. The fitting of various isotherm models to that 
obtained experimentally is very useful in determining the 
best model which can be used for design purpose. For this 
experiment, two adsorption isotherm models were applied 
as shown in Fig. 11.

The Langmuir adsorption isotherm has been success-
fully applied to many pollutant sorption processes and has 
been the most widely used sorption isotherm for the sorp-
tion of a solute from a liquid solution [33]. It assumes that 
adsorption takes place at specific homogeneous sites within 
the adsorbent. The saturated monolayer isotherm can be 
represented as:

q
q K C
K Ce

m L e

L e

=
+1  (7)

where qe is the amount of the MB adsorbed, Ce is the 
equilibrium concentration of the MB in solution, qm is the 
monolayer adsorption capacity and KL is the Langmuir 
adsorption constant.

The Freundlich isotherm is also an empirical equation, 
which assumes that the adsorption takes place on heteroge-
neous surfaces. The Freundlich equation can be expressed as:

q K Ce F e
n= 1/  (8)

where KF and 1/n are the Freundlich constants related to the 
adsorption capacity and adsorption intensity of the sorbent, 
respectively.

The nonlinear regressive method of least sum squares 
of the difference between calculated data and experimen-
tal data was used to determine the isotherm parameters 
using Origin 8.0 software for the analysis. The isotherm 
parameters and coefficients of determination (R2) are 
shown in Table 2. It was clearly observed from Table 2 

that all the R2 values for the Langmuir isotherm at differ-
ent temperatures were greater than 0.9. These results show 
that the adsorption model of MB onto PN-Fe3O4 was most 
favorable toward the Langmuir isotherm as compared to 
the Freundlich isotherm.

It was also observed from Table 2 that the constants 
qm and KF increased with an increase in temperature. This 
result indicated that MB can easily be adsorbed onto 
PN-Fe3O4 in aqueous solution [13].

Table 3 is a comparison of results from this study to 
other adsorbents for the removal of MB. The maximum 
adsorption capacity of MB on PN-Fe3O4 was 32.5 mg g−1. 
It was shown that the prepared adsorbent in this study 

Table 1
Kinetic parameters of MB adsorption onto PN-Fe3O4

Pseudo-second-order equation

T (K) qm(exp) (mg g–1) qm(theo) (mg g–1) k2 × 10–4 (g mg–1 min–1) R2 SSE

293 24.1 24.2 ± 0.4 35.2 ± 3.4 0.973 8.19 
303 29.9 29.9 ± 0.4 47.9 ± 4.1 0.972 8.45
313 38.1 38.2 ± 1.1 18.5 ± 3.0 0.928 58.7 

Elovich model

T (K) A B R2 SSE

293 4.74 ± 1.0 3.30 ± 0.2 0.947 16.3
303 11.2 ± 1.1 3.26 ± 0.2 0.934 18.5
313 5.57 ± 0.8 5.48 ± 0.2 0.988 9.68

Intraparticle diffusion

T (K) Kt (mg g–1 min–1/2) C (mg g–1) R2 SSE

293 0.66 ± 0.1 11.6 ± 1.2 0.794 63.3
303 0.64 ± 0.1 18.1 ± 1.3 0.763 71.8
313 1.14 ± 0.1 16.6 ± 1.3 0.907 76.0
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Fig. 11. Adsorption isotherms and fitted curves of MB adsorption 
onto PN-Fe3O4.
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showed significant adsorption capacity and easy separation 
after the adsorption process. This property makes it practi-
cal application in wastewater treatment feasible.

3.2.7. Thermodynamic studies

To estimate the effect of temperature on the adsorption of 
MB onto PN-Fe3O4, the change in free energy change (ΔG°), 
enthalpy change (ΔH°), and entropy change (ΔS°) were 
determined. The adsorption process can be summarized 
which represents a heterogeneous equilibrium. The appar-
ent equilibrium constant (Kc) of the adsorption process is 
defined as [36]:

K
C
Cc

e

e

= ad,  (9)

where Cad,e is the concentration of MB on the adsorbent at 
equilibrium (mg L−1). The value of Kc in the lowest experi-
mental MB concentration can be obtained. The value of Kc 
is used in the following equation to determine the change 
of Gibbs free energy of adsorption (ΔG°):

∆G RT Kc° = − ln  (10)

The change of enthalpy (ΔH°) and entropy (ΔS°) can be 
obtained from the slope and intercept of a van’t Hoff equa-
tion of ΔG° vs. T:

∆ ∆ ∆G H T S° ° − °=  (11)

where ΔG° is standard Gibbs free energy change, J; R is the 
universal gas constant, 8.314 J mol−1 K−1 and T is absolute 
temperature, K. Values of the standard Gibbs free energy 
change for the adsorption process obtained from Eq. (10) 
were presented in Table 4.

The spontaneity of the adsorption of MB onto PN-Fe3O4 
was confirmed by the negative ΔG° values. The negative 
ΔG° values were observed to decrease with increasing tem-
perature indicating that the spontaneous nature of adsorp-
tion of MB were inversely proportional to the temperature 
and higher temperature favored the adsorption [13].

The positive enthalpy value confirmed the endothermic 
nature of the adsorption process whereas the obtained ΔS° 
value revealed that no significant change occurred in the 
internal structure of PN-Fe3O4 during the adsorption of MB.

3.2.8. Desorption and regeneration studies

The recovery of the adsorbate and the re-use of the 
adsorbent for further treatment processes is an added 
advantage of the adsorption process [37–40]. In this regard, 
desorption of MB from PN-Fe3O4-MB were carried out using 
the following solvents: ethanol, 75% ethanol, 0.01 mol L−1 
NaOH, 0.1 mol L−1 HCl, and 0.1 mol L−1 NaCl. The obtained 
data showed that the percentage of desorption were 73.87%, 
34.06%, 74.92%, 8.17%, and 49.25% for 75% ethanol, etha-
nol, 0.1 mol L−1 HCl, 0.01 mol L−1 NaOH, and 0.1 mol L−1 
NaCl, respectively. These results suggest that the adsorp-
tion of MB on PN-Fe3O4 is not completely reversible and 
the bonding between the PN-Fe3O4 and adsorbed MB is 
likely to be moderately strong. For the regeneration studies 

Table 2
Parameters of adsorption isotherm models for MB adsorption

Langmuir

T (K) qm (mg g–1) KL (L mg–1) SSE R2

293 29.8 ± 0.4 0.041 ± 0.002 1.41 0.992
303 32.5 ± 0.3 0.050 ± 0.001 0.72 0.996
313 43.0 ± 1.0 0.004 ± 0.003 8.99 0.982

Freundlich

T (K) KF 1/n SSE R2

293 8.12 ± 1.16 0.220 ± 0.003 16.90 0.906
303 10.0 ± 1.4 0.201 ± 0.027 20.53 0.898
313 10.2 ± 2.2 0.244 ± 0.043 76.22 0.845

SSE = −( )∑ q qc
2
, q and qc are values from the experiments and 

calculation according the model, respectively.

Table 3
Comparison of the adsorption capacity (qm) of PN-Fe3O4 and other adsorbents for the removal of MB

Adsorbent qm (mg g−1) Isotherm Reference

Peanut husk 72.1 Langmuir [16]
GO at Fe3O4 62.7 Langmuir [21]
Epichlorohydrin magnetic alginate beads 229 Langmuir [34]
Modified coffee 74.6 Langmuir [35]
Modified peanut husk 88.5 Langmuir [35]
Carboxylic multi-walled carbon nanotubes 120.1 Langmuir [28]
Magnetic peanut husk 32.5 Langmuir This paper

Table 4
Thermodynamic parameters of MB adsorption on PN-Fe3O4

ΔH° (kJ mol–1) ΔS° (kJ mol–1 K–1) ΔG° (kJ mol–1)

293 K 303 K 313 K

0.294 0.08 –0.030 –0.095 –0.248
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of the adsorbent, 0.1 mol L−1 HCl was used for desorption. 
As shown in Fig. 12, the regeneration rate of the adsorbent 
after three cycles was still high and this suggests that the 
adsorbent can be reused in some extent.

3.3. Process design for single-stage batch adsorption

Usually, adsorption isotherms can be used to pre-
dict the equilibrium result from the isotherm curve and 
used in the design of a single system in batch adsorption 
mode [41,42].

The design aim is to reduce initial dye concentration 
from C0 to Ce with the same solution volume (L).

The mass balance for MB in the single-stage performance 
under equilibrium is given by:

V C C m qe e0 −( ) = ⋅  (12)

where m is the amount of added adsorbent (g) and L is MB 
solution volume (L).

As the Langmuir model is best to describe the equi-
librium data, this model is selected to design single-stage 
adsorption system. According to the Eq. (12) and the 
Langmuir model, the equation can be arranged as:

m
V

C C
q

C C
q K C K C

e

e

e

m L e L e

=
−

=
−
+( )

0 0

1/
 (13)

Fig. 13 represents several plots derived from Eq. (12). 
These plots showed the predicted adsorbent mass required 
to remove MB (C0 = 50 mg L–1) for 60%, 70% 80%, 90%, and 
95% removal efficiency for a single-stage batch adsorp-
tion system (303 K). Usually, there was more mass with the 
increase of removal efficiency at the same volume.

4. Conclusion

An adsorbent with magnetic characteristics was syn-
thesized using peanut husk, an agricultural waste material, 
and Fe3O4 particles and was used for the adsorption of MB 
in solution. The results from characterization tests showed 
the successful magnetization of the peanut husk. The exper-
imental results showed that the adsorption of MB onto 
PN-Fe3O4 was best described by the Langmuir isotherm. 
The adsorption kinetic process could be divided into three 
steps, namely, the boundary layer diffusion, followed by the 
intra-particle diffusion, finally an equilibrium stage. The 
thermodynamic study indicated that the adsorption reac-
tion was a spontaneous, endothermic, and randomness-in-
creased process. Although the adsorption capacity was 
relatively lower compared to some studies reported by our 
group, it still showed a significant adsorption capacity for 
removal of MB as well as magnetic property which enables 
it to be easily removed after the adsorption process.
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