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In  this  study,  cyclohexane  1,3,5-tericarboxylic  acid (CHA)  and  �-isopropylglutaric  acid  (IPA)  were  used
to  obtain  the  cross-linked  forms  of  the  extracted  pectin  from  orange  skin  (PO),  viz.  PO-CHA  and  PO-IPA.
These  agents  were  used  to  stabilize  the  synthesized  Fe0 nano-particles  (Fe0 NPs)  viz. the  preparation  of
Fe0-PO,  Fe0-PO-CHA  and  Fe0-PO-IPA,  to compare  their  ability  for the  removal  of  Acid  yellow 17 (AY  17)
eywords:
cid yellow 17
odified Fe0 nano-particles

xtracted pectin

from  aqueous  solution.  FT-IR  spectra  specified  that  bidentate  bridging  and  monodentate  interaction  were
the  primary  mechanisms  for  binding  PO-CHA  and  PO-IPA  molecules  to  Fe0 NPs,  respectively.  The  removal
percent  of  AY  17 was  determined  97.8,  92.8,  84.1,  79.6,  72.8,  61.5  and  45.6  by  Fe0-PO-CHA,  Fe0-PO-IPA,
Fe0-PO,  PO-CHA,  PO-IPA,  PO  and  Fe0 NPs,  respectively,  for the dye  initial  concentration  of  200  ppm,  at
the  optimized  conditions.  In  these  agents,  Fe0 nano-particles  performed  the  reduction  process  of  AY  17,

rs  pe
ross-linked while the  organic  polyme

. Introduction

The colors in wastewater usually have azo groups and aromatic
tructures which are harmful for human and ecosystem due to
heir toxicity and stability. They can also decrease the transparency
f water and influence photosynthesis activity which hinders the
icrobial activities of submerged organisms [1–3]. At present

he major techniques for treating dye wastewater are adsorp-
ion process and biological treatment [4].  Mittal et al. attended to
dsorption process on waste materials to remove the hazardous
yes from waste waters. They used de-oiled soya as an agricul-
ural waste material and bottom ash as a waste of power plants
o remove methyl violet [5],  fast green FCF [6],  congo red [7],  phe-
ol red [8],  carmoisine A [9],  chrysoidine Y [10], metanil yellow
11], erythrosine [12], brilliant green [13], light green SF (yellowish)
14]. Also, they used electrochemical and adsorption techniques to
emove yellow ME  7 GL from industrial effluent [15]. Hen feathers
s a potential adsorbent were also used to remove a hazardous dye
y Mittal [16].

The biological process is difficult to start up and control [17], but
he sorption of various dyes onto peat [18] pith [19], wood [20],

agasse fly ash [21] and fungal biomass [22] have been studied.
ectin-rich biomass such as fruit wastes and macro algae can also
emove dyes and heavy metals [23,24].

∗ Tel.: +98 131 4223152; fax: +98 131 4223621.
E-mail address: rakhshaei@iaurasht.ac.ir

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.09.067
rformed  its  adsorption  process.
© 2011 Elsevier B.V. All rights reserved.

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
[25–27].

Due to the smaller particle size, larger specific surface area,
higher density of reactive surface sites and greater intrinsic
reactivity of surface sites [28], nanoscale zerovalent iron (Fe0

nano-particles (Fe0 NPs)) has gained prominence for environmen-
tal remediation, especially for the remediation of contaminants
that are susceptible to reductive transformation such as azo dyes
[29,30], halogenated organics [31], high valent heavy metals [32]
and toxic inorganic anions [33].

Agglomeration of magnetic metal nanoparticles takes place
primarily through direct interparticle interactions such as Van
der Waals forces and magnetic interactions [34]. Agglomeration
reduces the specific surface area and the interfacial free energy,
thereby diminishing particle reactivity. A stabilizer can enhance
dispersion of nanoparticles through (a) electrostatic repulsion and
(b) steric hindrance [33].

Extensive studies have been devoted to stabilizing non Fe0 NPs.

For instance, to prevent nanoscale iron oxides from agglomera-
tion, various stabilizers have been found to be effective, including
surfactants [35] and polymers [36]. Obviously, not all of these sta-
bilizers are applicable to the Fe0 NPs nanoparticles of interest. For

dx.doi.org/10.1016/j.jhazmat.2011.09.067
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:rakhshaei@iaurasht.ac.ir
dx.doi.org/10.1016/j.jhazmat.2011.09.067


dous M

e
s
s
a

i
a
a
n
(
d

p
c
s
n

w
t
[
t
t

a
n
t
s
t
a
b
1

2

2

j
d
w

2

m
c
T
t
C

p
s
u
t
r
p
p
c

a
t
t
c
r
s

R. Rakhshaee / Journal of Hazar

xample, thiols and carboxylic acids can be reduced by Fe0 NPs,
ome polymers might not function properly in water [37], some
tabilizers themselves are not environmentally benign, and others
re cost-prohibitive.

Wang et al. used carboxymethyl cellulose-stabilized zero-valent
ron nanoparticles to reduce hexavalent chromium [38]. Mallouk
nd co-workers employed carbon nanoparticles and poly(acrylic
cid) (PAA) as “vehicles” for stabilizing and/or delivering Fe-based
anoparticles [39]. He et al. used sodium carboxymethyl cellulose
CMC) to stabilize Fe–Pd nanoparticles for enhanced transport and
echlorination of trichloroethylene in soil and groundwater [40].

Saleh et al. proposed a new type of sorptive nanoparticles
repared by modifying commercial ZVI nanoparticles with so-
alled “block copolymer shells” consisting of a hydrophobic inner
hell and a hydrophilic outer shell for dechlorination of dense
onaqueous-phase liquids (DNAPLs) [41].

Pectin is an important polysaccharide constituent of plant cell
alls [42]. Pectin, alone and or in a biomass, due to having func-

ional groups such as carboxyl–carboxylate, can remove metal ions
43,44] and dyes [45,46]. In our previous work it was  shown that
he carboxyl and carboxylate groups of Lemna minor’s  pectin have
he main role to remove cations [47].

The present study was started 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 pollu-
ants such as dyes and metal ions. Pectin was extracted from orange
kin as the main agent of the dye uptake and the surface of the syn-
hesized Fe0 nanoparticles was modified by pectin. These modified
gents were used to prepare the cross-linked forms as a novel nano-
io-adsorbent to reach a higher removal efficiency of Acid yellow
7 (AY 17).

. Materials and methods

.1. Extraction of pectin from orange skin

The orange skin waste was collected from a factory of fruit
uice. 50 g of orange skin sample was washed three times with 2 L
eionised water for 30 min  and then was air-dried in sun. Pectin
as extracted according to other studies [42,48,49].

.2. Preparation of Fe0-PO

For stabilization of the Fe0 iron nano-particles with pectin, the
ethod of He et al. was used [40]. He et al. connected sodium

arboxymethyl cellulose on the surface of the Fe0 nanoparticles.
his selection was done with due attention to the presence of
he carboxylate groups as the binding agent in pectin similar to
MC.

The deionized water and the pectin solution were purged with
urified N2 for 30 min  to remove dissolved oxygen before use. A
tock solution of 0.20 M FeSO4·7H2O was prepared right before
se and then was added to the pectin solution through a burette
o yield the desired concentration of Fe and pectin. The total
eaction volume was 500 mL  and the concentrations of Fe and
ectin were selected 0.2 and 0.7 g/L, respectively. The mixture was
urged with N2 for 30 min  to complete the formation of the Fe-PO
omplex.

The Fe2+ ions were then reduced to Fe0 by adding a certain
mount of sodium borohydride (molar ratio of BH4

−/Fe2+ = 2.0) to
he mixture [40]. To ensure efficient use of the reducing agent BH4

−,

he reactor system was operated under inert conditions through
ontinuous vacuuming. The flask was shaken by hand during the
eaction and was then centrifuged [40]. The obtained product is
hown as Fe0-PO.
aterials 197 (2011) 144– 152 145

2.3. Preparation of Fe0-PO-IPA and Fe0-PO-CHA (cross linking
process)

Cross-linking reactions of pectin were done according to two
methods: (a) by adding one third of the obtained Fe0-PO and 2 mL
of 1.2 M (2.4 mmol) �-isopropylglutaric acid (IPA) 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 Fe0-PO-IPA, (b) by adding
one third of the remained Fe0-PO, 2 mL  of 1.2 M (2.4 mmol) cyclo-
hexane 1,3,5-tericarboxylic acid (CHA) (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 Fe0-PO-
CHA.

Fig. 1 shows the cross-linking reactions of pectin by CHA (left-
hand) and IPA (right-hand). The more study about the samples of
the cross-linked pectin was performed by FT-IR, SHIMADZU-8900.

2.4. Dye removal experiments

AY 17 (C16H10Cl2N4Na2O7S2) stock solutions were prepared
from the analytical grade from Merck in distilled water. A series of
1 L plastic bottles containing 200 mL  of AY 17 solution (200 ppm)
was  prepared. The same amounts (2 g/L) of Fe0 NPs, Extracted
pectin, PO-IPA, PO-CHA, Fe0-PO-IPA and Fe0-PO-CHA were sep-
arately added into these bottles. The solution pH was  adjusted
6.0 ± 0.1 for Fe0 NPs and 3.0 ± 0.1 for others as the obtained opti-
mum  values. The bottles were mixed at 300 rpm and 25 ± 1 ◦C.
At preselected time intervals, samples were withdrawn and cen-
trifuged with 6500 rpm for 3 min. Then the samples were analyzed
for the dye content (Ce) by spectrophotometer (JENWAY, Model
6405) in 402 nm as �max of AY 17.

3. Results and discussion

3.1. TEM, FT-IR and XRD studies

Fig. 2(A–D) show the TEM images of Fe0 NPs (A), Fe0-PO (B),
Fe0-PO-IPA (C) Fe0-PO-CHA (D). Fig. 2A suggests that the particles
without using the stabilizer did not appear as discrete nanoscale
particles, rather, they formed much bulkier dendritic flocs with
varying optical density. The size of some denser flocs could be much
larger than 800–900 nm.  Thus, the particles did not have a high
surface area.

Wang et al. showed that the size of some denser flocs of Fe0

nanoparticles without the stabilization by carboxymethyl cellu-
lose were much larger than 1 �m but their sizes range was from
20 to 100 nm in diameter after the stabilization [38]. This type of
aggregation could be attributed to the electrostatic forces between
nanoscale particles and small particles, as well as their surface ten-
sion interactions [32]. As a result, a lower surface area is likely and
a poorer reactivity is expected.

The diameter of Fe0 NPs was not less than 10 nm and about
80% of them were between 30–45 nm.  About 3% of these particles
were about 50 nm in diameter, whereas the stabilized particles by
stabilizers as discrete particles were not more than 45 nm.

Fig. 2(B–D) show the images of the stabilized nanoparticles by
PO, PO-IPA and PO-CHA, viz. Fe0-PO (B), Fe0-PO-IPA (C) Fe0-PO-CHA
(D), respectively. As can be seen, the stabilization ability of these
agents is as follows: PO < PO-IPA < PO-CHA. Because, about 41% of
Fe0- in Fe0-PO had the size of 40 nm in diameter and the diameter
of only 20% of them was less than 17 nm,  whereas in Fe0-PO-IPA,

about 39% of Fe0 had the size of about 15 nm and only 12% of them
had the diameter size of about 30–40 nm.  In Fe0-PO-CHA, diameter
of about 97% of Fe0 NPs was  less than 17 nm and the diameter of
3% of them was about 23 nm.
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Fig. 1. Cross-linking reactions of pect

Both the smaller mean size and the narrower distribution of
e0-PO-CHA indicate that PO-CHA better suppressed the growth of
he iron nanoparticles and maintained a higher surface area of the
articles.

Two main reason of the more suitable action of PO-CHA in com-
arison with PO-IPA can be as follows:

1) the possibility and probability of having the more –COOH
groups as a main agent of the connection to Fe0 particles in
the situation (b) of PO-CHA in comparison with (b′) of PO-IPA
as 2:0, in despite of the fact that it is more in (c′) of PO-IPA in
comparison with (c) of PO-CHA, because it is as 1:0 (see Fig. 1).

2) the connection of each –COOH group of PO-CHA to two Fe0

particles viz. bidentate bridging, in comparison with the con-
nection each of them in PO-IPA to one Fe0 particle, viz.
monodentate interaction. Because, the separation of the sym-
metric and asymmetric stretches [�� = � (asym) − � (sym)]

of the carboxylate group can be used to determine the bond-
ing mechanism when compared to that of the corresponding
carboxylate salt [50,51]: If � = 200– 320 cm−1, the binding is
governed by monodentate interaction; if � < 110 cm−1, the
HA (left-hand) and IPA (right-hand).

binding is governed by bidentate chelating interaction; and if
� = 140–190 cm−1, the binding is governed by bidentate bridg-
ing (see Fig. 3). In our work, �� was 175 cm−1 for Fe0-PO-CHA
and 207 cm−1 for Fe0-PO-IPA in FT-IR spectra (see Fig. 4).

Fig. 4 shows the FT-IR spectra of Fe0-PO (A), Fe0-PO-CHA (B) and
Fe0-PO-IPA (C). The broad and strong area of absorption between
about 3600 and 2500 cm−1 in each spectra refers to O–H stretching
absorption due to inter and intramolecular hydrogen bonds. This
band at about 3500 cm−1 for Fe0-PO-CHA is broader and stronger
than ones for Fe0-PO-IPA. It could be due to the more presence
probability of the alcoholic –OH groups in the situations (a), (b)
and (c) as compared with the situations (a′), (b′) and (c′) in Fig. 1,
so that the number ratio of the O–H groups according to probable
and possible positions is as follows: (a′):(a) = 1:2, (b′):(b) = 2:3 and
(c′):(c) = 3:4.
The mentioned band for Fe0-PO-CHA has especially the more
breadth at 2400–3320 cm−1 which could be due to the presence
probability of the –OH groups of the excess –COOH from the non-
reacted sites of Fe0-PO-CHA in the situation (b) in Fig. 1 which
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Fig. 2. TEM images of Fe0 NPs (A), Fe0-PO (B), Fe0-PO-IPA (C) and Fe0-PO-CHA (D).
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on the surface of Fe0 can remove (AY 17)2− through the adsorption,
at pH > 6 and is produced the anionic complex of [FeOH (AY 17)]−

[52].
48 R. Rakhshaee / Journal of Hazar

s added to the alcoholic –OH stretching absorption of the pectin
tructure.

In the case of the esterified sites of pectin structure such as the
ituations (b) and (b′), an O–CH3 stretching band would be expected
etween 2950 and 2750 cm−1 due to methyl esters of galacturonic
cid. However, due to a large O–H stretching response occurring in

 broad region, the O–CH3 activity is masked and cannot a reliable
ndicator of methoxylation.

The peaks at 2925 cm−1 and 1720 cm−1 indicate C–H and C O
ester carbonyl) absorption, respectively. The stronger peak at
early 1720 cm−1 in the spectra of Fe0-PO-IPA can be due to
he more obtained strengthening C O band (esterified) after the
eaction between –COOH groups (from -PO-IPA) and –OH groups
from pectin) in the situations (a′) to (c′) in Fig. 1. Carboxy-
ate (COO–) groups show two bands, an asymmetrical stretching
and at 1642 cm−1, and a weaker symmetric stretching band near
435 cm−1. These bands for Fe0-PO-IPA are more intensive because
hese groups in this nano-bioparticles are more than those of Fe0-
O-CHA.

As seen in Fig. 1, the ratio of the obtained C O (esteri-
ed) according to probable and possible positions is as follows:
a′):(a) = 3:2, (b′):(b) = 2:1 and (c′):(c) = 1:0.

Furthermore, the absorption of C O (carboxyl carbonyl) at
700–1735 cm−1 due to the excess –COOH groups in the situations
e0-PO-CHA (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 Fe0-PO-CHA. As seen
n Fig. 1, the ratio of the obtained C O (carboxyl carbonyl) accord-
ng to probable and possible positions is as follows: (a′):(a) = 1:1,
b′):(b) = 0:2 and (c′):(c) = 1:0. The weak bands between 1200 and
000 cm−1 correspond to the resonance absorption of pyranoid
ing. The spectrum of Fe0-PO (A) shows the peaks and characters
f pectin’s spectra.

Fig. 5 shows the XRD images of Fe0-PO (A), Fe0-PO-IPA (B) Fe0-
O-CHA (C). The obtained peaks in the position and the relative
ntensity did not have obvious differences and all of them were
or Fe0 (2�  = 44.86◦). So these results indicate that the modifica-
ion of Fe0 nanoparticles by pectin and cross-linked ones have not
hanged the crystal structure of nanoparticles, whereas the inten-
ity of the peaks corresponding to the surface functional groups
s reduced with using pectin and cross-linking agents. This reduc-
ion for Fe0-PO-CHA is more than that of Fe0-PO-IPA and Fe0-PO.
he crystal sizes of these agents were determined from the XRD
attern by using Scherrer’s equation; D = k�/(  ̌ cos �), where D is
he average crystalline diameter, k is a constant (0.9 for Cu-k�), �
s X-ray wavelength (0.15405 nm for Cu-k�),  ̌ is the peak width
f half-maximum of XRD diffraction lines and � is Bragg’s diffrac-
ion angle in degree. D values were obtained 19.5, 9.6 and 7.2 nm,

espectively, which were similar to that observed from the TEM
mage.

ig. 3. Kinds of Fe0-carboxylate complexation: (A) bidentate chelating, (B) bidentate
ridging, and (C) monodentate chelating. � is the separation between the symmetric
nd asymmetric stretches of the carboxylate group.
Fig. 4. FT-IR spectra of Fe0-PO (A), Fe0-PO-CHA (B) and Fe0-PO-IPA (C).

3.2. Paths and mechanisms of AY 17 removal

The remover agents in this study can remove AY 17 in two over-
all paths. The first path is due to the performance of Fe0 and the
second path is due to acting the biopolymer structures. Therefore,
Fe0 NPs (without the stabilizers) in spite of the agglomeration, can
use the first path, while PO, PO-IPA and PO-CHA use the second
path, and Fe0-PO, Fe0-PO-IPA and Fe0-PO-CHA use both paths.

Fe0 particles in the first path use three mechanisms:
(1) Dye direct reduction, which is especially done at pH < 6, so

Fe0 and (AY 17)2− can be converted to Fe 2+ and (AY 17)4− [52], (2)
destroying the chromophore group and conjugated system of AY
17 as an azo dye, which can be performed by the generated atom
H due to the reaction between Fe0 and H2O or H+, that the iron
corrosion and H+ consumption lead to the increase of solution pH,
(3) adsorption of dye on the Fe0 products, which can be performed
both on the intermediate products of Fe0 and on the formed passive
iron oxides layers.

On the one hand, the intermediate products of Fe0 such as Fe2+,
Fe3+, Fe(OH)y2−y (such as FeOH) are thermodynamically unstable
and active [53]. Fe3+ can adsorb AY 17 and formed [Fe(III)-(AY 17)]+

as a cationic complex at pH < 6. FeOH as a ferric hydroxide coated
Fig. 5. XRD patterns of Fe0-PO (A), Fe0-PO-IPA (B) and Fe0-PO-CHA (C).
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Fig. 7. Effect of contact time on the AY 17 removal by the kinds of remover agents.

As shown in Fig. 8, raising the temperature has a positive impact
on the AY removal for all of the agents. The removal efficiency reac-
tion increased from about 33% to 55% for Fe0 NPs, 53% to 66% for
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ig. 6. Effect of initial solution pH on the AY 17 removal by the kinds of remover
gents: initial concentration of AY 17: 200 ppm, remover agents dose: 2.0 g/L, con-
act  time: 100 min, temperatures: 298 K, agitation rate: 300 rpm.

On the other hand, the formed passive iron oxides layers (Fe3O4,
e2O3, Fe(OH)3, and FeOOH) [54–56] can also adsorb dye molecules
ia the sulfonic group and reduce the dye through the formation of

 bridged bidentate complex [57].
Biopolymer structures in the second path use one mechanism

s the fourth mechanism. It is the adsorption of dye by –COOH
nd –OH groups of pectin and its cross-linked forms as the main
echanism. The carboxyl and hydroxyl groups are converted to

COOH2
+ and –OH2

+ at the acidic pHs, so an electrostatic attrac-
ion is happened between these positive groups and –SO3

− of the
cidic dyes. Therefore PO, PO-IPA, PO-CHA and the pectin structure
n Fe0-PO-IPA and Fe0-PO-CHA can use this mechanism to absorb
Y 17.

.3. Effect of initial pH solution

pH of the dye solution for the removal process influences not
nly the surface charge of the nano-agents and the dissociation
f functional groups of the active sites on its surface, but also the
queous chemistry of the dye.

As shown in Fig. 6, the effects of initial solution pH on the AY
7 removal by Fe0 NPs, PO, PO-IPA, PO-CHA, Fe0-PO-IPA and Fe0-
O-CHA were investigated. The main reason of decreasing the dye
emoval by Fe0 NPs at the low pHs can be due to the following
eactions. Fe2+ can be the major redox active ion in this system as
ron corrosion in anoxic and or oxic environments by the reactions
58],

e0 + 2H2O → Fe2+ + H2 + 2OH−

Fe0 + O2 + 2H2O → 2Fe2+ + 4OH−

Significant increases in pH accompany both reactions. Following
he initial reaction, and increase of pH, released ferrous iron will
recipitate as Fe(OH)2 due to its low solubility (Ksp = 8.0 × 10−16 at
5 ◦C).

The more consumption of Fe0 NPs, in absence of the dissolved
xygen with purging purified N2, due to reacting OH− (in the reac-
ions) with H+ (in the solution) at low pHs causes that the less Fe0

Ps react with the dye, so its removal through the cleavage of azo
ond is reduced.

As seen for other agents, the dye removal decreased with

ncreasing pH. It shows that –COOH and –OH groups in PO, PO-IPA,
O-CHA, Fe0-PO-IPA and Fe0-PO-CHA could be the main responsi-
le of the AY 17 removal by adsorption according to the pointed
eason in Section 3.2.
Initial solution pH: for Fe0 NPs 6.0 ± 0.1 and for others 3.0 ± 0.1, initial concentration
of AY 17: 200 ppm, remover agents dose: 2.0 g/L, temperatures: 298 K, agitation rate:
300 rpm.

3.4. Effect of contact time

Fig. 7 suggests that the removal of AY 17 by Fe0-PO-CHA and
Fe0-PO-IPA has both the highest kinetic and capacity, so that at the
first 30–35 min  it is nearly completed and the removal percent of
the dye was obtained 92.8 and 97.8, respectively, for the dye initial
concentration of 200 ppm, at the pointed optimum conditions in
the caption of Fig. 7.

The contact time of 100 min  was selected in this study to com-
plete the equilibrium, viz the optimum values of AY 17 removal
were obtained after nearly that time. The initial high removal rate
of AY 17 within the first 10–40 min was  attributed to the high
availability of binding sites on the surface of nanoparticles, and the
subsequent lower sorption rate decreased the availability of bind-
ing sites on the surface of nanoparticles after 40 min due to the
removal of the initial AY 17 molecules.

The arrangement of the kinetic of the agents is observed as:
PO < Fe0 NPs < PO-IPA < PO-CHA < Fe0-PO-IPA < Fe0-PO-CHA
while the arrangement of the dye capacity of the agents are as:
Fe0 NPs < PO < PO-IPA < PO-CHA < Fe0-PO-IPA < Fe0-PO-CHA

3.5. Effect of temperature
Fig. 8. Effect of temperature on the AY 17 removal by the kinds of remover agents.
Initial solution pH: for Fe0 NPs 6.0 ± 0.1 and for others 3.0 ± 0.1, initial concentration
of AY 17: 200 ppm, remover agents dose: 2.0 g/L, contact time: 100 min, agitation
rate: 300 rpm.
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Fig. 10. Effect of initial concentration of AY 17 on its removal by the kinds of remover

gents. Initial solution pH: for Fe0 NPs 6.0 ± 0.1 and for others 3.0 ± 0.1, initial con-
entration of AY 17: 200 ppm, contact time: 100 min, temperatures: 298 K, agitation
ate:  300 rpm.

xtracted pectin, 60% to 79% for PO-IPA 69% to 82% for PO-CHA,
8% to 96% for Fe0-PO-IPA and 81% to 98% for Fe0-PO-CHA as the
esult of the temperature increase from 10 to 45 ◦C, for the dye ini-
ial concentration of 200 ppm, at the pointed optimum conditions
n the caption of Fig. 8. It is obviously proved that higher reaction
emperature can reduce the time required for AY removal.

.6. Effect of dosage, and the rule of adsorption and reduction
rocesses

This study was done for the agents of the dye removal with
he dosages of 0.5–30.0 g/L at the shown parameters (see Fig. 9).
s seen, the removal percent of AY 17 increased with increas-

ng dosage when Fe0 NPs was only used. It increased from 23.1%
o 61.5% when the dosage of Fe0 NPs was increased from 0.5 to
0.0 g/L. It could be due to increasing the reactive sites of Fe0

Ps which remove the dye molecules through reduction, gener-
lly, viz. an electron transfer process. Therefore, crowding Fe0 NPs
ue to increasing the dosage, in spite of the agglomeration of these
anoparticles, not only did not reduce the dye removal but also

ncreased it, remarkably, whereas for other agents the removal
ercent of AY 17 decreased with increasing the dosages.

The reason of decreasing the dye removal with increasing other
gent dosages could be due to decreasing the active surface area
f pectin structure as the main factor of the dye removal by
verlapping or aggregation during the sorption. Because, the dye
dsorption by functional groups of the stabilizers viz. pectin and its
ross linking agents is performed through a mass transfer process
nd crowding these large polymer structures could be an inhibitor
actor.

As seen in Fig. 9, the decreasing rate of the AY 17 removal for
e0-PO-IPA and Fe0-PO-CHA was less than that, when the extracted
ectin, PO-IPA and PO-CHA were used. It could be due to the joint
ole of reduction by Fe0- and adsorption by -PO-IPA and -PO-CHA
n the structure of these agents.

In other words, the dosage change of Fe0- (nano structure) had
 reverse effect on the dye removal as compared with the dosage
hange effect of -PO-IPA and -PO-CHA (polymer structure) on the
emoval. On the other hand, decreasing the removal can show that
he adsorption process of the dye by the polymer structure was

ore effective than the reduction process by the nano structure of
e0-.
.7. Effect of AY initial concentration

As seen from Fig. 10,  the removal percent decreased with
ncreasing the initial concentration (Co) of AY 17 for all the agents.
agents. Initial solution pH: for Fe0 NPs 6.0 ± 0.1 and for others 3.0 ± 0.1, remover
agents dose: 2.0 g/L, contact time: 100 min, temperatures: 298 K, agitation rate:
300  rpm.

The decrease of the removal percent by each agent was  due to
increasing the amount of the removed dye. Also, the more decrease
of the removal percent by each agent in comparison with other,
due to the same increasing the initial concentration, shows the less
increase of the removal amount.

For instance, decreasing the removal percent from 69% (for
Co = 50 ppm) to 30% (for Co = 500 ppm) by Fe0 NPs was due to
increasing the removed amount from 34.5 to 150 ppm, respec-
tively, viz. increasing 115.5 ppm in the removed amount, whereas
decreasing the removal percent from 74% to 46% for the mentioned
initial concentration by the extracted pectin was due to increas-
ing the removed amount from 37 to 230 ppm, respectively, viz.
increasing 193 ppm in the removed amount.

In other words, the rate of decreasing the removal percent by Fe0

NPs up to the first 500 ppm was more than that, when were used
other agents. It showed that the dependency of the dye removal
percent on the initial concentration by Fe0 NPs in the first initial
concentrations, especially, was  more than that of others. It shows
that Fe0 NPs had the least rate, and Fe0-PO-IPA and Fe0-PO-CHA
had the most rate of increasing the removed amount.

It could be due to both the agglomeration of Fe0 NPs and having
no the stabilizer polymer structure and its adsorption mechanism,
in comparison with Fe0-PO-IPA and Fe0-PO-CHA.

4. Conclusions

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

1. The TEM images show that the diameter of Fe0 NPs was  not
less than 10 nm and about 80% of them were between 30 and
45 nm.  About 3% of these particles were about 50 nm in diam-
eter, whereas the stabilized particles by stabilizers as discrete
particles were not more than 45 nm.

2. The separation of the symmetric and asymmetric stretches
of the carboxylate group was 175 cm−1 for Fe0-PO-CHA and
207 cm−1 for Fe0-PO-IPA in FT-IR spectra, so bidentate bridging
and monodentate interaction could be the primary mechanisms
for binding PO-CHA and PO-IPA molecules to Fe0 NPs, respec-
tively.

3. The results of XRD image indicate that the modification of Fe0

NPs by pectin and cross-linked ones have not changed the crystal

structure of nanoparticles. But the intensity of the peaks corre-
sponding to surface functional groups is reduced by using pectin
and cross-linking agents. This reduction for Fe0-PO-CHA is more
than Fe0-PO-IPA.
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. The dye removal by Fe0 NPs decreased at the low pHs. Because,
Fe0 can be converted to Fe2+ and OH− is produced that H+ at the
low pHs with using hydroxyl ion consume Fe0.

. The removal of AY 17 by biopolymer structures in PO, PO-IPA,
PO-CHA, Fe0–PO, Fe0-PO-IPA and Fe0-PO-CHA decreased with
increasing pH. Because, –COOH and –OH groups as the main
responsible of the AY 17 removal by adsorption are converted to
–COOH2

+ and –OH2
+ at the acidic pHs, so an electrostatic attrac-

tion is happened between these positive groups and –SO3
− of

the acidic dye.
. The reason of increasing AY 17 removal with increasing the

dosage of Fe0 NPs could be due to increasing the reactive sites
of Fe0 NPs which remove the dye molecules through reduction,
generally, viz. an electron transfer process. Therefore, crowding
Fe0 NPs due to increasing the dosage, in spite of the agglomera-
tion of these nanoparticles did not reduce the dye removal.

. The dye adsorption by functional groups of the stabilizers viz.
pectin and its crosslinking agents is performed through a mass
transfer process and crowding these large polymer structures
could be an inhibitor factor.
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