
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ja

nu
ar

y 
20

18
. D

ow
nl

oa
de

d 
on

 5
/2

7/
20

25
 1

0:
28

:5
7 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Feasibility of har
aMaterials Chemistry Research Center, D

Excellence for Innovation in Chemistry, Fa

Khon Kaen 40002, Thailand. E-mail: sakcha
bNanomaterials Chemistry Research Unit, De

and Technology, Nakhon Si Thammarat Ra

80280, Thailand

Cite this: RSC Adv., 2018, 8, 4162

Received 3rd December 2017
Accepted 15th January 2018

DOI: 10.1039/c7ra12999h

rsc.li/rsc-advances

4162 | RSC Adv., 2018, 8, 4162–4171
d acid–base affinity for the
pronounced adsorption capacity of manganese(II)
using amino-functionalized graphene oxide

Anek Suddai,a Prawit Nuengmatcha,ab Phitchan Sricharoen,a

Nunticha Limchoowonga and Saksit Chanthai *a

The present study reveals the feasibility of using graphene oxide (GO) functionalized with

3-mercaptopropyl-trimethoxysilane (APTMS) for the removal of Mn(II) from aqueous solution. The APTMS

bound on GO's surface was successfully confirmed by FTIR and EDX. For an optimal adsorption study,

the effects of pH (pH 1–6), incubation time (5–80 min), temperature (30–60 �C) and initial concentration

of Mn(II) (0.1–60 mg L�1) were investigated in association with Mn measurement by AAS. The optimum

conditions for Mn(II) removal included a 20 mg L�1 initial concentration with 0.02 mg adsorbent at pH

5.5, and complete adsorption equilibrium was reached within 50 min. Their adsorption models are well

described by both Langmuir and Freundlich isotherms. The maximum adsorption capacity of GO-NH2

for Mn(II) was 161.29 mg g�1, about 10 and 4 times higher than those of GP (16.45 mg g�1) and GO

(41.67 mg g�1) according to their relevant functional groups. For the GO-NH2 adsorbent, the adsorption

process of Mn(II) follows a pseudo-second-order kinetics model, indicating that the overall rate of Mn(II)

uptake is controlled by external mass transfer at the initial stage of the adsorption. Later, the driving

forces that control the adsorption rate are attributable to an intra-particle diffusion. A thermodynamic

adsorption process reveals mainly an exothermic spontaneous reaction. Therefore, the present study

provides an excellent adsorbent for Mn(II) from aqueous solution. This adsorbent can also potentially be

used for wastewater treatment.
Introduction

Manganese (Mn) is an abundant element in the Earth's crust
and its presence in drinking water is a result of leaching
processes depending on rock types.1 Although, it is an essential
nutrient element in living systems that is found most oen in
the +2 valence among various oxidation states, elevated levels of
Mn content can result in toxic neurological effects.2 There are
many neurotoxic effects that cause a series of symptoms, such
as adynamia, reduced coordination, masklike face, gait
changes, sleep disturbances, muscular pain, hallucinations,
and mental irritability, nally leading to a manganese-induced
Parkinson like disease, called manganism.3 Therefore, it is
necessary to remove Mn ion contaminants from wastewater
before release into the environment.

Recently, numerous approaches have been studied for the
development of effective technologies for pollutant removals.4–14
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Several common wastewater treatments for Mn(II) have been
studied, such as solvent extraction,15 biological aerated lter,16

precipitation,17 coagulation/occulation,18 otation,19 ion-
exchange20 and adsorption.21 Of these above techniques,
adsorption technique provides an attractive alternative one to
other removal techniques because it is more economical and
readily available.22 This technique relies on interactions
between adsorbent and adsorbate. Thus, a key factor in the
adsorption process is selective adsorbent with its intrinsic
functional groups. Several adsorbents that have been studied
for Mn removal include y ash,21 manganese oxide coated
zeolite,22 white rice husk ash,23 natural and modied zeolites,24

Pleurotus ostreatus nanoparticles,25 glycine modied chitosan
resin26 and phosphine-functionalized electrospun poly(vinyl
alcohol)/silica nanobers.27 However, some of these adsorbents
are still either low efficiency or low adsorption capacity, thus
new adsorbents have been developed to maximize their
adsorption property with higher capacity and selectivity.

Graphene oxide (GO) is an alternative choice of the carbon-
based adsorbents due to various functional groups (carbonyl,
hydroxyl and epoxide) on their surface providing anchor sites
for metal ion complexation. Thus, there are many applications
of GO for toxic metal adsorption such as Hg(II),28 U(VI),29 Pb(II),30

Cd(II),31 Cu(II) and Zn(II),32 Au(III), Pd(II) and Pt(IV).33 Moreover,
This journal is © The Royal Society of Chemistry 2018
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GO can be modied with several ligands, making it a potential
material as superb adsorbent for toxic metal ions removal
such as 3-mercaptopropyl-trimethoxysilane,34 N-(trimethox-
ysilylpropyl) ethylenediaminetriacetic acid,35 polyallylamine,36

p-phenylenediamine,37 polyhedral oligomeric silsesquioxane,38

hexamethylene diamine,39 polybenzimidazole,40 2-amino-4,6-
didodecylamino-1,3,5-triazine41 and other amino groups.42–44

Particularly, the amino group (–NH2) has high ability to adsorb
both toxic metal ions and other pollutants. This unique char-
acteristic reveals that the amino group has potential applica-
tions in the removal of pollutants from wastewater. Recently,
many studies have tried to modify amino group on the surface
of various materials for toxic pollutants removal and other
applications such as mesoporous silica,45 silica,46 Fe3O4,47

mesoporous material SBA-16,48 multi-walled carbon nanotube,49

sawdust50 and Fe3O4@SiO2,51 indicating that the amino group is
such high potential ligand for various applications.

In this study, the prepared GO was modied with
3-aminopropyl-trimethoxysilane (APTMS) to acquire the func-
tionalized GO-NH2 and then applied to remove Mn(II) from
aqueous solution. While there have been numerous papers
reporting the fabrication of graphene-based adsorbents, there is
no prior study on the synthesis of a GO-NH2 adsorbent and its
performance in the removal of Mn(II) from aqueous solution.
Hence, in the present research, it is the rst time for a proof-of-
concept study on the enhancement of adsorptive capacity of GO-
NH2 via a batch technique. An evaluation of the potential use of
the GO-NH2 for Mn(II) removal in a batch adsorption study was
compared with its bare graphite (GP) and graphene oxide (GO).
The effects of solution pH, incubation time and an initial
concentration of Mn(II) were optimized in details. Both Lang-
muir and Freundlich isotherms were also investigated to t
their adsorption model for Mn(II) removal.
Experimental
Chemicals and instrument

Sodium nitrate, sulfuric acid, and hydrogen peroxide were
purchased from Ajax FineChem Pty Ltd. Sodium acetate, acetic
acid, potassium dihydrogen phosphate, di-potassium hydrogen
phosphate anhydrous, ethanol, and methanol were purchased
from QReC (New Zealand). Potassium permanganate and
manganese chloride were purchased from Carlo Erba. Synthetic
graphite power (<20 mm) and (3-aminopropyl)trimethoxysilane
were purchased from Sigma-Aldrich. All chemicals were used
without further purication in all experiments. Manganese was
determined using atomic absorption spectrophotometer (AAS),
Perkin Elmer Instrument AA Analyst 100 (U.S.A.).
Preparation and characterization of GO and GO-NH2

Graphene oxide was prepared from graphite powder by using
the optimum conditions of our previous work52 with the
modied Hummers' method.53 In brief, 3.0 g of graphite powder
and concentrated H2SO4 (300mL) weremixed in a beaker at 0 �C
with vigorous magnetic stirring for 30 min. Next, 3.0 g of NaNO3

was added portion-wise to the mixture and kept further stirring
This journal is © The Royal Society of Chemistry 2018
for 30 min. Then, a solid powder of KMnO4 was slowly added to
the beaker and the mixture was kept below 15 �C. The mixture
was stirred at 35 �C until its colour changed to brown, and then
the mixture was diluted with 200 mL of deionized water was
then slowly added to the mixture and stirred again for 30 min.
Aer heating up to 80 �C for 6 h, 40 mL of 30% H2O2 was slowly
added. The solution mixture was centrifuged and washed
several times with deionized water until the pH of the ltrate
reached neutral. Then, the lyophilized precipitates were
obtained.

To functionalize GO with APTMS, 200mg of GO was added to
round ask with 25 mL ethanol and dispersed through ultra-
sonication for 30 min. Then 4.5% w/v of APTMS was added and
ultrasonicated next for 30 min. Aer that the mixture stirred at
65 �C for 12 h. The GO-NH2 product was centrifuged and
washed with ethanol and oven-dried at 50 �C for 12 h. The ob-
tained GO-NH2 was characterized by FTIR and EDX techniques.

Adsorption experiments

The effects of experimental parameters such as pH of solution
(1–6), incubation time (0–80 min) and temperature (30–60 �C)
on the adsorptive removal of Mn(II) ions were studied in a batch
mode of operation for a specic period of Mn(II) concentration
of 10 mg L�1. All adsorption experiments were conducted in
125 mL conical ask, adsorbent (0.02 g) was accurately weighed
into a conical ask. Then, 25 mL of Mn(II) solution was added
and the pH of the solution was adjusted and shaken by an
orbital shaker at approximately 200 rpm at ambient tempera-
ture. Aer a period of shaking, the adsorbent was separated
from the solutionmixture by centrifugation for 5 min andMn(II)
in the supernatant solution was determined by AAS. All exper-
iments were conducted in triplicate under the same conditions.
The adsorption capacity (qe, mg g�1) of Mn(II) at an equilibrium
state was determined as follows:

qe ¼ V(C0 � Ce)/m (1)

where, C0 is the initial concentration (mg L�1) of Mn(II) in the
solution, Ce is the Mn(II) concentration (mg L�1) at the equi-
librium state, V is the volume (L) of the solution, and m is the
mass (g) of the adsorbent. Langmuir and Freundlich adsorption
models were used to describe the equilibrium nature of Mn(II)
adsorption onto the GO-NH2 compared with graphene oxide
and graphite used as background reference.

Results and discussion
Characterization of adsorbents

In this work, FTIR and EDX spectral data demonstrated the
element contents and functional groups of the rawmaterial and
the functionalized GO-NH2. FTIR spectra of these adsorbents
are shown in Fig. 1. It is evident that changes in the adsorption
peaks of APTMS, GO-APTMS, GO and GP are differently
observed. The peak at 3388 cm�1 is the stretching of –OH
groups. Peaks for C–H stretching vibration of CH3 and CH2

groups appear at 2939 cm�1 and 2839 cm�1, respectively. The
band at 1124 cm�1 is the stretching vibration of Si–O–C,
RSC Adv., 2018, 8, 4162–4171 | 4163
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Fig. 1 FTIR spectra of GP, GO, GO-APTMS and APTMS.

Fig. 2 EDX patterns of GP, GO and GO-NH2.
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conrming the formation of GO-APTMS. Moreover, it is noted in
their spectra of APTMS and GO-SPTMS the stretching vibration
of –NH2 group occurs at 1599 cm�1 which proves the existence
of the functionalized NH2 groups on the GO surface.

Furthermore, from EDX patterns in Fig. 2, it is shown that
changes in the spectral data of GP, GO and GO-APTMS are also
obviously different. The peaks of Si and N occur only in GO-
APTMS, indicating that graphene oxide modied with amino
is successfully obtained. This observation suggests that gra-
phene oxide contains the NH2 group attached, which can be
applied to selectively remove Mn(II) from aqueous solution.
Adsorption experiment

Effect of pH. It is well known that the adsorption of toxic
metal ions depends on the pH of solution. The inuence of pH
on the adsorption efficiency was evaluated in terms of adsorp-
tion capacity. Fig. 3 shows the adsorption capacity of Mn(II) at
different pH values in the range of 1–6. It was found that the
adsorption of Mn(II) increased with the pH of the solution. For
This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Effect of pH on adsorption of Mn(II) using GP, GO and GO-NH2

as adsorbents.
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all adsorbents studied, at pH > 5, the maximum uptake is
attained and maintained constant. However, the adsorption
capacity of GO-NH2 drastically changes in the pH range 3–4
whichmay be due to the competition between H+ andMn2+ ions
for their adsorption sites causing in decrease of the adsorption.
In addition, at acidic solution, the adsorbent surface becomes
positively charged and not favored uptake of Mn(II). On the
other hand, at higher pH, surface of the adsorbent had got
negatively charged and favored uptake of Mn(II). The maximum
adsorption capacity occurred at pH 5.5, 5.0 and 5.5 for GP, GO
and GO-NH2, respectively. Therefore, it was chosen as the
optimal value for further adsorption studies.

Effect of incubation time. The effect of incubation time on
the amount of Mn(II) adsorbed was investigated at the optimal
pH as shown in Fig. 4. It was evident that the Mn(II) uptake by
these adsorbents increased with increasing incubation time,
with their equilibrium state being established within 60, 30 and
Fig. 4 Effect of incubation time on adsorption of Mn(II) using GP, GO
and GO-NH2 as adsorbents.

This journal is © The Royal Society of Chemistry 2018
50 min for GP, GO and GO-NH2, respectively. At the initial stage
(about 30 min), the Mn(II) adsorption rate may be explained by
an increased availability in the number of active sites on the
surface of the adsorbent. The adsorption amount of Mn(II) on
the adsorbent increased and normally controlled by diffusion
process from the bulk to the surface of the adsorbent. At the
nal stage, the adsorption amount of Mn(II) was likely an
attachment controlled process due to less available sorption
sites.54 Therefore, further studies were carried out within 60min
for all adsorbents to ensure the attainment of the equilibrium
conditions.

Effect of temperature. Temperature has a pronounced effect
on the removal of pollutant species from aqueous solutions
with most adsorption processes being exothermic in nature.55,56

The study of the present process also revealed its exothermic
nature as shown in Fig. 5. It was found that the adsorption
capacities of GP, GO and GO-NH2 decreased with an increasing
temperature. The reason behinds this appearance is that
common thermal effect on their binding energy caused by
collision principle, in particular for weak physisorption of the
adsorption capacity. The results indicate that at lower temper-
atures that favor the removal of Mn(II) by the adsorption process
are exothermic nature. While at high temperatures, the
decreasing of removal efficiency may be due to the decrease in
the thickness of the boundary layer that increases tendency of
the molecules to escape from the adsorbent surface to the bulk
solution.57 The maximum adsorption capacity occurred at 30 �C
for all adsorbents therefore, it was chosen as the optimal value
for further adsorption studies.

Thermodynamic study. In order to study the effect of
temperature on the adsorption of Mn(II) onto adsorbents, the
thermodynamic parameters including Gibbs free energy change
(DG0), entropy change (DS0) and enthalpy change (DH0) were
calculated using the following equations:

DG0 ¼ �RT ln Kd (2)
Fig. 5 Effect of temperature on adsorption of Mn(II) using GP, GO and
GO-NH2 as adsorbents.

RSC Adv., 2018, 8, 4162–4171 | 4165
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Fig. 6 Plot of ln Kd versus 1/T for the Mn(II) adsorption onto GP, GO
and GO-NH2.

Fig. 7 The first-order kinetic data of Mn(II) adsorption using GP, GO
and GO-NH2 at 303 K.
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Kd ¼ qe/Ce (3)

ln Kd ¼ �DH0/RT + DS0/R (4)

where, R is the gas constant (8.314 J mol�1 K�1), T is absolute
temperature in K and Kd is the equilibrium constant. qe is the
amount of the Mn(II) (mg) adsorbed per gram of adsorbent at
equilibrium, Ce is the equilibrium concentration (mg L�1) of the
Mn(II) in solution.

The values of DS0 and DH0 can be calculated from the slope
and the intercept of the van't Hoff plot of ln Kd versus 1/T
(Fig. 6), respectively.

Table 1 shows the obtained thermodynamic parameters of
GP, GO and GO-NH2. It was found that negative DG0 of all
adsorbents indicates the spontaneity of the ongoing adsorption
process.58 Negative value of DS0 indicates a tendency to lower
disorder at the solid–solution interface during the adsorption.59

In addition, the negative DH0 indicates that the Mn(II) adsorp-
tion using GP, GO and GO-NH2 are the exothermic nature, the
low values of DH0 give clearly evidence that the interactions
between Mn(II) and its adsorbent were rather weak.60,61

Kinetic study. Several kinetic models have been applied to
examine the controlled mechanism of metal ions adsorption
from aqueous solution. In this study, pseudo-rst-order,
pseudo-second-order, and intra-particle diffusion were applied.

The pseudo rst-order equation describes adsorption in
solid–liquid systems based on the sorption capacity of solids. It
has been proposed that only one ion of the metal is sorbed onto
one sorption site on the adsorbent surface. The linear form of
Table 1 Thermodynamic parameters of Mn(II) adsorption using GP, GO

Adsorbent DH0 (kJ mol�1) DS0 (kJ mol�1 K�1)

D

3

GP �14.71 �39.41 �
GO �8.08 �7.03 �
GO-NH2 �10.45 �16.97 �

4166 | RSC Adv., 2018, 8, 4162–4171
the pseudo rst-order models can be written by the following
eqn (5):

log(qe � qt) ¼ log qe � (k1/2.303)t (5)

where, k1 is the rate constant (L min�1) of the pseudo-rst order
adsorption, qe and qt are the amounts of Mn(II) adsorbed onto
adsorbent at an equilibrium state (mg g�1) and at time t,
respectively. The values of k1 and qe are calculated from slope
and intercept of the plot of log(qe � qt) versus t (Fig. 7),
respectively.

The pseudo second-order rate expression has been applied
for analyzing chemi-sorption kinetics from liquid solutions.
From the assumption of this model, only one ion of the metal is
sorbed onto two sorption sites on the adsorbent surface. The
linear form of the pseudo second-order models can be written
by the following eqn (6):

t/qt ¼ (1/k2q2
2) + (t/q2) (6)

where, q2 is the maximum adsorption capacity (mg g�1) for
pseudo-second-order adsorption, qt is the amount of Mn(II)
adsorbed at equilibrium state (mg g�1) at time t (min) and k2 is
the rate constant of the pseudo-second-order adsorption (g
mg�1 min�1). The values of k2 and q2 were calculated from the
slope and intercept of the plot (Fig. 8) of t/qt versus t,
respectively.

The kinetic parameters for theMn(II) adsorption of GO at 303
K were calculated from eqn (5) and (6) as shown in Table 2. It is
found that the pseudo-rst order kinetic model is applicable for
and GO-NH2

G0 (kJ mol�1)

R203 K 313 K 323 K 333 K

20.14 �20.33 �20.67 �20.62 0.9731
23.69 �23.30 �24.17 �25.01 0.8040
22.87 �22.91 �23.43 �24.07 0.8431

This journal is © The Royal Society of Chemistry 2018
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Fig. 8 The pseudo-second-order kinetic data of Mn(II) adsorption
using GP, GO and GO-NH2 at 303 K.
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only the adsorption of Mn(II) by GP, because its calculated
maximum adsorption capacity (q1 ¼ 1.32 mg g�1) and the
experimental adsorption capacity (qe,exp ¼ 0.90 mg g�1) are
close. On the other hand, the adsorption of Mn(II) by GO and
GO-NH2 tted well with the pseudo-second-order kinetic model.
The q2 value of GO and GO-NH2 are 3.33 and 4.94 mg g�1 and
the linear correlation coefficient (R2) of 0.9999 and 0.9995 are
high. Moreover, both of the calculated (3.33 for GO and 4.94 mg
g�1 for GO-NH2) and the experimental (qe,exp; 3.28 mg g�1 for
GO and 4.85 mg g�1 for GO-NH2) values are close to each other.

In order to gain insight into both the mechanism and rate
controlling step affecting the kinetics of adsorption, the
Weber's intra-particle diffusion model was applied to the
kinetic experiment. The kinetic results were analyzed by the
intra-particle diffusion model to elucidate the diffusion mech-
anism. The intra-particle diffusion model is expressed as
following eqn (7):

qt ¼ kpt
1/2 + C (7)

where, qt is the amount of Mn(II) adsorbed at an equilibrium
(mg g�1) at time t, C is the intercept and kp is the intra-particle
diffusion rate constant in mg (g�1 min1/2). The values of kp and
C of the intra-particle diffusion were calculated from slope and
intercept of the plot (Fig. 9) of qt versus t

1/2. If the linear plot goes
through the origin, it reects that the rate limiting step is only
due to the intra-particle diffusion. On the other hand, the larger
the intercept is obtained, the greater the contribution of the
surface sorption in the rate-limiting step.62
Table 2 The kinetic parameters of Mn(II) adsorption using GP, GO and G

Adsorbent qe,exp (mg g�1)

Pseudo-rst order

q1 (mg g�1) K1 (min)

GP 0.90 1.32 0.10
GO 3.28 1.09 0.15
GO-NH2 4.85 1.69 0.07

This journal is © The Royal Society of Chemistry 2018
Fig. 9 shows the intra-particle diffusion for Mn(II) adsorption
using GP, GO and GO-NH2 used as adsorbents. The trend of the
adsorption process is dened as three phases occurring during
the adsorption process. The rst portion is a transport of the
Mn(II) ions from the bulk solution onto the external surface of
adsorbent by diffusion through the boundary layer. The second
one is the diffusion of the Mn(II) ions from the external surface
into the pores of the adsorbents. The last one is the nal
equilibrium stage, where Mn(II) ions were adsorbed on the
active sites on the internal surface of the pore, and the intra-
particle diffusion plot starts slowing down due to the solute
concentration getting lower in the solution.63 The surface
adsorption was predominantly occurred within 60, 30 and
50 min contact time for GP, GO and GO-NH2, respectively.
Thereaer, the diffusion route became the rate-limiting step.
The intra-particle diffusion rate constant kp (mg g�1 min�1/2)
was evaluated from the slope of the second linear part of the
plotting of qt versus t1/2 (Table 3). As the plot did not pass
through the origin, the intra-particle diffusion was not the only
rate-limiting step. Thus, there were three processes on
controlling the adsorption rate but only one was the rate
limiting in any particular time range. In addition, the intercept
of the plot indicates the boundary layer effect. The value of C
was highest for GO-NH2, resulting inmore surface adsorption of
the Mn(II). Therefore, both surface adsorption and intra-particle
diffusion mechanisms were simultaneously cooperated in the
adsorption behaviors.

Adsorption isotherm. The interactions between liquid phase
and adsorbent are described by the adsorption isotherms. The
theoretical Langmuir and empirical Freundlich isotherms were
used to model the adsorption equilibrium. The Langmuir
model assumes that a monolayer of adsorbate is covered on
a homogenous adsorbent surface. In addition, this model
assumes uniform energies of sorption onto the surface and no
transmigration of adsorbate within the plane of the surface. The
adsorption takes place only at specic sites of the adsorbent,
which is valid for monolayer sorption onto a surface, given by
eqn (8):

Ce/qe ¼ Ce/qm + 1/qmKL (8)

where, qm is the maximum amount of Mn(II) absorbed per unit
weight of adsorbent (mg g�1) to form a complete monolayer
covered on the surface at equilibrium Mn(II) concentration, Ce

(mg L�1), qe is the amount of Mn(II) adsorbed per unit weight of
adsorbent at equilibrium, and KL is the Langmuir constant
(L mg�1) related to the surface affinity for Mn(II). The value of qm
O-NH2

Pseudo-second order

R2 q2 (mg g�1) K2 (g mg�1 min�1) R2

0.9882 0.10 9.74 0.9902
0.9936 3.33 0.38 0.9999
0.9888 4.94 0.13 0.9995
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Fig. 9 Intra-particle diffusion kinetic model of Mn(II) adsorption using (a) GP, (b) GO and (c) GO-NH2.

Table 3 The intraparticle diffusion parameters of Mn(II) adsorption
using GP, GO and GO-NH2

Adsorbent

Parameter

Kp (mg g�1 min�1/2) C (mg g�1) R2

GP 0.12 0.06 0.9589
GO 0.11 2.65 0.9915
GO-NH2 0.16 3.73 0.9852

Fig. 10 Langmuir plot of Mn(II) using GP, GO and GO-NH2 as
adsorbents.
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represents a practical limiting adsorption capacity when the
surface is fully covered with Mn(II) ions. The values of qm and KL

are calculated from the slopes and the intercepts of the straight
line of the plots of Ce/qe versus Ce, respectively.

The Freundlich adsorption isotherm is used to describe the
adsorption characteristics for the heterogeneous surface. These
data oen t the empirical eqn (9) proposed by Freundlich:

log qe ¼ log KF + (1/n)log Ce (9)

where, Ce is the equilibrium concentration of adsorbate. qe is
the amount of Mn(II) adsorbed per gram of the adsorbent at
equilibrium. KF and n are the Freundlich constants and
adsorption intensity, respectively. Both values of KF and 1/n
(between 0 and 1) can be obtained from the linear plots of log qe
versus log Ce.

The constant KF is an approximate indicator of adsorption
capacity, while 1/n is a function of the strength of adsorption in
4168 | RSC Adv., 2018, 8, 4162–4171
the adsorption process. If n ¼ 1, then the partition between the
two phases is independent of the concentration. If the value of
1/n is below one, it indicates a normal adsorption. On the
other hand, 1/n being above one indicates cooperative adsorp-
tion. However, KF and n are the characteristic factors of the
sorbent–sorbate system, which must be determined by data
tting. Specically, the linear least-square method and the
linearly transformed equations have been widely applied to
correlate sorption data where 1/n is a heterogeneity parameter;
the smaller the 1/n, the greater the expected heterogeneity.
This journal is © The Royal Society of Chemistry 2018
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Fig. 11 Freundlich plot of Mn(II) using GP, GO and GO-NH2 as
adsorbents.
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This expression reduces to a linear adsorption isotherm when
1/n ¼ 1.57

Fig. 10 and 11 show the tting plots of Langmuir adsorption
and Freundlich adsorption of Mn(II) onto GP, GO and GO-NH2.
The constant values obtained from both Langmuir and
Freundlich adsorption isotherms and their correlation coeffi-
cients (R2) were calculated and are summarized in Table 4.

From the results, it can be concluded that for GP adsorbent,
Freundlich isotherm (R2 > 0.94) tted the experimental results
better than Langmuir isotherm (R2 > 0.87). It corresponds to the
greater heterogeneity of the adsorbent surface. On the other
hand, for GO and GO-NH2 adsorbents, Langmuir isotherm (R2 >
0.98) tted the experimental results better than Freundlich
Table 4 Langmuir and Freundlich isotherms for Mn(II) adsorption
models

Adsorbent

Langmuir Isotherm Freundlich Isotherm

qmax (mg g�1) KL R2 KF 1/n R2

GP 16.45 0.0102 0.8730 0.122 1.0412 0.9435
GO 41.67 0.0213 0.9765 2.992 0.8773 0.8773
GO-NH2 161.29 0.0643 0.9854 2.632 1.2176 0.9006

Table 5 The adsorption capacity of Mn(II) using various carbon-based
adsorbents

Adsorbent qm (mg g�1) Reference

Na-montmorillonite 3.22 64
Granular activated carbon 2.54 65
Dolomite 2.21 66
Tannic acid immobilized activated carbon 1.73 67
Marble 1.20 66
Pithacelobium dulce carbon 0.41 68
GP 16.45 This work
GO 41.67 This work
GO-NH2 161.29 This work

This journal is © The Royal Society of Chemistry 2018
isotherm (R2 > 0.88). It corresponds to the homogenous adsor-
bent surface. The Mn(II) ions were taken place only at specic
sites of the GO and GO-NH2 adsorbents, which is valid for
monolayer sorption onto a surface. The maximum values of
adsorption capacity were 16.45, 41.67 and 161.29 mg g�1 for GP,
GO and GO-NH2, respectively. For comparison, the maximum
adsorption capacities of Mn(II) using other adsorbents are pre-
sented in Table 5. It is evident that GO-NH2 possesses high
adsorption capacity for Mn(II) removal from aqueous solution
compared with the other carbon-based adsorbents.

Conclusion

The present study reveals the feasibility of using graphene oxide
(GO) functionalized with 3-mercaptopropyl-trimethoxysilane
for removal of Mn(II) from aqueous solution. FTIR and EDX
were used to successfully conrm the amino-functionalized GO.
Their adsorption behaviors are well described by Langmuir and
Freundlich isotherm models. The maximum adsorption
capacity of GO-NH2 for Mn(II) was 161.29 mg g�1. The adsorp-
tion process of Mn(II) follows the pseudo-second-order kinetics
model, indicating that the overall rate of Mn(II) uptake is
controlled by external mass transfer at the initial stage of
adsorption. In addition, the driving forces that control the
adsorption rate later are attributable to intra-particle diffusion.
Thermodynamic study of the adsorption process revealed that it
was mainly an exothermic spontaneous reaction. Therefore, the
present study provides an excellent adsorbent for Mn(II) ions
from aqueous solution. This adsorbent can also potentially be
used for wastewater treatment.
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