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a b s t r a c t

The removal of methylene blue (MB) as a cationic dye from aqueous solution by the stabilized Fe3O4

nano-particles with the extracted pectin from apple waste (FN-PA) increased due to using the cross-
linked forms of the bound pectin on the nano-particles surface by glutaraldehyde (FN-PAG) and adipic
acid (FN-PAA) as the cross-linking agents. This increase happened in spite of binding some of the adsor-
eywords:
ethylene blue uptake
odified Fe3O4 nano-particles

xtracted pectin
ross-linked

bent functional groups of pectin with nano-particles. It can be due to the local concentrate of other
free functional groups after connecting with nano-scale particles. Thermodynamic studies showed that
the adsorption equilibrium constant and the maximum adsorption capacities increased with increas-
ing temperature for all of the nano-bioparticles. The kinetic followed the second-order models with
the highest rate constants viz. 16.23, 19.76 and 23.04 (×10−3 g/mg min) by FN-PAA. The adsorption
force arrangement of MB by these nano-biosorbents regarding their activation energy was obtained
as: FN-PAA > FN-PAG > FN-PA.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Many industrial productions such as dyestuffs of painting, tex-
iles, paper and pulp, inks, cosmetics, soap, etc., use different
ynthetic chemical dyes. The common dyes include reactive, dis-
erse, acid, basic and direct dyes which usually have azo groups and
romatic structure which are harmful for human and ecosystem
ue to their toxicity and stability [1]. The colors in wastewater can
lso decrease the transparency of water and influence photosyn-
hesis activity which hinders the microbial activities of submerged
rganisms. The mentioned industry’s wastewater must be treated
efore discharge to minimize the threat to the environment. How-
ver, removal of color from wastewater is a great challenge. At
resent the major techniques for treating dye wastewater are
dsorption processes and biological treatment [2–9]. Activated car-

on, due to its porous property with large specific surface area,
an be an ideal adsorbent for dyes. Natural and synthetic zeolites
re also used in water treatment due to their unique structure and
ation-exchange properties. Nonetheless, there are disadvantages

∗ Corresponding author. Tel.: +98 131 4223152; fax: +98 131 4223621.
E-mail address: rakhshaei@iaurasht.ac.ir (R. Rakhshaee).

304-3894/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.02.013
associated with each of these techniques. For example, activated
carbon adsorption only transfers the dyes from the liquid phase
to the solid phase [10]. Zeolites have some disadvantages such as
poor adsorption capacity and low efficiency [4]. On the other hand,
the biological process is difficult to start up and control [10], but the
sorption of various dyes onto peat [11] pith [12], wood [13], bagasse
fly ash [14] and fungal biomass [15] have been studied. Pectin-rich
biomass such as fruit wastes and macro algae can also remove dyes
and heavy metals [16,17].

Nanotechnology, as the other new method, is quickly devel-
oping in water treatment. At the same time, magnetic nano-
adsorbents are composed of magnetic cores and polymeric shells.
Compared to the traditional adsorbents, they not only can be
manipulated or recovered rapidly by an external magnetic field but
also possess quite good performance owing to high efficient spe-
cific surface area and the absence of internal diffusion resistance
[18–22]. Nano size zero-valent iron has been used to remove acid
black dye and the other azo dyes [10,23].
The nano-biosorption methods are especially considered
recently. The major advantages of this method are its effective-
ness in reducing the concentration of pollutants to very low levels
and using inexpensive nano-biosorbent materials [24]. The modi-
fied nano-Fe3O4 by gum Arabic [24] and polyacrylic acid [25] has

dx.doi.org/10.1016/j.jhazmat.2011.02.013
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:rakhshaei@iaurasht.ac.ir
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of Haz

b
t
p

c
w
m
[
h
d
c
m
[

a
n
l
p
a
u
t
n
M
F
m
i
i
r

2

2

t
i
(
1
a
f

2

B
s
w
a

2

j
w
s

2

f
a
t
a
t
o
l

R. Rakhshaee, M. Panahandeh / Journal

een used to remove pollutants. It was also showed the modifica-
ion of nanoclays by polysaccharides such as cellulose, chitosan and
ectin to uptake pollutants [26].

Pectin is an important polysaccharide constituent of plant
ell walls, made of fragments of polygalacturonic acid chains
ith glycosidic bond � (1 → 4) [27,28]. The degree of pectin
ethylation (DM) in the cell wall had been expressed as

–COOCH3]/([–COOCH3] + [–COOH]) in the chain [29]. Pectin, due to
aving functional groups such as carboxyl–carboxylate, can remove
yes and metal ions. In our previous work it was shown that the
arboxyl and carboxylate groups of Lemna minor s’ pectin have the
ain role to remove cations through an electrostatics attraction

30].
We started the present study with due attention to the sep-

rate role and ability of biosorbent’s pectin as a biopolymer and
ano-magnetic agents as the nano-particles to remove the pol-

utants such as dyes and metal ions. In other words, although
ectin and magnetic nano-adsorbent can uptake dyes, individu-
lly, we extracted pectin of apple waste as the main agent of the dye
ptake and modified the surface of the synthesized Fe3O4 nanopar-
icles by this pectin and its cross-linked forms to prepare a novel
ano-bio-adsorbent and to reach a higher removal efficiency of
B as a cationic dye. These novel nano-bioadsorbents viz. FN-PA,

N-PAG and FN-PAA were characterized by transmission electron
icroscopy (TEM), X-ray diffraction (XRD) and Fourier transform

nfrared (FTIR) spectroscopy. Their adsorption capability was stud-
ed by the Langmuir equation and kinetic models and the obtained
esults were compared.

. Materials and methods

.1. Synthesis of Fe3O4 nanoparticles

The ferric and ferrous ions (molar ratio 2:1) as a mixture of
heir chloride salts were dissolved in 800 mL deionized water hav-
ng 0.28 mol Fe3+ and 0.14 mol Fe2+. Then 120 mL NH4OH solution
30%) was added quickly into the iron solution to maintain pH at
0 under vigorous stirring at 25 ◦C. The co-precipitation of Fe2+

nd Fe3+ was done in the mentioned conditions according to the
ollowing equation:

FeCl3 + FeCl2 + 8NH3 + 4H2O → Fe3O4 + 8NH4Cl

The precipitates of Fe3O4 (confirmed by X-ray diffractometer,
ruker D8-Advance, with Cu K� radiation, � = 0.15418 nm) were
eparated with a magnet and were heated at 80 ◦C for 30 min, then
ashed several times with water and ethanol, and finally dried in
vacuum oven at 60 ◦C [31].

.2. Preparation of apple sample

The apple waste was collected once, from a factory of fruit
uice in November. 50 g of apple sample was washed three times

ith 2 L deionised water for 30 min and then was air-dried in
un.

.3. Extraction of pectin from apple waste

30 g of washed apple waste was stirred in 3 L deionized water
or 5 h at 80 ◦C with a mixed solution of FeCl3·6H2O and AlCl3·6H2O
cidified at pH 3–4 by citric acid to form precipitate [32]. It was

hen centrifuged at 6000 rpm for 40 min to remove solid particles
nd was filtered through Whatman filter paper. For pectin precipi-
ation, two volumes of 96% w/w ethanol were added to one volume
f pectin extracts, while gently stirring to break up the gelatinous
umps. The obtained mixture was kept for 2 h at 5 ◦C. Then, pectin
ardous Materials 189 (2011) 158–166 159

gels were centrifuged at 5000 rpm, for 25 min at 20 ◦C. To remove
the mono and disaccharides, the pectin precipitate was washed
with 75% ethanol and centrifuged at 4000 rpm for 15 min at 10 ◦C.
Finally, the obtained pectin was dried [33].

2.4. Binding method of pectin to Fe3O4 nanoparticles and its
cross-linking

For the covalently binding of pectin to the magnetic nanopar-
ticles, we used the method which had been used to connect
polyacrylic acid (PAA) on the surface of Fe3O4 nanoparticles [25,31].
This selection was done with due attention to the presence of
the –COOH groups in pectin similar to PAA where the binding
could occur through the reaction between –COOH and the –NH2
groups on the surface of Fe3O4 nanoparticles. The amine group
could be formed due to the use of concentrated ammonia solu-
tion during the co-precipitation of Fe2+ and Fe3+ ions [31]. On
the other hand, the –OH groups are also created on the surface
of Fe3O4 nanoparticles [24] which can be reacted with –COOH
groups of the pectin structure. We also confirmed the success-
ful binding of pectin and its cross-linked forms on the surface of
Fe3O4 nanoparticles by the FTIR studies of FN-PA, FN-PAG and FN-
PAA.

To do the binding processes, 3 g of Fe3O4 nanoparticles were
mixed with 60 mL of buffer at pH 6 (0.003 M phosphate and 0.1 M
NaCl) and 15 mL of carbodiimide solution (0.03 g/mL) as activa-
tion agent. After being sonicated for 30 min, 1.5 g of the extracted
pectin was added into the mixture. The reaction mixture was
sonicated for 50 min at 5 ◦C. The obtained product is shown as
FN-PA.

Cross-linking reactions of pectin were done according to two
methods: (a) by adding one third of the obtained FN-PA and 2 mL of
1.2 M (2.4 mmol) glutaraldehyde solution (from Merck) into 120 mL
of 2.0 wt% acetic acid solution at 40 ◦C mixing it for 4 h; the obtained
product is shown as FN-PAG (b) by adding one third of the remained
FN-PA, 0.35 g (2.4 mmol) of adipic acid (from Merck) and 1 mL
of 98% H2SO4 into 200 mL of ethanol, with stirring and refluxing
at 40 ◦C for 4 h. The obtained product of this step is shown as
FN-PAA. Finally, FN-PA, FN-PAG and FN-PAA which are taken as
nano-bioparticles were recovered by a magnet and washed with
deionized water.

Fig. 1 shows the cross-linking reactions of pectin by glutaralde-
hyde (left-hand) and adipic acid (right-hand). As can be seen, the
situations of (a) and (a′) shows the possibility and probability of
maximum connection between the cross-linking agents and pectin.
The reduction of this possibility and probability from the situa-
tions (a) and (a′) to (d) and (d′) is seen. The more study about
the samples of the cross-linked pectin was performed by FTIR,
SHIMADZU-8900.

2.5. Pre-treatment of nano-bioparticles

FN-PA, FN-PAG and FN-PAA were pre-treated by HCl (0.2 M)
at pHs 1, 3, 5 and NaOH (0.2 M) at pHs 9, 11 and 12 with range
of ±0.1 as six experiments, separately. In order to do these pro-
cesses, the nano-bioparticle samples (3.0 g) were soaked in HCl and
NaOH solutions (0.2 M) at various pHs for 10 h. The samples were
then washed three times with distilled water (each time 100 mL for
0.5 min) to remove the excess ions.

2.6. Adsorption experiments
MB (C16H18ClN3S: 319 g/mol) stock solutions were prepared
from the analytical grade from Merck in distilled water. A series of
1 L plastic bottles containing 200 mL of MB solution (10–1000 ppm)
was prepared. After the pre-treatment process at pH 11.0 ± 0.1 as
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Fig. 1. Cross-linking reactions of pectin by glut

he obtained optimal value (see Fig. 6), the same amounts (5 g/L)
f FN-PA, FN-PAG and FN-PAA were separately added into these
ottles. The adsorption pH was adjusted 8.0 ± 0.1 as the obtained
ptimal value (see Fig. 5) for all samples.

The control experiments were performed to eliminate the dye

emoval effect as the result of the solution acidity, alone, at the
ifferent pHs.

The bottles were mixed at 200 rpm and 25 ◦C. At preselected
ime intervals, samples were withdrawn and centrifuged with
500 rpm for 3 min. Then the samples were analyzed for the
hyde (left-hand) and adipic acid (right-hand).

dye content (Ce) by spectrophotometer (JENWAY, Model 6405) in
660 nm as �max of MB.

3. Results and discussion
3.1. TEM, XRD and FT-IR studies

Fig. 2 shows the TEM images of the modified Fe3O4 nanopar-
ticles with the cross-linked pectin by glutaraldehyde; FN-PAG (A)
and adipic acid; FN-PAA (B) as the novel and main nano-biosorbents
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Fig. 2. TEM images of
n this study. Fig. 3 shows XRD image of Fe3O4 nanoparticles (A),
ectin-coated Fe3O4 nanoparticles without cross-linking; FN-PA
B), FN-PAG (C) and FN-PAA (D). The obtained peaks in the position
nd the relative intensity did not have obvious differences and all of

ig. 3. XRD patterns of Fe3O4 nano-particles (A), FN-PA (B), FN-PAG (C) and FN-PAA
D).
G (A) and FN-PAA (B).

them were for Fe3O4 (2� = 30.1◦, 35.5◦, 43.1◦, 53.4◦,57.0◦, and 62.6◦).
So these results indicate that the modification of Fe3O4 nanoparti-
cles by pectin and cross-linked ones have not changed the crystal
structure of nanoparticles, whereas the intensity of the peaks cor-
responding to the surface functional groups is reduced with using
pectin and cross-linking agents. This reduction for FN-PAA is more
than that of FN-PAG. The crystal sizes of FN-PAG and FN-PAA were
determined from the XRD pattern by using Scherrer’s equation;
D = k�/(ˇ cos �), where D is the average crystalline diameter, k is
a constant (0.9 for Cu-k�), � is the X-ray wavelength (0.15405 nm
for Cu-k�), ˇ is the peak width of half-maximum of XRD diffrac-
tion lines and � is the Bragg’s diffraction angle in degree. D values
were obtained 8.1 and 8.8 nm, respectively, slightly less than that
observed from the TEM image.

Fig. 4 shows the FT-IR spectra of FN-PA (A), FN-PAG (B) and
FN-PAA (C). The broad and strong area of absorption between
about 3600 and 2500 cm−1 in each spectra refers to O–H stretch-
ing absorption due to inter and intramolecular hydrogen bonds.
This band at 3600–3650 cm−1 for FN-PAG is broader and stronger
than ones for FN-PA and FN-PAA. It could be due to the presence

probability of the created alcoholic –OH groups from the reaction
between –CHO groups (from glutaraldehyde) and one –OH group
(from pectin) in the situations (b), (c) and (d) in Fig. 1.

On the other hand, the mentioned band for FN-PAA has espe-
cially the more breadth at 2430–3350 cm−1 which could be due to
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increased significantly with increasing solution pH from 2.0 to 8.0
and remained approximately constant from 8.0 to 12.0 with a rela-
tive maximum. We selected pH of 8.0 ± 0.1 as the optimal value
for other experiments. The alkali pHs can be suitable to uptake
basic dyes due to the better interactions of the positive groups of
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Fig. 4. FT-IR spectra of FN-PA (A), FN-PAG (B) and FN-PAA (C).

he presence probability of the –OH groups of the excess –COOH
rom the non-reacted sites of adipic acid in the situations (b′) and
d′) in Fig. 1 which is added to the alcoholic –OH stretching absorp-
ion of the pectin structure. In the case of the esterified sites such
s the situations (b) and (b′), an O–CH3 stretching band would be
xpected between 2950 and 2750 cm−1 due to methyl esters of
alacturonic acid. However, due to a large O–H stretching response
ccurring in a broad region, the O–CH3 activity is masked and can-
ot be a reliable indicator of methoxylation. The peaks at 2930 cm−1

nd 1732 cm−1 indicate C–H and C O (ester carbonyl) absorption,
espectively. The stronger peak at nearly 1732 cm−1 in the spectra
f FN-PAA (C) can be due to the obtained strengthening C O band
esterified) after the reaction between –COOH groups (from adipic
cid) and –OH groups (from pectin) in the situations (a′) to (d′) in
ig. 1.

Furthermore, the absorption of C O (carboxyl carbonyl) at
700–1730 cm−1 due to the excess –COOH groups in the situations
b′) and (d′) (in addition to –COOH of the pectin structure) is added
nd composed with the absorption of the carboxyl carbonyl, so they
re seen as a stronger band in the spectra of FN-PAA.

The absorption of C O (aldehyde carbonyl) at near 1725 cm−1

ue to the presence of the aldehyde group in the situation of (d)
or FN-PAG (B) is composed with C O (carboxyl carbonyl) and C O
ester carbonyl), so all of them are seen as a peak.

Carboxylate (COO−) groups show two bands, an asymmetrical
tretching band at 1642 cm−1, and a weaker symmetric stretching
and near 1440 cm−1. These bands for FN-PAA are more inten-
ive because these groups in this nano-bioparticles are more than
hose of FN-PA and FN-PAG. C O (ester carbonyl) and COO−
re due to the created binding after the reaction between –OH
f the nano-particles surface and –COOH of the pectin struc-
ure.

The nano-bioparticles have both the dye uptake agents viz.
he free –COOH and the amide groups as the binding bridges
o the nano-particles viz. the reacted –COOH with –NH2. The
btained amide group after the reaction between –NH2 on the
e3O4 nanoparticles and the number of –COOH has two bands
t 1632 and 1551 cm−1 due to the presence of C O and N–H,
espectively. The band of 1632 cm−1 is composed by the band of
642 cm−1 of COO− groups, so they are seen as one band.

Fig. 4 shows the presence of more intensive C O esterified bands
t 1732 cm−1 as compared with C O amide bands at 1632 cm−1 for
N-PAG and FN-PAA. On the other hand, the C O esterified bands
or FN-PA (A) viz. the uncross-linked pectin on the nano-particles

urface are weaker than those of FN-PAG (B) and FN-PAA (C).

These results can be for the reason that the ratio of the free
COOH (not reacted with –NH2) to the reacted –COOH viz. the pro-
uced amide groups in FN-PA is less than those of the nano-particles
Fig. 5. Effect of initial solution pH (adsorption pH) on the MB uptake by FN-PA, FN-
PAG, FN-PAA: pre-treatment pH: 11.0 ± 0.1, initial concentration of MB: 2000 ppm,
contact time: 200 min, nano-bioparticles dose: 5 g/L, temperatures: 298 K, agitation
rate: 150 rpm.

with the cross-linked pectin. In other words, the number of the free
–COOH in the cross-linked forms can be more than those in the
reacted ones.

The weak bands between 1200 and 930 cm−1 correspond to the
resonance absorption of pyranoid ring. The strong stretching band
at 1120 cm−1 in spectra of FN-PAG refers to C–O–C which appears
after the reaction between –CHO groups (from glutaraldehyde) and
two –OH groups (from pectin) in the situations (a) and (b) in Fig. 1.
The strong peak at 590 cm−1 at spectra in all of the curves could be
due to the presence of Fe3O4 nanoparticles.

3.2. Effect of adsorption pH

pH of the dye solution for the adsorption process influences not
only the surface charge of the nano-biosorbent and the dissociation
of functional groups of the active sites on its surface, but also the
aqueous chemistry of the dye.

As shown in Fig. 5, the effects of initial solution pH on the MB
uptake onto FN-PA, FN-PAG and FN-PAA pre-treated previously at
pH 11.0 ± 0.1 as the optimal value (from Fig. 6) were investigated
at pH 2–12 as the adsorption pHs.

The electrostatic interaction of cationic MB with the negatively
charged groups on the surface of pectin viz. –O− (from –OH) and
–COO− (from –COOH) can be the main reason of the dye uptake
at the different pHs. The sorption of MB on the nanoparticles
pre-treatment pH

Fig. 6. Effect of pre-treatment pH of FN-PA, FN-PAG and FN-PAA on the MB uptake:
adsorption pH: 8.0 ± 0.1, initial concentration of MB: 2000 ppm, contact time:
200 min, nano-bioparticles dose: 5 g/L, temperatures: 298 K, agitation rate: 150 rpm.



R. Rakhshaee, M. Panahandeh / Journal of Hazardous Materials 189 (2011) 158–166 163

0

50

100

150

200

250

300250200150100500
t (min)

qe
 (

m
g/

g)

FN-PA
FN-PAG

FN-PAA

F
t
M
1

d
–

t
(
c
s

3

F
o
i
2
t

P
r
t
r
S
h

3

i
l
h
t

FN-PAG : y = 304.1x -0.3474

R2 = 0.9914

FN-PAA  : y = 308.94x -0.3017

R2 = 0.9935

FN-PA  : y = 290.75x -0.4059

R2 = 0.9916

0

50

100

150

200

250

300

350

35302520151050

Nanoparticles dosage (g/L)

qe
 (

m
g/

g)

FN-PA

FN-PAG

FN-PAA

T
A
n

ig. 7. Effect of contact time on the MB uptake by FN-PA, FN-PAG, FN-PAA. Ini-
ial solution pH: 8.0 ± 0.1, pre-treatment pH: 11.0 ± 0.1, initial concentration of

B: 2000 ppm, temperatures: 298 K, nano-bioparticles dose: 5 g/L, agitation rate:
50 rpm.

ye with the created negative sites in biomass and pectin such as
COO−.

The reason for the low removal at lower pHs could be due to
hree factors: (1) competition of H+ with the dye cations of MB
2) repulsive force between –COOH2

+ and –OH2
+ of pectin (not

ross-linked and cross-linked form) with the dye cations of MB (3)
tarting hydrolysis of the pectin structure at the lower pHs [34].

.3. Effect of pre-treatment pH

As shown in Fig. 6, the pre-treatment pH of FN-PA, FN-PAG and
N-PAA effects remarkably on the MB uptake at pH 8.0 ± 0.1 as the
ptimal adsorption pH (from Fig. 5). According to Fig. 6, MB uptake
ncreased from 112, 121 and 133 mg/g at the pre-treatment pH of
.0 to the maximum values viz. 170, 182 and 190 mg/g at the pre-
reatment pH of 11.0, by FN-PA, FN-PAG and FN-PAA, respectively.

It could be due to increasing [COO−] in the pectin structure of FN-
A, FN-PAG and FN-PAA by increasing the pre-treatment pH which
eaches the maximum value at pH 11.0 ± 0.1. We also showed in
he previous work that [COO−] in pectin of Lemna minor cell wall
eaches a maximum at pH 11 to remove the heavy metal ions [30].
o, the nano-bioparticles which were pre-treated at pH 11.0 ± 0.1
ad the highest ability to remove MB as a cationic dye.

.4. Effect of contact time
Fig. 7 shows that the uptake of MB on the nanoparticles
ncreased rapidly within the first 30–50 min and reached an equi-
ibrium after nearly 100 min in the shown conditions. The initial
igh removal rate of MB within the first 30–50 min was attributed
o the high availability of binding sites on the surface of nanopar-

able 1
dsorption kinetic parameters of MB by FN-PA, FN-PAG and FN-PAA at 278, 298 and 313 K
ano-bioparticles dose: 5 g/L, agitation rate: 150 rpm.

Nano-biosorbent T (K) First-order kinetic model

k1,ads × 10−3 (1/min) qe (mg/g) R2

FN-PA 278 8.96 40.38 0.658
298 14.18 45.21 0.770
313 18.75 54.34 0.689

FN-PAG 278 15.67 48.69 0.756
298 21.22 52.90 0.730
313 25.66 65.49 0.659

FN-PAA 278 22.56 51.89 0.739
298 28.65 61.66 0.657
313 32.78 78.43 0.678
Fig. 8. Effect of nano-bioparticles dose on the MB uptake by FN-PA, FN-PAG, FN-PAA.
Initial solution pH: 8.0 ± 0.1, pre-treatment pH: 11.0 ± 0.1, initial concentration of
MB: 2000 ppm, contact time: 200 min, temperatures: 298 K, agitation rate: 150 rpm.

ticles, and the subsequent lower sorption rate decreased the
availability of binding sites on the surface of nanoparticles after
50 min due to the removal of the initial MB molecules. The contact
time of 200 min was selected in this study to complete the equi-
librium, viz the optimum values of MB uptake were obtained after
nearly that time. The experimental equilibrium adsorption (qe,exp)
at 298 K can be determined from Fig. 7 shown in Table 1. qe,exp

values at 278 and 313 K (in Table 1) were determined from the sim-
ilar figures which have not been shown. As can be seen the uptake
values of MB in all of the times were obtained as: FN-PAA > FN-
PAG > FN-PA.

3.5. Effect of nano-biosorbent dosage

This study was done for the nano-biosorbents with the dosages
of 1.0–30.0 g/L at the shown parameters (see Fig. 8). The data were
well fitted by the power regression type. As seen in Fig. 8, the sorp-
tion capacity of MB on the nano-biosorbent decreased from 284.21
to 125.54 mg/g, 303.11 to 139.01 mg/g and 324.65 to 157.37 mg/g
when the dosages of FN-PA, FN-PAG and FN-PAA were increased
from 1.0 to 30.0 g/L, respectively. We selected the dosage of 5.0 g/L
as an optimum value with the uptake of near to the maximum val-
ues, viz. 170, 182 and 190 mg/g for these sorbents, respectively. The
decrease of MB uptake with increasing the dosage of nanoparticles
is probably due to decreasing the surface area of nano-biosorbents
by overlapping or aggregation during the sorption. However, the
higher dosage of the sorbent in the solution results in the more
availability of the active sites for MB and the higher dye uptake.
3.6. Adsorption studies

Fig. 9a–c shows Langmuir isotherms of MB uptake by FN-PA (a),
FN-PAG (b) and FN-PAA (c) with R2 > 0.98. To obtain the Langmuir
constants, these isotherms can be transformed to the linearized

. Initial pH solution: 8.0 ± 0.1, pre-treatment pH: 11.0 ± 0.1, contact time: 200 min,

Second-order kinetic model qe,exp (mg/g)

k2,ads × 10−3 (g/mg min) qe (mg/g) R2

8.80 158.98 0.998 157.94
9.51 172.12 0.999 170.12

10.46 191.56 0.997 190.53

12.73 162.98 0.995 161.12
14.69 184.23 0.998 182.11
16.39 194.67 0.996 192.33

16.23 168.47 0.999 166.98
19.76 193.78 0.999 190.55
23.04 206.82 0.996 205.53
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ig. 9. Adsorption isotherms of MB by FN-PA (a), FN-PAG (b), FN-PAA (c) at temper-
tures of 278, 298, 313 K. Initial pH solution: 8.0 ± 0.1, pre-treatment pH: 11.0 ± 0.1,
ontact time: 200 min, nano-bioparticles dose: 5 g/L, agitation rate: 150 rpm.

orm:

Ce

qe
= Ce

Qmax
+ 1

Qmax KL
(1)
here Qmax (mg/g) and KL(L/mmol) are the maximum adsorption
apacity and a measure of adsorption energy, respectively. Qmax and
L are found from the slope and intercept of Ce/qe versus Ce linear
lot where KL = (slope/intercept) and Qmax = 1/slope (see Table 1).
e is the dye uptake (mg/g) that is obtained from the relation of

able 2
dsorption isotherm and thermodynamic parameters to remove MB by FN-PA, FN-PAG an
00 min, nano-bioparticles dose: 5 g/L, agitation rate: 150 rpm.

Nano-bioparticle T (K) Qmax (mmol/g) KL (1/mM)

FN-PA 278 0.455 4.56
298 0.534 7.22
313 0.606 9.35

FN-PAG 278 0.523 8.89
298 0.641 10.80
313 0.746 13.02

FN-PAA 278 0.589 17.46
298 0.695 19.68
313 0.812 23.05
ardous Materials 189 (2011) 158–166

[(Co − Ce)/(m/V)]. qe values were obtained as mean ± S.D. (n = 3) for
each Ce, where Co is the initial concentration of dye (mmol/L), m
is the sorbent dry weight (g), V is the suspension volume (L) and
Ce is the dye equilibrium concentration or un-adsorbed (mmol/L).
As seen in Table 2, Qmax and KL were determined as follows: FN-
PAA > FN-PAG > FN-PA for each temperature which can show firstly,
the importance of the cross-linking role of pectin to reach a better
performance, secondly, the effect of the excess carboxyl presence
in the probable and possible situations (b′) and (d′) in FN-PAA (see
Fig. 1).

As seen in Fig. 9a–c, the MB uptake by each nano-biosorbent
increases with increasing temperature for every initial MB con-
centrations. This can be due to the dissociation of proton from
functional groups on the surface of pectin such as –COOH, lead-
ing to a higher availability of active sites at a higher temperature
[35].

3.7. Kinetic study and modeling

To analyze the sorption kinetics, the first- and second-order
kinetic models have been used. The first-order rate expression of
Lagergren that shows the occupation rate of the adsorption sites
is proportional to the number of unoccupied sites. The linearized
form of the pseudo first-order model is written as

log (qe − q) = log qe −
(

k1,ads

2.303

)
t (2)

where qe and q (mg/g) are the amount of adsorbed heavy metals on
the adsorbent at equilibrium and at time t (min) and k1,ads (1/min) is
the rate constant of first-order sorption. Linear plots of log (qe − q)
versus t indicate the applicability of this kinetic model. However,
to adjust Eq. (2) to the experimental data, the value of qe (equilib-
rium sorption capacity) must be pre estimated by extrapolating the
experimental data to t = ∞.

The Lagergren first-order rate constant (k1,ads) and the equilib-
rium amount of metal removed (qe) determined from the model are
presented in Table 1 along with the corresponding correlation coef-
ficient. However, the most important feature of this model is that it
fails to estimate qe. The linearized form of the pseudo-second-order
model is written as

t

q
= 1

(k2,ads q2
e)

+
(

1
qe

)
t (3)

where k2,ads (g/mg min) is the rate constant of second-order sorp-
tion. The plot t/q versus t should give a straight line if second-order
kinetics are applicable and qe and k2,ads can be determined from
the slope and intercept of the plot, respectively.
Both parameters and the correspondent coefficients of correla-
tion are also presented in Table 1. The correlation coefficients for
the second-order kinetic model are equal to 0.998 and 0.999 for MB
uptake by FN-PA, FN-PAG and FN-PAA and the theoretical values
of qe also agree very well with the experimental ones. Both facts

d FN-PAA. Initial pH solution: 8.0 ± 0.1, pre-treatment pH: 11.0 ± 0.1, contact time:

�G◦ (kJ/mol) �H◦ (kJ/mol) �S◦ (kJ/mol K)

−3.507
−4.890 15.040 0.06661
−5.817

−5.050
−5.895 7.832 0.04618
−6.678

−6.610
−7.382 5.667 0.04403
−8.165
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Table 3
Activation energy parameters for the adsorption of MB onto nano-bioparticles.

Nano-bioparticle Ea (kJ/mol) A

FN-PA 3.513 0.040
Fig. 10. Van’t Hoff plots for the adsorption of MB onto nano-bioparticles.

uggest that the sorption of MB follows the second-order kinetic
odel, which relies on the assumption that adsorption may be the

ate limiting step.

.8. Thermodynamic study

According to the Van’t Hoff equation:

n KL = −�G◦

RT
= −�H◦

RT
+ �S◦

R
(4)

ince KL is the equilibrium constant, its dependence on temperature
an be used to estimate both enthalpy change (�H◦) and entropy
hange (�S◦) associated to the sorption process.

The plot of ln KL as a function of 1/T yields a straight line where
H◦ and �S◦ are found from the slope and intercept, respectively

see Fig. 10). Rg is the gas constant (8.314 J/mol K) and T is the
bsolute temperature. As seen in Table 2, the negative value of
G◦ confirms the spontaneous sorption and the positive �H◦ value

hows the endothermic character of sorption processes. The pos-
tive value of �S◦ shows an increasing disorder at the interface
etween dye and sorbents.

It can be seen that the endothermic character of the MB uptake
y the nano-bioparticles is as follows: FN-PAA < FN-PAG < FN-PA.

.9. Activation energies comparison

The activation energy for MB adsorption by FN-PA, FN-PAG and
N-PAA were determined from the Arrhenius equation:

n k = −Ea
RT

+ ln A (5)

here k is the rate constant according to the order of the fitted

inetic model for experiments (k is k2,ads in this study, from Table 1),
a is the activation energy (kJ/mol), T is the temperature (K), R is the
as constant (J/mol K) and A is a constant called the frequency or
rrhenius factor. The value of Ea can be determined from the slope
f ln k2,ads versus 1/T plot (see Fig. 11). The magnitude of activation

Fig. 11. Arrhenius plots for the adsorption of MB onto nano-bioparticles.
FN-PAG 5.147 0.117
FN-PAA 7.254 0.370

energy may give an idea about the type of the sorption. Chemical
adsorption with high Ea viz. 60–800 kJ/mol, is specific and involves
forces much stronger than those in physical adsorption with low Ea
viz. 5–50 kJ/mol. Ea and A values to adsorb MB by FN-PA, FN-PAG
and FN-PAA have been shown in Table 3. These results indicated
that the adsorption of MB by nano-bioparticles were as the physical
types. It also showed that the adsorption force of MB by these adsor-
bents is as follows: FN-PAA > FN-PAG > FN-PA. This arrangement is
contrary to those endothermic characters (see Table 2).

4. Conclusions

On the basis of the experimental results of this investigation, the
following conclusions can be drawn:

1. The removal of MB from aqueous solution by the modified Fe3O4
nano-particles with the extracted pectin from apple waste (FN-
PA) increased due to using the cross-linked form of the pectin by
glutaraldehyde (FN-PAG) and adipic acid (FN-PAA).

2. The results of XRD image indicate that the modification of Fe3O4
nanoparticles by pectin and cross-linked ones have not changed
the crystal structure of nanoparticles. But the intensity of the
peaks corresponding to surface functional groups is reduced by
using pectin and cross-linking agents. This reduction for FN-PAA
is more than FN-PAG.

3. The strong stretching band at 1120 cm−1 in spectra of FT-IR refers
to C–O–C which is appeared after the reaction between –CHO
groups (from glutaraldehyde) and –OH groups (from pectin). On
the other hand, the stronger peak at 1730–1740 cm−1 in spectra
of FN-PAA could be due to strengthening C O band (esterified)
after the reaction between –COOH groups (from adipic acid) and
–OH groups (from pectin) and the excess –COOH groups.

4. The results of the FTIR study shows that the ratio of the free
–COOH to the reacted –COOH with –NH2 of the nano-particles
surface in FN-PA is less than that for the nano-particles with the
cross-linked pectin viz. FN-PAG and FN-PAA.

5. The uptake of MB on the nanoparticles increased rapidly within
the first 30–50 min and reached an equilibrium after nearly
100 min.

6. The sorption capacity of MB on the nano-biosorbent decreased
from 284.21 to 125.54 mg/g, 303.11 to 139.01 mg/g and 324.65
to 157.37 mg/g when the dosages of FN-PA, FN-PAG and FN-PAA
were increased from 1.0 to 30 g/L, respectively.

7. The Langmuir constants (Qmax and KL), kinetic constant (kads) and
activation energy (Ea) to remove MB by nano-bioparticles at 278,
298 and 313 K were obtained as follows: FN-PAA > FN-PAG > FN-
PA. But the enthalpy change (�H◦) and entropy change (�S◦)
was as: FN-PAA < FN-PAG < FN-PA.

8. It was observed that increasing the pretreatment pH to 11.0 ± 0.1
increases the ability of nano-bioparticles to remove MB. On the
other hand, the optimal adsorption pH was determined 8.0 ± 0.1.

9. The negative value of �G◦ confirms the spontaneous and the

positive �H◦ value shows the endothermic character of sorp-
tion processes. The positive value of �S◦ shows an increasing
disorder at the interface between dye and sorbents.
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