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a b s t r a c t

Nano sized carbon balls (NCB) with a uniform and average size <100 nm are synthesized from Mad-
hucalongifolia oil as a precursor oil using an indigenous reactor assembly through air controlled, low 
temperature direct pyrolysis with the help of multi-metal catalyst derived from Alternanthera sessilis 
stem ash. The multi-metals present in the stem acts as a green catalyst for the formation of NCB. The 
synthesized carbon balls have a bulk density of 0.124 g/mL and BET surface area of 805.87 m2/g. 
In-order to ensure the effective removal of NCB, it is immobilized with a magnetic nano parti-
cle Fe3O4 and used for the adsorption studies of methylene blue dye (MB) from aqueous solution 
under batch and column mode. The batch mode studies indicated that the Fe3O4@NCB composite 
is capable of removing 89.74 mg/g of MB. Batch mode studies also proved the endothermic nature 
and physisorption mechanisms. The maximum Langmuir mono layer capacity of 277.78 mg/g has 
been achieved at a temperature of 45°C. A packed bed column study also ascertains the capability 
of the composite towards the MB removal with a maximum uptake of 118.78 mg/g at an influent 
concentration of 75 mg/L.
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1. Introduction 

The fast growing human population is looking for a 
comfortable life without compromising the environmental 
sustainability. The growing populations are aided by the 
parallel growth of industrial and agricultural sectors. This 
sort of urbanization, industrialization, developments in 
science and technology aids the human comfort in the one 
side and it creates great quantum of pollution on the earth 
on the other side. Among the different kinds of pollutants 
discharged on the earth, the pollution levied in the water 
resources creates a great concern about the life of the flora 
and fauna. The human health is affected to a great extent 
due to water contaminants especially in developing coun-
tries and under developed countries. 

The developed countries are also not too far away from 
these health issues related to poor quality of water. In this 
context, it is highly essential to find an affordable technology 
to remove the contaminants present in the drinking water 
and industrial wastewater. Numerous technologies have 
been studied and reported for the wastewater treatment, 
but all such technologies have some limitations in the form 
of poor efficiency and high cost involved in implementing 
the technology to the large scale applications. Among the 
technologies already reported, adsorption using high sur-
face active materials seems to be a promising technology 
owing to its selectivity towards wide range of pollutants 
and its great efficiency [1].

The adsorption using activated charcoal came into 
practice for about 1000 years back. The adsorption using 
activated materials for the removal of pollutants in waste-
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water finds great application even though it is 1000 years 
old. There are hundreds of materials being tested and 
reported as an adsorbent for the solute removal. Recently 
many non-conventional adsorbents like, Potassium hydrox-
ide-treated palm kernel shell [2], brown macro alga [3], 
nanohydrogel [4] etc have been reported for their capability 
towards the adsorption of different kind of pollutants.

Recently mono metallic and bimetallic quantum dots 
based nano composites are also successfully tested for the 
phytoremediation of textile dyes from wastewater [5]. The 
main problem associated with these materials is that they 
have low adsorption efficiency, poor recovery, high manu-
facturing cost, generation of secondary pollutants during 
the synthesis of these materials. In such a context, it is highly 
warranted to prepare an adsorbent from renewable raw mate-
rials, low manufacturing cost and energy efficient pathways.

Exploration of materials in the nano scale has great 
advantages like high surface area, uniform properties, 
excellent process ability etc. Carbon in nano scale has some 
exciting morphologies like nanotubes, nano spheres like 
fullerenes, single layered nano sheets and so on. The nano 
carbon variants like hollow carbon nano spheres and car-
bon nano-tubes have been successfully used as composites 
for hydrogen storage [6], PEM fuel cell cathode [7], adsorp-
tive removal of pollutants [8,9] and super capacitors [10]. It 
is also used for the remediation of water contaminated with 
oil [11]. Hollow carbons, bamboo shaped tubes and smooth 
tubes have been successfully synthesized from benzene, 
ethylene and acetylene using mixture of metal salt catalysts 
(Fe, Ni and Co) at high temperature by Kovalevski et al. 
[12]. During high temperature pyrolysis, the decomposition 
of precursor oil into a carbon nucleus with solid/liquid & 
liquid/gas interfaces ends with the radial and concentric 
texture growth of fluid cokes lead to the formation of nano 
carbon balls [13]. Synthesis of nano sized carbon materials 
using biologically renewable precursor or environmentally 
unimportant materials will certainly be beneficial for the 
environment as well as the society. The usage of nano car-
bon materials for the adsorptive removal of pollutants has 
some limitations like floating on the surface of water and 
easy leaching with water owing to their small size and low 
density. In-order to overcome these sort of difficulties, the 
carbon is immobilized with some magnetically active nano 
materials like Fe, Ni oxides, which will certainly enhance 
the recovery of the spent carbon. 

The precursor oil for the synthesis of nano sized car-
bon balls is derived from the plant Madhuca longifolia. It 
is an  Indian  tropical tree normally found in the forests of 
central and north India. It belongs to the family Sapotaceae. 
A matured tree can produce about 20–200 kg of seeds. The 
matured dried seeds are used for the extraction of Mahuwa 
oil. Mahuwa oil with a fatty acid composition of palmitic 
24.5%, stearic 22.7%, oleic 37.0%, linoleic 14.3% [14]. The 
objective of the work is to synthesize highly active nano 
sized carbon balls (NCB) using Madhucalongifolia (Mahuwa) 
oil with a uniform and average size <100 nm using an 
indigenous reactor assembly through air controlled, low 
temperature direct pyrolysis with the help of multi-metal 
catalyst derived from Alternanthera sessilis stem. The syn-
thesized NCB is used for the removal of organic contami-
nants through adsorption by batch and column mode after 
immobilizing with Fe3O4. 

2. Materials and methods 

2.1. Materials 

All the chemicals used are of analytical grade purchased 
and used without further purification. All solutions are 
made using double distilled water. 

2.2. Preparation of green catalyst

The muti-metal catalyst has been synthesized from the 
stems of Alternanthera sessilis. The air dried stems of Alter-
nanthera sessilis are cut into a pieces of 2–5 cm length and 
carbonized in muffle furnace at 750°C for 1 h under con-
stant flow 0.1 bar of nitrogen. The carbonized stem pieces 
are washed twice with double distilled water, followed by 
a single alcohol wash and finally dried in a hot air oven at 
105°C for 24 h [11]. 

2.3. Synthesis of NCB

The carbonized stems of Alternanthera sessilis are soaked 
with mahuwa oil for about 30 min and then air dried for 
about 1 h. The air dried, oil soaked stems are kept on a stain-
less steel grill and it is burnt from the bottom using LPG 
gas as a fuel mixed with air as shown in Fig. 1. The soaked 
stems start to burn at its ignition temperature, then the fuel 
gas (LPG) is cut off and the air inlet is regulated in such a 
way that, the combustion temperature is controlled at 420–
470°C. The soot formed during the combustion is collected 
using a dome shaped surface of chromium oxide layer of 
stainless steel lid (316SS) which is kept over the combustion 
chamber. The excess flue gas is allowed to pass through the 
exhaust vents. The ash formed during the combustion pro-
cess is frequently removed through the discharge opening 
provided at the bottom of the reactor. The carbon deposited 
at the inner surface of stainless steel dome is carefully col-
lected and washed with double distilled water and finally 
with alcohol. 

Fig. 1. CVD reactor assembly for the synthesis of NCB.
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2.4. Activation of NCB using microwave oven

The carbon balls collected in the above process are stirred 
with minimum quantity of 4 N nitric acid and made into a 
paste. The paste is kept in microwave oven and activated at 
600 W for 5 min. Finally the activated NCB is washed with 
double distilled water 4 times and an alcohol wash, then 
dried in a hot air oven for 2 h at 105°C and finally used for 
further studies. 

2.5. Synthesis of iron oxide immobilized NCB (Fe3O4@NCB)

Exactly 100 ml of 0.1 M solution of FeCl3·6H2O is mixed 
with 0.5 g of activated NCB and stirred with magnetic stir-
rer for about 30 min. Then 1:1 ammonia is added drop wise 
with this mixture with constant stirring. The gel forma-
tion takes place at a pH of 8.0. After the gel formation, the 
ammonia addition is stopped and the contents are contin-
uously stirred for another 4 h. After 4 h, the carbon immo-
bilized with Fe is carefully filtered, washed, dried in hot air 
oven at 110°C for 24 h and then finally calcined at 400°C for 
1 h under constant flow of nitrogen at 0.1 bar. The calcined 
Fe3O4@NCB magnetic composite is cooled to room tem-
perature and stored in tight lid container for further studies. 

2.6. Characterization 

The surface morphology is examined using field emis-
sion scanning electron microscope (FE-SEM) ZEISS (Saint 
Joseph College, Trichy, India) at an accelerating voltage of 
5 kV. The NCB and the composite nano particles are char-
acterized by powder X-ray diffraction (PAN alytical X’Pert 
PRO powder X-ray Diffractometer, Alagappa University, 
Karaikudi, India) equipped with Cu-Ka (l = 1.54 Å, 40 kV, 
30 mA, 40 kV and step width 0.05 degree). The XRD of the 
composite is recorded for a 2q range of 10.02 to 80.92° with 
a scan step time of 10.16 s. TGA studies performed at a heat-
ing rate of 20 K/min up to 900°C with NETZSCH instru-
ment model STA 449F3 Jupiter.

2.7. Batch adsorption studies

Methylene blue (MB), dye (basic dye) with a molecular 
weight of 319, formula C16H18ClN3S·2H2O, C.I No. 52015 and 
the absorption maxima at 665 nm, (E. Merck, India) is used 
as a model solute for the adsorption studies. A stock solu-
tion of 1000 mg/L is prepared using appropriate amount of 
dye dissolved in double distilled water and diluted as and 
when required. For the batch mode adsorption studies, 100 
mL of dye solution of specified concentration is equilibrated 
with 100 mg of Fe3O4@NCB composite in 250 mL tight lid 
reagent bottle (Borosil-R glass bottles) using REMI make 
orbital shaker. For the effect of pH, 1 M HCl and 1 M NaOH 
solutions are used to adjust the pH of the solution. After the 
specified time of agitation, the contents of the flask are centri-
fuged using universal make centrifuge at 5000 rpm and the 
final concentration of the dye solution is estimated by mea-
suring the absorbance at the lmax of the dye solution (665 nm) 
using UV-VIS spectrometer(Model : Elico-BL198). All the 
adsorption experiments have been done in duplicated and 
the maximum deviations from the two runs are 4% only. 

The percentage and amount of dye removed through 
adsorption is calculated using the following relationships.

Percentage of dye removed
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where V is the volume of dye solution in mL and W is the 
weight of adsorbent in grams 

2.8. Column adsorption studies

Large scale industrial operations require the evaluation 
of any new adsorbent to be tried in column mode also. The 
fixed bed reactor is designed in laboratory scale using glass 
column of 1.2 cm diameter and 40 cm height. The adsor-
bent is packed over a porous silica dick kept at the bottom 
of the column and the top is covered with glass wool. The 
dye solution is fed from the bottom using a peristaltic pump 
in an up flow method in-order to ensure proper contact 
between the solute and sorbent. The treated solution com-
ing out of the column is analyzed for the residual dye con-
centration using UV-VIS spectrometer (Model: Elico-BL198) 
as stated above.

2.9. Error analysis 

The adsorption capacity obtained by the various math-
ematical models is compared with that of the experimen-
tal adsorption capacity using the following Error analysis 
method. 

Sd
q q

N
cal=

−
∑

( )(exp) ( )0 0
2

� (3)

where q0(exp) is experimental adsorption capacity, q0(cal) is the 
adsorption capacity calculated using theoretical kinetic 
models and N is the number of experimental points run. 

3. Results and discussion 

3.1. Surface characteristics of the NCB and Fe3O4@NCB

During the combustion of Mahuwa oil, nano sized car-
bon balls are deposited at bottom surface of the SS dome. 
The synthesized carbon is washed with distilled water and 
the surface topography is tested using SEM images. The 
SEM images (Fig. 2a) of pure carbon indicated that the nano 
carbon balls with extremely uniform size of 40 to 80 nm are 
formed. The SEM images of the Fe immobilized on NCB 
(Fe3O4@NCB) is shown in Fig 2b. There is a uniform dis-
tribution of Fe3O4 on the surface of carbon without much 
agglomeration. The Fig. 2c is the SEM image observed after 
adsorption, which clearly indicate the uniform distribution 
of dye molecules over the surface of Fe3O4@NCB. All the 
NCB are of spherical and uniform in size. The smaller size 
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nano carbon balls give large surface area as indicated from 
the BET surface area analysis studies (Table 1). The immobi-
lization of Fe slightly reduces the total surface area, where 
as this can be compromised with other advantages like, 
increased bulk density and magnetic behavior. The lower 
bulk density values given in Table 2 indicate that, the syn-
thesized carbon balls are very small in size with some hol-

lowness inside the balls. This lower density also indicates 
the high surface to bilk volume of the synthesized NCB.

The XRD pattern of NCB and composite are shown in 
Fig. 3a. This plot has a broad pattern at 25°,which is gener-
ated due to the reflections of (002) graphitic plane. This is a 
typical pattern of amorphous structure with a d002 of 0.036 
nm, which is calculated based on Bragg’s equation (JCPDS 
41–1487). This gives a quantitative measurement for the 
graphitic network [19]. Presence of another peak with low 
intensity observed around 44° generated by the reflection 
of (100) graphitic plane [20]. The immobilization of Fe3O4 
on the graphitic layer does not show much influence of 
d200 spacing as indicated by the position of XRD peak at 
25.0° (which does not have any shift in Fe3O4@NCB). The 
characteristic peaks for Fe3O4in Fe3O4@NCB composite are 
observed at a 2q angles of 18.0, 30.0, 35.5, 37.0, 43.5, 53.0, 
63.0 and 71.5° corresponding to the (111), (220), (311), (222), 
(400), (422), (511), (440) and (620) planes respectively (JCPDS 
card No. 19–0629) [21]. The TGA curves in Fig. 3b indicated 
that the combustion started around 500°C and completed 
around 630°C. This high temperature combustion substan-
tiate the presence of graphitic layers in the NCB [22].	

3.2. Formation and growth mechanism of NCB

In our previous work we have evaluated the elemental 
composition of multi-metal catalyst, which contains metals 

(a)

(b)

(c)

Fig. 2. SEM images a) NCB b) Fe3O4@NCB c) Fe3O4@NCB after 
adsorption. 

Table 1 
Physico-chemical properties of NCB and Fe3O4@NCB

S.No Property NCB Fe3O4@NCB

1. pH 6.9 7.4
2. pHZPC 6.6 7.1
3. Bulk Density, g/mL 0.124 0.221
4. BET Surface Area, m2/g 805.87 774.08
5. Moisture content, % 8.71 9.12
6. Volatile matter, % 3.34 3.26

Table 2 
Comparison of bulk density values of carbonaceous materials

S.No Sample Bulk density 
g/mL

Reference

1. Graphite 2.22 [15]
2. Multi walled carbon nano 

tubes
1.74 ± 0.16 [15]

3. Solid carbon nano spheres 1.66 [16]
4. Nano carbon hollow 

spheres
0.025 [11]

5. Uniform mesoporous 
carbon spheres

0.762 [17]

6. Mesoporous activated 
carbon from Euphorbia 
antiquorum L 

0.48 [18]

7. NCB 0.124 Present study
8. Fe3O4@NCB 0.181 Present study
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such as Al, Fe, Ni and Cu with the concentrations of 47, 34, 
1.4 and 0.6 g/kg on dry matter basis respectively [11]. As 
reported from Kim et al. [23], during the combustion, the 
metals form alloys, the Cu-Ni alloy has a capability of 100 
times faster gasification of the precursor oil than the Ni metal. 
Similarly, the other metals also form variety of alloys at the 
combustion temperature, which favours the gasification of 
the precursor. The gasified precursor burns at the surface of 
catalyst at lower temperature [24]. The controlled combus-
tion of the precursor oil at lower temperature and sort sup-
ply of oxygen leads to the formation of carbon bubbles at the 
surface of nano multi-metal catalyst surface. These bubbles 
fly upward and reach the cold surface of dome shaped SS cat-
alyst surface and get stuck on its surface. As the temperature 
of the surface is very low when compared with that of com-
bustion chamber, the growth of bamboo like carbon nano 
tube (CNT’s) formation is prevented. Instead of forming the 
CNT’s, at the colder surface, the carbon balls forms strings of 
nano carbon balls as shown in Fig. 4. 

3.3. Dye adsorption studies

The synthesized Fe3O4@NCB is evaluated for its capa-
bility towards the adsorptive removal the selected basic 
dye (methylene blue) under batch and column mode. Ini-
tially batch adsorption studies are conducted to evaluate 
the effect of solution pH, initial dye concentration and tem-
perature. The change in thermodynamic parameters during 
the adsorption is also investigated by studying the isotherm 
parameters at different temperatures. The large scale indus-
trial operations require the evaluation of the selected adsor-
bent-adsorbate system under column mode operations. The 
subsequent sections deal with the evaluation various con-
trolling factors, kinetics, isotherms and thermodynamics of 
the Fe3O4@NCB-MB adsorption system. 

3.4. Batch mode adsorption studies

3.4.1. Effect of pH

Any adsorption systems involving either physical 
forces or chemical forces of attraction are greatly influ-
enced by the solution pH as well as the surface charges 

present on the sorbent surface. The effect of solution pH 
on the adsorption of MB by Fe3O4@NCB  is studied by 
varying the solution pH from 2.0 to 12.0 as shown in Fig. 
5a. On increasing the solution pH from 2.0 to 6.0, the 
uptake of MB dye shows a slight increase. When the pH 
goes beyond 6.0, the adsorption of MB increases to a large 
extent upto a pH of 9.0 and then finally the pH exceeds 
9.0, there is no much changes in the extent of MB adsorp-
tion. In aqueous solution, the basic (cationic dye) MB exist 
as [MB]+ and [Cl]–. When the pH is lower than the pHZPC 
of adsorbent, the adsorbent exist as protonated (the pHZPC 
of Fe3O4@NCB is 7.1), the protonated Fe3O4@NCB surface 
repel the positively charged cationic dye species and the 
amount of MB removed is low at pH lower than the pHZPC 
of Fe3O4@NCB. The maximum removal of MB by Fe3O4@
NCB achieved at a pH of 8.0 is 96.5% for an initial MB con-
centration of 50 mg/L. The dynamics and mechanism of 
the variation adsorption with respect to pH is represented 
in Fig. 5b. 

The effect of pH on desorption of MB from the dye 
loaded adsorbent is also shown in Fig. 5a. For the desorp-
tion studies, a fixed quantity of dye loaded adsorbent is agi-
tated with distilled water having dil HCl or 0.1 N NaOH (to 
attain a specific pH). The solution is centrifuged and then 
analyzed for the residual MB concentration as stated above. 
Maximum desorption is achieved at a pH of 2.0. The cat-
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Fig. 3. (a) XRD pattern of NCB and Fe3O4@NCB composite, (b) TGA curve of NCB. 

Fig. 4. Mechanism of NCB formation.
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ionic dyes are easily removed by the competitive protons at 
lower pH. At higher pH, the hydroxyl ions are not capable 
to desorb the dyes like protons. Distilled water with lower 
pH is a suitable eluent for the desorption of MB dye from 
Fe3O4@NCB surface. 

3.4.2. Effect of initial dye concentration

Lab scale evaluation has great influence over the 
adsorption of a solute by a sorbent. It is highly essential 
to evaluate the effect of initial MB concentration in-order 
to optimize the other influencing parameters. The effect of 
initial MB concentration is evaluated by varying the ini-
tial dye concentration from 25 to 100 m/L for a fixed vol-
ume of 100 mL with a dosage of 100 mg. The variation of 
adsorption with respect to concentration is graphically 
represented in the Fig. 6a. As observed from the figure, the 
amount of MB removed at equilibrium is increased from 
25.0 to 89.74 mg/L when the concentration is increased 
from 20 to 100 mg/L. During the beginning and the initial 
phase of adsorption, the rate of adsorption is very fast due 
to the availability of more adsorption sites as well as higher 
number of active sites per unit quantity of solute [25]. On 
progression of adsorption, the ratio of available sites per 
unit quantity of solute decreases, which ultimately reduces 
the rate of adsorption. After 90 min of contact time, the 
adsorption/desorption reached an equilibrium and practi-
cally there is no change in the concentration of solute in the 
liquid phase. Based on these results, the equilibrium contact 
time for isotherm studies fixed as 120 min. At equilibrium 
the maximum quantity of MB removed per gram of Fe3O4@
NCB increased from 25.0 to 89.74 mg/g on increasing the 
initial MB concentration from 25 to 100 mg/L. The profile 
indicated that the adsorption follows Type-I Langmuir type 
of isotherm, the sorbent surface gets saturated with one 
layer thick of MB. The size of NCB is only fewer times larger 
than the size of solute molecule, therefore, further multi-
layer adsorption is not possible [26].

3.4.3. Effect of temperature 

Effect of temperature is studied by varying the solu-
tion temperature from 30 to 45°C at an initial MB con-

centration of 50 mg/L as shown in Fig.6b. Generally heat 
evolved (exothermic) if the adsorption is physisorption 
[27]. The results of MB adsorption onto Fe3O4@NCB com-
posite show a decreasing trend on increasing the tem-
perature from 30 to 45°C. The NCB surface is smooth 
and the surface to bulk volume is high (due to the nano 
sized NCB) which results in binding the solute molecules 
through weak Vander waals forces of attraction. The MB 
uptake by Fe3O4@NCB composite is decreased from 48.78 
to 45.12 mg/g on increasing the temperature from 30 to 
45°C. When the temperature of the system is elevated, nor-
mally the kinetic energy of the solute molecules increases, 
and there by the weak bonding between the sorbent sur-
face and the solute is ruptured. The breaking of bonding 
between MB and NCB is proportionally increases with 
increase of temperature, ultimately the quantity of solute 
present on the sorbent surface decreases. Many authors 
have reported the swelling of adsorbent surface favors 
the more uptake of solute [28], whereas in this case, the 
desorption caused by the increased kinetic energy domi-
nates and thereby the adsorption show a decreasing trend 
with respect to increase of temperature. 

3.5. Kinetics of adsorption

In-order to evaluate the kinetics of adsorption and also 
to reveal the mechanistic evidence for the adsorption of MB 
by Fe3O4@NCB composite, the kinetics models like pseu-
do-first order model [29], pseudo-second order model [30], 
and intra-particle diffusion model [31] are used. The linear 
form of these kinetics models are:

Pseudo-first order model: log( ) log
.

q q q
k

te t e− = − 1

2 303
�  (4)

Pseudo-second order model: 
t
q k q q

t
t e e

= +
1 1

2
2 � (5)

Intra-particle diffusion model: qt = kd · t
½� (6)

where qe is the amount of dye adsorbed at equilibrium 
(mg/g), qt is the amount of dye adsorbed at time ‘t’ (mg/g), 
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Fig. 5. (a) Variation of MB Adsorption at various pH, (b) Mechanism of MB Adsorption onto Fe3O4@NCB surface at various pH.
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k1 is the first-order rate constant (min –1), ‘t’ is time (min), k2 
is the rate constant of pseudo second order adsorption (g/
mg/min), kd is the intra particle diffusion rate constant and 
The initial adsorption rate, h (mg/g/min), as t → 0 can be 
defined as h k qe= 2

2 .
The adsorption data is analyzed using the above 

mathematical models and the results are presented in 
Table 3. The pseudo-first order rate constant (k1) increased 
from 0.852 × 10–2 to 0.990 × 10–2 min–1 and the variation is 
not consistent with respect to concentration increase, the 
same decreased from 0.852 × 10–2 to 0.760 × 10–2 min–1 on 
increasing the temperature from 30 to 45° C. The qe calcu-
lated based on the pseudo-first order model show large 
deviation from the experimentally calculated quantity 
under the given set of operating conditions. The pseu-
do-second order rate constant decreased from 0.269 × 10–2 

to 0.018 × 10–2 g/mg/min and 0.070 × 10–2 to 0.025 × 10–2 

g/mg/min on increasing the initial MB concentration 
and temperature respectively. At higher concentrations, 
more solutes are available near the boundary layer, the 
extended boundary layer results in decreased sorption 
rate. The regression coefficient of pseudo-second order is 
quite lower than that of pseudo-first order depicts that the 
adsorption follows pseudo-first order during the begin-

ning of adsorption and in the later stages, it follows pseu-
do-second order kinetics. 

Generally the adsorption mechanism demonstrated in 
the following four steps. i) creation of a boundary layer 
around the surface of adsorbent and creating a boundary 
layer, ii) diffusion of the solute from the boundary layer to 
the sorbent sites (surface diffusion), iii) solutes from the sur-
face are transported inside the pores (pore diffusion), and 
iv) formation boning between the solute and sorbet sites 
(either physical forces of attraction or chemical bonding) 
[32]. The first step is related to adsorbent and the fourth step 
is very fast process, therefore these steps are insignificant. 
The rate controlling step may either be surface diffusion or 
pore diffusion. The second linear portion of the plot is the 
gradual adsorption stage where the intra-particle diffusion 
is the rate limiting. The third portion of the plot depicts 
the final equilibrium stage where intra-particle diffusion 
decreased slowly due to the lower concentration of solute 
in the bulk of the solution [33]. From the results of Intra-par-
ticle diffusion plot (Figs. 6c and 6d), the linear portion of 
the plot did not pass through the origin, which substanti-
ated that the mechanism of MB adsorption by Fe3O4@NCB 
composite is a surface diffusion not the intra-particle pore 
diffusion [32].
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Fig. 6. (a) Effect initial concentration on MB removal, (b) Effect temperature on MB removal, (c) Intra-particle diffusion plot – Initial 
concentration variation, (d) Intra-particle diffusion plot – Temperature variation. 
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3.6. Adsorption isotherm 

The adsorption isotherm is an expression of rate of 
change of adsorption with respect to concentration of the 
adsorbate. It can also represent the nature of distribution 
of the solute between the liquid and solid phase after the 
attainment of equilibrium. Several isotherm models have 
been reported by the past researchers to demonstrate the 
nature of adsorption. Among the isotherm models, Lang-
muir [34] and Freundlich [35] isotherm models are the most 
widely models to describe the adsorption of adsorbate from 
solution onto the sorbent surface. 

3.6.1. Langmuir isotherm

Langmuir isotherm model derived with an assumption 
that the adsorbent surface is energetically homogeneous 
and the adsorbate molecules are adsorbed with a single 
layer and there is no interaction between the adsorbed 
molecules. The linear form of Langmuir adsorption iso-
therm is 

C
q Q b

C
Q

e

e L

e= +
1

0 0. � (7)

where bL is the Langmuir constant, Ce is the equilibrium 
dye concentration in solution, C0 is the initial concentration 
(mg/L) and Q0 is Langmuir monolayer adsorption capacity. 
The constants Q0 and bL can be calculated from the slope and 
intercept of the plot of “Ce/qe” vs “Ce” (figure not shown) and 
the results are presented in Table 4. The mono layer adsorp-
tion capacity calculated using Langmuir model increases 
from 192.31 to 277.78 mg/g on increasing the temperature 
from 30 to 45°C. Owing to the smaller size and large surface 
area, NCB could adsorb more MB molecules. As given in 
Table 5, the Q0 value for the adsorption of MB by Fe3O4@
NCB composite is comparable with the value reported in the 
previous analysis. The Langmuir rate constant bL decreases 
from 0.0103 to 0.0067 L/mg on increasing the temperature 

of the system from 30 to 45° C. The dimensionless factor 
RL varied between 0 to 1 (0.469 to 0.937) indicating that the 
adsorption is favorable under given set of operating condi-
tions using the selected adsorbent-adsorbate system. 

3.6.2. Freundlich isotherm

The Freundlich [35] adsorption isotherm is one of the 
oldest mathematical models used to describe the sorption 
that involves heterogeneous equilibrium. The linearized 
form of Freundlich model is 

log log logq k
n

Ce f e= +
1

� (8)

where kf is related to adsorption capacity and n is related 
to intensity of adsorption. The Freundlich constants, kf  and 
n are calculated from the linear plot of “log qe” vs “log Ce” 
(figure not shown) are given in Table 4. The Freundlich 
parameter related to adsorption capacity (kf) has decreased 

Table 3 
Results of kinetic plots 

Parameters Initial dye concentration, mg/L Temperature, °C

25 50 75 100 35 40 45

qeexp. (mg/g) 25.00 48.78 70.70 89.74 47.56 46.34 45.12

Pseudo first order kinetics 

k1  × 10–2  (min –1)  0.967 0.852 0.898 0.990 0.829 0.760 0.760
qecal (mg/g) 41.39 73.57 101.74 129.00 75.81 76.24 78.14
r2 0.9017 0.9324 0.9556 0.9759 0.942 0.9269 0.9343
Pseudo second order kinetics

k2   × 10–2  (g/mg/min) 0.269 0.070 0.030 0.018 0.051 0.037 0.025
h 2.1720 2.48 2.60 2.83 1.96 1.59 1.27
qecal (mg/g) 28.41 59.52 93.46 125.00 62.11 65.79 71.43
r2 0.9831 0.9485 0.8906 0.8452 0.9098 0.8502 0.7489
Intra particle diffusion model

kid (mg/g/min½) 0.2819 0.1839 0.1508 0.1359 0.2875 0.2880 0.2706
r2 0.9893 0.9672 0.9404 0.9577 0.966 0.9392 0.9215

Table 4 
Results of isotherm plots 

Parameters Temperature °C

30 35 40 45

Langmuir isotherm

Q0 (mg/g) 192.31 222.22 250.00 277.78
bL (L/mg) 0.0103 0.0088 0.0077 0.0067
r2 0.9599 0.9773 0.9768 0.9672
RL 0.469 to 0.937
Freundlich isotherm
n 3.18 2.57 2.22 1.45
kf (mg1–1/n L1/n g–1) 85.82 69.68 56.43 29.28
r2 0.9797 0.9963 0.9927 0.9895
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from 85.82 to 29.28 mg(1–1/n)/L1/n/g with a raise in tempera-
ture from 30 to 45°C. Another parameter n is a measure of 
adsorption intensity or surface heterogeneity, becoming 
more heterogeneous as its value gets closer to zero [43]. The 
results of this study (n = 3.18 to 1.45) substantiates that MB 
is favorably adsorbed by Fe3O4@NCB. On comparing the r2 
value of Langmuir and Freundlich isotherm models, Fre-
undlich model is more appropriate to express the adsorp-
tion of MB with high correlation coefficient than Langmuir 
model. 

3.6.3. Thermodynamics of adsorption 

Important thermodynamic parameters like free energy 
(DG), enthalpy (DH) and entropy (DS) changes during the 
adsorption of MB are evaluated (Table 6) using the follow-
ing relationships. 

∆G RTlnKc= − � (9)

ln K
S

R
H

RTc = −
∆ ∆

� (10)

lnK q
Cc

e

e
= � (11)

where R is the universal gas constant (8.314 (J/mole/ K), T 
is temperature (K), and Kc is the distribution coefficient for 
the adsorption. 

The Gibbs free energy change decreases from –8.578 
to –5.882 kJ/mol on increasing the temperature from 30 
to 45°C. The negative Gibbs free energy demonstrated 
that the adsorption is spontaneous under the given set 
of environmental conditions, whereas the negative free 
energy decreases on increasing the solution temperature, 
validated the less spontaneity at higher temperatures. 
The negative enthalpy change is an indication of heat 
release (exothermic nature) during the adsorption of MB 
onto Fe3O4@NCB. When the adsorption progresses, the 
degree of randomness decreases, this is confirmed by the 
negative entropy change.  

3.6.4. Adsorbent regeneration studies 

Desorption of the adsorbed dye molecules is also per-
formed by varying the eluent pH from 2.0 to 12.0. The 
desorption of MB dye decreases from 55.72% to 37.33% 
with increase of pH from 2.0 to 8.0 and there is no consid-
erable change in desorption above pH of 8.0. The desorbed 
composite can be used for further adsorption studies. The 
efficiency of the regenerated adsorbent is analyzed for 
its further use. As observed from Fig. 7, the regenerated 
adsorbent used up to 8 cycles with more than 80% of dye 
removal. The dye removal capacity decreases drastically 
when number of cycles goes above 8. When the number of 
cycles exceeds 8, the pores of the sorbent are blocked with 
adsorbate molecules and leads to the drastic reduction of 
adsorption. 

3.7. Column adsorption studies

Packed bed column mode of adsorption has some advan-
tages like continuous operation, easy regeneration, effective 
contact between the adsorbent and adsorbate. The full scale 
column at industrial level operations can be designed based 
on the basis of data collected at laboratory level. Large 
volume of wastewater can be continuously treated using 
limited quantity of adsorbent is also an another advantage 
of the column mode adsorption analysis [44].

3.7.1. Breakthrough curve

The breakthrough curves for the adsorption of MB onto 
a packed bed column prepared using Fe3O4@NCB is shown 
in Fig. 7. The effect of initial dye concentration of adsorp-

Table 5
Langmuir monolayer adsorption capacity of MB dye on various 
adsorbents

Adsorbent Q0 (mg/g) Reference

Fe3O4 immobilized NCB 192.31 to 277.78 This study
Rattan based activated  
carbon

294.12 [36]

Biomass based activated 
carbon

259.25 [32]

Jute fiber carbon 225.64 [37]
Pistachio shell carbon 129.00 [38]
Euphorbia rigida carbon 114.45 [39]
Wood apple rind carbon 40.00 [40]
Citrus fruit peel carbon 25.51 [41]
Hazelnut shell activated carbon 8.82 [42]

Table 6
Thermodynamic parameters for the adsorption of MB onto 
Fe3O4@NCB

Temperature, °C DG, kJ/mol DH, kJ/mol DS J/K/mol

30 –8.578 –60.36 –170.92
35 –7.586
40 –7.116
45 –5.882
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Fig. 7. Reusability studies of regenerated adsorbent.



V. Kumaravelan, P. Sivakumar / Desalination and Water Treatment 115 (2018) 288–299 297

tion performance of MB is studied for a fixed bed height of 
5 cm and a flow rate of 10 mL/min. On increasing the initial 
MB concentration from 25 to 75 mg/L, the MB uptake is 
increased from 65.61 to 118.78 mg/g. As the concentration 
of solute goes up, the number of dye molecules competing 
per unit area of the sorbent surface increases and yields high 
uptake of dyes per unit weight of the adsorbent. Though, 
the breakthrough volume decreases on increasing the initial 
MB concentration, but the quantity of dye removal per unit 
weight of adsorbent increases. The influence of the flow 
rate on the adsorption performance is evaluated for a fixed 
dye concentration of 50 mg/L and the bed depth of 5 cm. 
As the flow rate increased from 5 to 15 mL/min, the time 
taken for the exhaustion time also increases. As observed 
from the Fig. 7, at lower flow rate, the breakthrough curves 
are gradually raising,on increasing the flow rate from 5 to 
15 mL/min, the curves become steeper, indicating quicker 
breakthrough at higher flow rates. The amount of dye 
removal per unit mass of Fe3O4@NCB decreases drasti-
cally from 147.06to 67.87 mg/g, indicating that high flow 
does not gives enough time for the solute-sorbent interac-

tion when compared with that in the lower flow rate [45]. 
Lower flow rate makes sure of proper contact between sol-
ute and sorbent and thereby yields the maximum efficiency 
for the adsorbent. The MB removal decreases from 92.76 to 
76.92 mg/g on increasing the bed height from 5.0 to 10 cm. 
Though there is a two fold increase in the sorbent quantity, 
but the dye removal per unit weight of adsorbent decreases. 
When the sorbent quantity increased, proportionally the 
available surface also getting doubled, but the entire sor-
bent surface is not properly exposed to the solute vicinity 
and ultimately show decreases in sorption capacity [46]. 

3.7.2. Thomas model

Thomas model, is one of the earliest model, which 
describes the kinetics of adsorbent adsorption in a packed 
bed column [47]. The kinetic model proposed by Thomas 
has the following form

C
C k q m C v r

t

T T0 0 0

1

1
=

+ −( )



exp . . /( )

�  (12)

where Ct is effluent dye concentration (mg/L) at time t, C0 
is initial dye concentration (mg/L), kT is Thomas rate con-
stant, (L/min·mg), q0(T) is maximum dye adsorption capacity 
(mg/g), m is mass of the adsorbent (g), v is effluent volume 
(mL) and r is flow rate (ml/min). The value of time, t = v/r.

The constants kT and q0 were determined from a plot of 
Ct/C0 against t for a given set of conditions using non-linear 
regression analyses (figure not given) are given in Table 7. 
The Thomas model rate constant show an increasing trend 
on increasing the concentration of MB and the flow rate and 
it show a decreasing trend with increasing the bed depth. 
The adsorption capacity calculated based on this model 
increased from 72.38 to 151.65 mg/g on increasing the influ-
ent concentration from 25 to 75 mg/L and it decreased from 
166.74 to 74.32 mg/g and 109.49 to 90.38 mg/g on increas-
ing the flow rate and bed height respectively. The Thomas 
model fits very poor with the data as observed from the cor-
relation coefficient even it is used in nonlinear regression 
analysis (0.8234 < r2< 0.9013). 

Table 7 
Results column mode adsorption studies of MB

Concentration, mg/L 25 50 75 50 50 50 50

Flow rate, mL/min 10 10 10 5 15 10 10
Bed height, cm 5 5 5 5 5 7.5 10
q0(exp), mg/g 65.61 92.76 118.78 147.06 67.87 85.84 76.92
Break through volume, mL 2900 2050 1750 3250 1500 2850 3400
Thomas model 
Results

kT  × 10–3, mL/min/mg 0.960 0.420 1.470 0.160 1.470 0.340 0.260
q0(T) ), mg/g 72.38 109.49 151.65 166.74 74.32 100.17 90.38
r2 0.8234 0.9013 0.8735 0.8718 0.8509 0.8293 0.8255
Sd 1.33 3.28 6.45 3.86 1.26 2.81 2.64

Yoon Nelson 
Model results

k(YN), L/min 0.09 0.11 0.23 0.03 0.23 0.06 0.05
τ, min 245.74 163.62 129.89 524.11 84.36 228.69 273.53
q0(YN) ), mg/g 55.60 74.04 88.16 118.58 57.25 68.88 61.88
r2 0.9669 0.979 0.9716 0.8718 0.8509 0.8293 0.8255
Sd 1.96 3.67 6.00 5.59 2.08 3.33 2.95
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Fig. 8. Breakthrough curves for the column mode adsorption of 
MB onto Fe3O4@NCB.
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3.7.3. Yoon-Nelson model

Yoon and Nelson (1984) have proposed a less compli-
cated model to represent the breakthrough of gases onto 
activated charcoal [48]. The model is proposed based on the 
assumption that “the rate of decrease in the probability of 
adsorption for each adsorbate molecule is proportional to 
the probability of adsorbate adsorption and the probabil-
ity of adsorbate breakthrough on the adsorbent”. The linear 
form of Yoon-Nelson model is

ln . .
C

C C
k t kt

t
YN YN

0 −






= − τ � (13)

where kYN is Yoon-Nelson rate constant, t is the time required 
for 50% of adsorbate breakthrough and t is the sampling 

time. A plot of ln
C

C C
t

t0 −




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 vs. t gives a straight line with a 

slope of kYN and intercept of -t.kYN. 
Based on Yoon-Nelson model, the amount of dye being 

adsorbed in a fixed bed is half of the total dye entering the 
adsorption bed within 2t period [49]. For a given bed:
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From this equation, the adsorption capacity, q0(YN) varies 
as a function of inlet dye concentration (C0), Flow rate (r), 
weight of adsorbent (m) and 50% breakthrough time. The 
Yoon-Nelson rate constant kYN increases on increasing the 
concentration of MB as well as the flow rate and decreases 
on increasing the bed depth. At high concentration and high 
flow rate, the number of dye molecules crossing through 
a particular sorbent surface is more, hence show a higher 
rate. At higher bed height, the adsorbate molecules has to 
travel a long distance through the column and also the sol-
ute/sorbent ratio is less which results in the reduced rate 
of adsorption. The time required for 50% breakthrough t 
decreases from 245.74 to 129.89 min and 524.11 to 84.36 min 
on increasing the concentration and flow rate respectively. 
Increase of bed depth increases t from 163.62 to 273.53 min. 
Expression of column kinetics using a mathematical model 
is a highly complicated process, the Thomas model though 
has low r2 but the standard deviation of the adsorption 
capacity with that of experimental value is less. On contrary, 
Yoon-Nelson model though the r2 is good but the calculated 
adsorption capacity show large deviation when compared 
with the Thomas model. 

4. Conclusion

Synthesis of nano sized carbon balls (NCB) with a uni-
form size of <100 nm are successfully synthesized from Mad-
hucalongifolia oil as a precursor oil. The multi-metal catalyst 
derived from Alternanthera sessilis stem ash helps the for-
mation of strings of carbon balls. The magnetically immobi-
lized NCB has great potential for the removal of methylene 
blue dye under batch and column mode of adsorption. 
SEM and XRD studies revealed the structure of NCB and its 
immobilization with Fe3O4. Kinetic studies proved that the 
composite follows pseudo-first order during the beginning 

of adsorption and later it deviates to pseudo-second order. 
Freundlich adsorption isotherm is more appropriate for the 
demonstration of this adsorption system. Exothermic and 
spontaneous nature of adsorption is proved by the ther-
modynamic studies. The composite column is successfully 
tested for the removal of MB and this study proved that the 
synthesized composite is a good adsorbent for textile dyes. 
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