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ABSTRACT

Activated carbon was prepared from sugarcane bagasse impregnated with phosphoric acid
at 500˚C activation temperature and 2 h activation time, resulting in the carbon yield of
27.13%. The prepared activated carbon has high BET surface area (671.54m2/g) and the
maximum adsorption of iodine is 602.23mg/g. The adsorption characteristics of the
obtained carbon towards both Fe(II) and Mn(II) at different experimental conditions were
conducted by means of batch and column methods. The adsorbent showed high affinity for
the removal of both Fe(II) or Mn(II) from aqueous medium, where an uptake values of 7.01
and 5.40mg/g were reported for Fe(II) and Mn(II), respectively, at 25˚C. Various parameters
such as pH, agitation time and speed, adsorbent dose, metal ion concentration, temperature,
and ionic strength had been studied. The kinetic and thermodynamic behavior of
the adsorption reaction was defined, these data indicated pseudo-second-order model and
the adsorption is endothermic in nature and mainly physical. Breakthrough curves for the
removal of Fe(II) or Mn(II) were studied. Regeneration and durability of the loaded carbon
toward the successive cycles were clarified. The adsorbed Fe(II) or Mn(II) was eluted from
the column effectively using 0.5M hydrochloric acid.
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1. Introduction

Groundwater is the major source of domestic water
for people living in rural and semi-urban areas in
Egypt. Iron and manganese are common metallic ele-
ments found in the earth’s crust [1]. Water percolating
through soil and rock can dissolve minerals containing
iron and manganese and hold them in solution. Iron
and manganese removal is the most common type of

municipal water treatment in Delta of Egypt. Neither
of the elements causes adverse health effects; they are,
in fact, essential to the human diet [2]. However,
water containing excessive amounts of iron and man-
ganese make the water unusable mainly for esthetic
considerations such as discoloration, metallic taste,
odor, turbidity, staining of laundry, and plumbing
fixtures [3]. The presence of these elements in water
can influence the development of ferruginous and
manganese bacteria on walls of pipes. The growing
micro-organisms cause corrosion of pipes [4].
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Therefore, the World Health Organization has set a
guideline value of 0.3 and 0.4mg/L of iron and man-
ganese in drinking water [5], and many countries have
adopted this value in their national drinking water
quality standards including Egypt. Traditional meth-
ods used for the removal of Fe(II) and Mn(II) from
groundwater in public water supply systems in differ-
ent Egyptian governorates are aeration and filtration,
as well as oxidation with oxidizing agents such as
chlorine and potassium permanganate [6], other meth-
ods available for Fe(II) and Mn(II) removal include
oxidation/precipitation, coagulation/coprecipitation,
nanofiltration, reverse osmosis, electrodialysis, adsorp-
tion, ion exchange, foam flotation, solvent extraction,
and bioremediation [7,8].

The search for an adsorbent with characteristics
such as high adsorption capacity, long life, readily
available in bulk quantities, and cost-effective is an
important issue. Extensive research has been carried
out during the last 10 years to find such adsorbents for
the removal of metal ions [9–12]. A number of low-cost
agricultural wastes, such as mud and fly ash, have
been used for the removal of a range of metal ions
[13,14]. Several natural resources have also been stud-
ied including tree fern, peat coal, and chitosan [15–17].

Activated carbon has received much attention in
the recent years due to its versatile application in
adsorption science. Generally, activated carbon is pre-
pared by physical and chemical activation methods.
Activated carbon, a tasteless, solid, microcrystalline,
and non-graphitic form of black carbonaceous material
with a porous structure, has been regarded as a
unique and versatile adsorbent because of its extended
surface area, microporous structure, high adsorption
capacity, and high degree of surface reactivity [18,19].
Activated carbon is excellent adsorbent for purifying,
filtering, bleaching, deodorizing, de-chlorination, de-
intoxication, removal or modification of taste, and the
concentration of liquid and gas materials [20].

Adinaveen et al. studied the preparation of acti-
vated carbon composite from sugarcane bagasse [21].
The prepared activated carbon showed good electro-
chemical property and when treated with H3PO4, it
has the effect of producing considerable quantities of
micropores. It is important to develop technologies
available for water treatment. Generally, these technol-
ogies should be cost-effective, highly efficient, and easy
to handle. Foo et al. evaluated the sugarcane bagasse-
derived activated carbon prepared by microwave heat-
ing for the adsorptive removal of ammonical nitrogen
and orthophosphate from the semi-aerobic landfill
leachate [22]. The results revealed the feasibility of the
sugarcane bagasse developed adsorbent for the
adsorptive treatment of semi-aerobic landfill leachate.

In the present study, we report the production of
activated carbon from sugarcane bagasse using H3PO4

and its application for the removal of Fe(II) and Mn
(II) from aqueous solutions. Batch and column meth-
ods were conducted to investigate the adsorption
capacity of ferrous and manganese onto the obtained
activated carbon. The influences of the experimental
parameters such as pH, temperature, agitation time,
adsorbent dose, and initial concentration on adsorp-
tion will be studied. The kinetic models used to
describe the rate data will be discussed. Also desorp-
tion studies will be carried out using hydrochloric
acid to regenerate the spend adsorbent.

2. Experimental

2.1. Preparation of activated carbon

The precursor material of sugarcane bagasse was
first cracked and crushed to free the pitch and light
chaff in a hammer mill, then the sample was heated at
400˚C for about 4 h and cooled down to room temper-
ature. The resulting carbon (pre-activation carbon)
was then subjected to chemical activation (for the pur-
pose of creating porous structure in the carbon matrix)
with 45% H3PO4 solution for 24 h with an impregna-
tion ratio of 2.0. The impregnation ratio was defined
as:

The impregnation ratio ¼ Weight of phosphoric acid in solution

Weight of bagasse

ð1Þ

The resulting impregnated carbon was then subjected
to heat treatment in a furnace (Thermo Scientific Lind-
berg/Blue M LGO Box) at 500˚C for 2 h. After heat
treatment the activated carbon was washed with 10%
hydrochloric acid to remove the ash, then it was
washed several times with hot water to remove the
excess acids. The washed sample was dried at 110˚C
to get the final product (activated carbon).

2.2. Production yield

The yield of the activated carbon is defined as the
ratio of the Weight of the resulting activated carbon to
that of the original sugarcane bagasse, with both
weights being measured on a dry basis.

2.3. The texture properties

The texture characteristics of the activated carbon
were determined by N2 adsorption at 77 K, using an
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Autosorb I (Quantachrome Micrometrics, USA), com-
puter-controlled apparatus. The total surface area was
estimated by applying BET equation, and total pore
volume determined from nitrogen held as liquid as P/
Po = 0.95, and the average pore diameter were evalu-
ated [23].

2.4. The iodine number

The iodine number was calculated, employing a
four-point Freundlich isotherm. The iodine residual
concentration was determined by titration with stan-
dard Na2S2O2 solution.

2.5. Determination of point of zero charge

Batch equilibrium method for determination of the
point of zero charge (PZC) was proposed by Noh and
Schwarz [24]. Accordingly, the samples of activated
carbon (0.2 g) were shaken in PVC vials, for 24 h, with
40mL of 0.1 mol/L KNO3, at different initial pH val-
ues. Initial pH values were obtained by adding an
amount of KOH or HNO3 solution (0.1 mol/L), keeping
the ionic strength constant. The amount of H+ or OH−

ions adsorbed by activated carbon was calculated from
the difference between the initial and the final pH.

2.6. Preparation of solutions

A stock solution (10mg/L) of ferrous chloride or
manganous chloride was prepared in distilled water.
The desired concentrations were then obtained by
dilution. HCl (0.5M) and NaOH (0.5M) were used to
change the acidity of the medium. About 0.5M of HCl
acid was used for elution of Fe(II) or Mn(II) from the
adsorbent. The concentration of Fe(II) and Mn(II)
was measured using spectrophotometric method. 1,10-
phenanthroline method was used for ferrous determi-
nation at 510 nm, while the concentration of manga-
nous ion was estimated at 525 nm using periodate
oxidation method [25]. The measurements were taken
on a CECIL CE 7400 Double Beam UV/VIS spectro-
photometer, England.

2.7. Batch experiments for adsorption of Fe(II) and Mn(II)

Adsorption of Fe(II) or Mn(II) under controlled pH
was carried out by placing 0.05 g of dry carbon in a
series of flasks each contains 50mL of 10mg/L of Fe(II)
or Mn(II) solution. The flasks were conditioned on a
shaker at 4 rpm 25˚C. The uptake of Fe(II) or Mn(II)
was calculated by determining the residual concentra-
tion of Fe(II) or Mn(II) following the above method.

The effect of initial concentration of Fe(II) or
Mn(II) on the adsorption was studied by placing 0.05
g portions of dry carbon in a series of flasks each con-
tains 50mL of Fe(II) or Mn(II) with different concen-
trations at normal pH. The contents of the flasks were
equilibrated on the shaker (Model: VRN-360) at 4 rpm
and at 25, 35, and 45˚C for 30min. After equilibration,
final concentrations and pH of Fe(II) or Mn(II) for all
flasks were measured.

2.8. Column method

2.8.1. Column loading

Flow experiments were performed in a plastic col-
umn (length 10 cm and diameter 0.5 cm). A small
piece of glass wool was placed at the bottom of the
column and then a known quantity of the activated
carbon was placed in the column. A known quantity
of the adsorbent under investigation was placed in the
column to yield the desired bed height. Fe(II) or
Mn(II) solution having an initial concentration of 10
mg/g was flowed downward through the column at
flow rate of 2 mL/min. Samples were collected from
the outlet of the column at different time intervals and
analyzed for Fe(II) or Mn(II) ion concentration.
The operation of the column was stopped when the
outlet metal ion concentration matches its initial
concentration.

2.8.2. Regeneration of the column

The adsorbent bead loaded by Fe(II) or Mn(II) was
then subjected for regeneration using 50mL 0.5M of
hydrochloric acid. The adsorbent was then carefully
washed with distilled water to become ready for the
second run of loading with Fe(II) or Mn(II). The regen-
eration efficiency (RE%) was calculated according to
the following equation:

RE% ¼ Uptake in the second run

Uptake in the first run
� 100 (2)

3. Results and discussion

3.1. Physical properties of the activated carbon

Fig. 1 represents nitrogen adsorption isotherm at
77 K of the activated carbon prepared from sugarcane
bagasse. The isotherm exhibited a typical type I iso-
therm according to IUPAC classification, with a well-
defined plateau pointing to microporous structures.
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The initial (steepest) part of the isotherm represents
the micropore filling (rather than the surface coverage)
and a low slope of the plateau is an indicative of mul-
tilayer adsorption on the external surface. The rapid
vertical rise near P/P = 1, can be identified as “cold
spots” in the apparatus (which lead to bulk condensa-
tion of the gas and a false measure of adsorption in
the volumetric method). Thus, the prepared activated
carbon is considered to be microporous with a rela-
tively small external surface area. The surface area
parameters such as BET surface area, total pore vol-
ume, and average pore diameter were calculated and
reported in Table 1. The BET surface area has high
value of 671.54m2/g. This value shall be attributed to
the pores generated on the carbon and silica matrices.
The phosphoric acid activation induces the chemical
and structural alterations of the different constituent
biopolymers of the precursors sugarcane bagasse,
namely cellulose, hemicellulose, and lignin, leading to
the development of extensive porous structures. The
surface area of the prepared activated carbon was also
confirmed from the iodine number (602.23mg/g). The
high value of the total pore volume obtained from N2

(0.426 cm3/g) adsorption indicates that the use of
H3PO4 has the effect of producing considerable quan-
tities of micropores.

After the activation and washing, the carbon
yield was 27.13%, as presented in Table 1. It was
observed that there is a difference between the car-
bon yields between the pre-activation (35.34%) and
after activation stage (27.13%). This was mainly due
to the further removal of volatile substances through
opening of the closed pores at high temperature in
addition to the degasification of carbon during this
process.

3.2. Batch method

3.2.1. Influence of pH

It is essential to realize the adsorption mecha-
nism by determining the zero point charge (pHPZC)
of the adsorbent. The pHPZC of an activated carbon
depends on the chemical and electronic properties of
the functional groups on its surface and is a good
indicator of these properties. Fig. 2 shows that the
activated carbon has a pHPZC value of 6.3. This
value means that the amount of the basic sites on
the activated carbon is slightly high. Such basic
character will readily adsorb protons from solution.
To evaluate the effect of pH on the uptake of Fe(II)
or Mn(II), batch adsorption experiments were per-
formed at different initial pHs ranging from 1.84 to
8.3 and initial concentration 10.0mg/L. The obtained
results shown in Fig. 3(a) illustrate that the adsorp-
tion of Fe(II) or Mn(II) by activated carbon is
strongly pH-dependent. Solution pH affects adsorp-
tion by regulating the adsorbent surface charge. The
adsorption behavior of Fe(II) and Mn(II) over a
broad pH range of 1.84–8.30 is shown in Fig. 3. It is
clearly revealed that increasing solution pH showed
an enhancement of adsorptive uptake of Fe(II) and
Mn(II). The adsorption of cations is favored at a
higher pH (>pHPZC) while the adsorption of anions
is favored at a lower pH (<pHPZC) [26]. The maxi-
mum sorption of Fe(II) or Mn(II) is observed in the
pH from 6.3 to 8.3 (pHPZC value of 6.3) where the
surface change of WS was negative. The observed
lower uptake value at low pH may be attributed to
the competition of protons with the adsorption of
basic active sites on the activated carbon [27]. The
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Fig. 1. Nitrogen adsorption isotherm of the activated
carbon.

Table 1
Surface area, total pore volume, average pore diameter, iodine number, and production yield of prepared activated
carbon

BET surface area
(m2/g)

Total pore volume
(cm3/g)

Average pore diameter
(nm)

Iodine number
(mg/g)

Production yield
(%)

671.54 0.426 1.30 602.23 27.13
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data shown in Fig. 3(b) indicate the high efficiency
of the prepared activated carbon towards the
removal of Fe(II) and Mn(II), where 97.3 and 64.3%
of Fe(II) and Mn(II) were removed, respectively.

3.2.2. Kinetics

To design an appropriate adsorption treatment
process, it is important to understand the rate at
which pollutant is removed. Therefore, the study of
adsorption kinetics is crucial, as it describes the solute
uptake rate which in turn controls the residence time
of adsorbate uptake at the solid–solution interface.
The rate of uptake of Fe(II) or Mn(II) on used carbon
is rapid in the beginning and 46.85 and 43.00% of
adsorption is completed in 5min for Fe(II) and Mn(II),
respectively (Fig. 4(a)). The adsorption reached the
plateau after 105min, which indicates that equilibrium
has been achieved (Fig. 4 (b) and (c)). This fast rate of
adsorption makes this adsorbent promising for practi-
cal applications in comparison with other reported
adsorbents. The equilibrium time of some previously
studied adsorbents extends from 2 h up to few days
[28–30].

To better understand the adsorption kinetics of Fe(II)
and Mn(II), pseudo-first-order and pseudo-second-
order models were used to simulate the adsorption
process. The models are expressed as follows:

(1) Pseudo-first-order model [31]:

qt ¼ qe ½1� exp�k1t� (3)

After linearization:

log ðqe � qtÞ ¼ log qe � k1
2:303

� �
t (4)

where k1 is the pseudo-first-order rate constant
(min−1) of adsorption and qe and qt (mg/g) are the
amounts of dye adsorbed at equilibrium and time t,
respectively.

(2) Pseudo-second-order model [32]:

qt ¼ k2t

1þ k2qet
(5)

After linearization:

t

qt
¼ 1

k2q2e
þ 1

qe

� �
t (6)
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Fig. 2. Determination of pHPZC of in KNO3 solutions (pHi,
initial value; pHf, final value).
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Fig. 3. Influence of pH on the adsorption of both Fe(II)
and Mn(II) on the activated carbon at 25˚C and initial con-
centration of 10mg/L, (a) amount adsorbed as a function
of pH, (b) removal % as a function of pH.
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where k2 is the pseudo-second-order rate constant of
adsorption (g/mgmin). The kinetic parameters in both
two models are determined from the linear plots of
log (qe− qt) vs. t for pseudo-first-order (Fig. 5(a)) or
(t/qt) vs. t for pseudo-second-order (Fig. 5(b)). The

validity of each model is checked by the fitness of the
straight line (R2) as well as the experimental and cal-
culated values of qe. Accordingly, and as shown in
Table 2, it can be found that the adsorption kinetics
data are well described by pseudo-second-order rate
model (R2 above 0.99).

The adsorption kinetics study is helpful to under-
stand the mechanism of adsorption reactions. The
pseudo-second-order kinetic model is based on the
assumption that the rate-limiting step may be chemi-
sorption involving valency forces through sharing or
exchange of electrons between sorbent and sorbate
[33,34], which is suitable for sorption at low initial
concentration. It was found that the kinetic experimen-
tal data obtained could be best fitted into the pseudo-
second-order rate model. This observation suggests
that Fe(II) or Mn(II) adsorption onto carbon particles
involves chemisorption.

Most adsorption reactions take place through mul-
tistep mechanism comprising (1) external film diffu-
sion, (2) intraparticle diffusion, and (3) interaction

0 20 40 60 80 100 120 140
Time (min)

0
1
2
3
4
5
6
7
8
9

10

U
pt

ak
e,

 m
g/

g

Experimental data

Pseudo-first order model

Pseudo-second order model

Fickian diffusion model

Elovich model

0 20 40 60 80 100 120 140
Time (min)

0
1
2
3
4
5
6
7
8
9

10
11
12

U
pt

ak
e,

 m
g/

g

Experimental data

Pseudo-first order model

Pseudo-second order model

Fickian diffusion model

Elovich model

0 20 40 60 80 100 120 140 160
Time (min)

0

20

40

60

80

100

R
em

ov
al

 %

Fe(II)

Mn(II)

(a)

(b)

(c)

Fig. 4. (a) Influence of time on the removal % of both Fe
(II) and Mn(II) on the activated carbon at 25˚C and initial
concentration of 10mg/L, (b) amount adsorbed of Fe(II) as
a function of time, (c) amount adsorbed of Mn(II) as a
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between adsorbate and active site. Since the first step
is excluded by shaking the solution, the rate determin-
ing step is one of the other two steps. To know if the
intraparticle diffusion is the rate-determining step or
not the uptake/time data were treated according to
Fickian diffusion law [35].

qt ¼ Kit
0:5 þ X (7)

where qt is the amount of dye adsorbed at time t and
Ki is the intraparticle diffusion rate (mg/gmin−0.5).
The Ki is the slope of straight-line portions of the plot
of qt vs. t0.5. The plot of qt against t0.5 gave two
straight-line portions with two different slopes and
intercept values (Fig. 6(a)). The Ki values obtained
from the slope of the first straight-line portion are
0.538 and 0.208 (mmol/gmin−0.5), for Fe(II) and Mn
(II), respectively. This high value of Ki indicates the
fast transfer. The positive values of X 3.665 and 3.993
for Fe(II) and Mn(II), respectively, indicate boundary
layer effect on the rate of adsorption. The higher value
of X for Mn(II) than Fe(II) indicates the higher bound-
ary layer effect in case of Mn(II) adsorption, which
explains the lower uptake of Mn(II) than Fe(II).

Elovich equation was also applied to the sorption
of Fe(II) and Mn(II) by the activated carbon according
to the relation [36]:

qt ¼ 1=b ln ðabÞ þ 1=b ln t (8)

where qt is the sorption capacity at time t, α the ini-
tial sorption rate (mmol/gmin), and β the desorption
constant (g/mg). Thus, the constants can be obtained
from the slope and intercept of a straight line plot of
qt vs. log t (Fig. 6(b)). The linearization of the equa-
tion giving the rate of reaction allows obtaining the
initial sorption rate, α (mg/gmin) from the intercept
of a straight line plot of qt vs. ln t (Fig. 6(b)). The
values of α for the adsorption of Fe(II) and Mn(II) on
the carbon are 6.290 and 389.478 (mg/gmin), respec-
tively. These values indicate that the initial adsorp-
tion rate of Mn(II) is higher than that of Fe(II). The

values of β (desorption constant) are found to be
0.708 and 1.930 g/mg, for Fe(II) and Mn(II), respec-
tively. These values explain the higher affinity of the
carbon towards Fe(II) than Mn(II). The data obtained
indicate that the studied carbon is promising for
Fe(II) and Mn(II) removal.

Table 2
Kinetic parameters of the adsorption of Fe(II) and Mn(II) on the activated carbon

Metal
ion

Pseudo-first-order Pseudo-second-order Fickian diffusion law Elovich equation

k1
(min−1)

qe, calc
(mg/g) R2

k2
(g/mgmin)

qe, calc
(mg/g) R2

Ki

(mg/gmin−0.5) X R2
α
(mg/gmin) β (g/mg) R2

Fe(II) 0.039 5.021 0.988 0.018 8.713 0.995 0.538 3.665 0.966 6.290 0.708 0.973
Mn(II) 0.033 2.066 0.843 0.048 5.962 0.997 0.208 3.993 0.806 389.478 1.930 0.910
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Fig. 6. (a) Linear Fickian diffusion and (b) linear Elovich
kinetic models for the adsorption of both Fe(II) and Mn(II)
on the studied carbon.
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3.2.3. Influence of adsorbent dose

The amount of carbon used for adsorption experi-
ments was varied from 0.01 to 0.15 g in 50mL volume
at an initial concentration of 10 ppm; contact time of 1
h at 25 ± 1˚C, and pH 6.5 for both Fe(II) and Mn(II).
The results, as shown in Fig. 7, reveal that percent
removal and uptake (mg/g) values show opposite
trends. The observed increase in percent removal with
sorbent dose increase can be simply attributed to the
fact that increase in amount of sorbent result in
increase in surface area thus providing more and more
binding sites for both Fe(II) and Mn(II) uptake. This
finally results in enhancement in percent uptake.
However, the decrease in the value of the uptake
(mg/g) with sorbent dose may be explained as fol-
lows: it is clear from Fig. 7(b) that with increase in sor-
bent dose from 0.01 to 0.15 g, the percent uptake
increases from 50.11 to 91.72 for Fe(II), and from 30.8
to 70.4 for Mn(II). This data suggest that difference
between final and initial concentration do not increase

in the same proportion as that of adsorbent dose
increases. The overall effect of this marginal increase
in “x” value is that uptake decreased gradually. Thus
the optimum adsorbent amount of activated carbon
was found as 0.1 g by the given uptake (mg/g) and
removal percent.

3.2.4. Equilibrium adsorption isotherm

Study on Fe(II) and Mn(II) adsorption isotherm
was conducted at pH 6.5 ± 0.1, the optimal pH for
both Fe(II) and Mn(II) adsorption on the prepared car-
bon (Fig. 8). Obviously, increasing the concentration
Fe(II) or Mn(II) involves an increase in the uptake of
Fe(II) and Mn(II). Both Langmuir and Freundlich iso-
therm models were used to describe the relationship
between the amount of Fe(II) or Mn(II) adsorbed and
its equilibrium concentration in aqueous solution.
Langmuir model is applicable to homogeneous sorp-
tion, which the adsorption of each adsorbate molecule
onto the sorbent has equal adsorption activation
energy. Langmuir model can be expressed by the fol-
lowing equation [37]:

qe ¼ Qmax KL Ce

1þ KL Ce
(9)

where qe the adsorbed value of dyes at equilibrium
concentration (mg/g), Qmax is the maximum adsorp-
tion capacity (mg/g), and KL is the Langmuir binding
constant which is related to the energy of adsorption
(L/mg), Ce is the equilibrium concentration of metal
ion in solution (mmol/L).
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Fig. 7. Influence of adsorbent dose on the adsorption of
both Fe(II) and Mn(II) on the activated carbon at 25˚C and
initial concentration of 10mg/L, (a) amount adsorbed as a
function of pH, (b) removal % as a function of pH.
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After linearization:

Ce

qe
¼ Ce

Qmax
þ 1

KLQmax
(10)

The most important multisided adsorption isotherm
for heterogeneous surfaces is the Freundlich isotherm,
characterized by the heterogeneity factor 1/n. The Fre-
undlich model is described by [38]:

qe ¼ KF C
1=n
e (11)

where KF and n are the Freundlich constants related
to the adsorption capacity and intensity, respectively.
After linearization:

log qe ¼ logKF � 1

n
logCe (12)

The values of KL, Qmax, KF, and n at different tempera-
tures are calculated from Fig. 9 and reported in
Table 3. The maximum adsorption capacities (Qmax)
obtained at different temperatures are in good agree-
ment with the experimental ones, and the values of R2

reported in Table 3, which is a measure of the good-
ness-of-fit, confirm the better representation of the
experimental data by Langmuir model than Freundlich
model. This indicates the homogeneity of active sites
on the adsorbent surface.

The degree of suitability of the obtained adsorbents
towards dyes was estimated from the values of the
separation factor (RL) using the following relation [39]:

RL ¼ 1

1þ KL C0
(13)

where KL is the Langmuir equilibrium constant and C0

is the initial concentration of dye. Values of 0 < RL <1
indicates the suitability of the process. The values of RL

for the investigated adsorbent towards the adsorption
of both Fe(II) and Mn(II) lie between 0.09 and 0.20 for
all concentration and temperature ranges. This implies
that the adsorption of both Fe(II) and Mn(II) on the
prepared activated carbon from aqueous solution is
favorable under the conditions used in this study.

3.2.5. Influence of temperature

Adsorption capacities were established for both
Fe(II) and Mn(II) at temperatures varying between 20
and 50˚C (Fig. 10). A slight increase in sorption capac-
ity can be observed, especially at 40–50˚C. The maxi-
mum sorption capacity increased between 20 and 50˚C

by 29.8 and 12.9% for Fe(II) and Mn(II), respectively
with increasing the temperature to 50˚C. This means
that the adsorption is endothermic in nature [10]. The
thermodynamic parameters including Gibbs free
energy (ΔG˚), enthalpy (ΔH˚), and entropy (ΔS˚) for
the adsorption of Fe(II) and Mn(II) onto activated car-
bon have been calculated by using equations as fol-
lows and presented in Table 4 [10,13]:

KC ¼ CA

CS
(14)

lnKC ¼ �DH
�

RT
þ DS

�

R
(15)

DG
� ¼ DH

� � TDS
�

(16)

where KC is the equilibrium constant, CS is the equilib-
rium concentration of the metal ion in the solution
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Fig. 9. (a) Linear Langmuir and (b) linear Freundlich iso-
therms for the adsorption of both Fe(II) and Mn(II) on the
activated carbon at pH 6.5 and 25˚C.
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(mg/L), CA the amount of metal ion adsorbed on the
adsorbent in the solution at equilibrium (mg/L). R is
the gas constant and T is the solution temperature (K).
ΔS˚ and ΔH˚ were obtained from the intercept and
slope of Van’t Hoff plot of ln KC vs. 1/T (Fig. 11) from
Eq. (15). The results are given in Table 4. The negative
values of ΔG˚ indicated the feasibility and spontane-
ous nature of Fe(II) and Mn(II) sorption onto activated
carbon. The value of enthalpy of a sorption process is
used to determine the chemical or physical sorption.
For chemical sorption enthalpy values vary from 83 to
830 kJ/mol, and for physical sorption they vary from 8
to 25 kJ/mol [26]. It can be concluded from the low

values of ΔH˚ that the interaction between Fe(II) and
Mn(II) and activated carbon is physical. The endother-
mic nature is also indicated by the positive value of
ΔH˚. Generally, ΔG˚ values range from 0 to −20 KJ/
mol for physical adsorption and −80 to −400 KJ/mol
for chemical adsorptions [26]. In this study, the ΔG˚
values ranged from −0.44 to −6.29 KJ/mol, indicating
that adsorption is mainly physical.

3.2.6. Influence of ionic strength and agitation speed

Influence of ionic strength and agitation speed on
adsorption of both Fe(II) and Mn(II) were carried out

Table 3
Langmuir and Freundlich constants for adsorption the adsorption of Fe(II) and Mn(II) on the activated carbon

Metal ion
Langmuir constants Freundlich constants

Qmax,exp (mg/g) Qmax,calc (mg/g) KL (L/mg) R2 n KF R2

Fe(II) 7.01 8.600 1.701 0.935 2.169 5.067 0.674
Mn(II) 5.40 6.054 1.611 0.994 2.797 3.334 0.975
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Fig. 10. Influence of temperature on the adsorption of both
Fe(II) and Mn(II) on the activated carbon at pH 6.5 and
25˚C.

Table 4
Enthalpy, entropy, and free energy changes for adsorption of Fe(II) and Mn(II) on the activated carbon

Metal ion ΔH˚ (kJ/mol) ΔS˚ (kJ/mol K)

ΔG˚ (kJ/mol)

293 K 303 K 313 K 323 K

Fe(II) 40.836 0.145 −1.916 −3.375 −4.834 −6.293
Mn(II) 7.062 0.025 −0.440 −0.696 −0.953 −1.209
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Fig. 11. Van’t Hoff plots for adsorption of Fe(II) and Mn
(II) on the activated carbon.
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with shaker at pH 6.5, initial concentration solution
was 10 ppm, contact time 60min, and adsorbent dose
was 0.05 g in 50mL volume.

Ionic strength is one of the important factors influ-
encing aqueous phase equilibrium. The effects of the
interfering chloride anions were evaluated for both
Fe(II) and Mn(II) adsorption. Adsorption of Fe(II) did
not influenced by increasing amount of NaCl from 0.2
to 1 g (Fig. 12(a)), However, the adsorption of Mn(II)
was slightly decreased by increasing ionic strength of
the dissolved phase.

The agitation speed varied from 0.5 to 4 rpm. The
adsorption rate increased because of increasing kinetic
energy of both Fe(II) and Mn(II) particles (Fig. 12(b)).
Thus, the adsorption efficiency increased with increase
in agitation speed and adsorption efficiency was maxi-
mal at 2 rpm for both Fe(II) and Mn(II). It was
observed that adsorption efficiency decreased at 4
rpm, this may be due to the increase of desorption
rate at high agitation speed.

3.3. Column studies

3.3.1. Loading of the column

Breakthrough curves of the studied carbon towards
adsorption of both Fe(II) and Mn(II) at flow rate of
2mL/min and a fixed bed height (2.65 cm) indicate
that, the breakthrough time of Fe(II) is higher than
that of Mn(II) (Fig. 13). This behavior of breakthrough
time values is consistent with the reported adsorption
capacity obtained from batch method. The column
adsorption capacities are 7.71 and 5.95mg/g for Fe(II)
and Mn(II), respectively. It is worth to mention that
the column adsorption capacities are slightly higher
than that obtained from the corresponding batch
method (7.01 and 5.40mg/g for Fe(II) and Mn(II)).
This may be attributed to the lower desorption rate in
the last case.
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Fig. 12. (a) Influence of ionic strength and (b) influence of
agitation speed on the adsorption of both Fe(II) and Mn(II)
on the activated carbon at pH 6.5 and 25˚C.
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Fig. 13. (a) Influence of successive desorption cycles on the
breakthrough curves for the removal of Fe(II) and (b) for
Mn(II) at flow rate of 2mL/min and bed height of 2.65 cm.
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3.3.2. Regeneration of the column

Sorption/desorption cycle runs were carried out
for both Fe(II) and Mn(II) on the obtained carbon. The
elution of Fe(II) and Mn(II) ions was performed using
50mL 0.5M of hydrochloric acid. As shown in Fig. 13,
the breakthrough curves for recovery of Fe(II) and
Mn(II) (flow rate of 2mL/min, bed height 2.65 cm)
showed no characteristic changes during successive
cycles. This indicates that activated carbon has good
performance for repeated use up to three cycles. The
RE of Fe(II) was found to be 93.64 and 92.67% for
three successive sorption cycles, respectively. Whereas,
the RE of Mn(II) was found to be 96.81 and 91.68% for
three successive sorption cycles, respectively.

4. Conclusion

Activated carbon was prepared from sugarcane
bagasse impregnated with phosphoric acid at 500˚C.
The adsorbent obtained is characterized by its high
BET surface area and pore volume. The activated car-
bon showed fast and high removal efficiency for Fe(II)
and Mn(II) from aqueous medium at approximately
pH 6.5 ± 0.1. The removal efficiency of Fe(II) and Mn
(II) ions was found to be highly dependent upon the
acidity of the medium. The adsorption was found to
be pseudo-second-order kinetics, proceeds according
to Langmuir isotherm, endothermic in nature and
mainly physical. The uptake values of 7.01 and
5.40mg/g for Fe(II) and Mn(II) were reported at
25˚C, respectively. Column studies give an account
about the breakthrough points at flow rate 2mL/min
and bed height 2.65 cm. Column adsorption capacity
is slightly higher than that obtained from the corre-
sponding batch method. The RE of Fe(II) was found to
be 93.64 and 92.67% for three successive sorption
cycles, respectively. Whereas the RE of Mn(II) was
found to be 96.81 and 91.68% for three successive
sorption cycles, respectively.
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