
A
i

S
a

b

c

a

A
R
R
2
A

K
I
L
M
M
�

1

t
r
i
s
i
i
r
r
v
a
a

[
p
m
t
u

(

1
d

Chemical Engineering Journal 165 (2010) 537–544

Contents lists available at ScienceDirect

Chemical Engineering Journal

journa l homepage: www.e lsev ier .com/ locate /ce j

rtemisia vulgaris-derived mesoporous honeycomb-shaped activated carbon for
buprofen adsorption

hashi Prabha Dubeya,∗, Amarendra Dhar Dwivedib, Mika Sillanpääa,c, Krishna Gopalb

Laboratory of Applied Environmental Chemistry, Department of Environmental Sciences, University of Eastern Finland, FI-50100 Mikkeli, Finland
Aquatic Toxicology Division, Indian Institute of Toxicology Research (CSIR), M.G. Marg, P.O. Box 80, Lucknow 226001, U.P., India
Faculty of Technology, Lappeenranta University of Technology, Patteristonkatu 1, FI-50100 Mikkeli, Finland

r t i c l e i n f o

rticle history:
eceived 10 June 2010
eceived in revised form
7 September 2010
ccepted 29 September 2010

eywords:

a b s t r a c t

The purpose of the present work was to synthesize a novel mesoporous activated carbon from an invasive
weed to investigate its potential application for removal of the emerging organic contaminants in waters.
The worldwide highly consumable non-steroidal anti-inflammatory drug (NSAID); ibuprofen (Ibu), was
chosen for the study due to its toxicity and global occurrence in waters. Keeping this in mind, Artemisia
vulgaris (common name: Mugwort) leaves were processed by physical and chemical activation to obtain
the mesoporous honeycomb-structured activated carbon (MAC) to mitigate Ibu. To understand the activ-
ity of the activated carbon towards contaminant, adsorption batch mode process was investigated for
buprofen
angmuir–Freundlich
esoporous carbon
ugwort
Potential

the solid–liquid phase characteristics of Ibu–water system. Both kinetic and equilibrium models were
evaluated over a wide range of conditions to determine the rate laws and maximum Ibu uptake capacity.
A decisive reliance of adsorption capacity on pH was observed in pH range from 2 to 9. The high surface
area (358.20 m2/g), mesoporosity (2.46 nm) and surface functionality of MAC played significant role in
Ibu uptake. Plausible mechanistic findings for adsorptive mitigation were substantiated by spectroscopic

, EDX
techniques viz. SEM, FTIR

. Introduction

The proliferation in variety of different chemicals released in
he environment has gone beyond the point of no return due to
apid industrialization. Emerging contaminants of concern, includ-
ng inorganic and organic chemicals, are released into the aquatic
ystems, so, is matter of global anxiety before environmental-
sts [1–3]. In recent years, due to their widespread occurrence
n aquatic environments, pharmaceutical compounds have been
ecognized as a major group of emerging pollutants. Endocrine dis-
upting chemicals (EDCs) are prevalent in food chains as they are
ast group of chemical entities of different origin and function-
lities. EDCs comprise one of the major classes of non-steroidal
nti-inflammatory drugs (NSAIDs).

Ibuprofen is one of the most highly utilized NSAIDs worldwide
4] and therefore it has been one of the most commonly detected

harmaceuticals in the environment, with concentrations up to
icrograms per liter [5]. EDCs are active environmental entities

hat may influence the metabolism, transport and synthesis of nat-
ral hormones in the body even at very low concentrations [6].
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A number of studies have been performed in countries such as
Germany, Spain, Switzerland, France, Italy, Sweden, Canada and
Denmark and have found concentrations of ibuprofen in wastew-
ater effluents varying from 60 to 3400 ng/L [7–11].

Membrane filtration (nanofiltration and reverse osmosis) [12],
UV-degradation [13], ultrasonic degradation [14] and electrochem-
ical degradation [15] have been reported for NSAID removal from
surface or drinking water. The drawbacks to these methods, such
as toxic sludge generation, incomplete removal, very high capi-
tal and running costs, high-tech operations and skilled personnel
requirements, make them unsuccessful methods, and they cannot
currently be considered viable options. To avert NSAID outflows
to the environment, there is an urgent need to investigate robust
treatment methods for mitigation procedures which do not require
high cost equipment or highly specialized human resources, and
which are environmental friendly and address local resources and
constraints. In this connection, many researchers have recently
shown an interest in Ibu adsorption using submerged surface
flow-constructed wetlands, coconut-shell activated carbon, zeo-
lites, microcosm constructed wetlands, commercial carbon from

coal, mesoporous silica, SBA-15 and activated carbon [16–21]. The
major advantages of adsorption processes are high efficiency, easy
operations and simple design.

Herein, we reported our efforts to improve the efficacy of an
invasive weed towards Ibu removal. Artemisia vulgaris (common
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Nomenclature

AAS atomic absorption spectrophotometer
GC-FID gas chromatography-flame ionization detector
qe amount of adsorbate on adsorbent at equilibrium

(mg/g)
qt capacity of adsorbent at time t
C0 initial concentrations (mg/L) of adsorbate
Ce equilibrium concentrations (mg/L) of adsorbate
MMAC amount of MAC added in solution (g/L)
Qm maximum adsorption capacity (mg/g)
kl Langmuir constant related to the free energy of

adsorption (L/mg)
kf Freundlich constant representing adsorption capac-

ity
nf Freundlich constant representing intensity of

adsorption
klf coefficient of Langmuir–Freundlich equation
n coefficient of Langmuir–Freundlich equation
k1 pseudo first order (min−1)
k2 pseudo second order rate constant (g/mg min)
˛ the initial adsorption rate (mg/g h)
ˇ the rate of chemisorptions (g/mg) at zero coverage
kipd the intra particle diffusion rate constant (mg/g h)
C intraparticle diffusion constant
R universal gas constant (8.314 J/mol K)
T absolute temperature (K)
K thermodynamic equilibrium constant
�G◦ free energy change of the reaction (J/mol)
�H◦ enthalpy change of the adsorption (J/mol)
�S◦ entropy change of the adsorption (J/mol K)
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S.D. standard deviation
r2 correlation coefficient
�2 reduced chi square

ame: mugwort) is a kind of invasive weed that has adverse eco-
omic, environmental and ecological effects on the habitats it

nvades. This plant is known as nagadamni in Sanskrit [22]. A weed
s a native or nonnative plant that grows and reproduces aggres-
ively and which is considered by the user to a nuisance, and is
nwanted in human-made settings such as gardens, lawns or agri-
ultural areas, as well as in parks, woods and other natural areas.
ugwort contains thujone, which is toxic in large amounts or with

rolonged intake. Mugwort pollen is one of the main sources of hay
ever and allergic asthma in Northern Europe, North America and
n some parts of Asia [23].

In continuation of our interest in the search of potent adsor-
ents from natural materials, we have explored the potential of
ugwort for use in the mitigation of water-borne poisons in water

eclamation processes with our findings in this article.

. Materials and methods

Ibuprofen, methanol and N,O-bis(trimethylsilyl)trifluoroacetam
BSTFA) were purchased from Sigma–Aldrich. Ultrapure water was
sed to prepare the standard solutions. 250 mg/L of Ibu solution
as prepared in methanol and diluted to 10 mg/L with addition of
ltra pure water. The final percentage of methanol did not exceed
.1% (v/v), so it would not have had any influence on experimental
rocedures.
.1. Production of mugwort-derived activated carbon (MAC)

The leaves of Mugwort used in the present investigations were
rocured locally during the months of June and July from Mikelli,
g Journal 165 (2010) 537–544

Finland, which was growing in plenty along the garden side. It was
thoroughly washed with distilled water to remove any dirt, dried,
crushed and sieved to a particle size of 2–3 mm. 20 g of this mate-
rial was treated with 30 mL of 60% (v/v) sulphuric acid solution for
8–12 h. The sample was left overnight and washed with ultrapure
water until the pH was 6–7, and dried at 120 ◦C for 6 h. The dried
carbonized sample was heated in a stream of nitrogen at a rate
of 3 ◦C min−1 up to 450 ◦C and held there for 30 min. After reach-
ing the activation temperature, the material was cooled in nitrogen
atmosphere. After cooling, the material was washed with ultrapure
water until the pH was 6.8 ± 0.2, and then dried at 120 ◦C and stored
in a dessicator for sorption experiments.

2.2. Characterizations of MAC

2.2.1. Physical characterizations
The prepared MAC was characterized by N2 adsorp-

tion/desorption. This was carried out on a Quantachrome Autosorb
Automated Gas Sorption System, from which the BET surface area,
the pore volume and the pore size were obtained. The sample was
de-gassed at 350 ◦C for 20 h prior to adsorption. The pore volume
of the mesoporous activated carbon was calculated from the
adsorbed nitrogen after complete pore condensation (P/P0 = 0.995)
using the ratio of the densities of liquid and gaseous nitrogen.

The ash content of the activated carbon was determined by
weighing the residue left after combustion of the sample in air at
650 ◦C (3 h) according to the standard method previously described
[24]. Initially the crucible was ignited for 1 h and cooled to room
temperature. Then 1.5 g of the adsorbent was placed in the crucible
and dried to a constant weight at 150 ± 5 ◦C for 3 h. Then the crucible
was placed in a furnace at 650 ◦C for 3 h. After cooling the sample
in a desiccator, the constant weight was measured. Loss on ignition
was calculated as the weight loss and ash content was calculated
as per ASTM guidelines [24].

Moisture content of the MAC was determined by the sample left
after drying. 1 g of the adsorbent was added to 2 mL capacity of the
predried and tared capsule. Then the capsule was placed in an oven
at 150 ◦C for 3 h. After cooling in a desiccator to ambient temper-
ature, the weight of the capsule with the material was measured
[24].

The sample was predried at 150 ◦C before making the calculation
of apparent density. Dried sample was placed in a 100 mL cylinder
up to the 50 mL mark using a funnel. The cylinder was inspected
to ensure that the contents were uniformly packed. The content of
the cylinder was transferred to a balance pan and weighed [24].

The morphology of the prepared material was analyzed using
scanning electron microscope (Hitachi S-4800, EDS PV7747/17 ME).

2.2.2. Chemical characterizations
MAC composition was determined by energy dispersive X-ray

analysis. Surface functionalities of the adsorbent were studied
using a Fourier transform infrared spectroscope (FTIR 8201 Shi-
madzu spectrometers). The spectra were recorded within the range
of 500–4000 cm−1. Significant surface functional groups have been
determined by comparing the recorded bands with standard fre-
quency patterns. The surface charge of MAC and pHzpc were
determined using a Malvern Zetasizer at different pH values with
0.1 N HCl and 0.1 N NaOH electrolytes.

2.3. Quantification of Ibu
A numbers of instruments/methods such as tandem mass spec-
trometry (LC-MS/MS), gas chromatography–mass spectrometry
(GC–MS), HPLC-MS/MS, UV and FTIR spectroscopy were used for
the analysis of Ibu present in water. It is generally suggested that
NSAID samples be concentrated by a method such as solid-phase
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xtraction, liquid phase extraction or solid phase micro extraction
efore their analysis [25–27].

GC-FID has been used for the determination of Ibu concentra-
ion in water. The apparatus consisted of an Agilent Technologies
C 6890N system, equipped with a Agilent 7683 series autosam-
ler and a 7683B series injector. The column used was HP-5, Agilent
roduct 1909J-413, with a 5% phenyl methyl siloxane (PMS) cap-

llary of dimensions 30.0 m × 320 �m × 0.25 �m. Helium was used
s a carrier gas and the inlet pressure was 6.16 psi, corresponding
o a flow rate of 1 mL/min. Injection was made in splitless mode
t an injector temperature of 280 ◦C. The GC programs were set as
0 ◦C (1 min), 200 ◦C at a rate of 10 ◦C min−1 (1 min), 260 ◦C at a rate
f 15 ◦C min−1, and finally 300 ◦C at a rate of 3 ◦C min−1.

The analysis of the ibuprofen involves three steps: extraction,
erivatization and finally GC-FID analysis. Solid phase extrac-
ion (SPE extractions) was performed using a J.T. Baker-Baker
PE 12G Visiprep DL Vacuum Manifold for 12 samples (Prod. No.
018.94) from Supelco (Bellefonte, PA, USA). SPE was done using
hromabond Octadecyl-modified silica end capped (C-18 ec) car-
ridges treated with 1.5 mL methanol and 4.5 mL water. Samples
2 mL) were extracted at a rate of 1.5 mL/min. Vacuum dried car-
ridges were eluted with 0.5 mL methanol in triplicate. The eluants
ere dried with flowing nitrogen. 0.5 mL of BSTFA was added to

he residue and vials were kept in an oven at 60 ◦C for 30 min.

.4. Adsorption of Ibu on MAC surfaces

Experiments examining adsorption of Ibu on MAC were con-
ucted by optimizing the varying parameters viz. pH, contact time,
emperature and concentration of the adsorbate. The pH value was
aried from 2 to 8. Before mixing the MAC in spiked solution, the
esired pH for each solution was obtained using 0.1 N HCl and 0.1 N
aOH. All the experiments were carried out in batch mode. 20 mL of
0 mg/L of Ibu was placed in a 100 mL stoppered conical flask and
0 mg of the MAC was added to each flask. The stoppered flasks
ere kept in an incubator shaker at 200 rpm for constant mix-

ng of MAC and Ibu for 5 h. Then the samples were filtered with
.45 �m polypropylene filters. Temperature was varied from 25
o 45 ◦C to evaluate the thermodynamic parameters. Experiments
ere conducted in triplicate to reduce experimental errors. The

oncentration of adsorbate retained in the adsorbent phase can be
alculated as:

e = (C0 − Ce)
MMAC

(1)

.5. Equilibrium assays

Equilibrium data were analyzed using the well-known Lang-
uir, Freundlich and Langmuir–Freundlich isotherm models.
ccurately weighed amounts of MAC were stirred in an incubator
haker at 200 rpm with 20 mL of adsorbate sample of concentra-
ions varying from 10 to 50 mg/L at 25 ◦C. The Ibu solution was kept
constant pH of 2. After equilibration, the contents of the flasks
ere analyzed to determine the concentration of the remaining

bu.
The Langmuir model is the most widely used isotherm equation

or predicting adsorption data, and it assumes uniform energies for
onolayer adsorption [28]. The non-linear equation can be written

s:
e = (QmklCe)
(1 + KlCe)

(2)

In the Freundlich model, the expression is an exponential equa-
ion and assumes heterogeneous adsorption of the adsorbate on
g Journal 165 (2010) 537–544 539

the surface [29]. The non-linear equation can be represented as:

qe = kf Cn
e f (3)

The Langmuir–Freundlich model has been found most suit-
able for predicting equilibrium data [30]. The non-linear
Langmuir–Freundlich isotherm equation can be represented as
[30]:

qe = (Qmklf Cn
e )

(1 + klf Cn
e )

(4)

If the value of n is equal to 1, then this equation will become the
Langmuir equation. Alternatively, as either Ce or klf approaches 0,
this isotherm reduces to the Freundlich isotherm.

2.6. Kinetics assays

A number of kinetic models are available to describe adsorp-
tion mechanisms but most of them use Ho’s pseudo second-order
kinetic model [31], which represents experimental kinetic data well
for the entire adsorption period for most adsorbate–adsorbent sys-
tems. Here we applied the pseudo second-order, pseudo-first order
and Elovich model [31–33] to our data. The kinetic data were also
analyzed using the intraparticle diffusion model to determine the
mechanism of the adsorption process.

The Lagergren and Ho equations were used for pseudo first- and
pseudo second-order kinetics can be written as:

qt = qe −
(

qe

10k1t/2.303

)
(5)

qt = (q2
e k2t)

(1 + qek2t)
(6)

The Elovich equation was used to describe sorption behavior with
a rapid equilibrium rate in the early period and slower equilibrium
rates at later periods of the sorption process [34]. The Elovich equa-
tion was applied to chemisorptions and validated the systems in
which the adsorbing surfaces were heterogeneous. The rate equa-
tion was simplified by Chein and Clayton [35] and can be written
as:

qt = 1
ˇ(ln ˛ˇ)

+ 1
ˇ(ln t)

(7)

In the past, many reports have successfully discussed the
mechanism of sorption kinetics by considering the intra-particle
diffusion model, by plotting adsorbent capacity at time t against
square root of time. The intraparticle diffusion equation is as follow:

qt = kipd
√

t + C (8)

2.7. Thermodynamic analysis

Thermodynamic parameters were evaluated to determine Gibbs
free energy, which indicates the spontaneity of the adsorption. A
higher negative value of the Gibbs free energy change indicates a
more favorable adsorption. It can be represented as:

�G◦ = −RT ln K (9)

The relationship between equilibrium constant and tempera-

ture is given by the van’t Hoff equation as:

ln K = −(�H◦)
RT

+ (�S◦)
R

(10)

�H◦ and �S◦ can be calculated from the plot of ln K against 1/T.
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The adsorption capacity was calculated from the best fitted model.
All three models were applied to the equilibrium data and the
values calculated from the graph were presented in Table 3. The
Freundlich model was not well supported by the statistical anal-
ysis. In the case of the Langmuir–Freundlich model, r2 value was

140

150
Fig. 1. Scanning electron micr

.8. Statistical analysis

In order to estimate the best fit of the kinetic and equilibrium
odels to the experimental equilibrium and kinetic data, the opti-
ization procedure requires different statistical parameters to be

efined. In this study, the best fit model was evaluated by S.D., r2, F
alue, and �2. The experimental data were analyzed using Microcal
rigin (version 8) computer software. If the data from the model are

imilar to the experimental data, S.D. and �2 will be small numbers,
2 will be around 1 and the F value will be a large number. Therefore
t is necessary to analyze the data set using several statistical val-
es to confirm the best-fit kinetics and isotherm for the adsorption
ystem.

. Results and discussions

.1. Characterizations

The results of the physical characterization of MAC, i.e. ash
ontent, moisture content, apparent density and pore size, were
hown in Table 1. The ash content of activated carbon was the
on-combustible residue left after burning of the activated carbon
t high temperature. It was reduced the overall activity and effi-
iency of the activated carbon. The ash content of MAC was 3.36%,
hich was good for the reactivation of MAC. The moisture content

nd apparent density of the MAC were 1.17% and 0.66 cc/g, respec-
ively. Elemental composition of the MAC was obtained from the

DX graph and was presented in Table 1.

The porous structures of MAC were revealed under scanning
lectron microscopy examination, with individual particles were
isplaying intensely convoluted porosities (honeycomb-structured

able 1
ugwort activated carbon: physical and chemical characteristics.

Characterizations Results

Surface area (m2/g) 358.20
Pore volume (cc/g) 0.21
Pore size (nm) 2.46, mesoporous material
Ash content (%) 3.36
Moisture content (%) 1.17
Apparent density (g/cm3) 0.66
�-potentiometer 5.05
SEM Honeycomb like surface morphology
EDX (elemental composition) C (75.84%), N (0.32%), O (21%), S (0.79%)
hs of different MAC particles.

surface morphology) (Fig. 1a–f). The N2 gas adsorption/desorption
curve was presented in Fig. 2. The surface area and porosity of the
MAC calculated from the N2 adsorption–desorption graph were
358.20 m2/g and 2.46 nm, respectively, confirming the adequate
surface area and good in agreement to mesoporosity of the surface
structure.

Fig. 3 shows the pH versus � potential (mV) curves for MAC
at ionic strengths of 0.1 N HCl and 0.1 N NaOH. The pHzpc value
was 5.05, which indicated the MAC surface was positive in nature
up to this pH and became negative as the pH increased beyond
5.05. IR spectra allowed surface functionalities to be identified, and
relevant peaks were described in Table 2.

3.2. Equilibrium assay

Langmuir, Freundlich and Langmuir–Freundlich models were
applied to evaluate the adsorption capacity of MAC for Ibu (Fig. 4).
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Fig. 2. Adsorption–desorption of N2 on MAC surface.
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Fig. 3. Variation of � potential value with different pH.

Table 2
IR spectra and assigned peaks for different functional groups.

Wave numbers (cm−1) Assigned functional groups

3400–3500 (broad
peak)

Hydroxy group, H-bonded OH stretch and amide
N–H stretch peak in the same region

2921 and 2851.2 Methyl C–H asym str. and sym str., respectively
3020.0, 1978.1, 1450.9

and 804.9
Aromatic C–H stretching, C C ring stretch, C C
aromatic ring stretch, C–H bending

1651.9 and 1516.9 Amide C O stretch and Amide N–H bending
1384.2 C–N stretch
1024.4 C–O stretch

2520151050
0

2

4

6

8

10

12

14

 Ibu-Isotherms

 Langmuir

 Freundlich

 Langmuir-Freundlich

q
e 
(m

g
/g

)

Ce (mg/L)

Fig. 4. Isotherm for Ibu adsorption (adsorbate concentration, 10–50 mg/L; contact
time, 5 h; agitation speed, 200 rpm; temperature, 25 ◦C; adsorbent quantity, 40 mg;
adsorbate quantity, 20 mL; pH 2).

Table 3
Different isotherm parameters evaluated for Ibu adsorption.

Isotherm Parameters Ibu

Langmuir kl 0.155
qm 16.945
SD 0.742
r2 0.969
�2 0.551
F value 816.800

Freundlich kf 19.693
nf 2.325
SD 0.993
r2 0.946
�2 0.986
F value 454.164

Langmuir–Freundlich qm 17.995
klf 0.159
n 0.918
SD 0.787
r2 0.970
�2 0.619
F value 483.559

54321

2

4

6

8

10

12

14

16

18

 10 mg/L

 25 mg/L

 50 mg/L

 pseudo

      1st order

 pseudo

     2nd order

 Elovichq
t (

m
g
/g

)

t (h)
Fig. 5. Different kinetics for Ibu (adsorbate concentration, 10, 25, 50 mg/L; contact
time, 5 h; agitation speed, 200 rpm; temperature, 25 ◦C; adsorbent quantity, 40 mg;
adsorbate quantity, 20 mL; pH 2).

(0.970) which was comparable to Langmuir model (r2 0.969). How-
ever, the higher value of F (816.800) and lower values of S.D. (0.742)
and �2 (0.551) for the Langmuir model made it a better model for
Ibu adsorption than Langmuir–Freundlich (F 483.559; S.D. 0.787;
�2 0.619).

3.3. Kinetics of Ibu adsorption

In this work the kinetics for Ibu adsorption onto MAC were
studied at different adsorbate concentrations. By interpreting the
kinetic experimental data, the rate-limiting step, which was a sig-
nificant factor in determining the mechanism of the adsorption
process, could be predicted [36].

The plots of pseudo first-order, pseudo second-order and
Elovich kinetics were presented in Fig. 5 for Ibu adsorption. Though
the experimental qe value was found to be in good agreement
with the calculated qe value for the pseudo first-order equation,
it had lower r2 and F values than the other kinetic models (Table 4).
Also, the S.D. and �2 values were higher than those for the pseudo
second-order and Elovich models. The statistical parameters for
pseudo first-order models obtained for Ibu adsorption were low.
Therefore, the adsorption system described here did not of pseudo
first-order kinetics. On the other hand, the pseudo second-order
model showed a satisfactory correlation coefficient and other sta-
tistical values when compared to the experimental data related to
Ibu adsorption onto MAC. Elovich constants ˛ and ˇ were calculated
from the intercept and the slopes of the lines for Ibu adsorption
on MAC and were presented in Table 4 with all the statistical val-
ues. It could be seen that with the increase in concentration of
adsorbate, the constant ˛ increased, indicating that Ibu absorp-
tion increased, but the constant ˇ decreased at constant adsorbent
quantity. Pseudo second-order was found the most fitted model
for Ibu adsorption, among all the tested kinetic models, with good
correlation values: r2 (0.987–0.993), F (1745.420–8300.450), S.D.
(0.124–0.247) and �2 (0.015–0.061).

In the case of solid–liquid adsorption processes, the adsor-
bate transfer to the adsorbent surface was interpreted as either
external mass transfer for non-porous surfaces or intra-particle
diffusion for porous surfaces, or both. Although the intra-particle

diffusion model did not provide a reaction rate, it had been cor-
related with system variables to characterize the influence of
intra-particle diffusion in adsorption mechanisms. It could be seen
that intra-particle diffusion was the major rate-determining step
in the adsorption process (Table 4). The value of kipd was var-
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Table 4
Different rate order parameters evaluated for Ibu adsorption.

Kinetic model Parameters Ibu

10 mg/L 25 mg/L 50 mg/L

Pseudo 1st order qe (equation) 4.255 8.665 16.730
qe (plot) 4.530 10.588 16.340
k1 0.469 0.364 0.863
SD 0.169 0.402 0.614
r2 0.975 0.976 0.959
�2 0.029 0.162 0.377
F value 930.24 724.64 1337.26

Pseudo IInd order qe (equation) 4.255 8.665 16.730
qe (plot) 6.195 15.453 19.800
k2 0.064 0.018 0.049
SD 0.124 0.403 0.247
r2 0.987 0.976 0.993
�2 0.015 0.162 0.061
F value 1745.420 723.120 8300.450

Elovich ˛ 7.014 8.068 479.225
ˇ 1.735 0.727 0.621
SD 0.159 0.604 0.741
r2 0.977 0.945 0.940
�2 0.026 0.365 0.549
F value 1047.920 320.476 916.486

Intraparticle diffusion kipd 1.889 4.528 5.349
C 0.003 −1.033 5.044

0.079 0.439 0.413
0.995 0.971 0.982
0.006 0.193 0.171

4332.880 608.590 2957.680
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ed from 1.889 to 5.349 mg/g h for Ibu adsorption, for adsorbate
oncentrations ranging from 10 to 50 mg/L, respectively. All the
tatistical parameters for Ibu adsorption, r2 (0.995–0.982), F value
4332.880–2957.680), S.D. (0.079–0.413) and �2 (0.006–0.171),
upported the applicability of the intra-particle diffusion model.

.4. Thermodynamic parameters at equilibrium

The thermodynamic parameters were appropriately evaluated
o obtain information regarding free energy change, enthalpy
hange and entropy change for the adsorption. The thermodynamic
arameters �G◦, �H◦ and �S◦ were obtained from the ln Kc versus
/T plot. The plots showed good correlation coefficient values for

bu (r2 0.982). The value of Kc for Ibu were varied from 2.025 to 8.759
n temperature range of 298–318 K. The corresponding �G◦ values
rom temperature 298 to 318 ◦C were (−1.745) to (−5.728) kJ/mol.
he �H◦ and �S◦ were (+57.455) kJ/mol and (+198.166) J/mol K,
espectively (Table 5). A positive value of �H◦ for Ibu removal from
AC surfaces indicated the endothermic nature of the process,

nd the negative value of the free energy indicated the sponta-
eous nature of the adsorption process. It was also noticed that the
hange in free energy increased with temperature, which showed
hat adsorption was improved with rising temperature. This could
e due to activation of more sites on the MAC surface at higher
emperature.
.5. Effect of pH on Ibu adsorption

The pH of the reaction solution played an important role in
he adsorption process by influencing the surface properties of the

able 5
ree energy change, enthalpy change and entropy change for Ibu adsorption (R: 8.300 × 1

T (K) Kc �G (kJ/mol)

Ibu 298 2.025 −1.745
308 3.632 −3.297
318 8.759 −5.728
Fig. 6. Adsorption of Ibu at different pH (adsorbate concentration, 10 mg/L; contact
time, 5 h; agitation speed, 200 rpm; temperature, 25 ◦C; adsorbent quantity, 40 mg;
adsorbate quantity, 20 mL).

adsorbent. As evident from the chemical characterization of MAC,
pHzpc of the surface was about 5.05. Experiments were carried out

at different pH values from 2 to 8 (Fig. 6). The surface charge of
the MAC was varied with pH from positive to negative at pH values
lower and higher than the pHzpc value, respectively.

At the acidic pH, there was dissociation of molecule into the
proton and carboxylate anion. As the pHzpc of the MAC was 5.05,

0−3 kJ/mol K).

�H (kJ/mol) �S (J/mol K) r2

57.455 198.166 0.982
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ig. 7. Stabilized resonating structure of Ibu molecule (a) by charge separation (b)
y charge delocalization.

bove this pH the surface of the activated carbon had more nega-
ive charge and hindered the adsorption of the negatively charged
buprofen. Hence more adsorption was observed at lower pH, and
he maximum adsorption was found to occur in the range of pH
–4. A tentative mechanism was presented below (Figs. 7 and 8).

.6. Mechanistic evaluation

The biologically-derived activated carbon described here was
nalyzed in terms of its surface area, porosity, different chemical
unctionalities, overall surface charge, and morphological profile
o understand the probable mechanism of Ibu removal from water.
he MAC characteristics were summarized in Table 1.

Fig. 7 showed the Ibu molecule is itself resonance stabilized in
queous medium as the molecule has a carboxyl functional group.
ither a small amount of resonance stabilization is achieved by
harge separation, as in Fig. 7a, or a large amount of resonance sta-
ilization is achieved by charge delocalization, as in Fig. 7b. Overall,
he adsorbent surface was positively charged at lower pH, as indi-
ated by the � potentiometer result. These findings were resulted
or electrostatic attraction between the negatively charged sorbate
Ibu) and positively charged sorbent (MAC); thus, Ibu molecules
dhered to the MAC surfaces.

Hydroxyl, amide region, benzene and alkyl region peaks were
dentified from FTIR spectroscopy and were in good agreement with
he EDX data for C, O, H and N. These various functionalities also
ook part in the chemisorption of Ibu molecules. One of the probable

echanisms could be the interaction between the methyl substi-
uted amide (–CONHCH3) functional group of MAC and resonance
tabilized adsorbate; that could formed a six-membered stable ring

s a result of dipolar interactions, as in Fig. 8. Cuts and grooves along
ith cavities similar to mass wax cells of honeycomb were observed

y SEM micrograph on the surfaces of MAC, signifying its porous
ature. The porosity of the activated carbon would also assisted Ibu
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Fig. 8. Adsorption of Ibu by MAC surface.
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adsorption. The Ibu molecule could be trapped within mesoporous
material having a pore size of 2.46 nm. The MAC surface area was
358.20 m2/g, as measured with a BET surface area analyzer, which
would provide a larger surface area for adsorbate.

4. Conclusions

We were successful in synthesizing the mesoporous activated
carbon from the leaves of the invasive weed, mugwort, which could
be an improved adsorbent for Ibu. Maximal adsorption of Ibu by
MAC was at pH 2. Pseudo second-order kinetics was the most
accurate for Ibu adsorption, with intra-particle diffusion success-
fully predicted the mechanism of adsorption kinetics. The results
showed that the adsorption equilibrium data were fitted best
using a Langmuir model in the studied concentration range for
Ibu adsorption. The negative value of �G◦ confirmed/substantiated
Ibu adsorption on MAC surfaces and the positive value for �H◦

indicated the endothermic nature of the process. Conclusively, the
synthesized activated carbon from mugwort leaves may be a suit-
able adsorbent for the removal of Ibu. It may also be useful for other
catalytic purposes.
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