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a b s t r a c t

The adsorption of Congo red (CR) onto maghemite nanoparticles (�-Fe2O3) and its desorption was
investigated. The adsorption capacity was evaluated using both the Langmuir and Freundlich adsorp-
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tion isotherm models. Maghemite nanoparticles (�-Fe2O3) were prepared easily in a surfactant-less
microemulsion by co-precipitation method. The size of the produced maghemite nanoparticles was
determined by X-ray diffraction (XRD) analysis and scanning electron microscopy (SEM). Synthesized
maghemite nanoparticles showed the highest adsorption capacities of CR compared to many other adsor-
bents and would be a good method to increase adsorption efficiency for the removal of CR in a wastewater
treatment process. The maximum adsorption occurred at pH 5.9. The Langmuir adsorption capacity (qmax)

g g−1

aste water samples was found to be 208.33 m

. Introduction

In the past decade, the synthesis of spinel magnetite and
aghemite nanoparticles has been intensively developed not

nly for its great fundamental scientific interest but also for
any technological applications in biology, such as extraction of

enomic DNA [1], contrast agents in magnetic resonance imaging
MRI) [2–3], medical applications (such as targeted drug delivery)
4–6], bioseparation [7], and separation and preconcentration of
arious anions and cations [8–10] due to their structural, elec-
ronic, magnetic and catalytic properties. Recently, nano-sized iron
xide particles were widely used in different industrial processes
ike manufacturing of semiconductors, recording materials, cat-
lysts, gas sensors materials, etc. [6,11]. Because of many novel
hysical and chemical properties, different methods of synthe-
is of nanostructure Fe2O3 particles were intentionally studied.
umerous chemical methods can be used to synthesize magnetic
anoparticles such as microemulsions [12], sol–gel synthesis [13],
onochemical reactions [14], hydrolysis and thermolysis of precur-
ors [15], flow injection synthesis [16], and electrospray synthesis
17]. The most common method for the production of magnetite
anoparticles is the chemical co-precipitation technique of iron

alts [1,18,19]. The co-precipitation technique is probably the sim-
lest and most efficient chemical pathway to obtain magnetic
articles. The main advantage of the co-precipitation process is that
large amount of nanoparticles can be synthesized [6].

∗ Corresponding author. Tel.: +98 811 8272404 fax: +98 811 8272404.
E-mail address: afkhami@basu.ac.ir (A. Afkhami).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.09.066
of the adsorbent.
© 2009 Elsevier B.V. All rights reserved.

Color is the first contaminant to be recognized in wastewater.
Dyes are used in different industries such as paper and plastics,
leather, pharmaceutical, food, cosmetics, dyestuffs, textiles, etc. to
color the products. As a result, considerable amount of colored
wastewater is generated. The presence of these dyes in water even
at very low concentration is highly visible and undesirable [20]. The
degradation by-products of organic dyes such as synthetic azo-dyes
have dangerous impacts on the environment since it contains toxic
aromatic amine compounds and the removal rate of these mate-
rials during aerobic waste treatment are still low [11]. Congo red
[1-naphthalene sulfonic acid, 3,30-(4,40-biphenylenebis (azo)) bis
(4-amino-)disodium salt, CR] is a benzidine-based anionic disazo
dye, i.e. a dye with two azo groups. It is toxic to many organisms and
is a suspected carcinogen and mutagen. Benzidine, a human car-
cinogen, and CR are, however, banned in many countries because
of health concerns. But, it is still widely used in several coun-
tries. Synthetic dyes, such as CR, are difficult to biodegrade due to
their complex aromatic structures, which provide them physico-
chemical, thermal and optical stability [21]. Therefore, there is an
urgent requirement for development of innovative, but low-cost
processes, by which dye molecules can be removed. Adsorption
technique is quite popular due to simplicity and high efficiency, as
well as the availability of a wide range of adsorbents [22,23]. Vari-
ous adsorbents have been tested and used for the removal of dyes
from polluted water [24,25]. A number of non-conventional adsor-

bents such as montmorillonite [26,27], bentonite [28,29], rice hull
ash [30], leaf [31], fly ash [32], activated red mud [33], rice husk [34],
fungi [35,36], coir pith carbon [37], mesoporous activated carbons
[38], anilinepropylsilica xerogel [39], Azadirachta indica leaf pow-
der [40], chitosan [41], and mesoporous Fe2O3 [42] have been used

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:afkhami@basu.ac.ir
dx.doi.org/10.1016/j.jhazmat.2009.09.066
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Scheme 1. Molecular structure of CR.

or the removal of CR from aqueous solutions. However, some of
hese adsorbents do not have good adsorption capacities for anionic
yes.

In the present paper maghemite nanoparticles were employed
or removal of CR and used as an effective adsorbent in the wastew-
ter treatment. The technique was found to be very useful and
ost-effective for a better removal of dye. These particles showed
he highest adsorption capacities of CR compared to many other
dsorbents.

. Experimental

.1. Instrumentation

A Metrohm model 713 pH-meter was used for pH measure-
ents. A single beam UV-mini-WPA spectrophotometer was used

or determination of CR concentration in the solutions. Scanning
lectron microscope (SEM, VEGA, TESCAN Czech Republic) was
sed for preparation of SEM images. The crystal structure of synthe-
ized materials was determined by an X-ray diffractometer (XRD)
38066 RIVA, d/G.Via M. Misone, 11/D (TN) ITALY) at ambient
emperature. A 40 ± 5% kHz Parsonic-mini ultrasonic water bath
Pars Nahand, Iran) was used. The BET surface area, pore volume
nd pore size distribution of the catalyst were measured using
2 adsorption/desorption technique at 77 K on a Belsorp adsorp-

ion/desorption using data analysis software (Bel Japan, Inc.).

.2. Reagents and materials

All the chemicals and reagents used in this work were of analyti-
al grade and purchased from Merck (Merck, Darmstadt, Germany).

stock solution (1000 mg L−1) of CR (its structure as shown in
cheme 1) was prepared in double distilled water (DDW), and
xperimental solutions of desired CR concentrations were obtained
y successive dilutions of the stock solution with DDW. The concen-
ration of CR in the experimental solution was determined from the
alibration curve prepared by measuring absorbance of different
redetermined concentrations of CR solutions at 498 nm (� max).

.3. Synthesis of maghemite

The maghemite nanoparticles were synthesized according to a
o-precipitation method followed by aeration oxidation proposed
lsewhere [6,18], except that ultrasonic vibration by an ultrasonic
ath was used instead of magnetic stirring. Firstly 3 mL of FeCl3
2 mol L−1 dissolved in 2 mol L−1 HCl) was added to 10.33 mL DDW.
hen 2 mL of 1 mol L−1 Na2SO3 solution was added to the former
olution dropwise in 1 min ultrasonic vibration for a few minutes
eading to smaller and more homogenized particles. Just after mix-
ng the solutions, the color of the solution changed from light yellow
o red, indicating complex ions formed between the Fe3+ and SO3

2−.
fter turning the color of solution again, the solution was added to
0 mL of 0.85 mol L−1 NH3 solution under ultrasonic vibration. A

lack precipitate quickly formed, which was allowed to crystallize
ompletely for another 30 min. The precipitate was washed with
DW by magnetic decantation until the pH of the suspension was

ess than 7.5. A 170 mL water was added to this suspension and the
H was adjusted to 3.0 with 0.1 mol L−1 HCl and was kept stable
ous Materials 174 (2010) 398–403 399

for 5 min. The suspension was refluxed under aeration (with air)
for 60 min at about 100◦C until the color of the suspension slowly
changed from black to reddish-brown. The solution was washed
with DDW by magnetic decantation for several times and the sus-
pension was dried into powder.

2.4. Adsorption behavior of CR

Adsorption studies were performed by adding 0.015 g
maghemite nanoparticles to the 50 mL solution of different
concentrations of CR in a 250 mL beaker. The pH of the CR solution
was adjusted at 5.9 using 0.01 mol L−1 HCl and/or 0.1 mol L−1

NaOH and the solution was stirred for 30 min. Then CR loaded
maghemite nanoparticles were separated with magnetic decanta-
tion and centrifugation at 3800 rpm for 3 min. The concentration
of CR in the solution was measured spectrophotometrically at
498 nm. The concentration of CR decreased with time due to its
adsorption by maghemite.

3. Results and discussion

3.1. Characterization of the adsorbent

The SEM image of the particles, as shown in Fig. 1, revealed
the average diameter of maghemite nanoparticles synthesized in
this study around 45 nm. As Fig. 1 shows the average diameter
of nanoparticles that were prepared using ultrasonic stirring is
smaller than those prepared using magnetic stirring. Because ultra-
sonic irradiation dispersed nanoparticles and therefore prevented
their aggregation. The difference of the sizes of nanoparticles was
obvious among SEM images.

The typical XRD profile of maghemite nanoparticles is shown
in Fig. 2. We calculated the crystallite size measurement around
8.78 nm from the XRD pattern according to Scherrer equation:

D = K�

(b cos �)
(1)

The equation uses the reference peak width at angle �, where
� is the wavelength of incident X-ray (1.5418 Å), b is the width of
the XRD peak at half height and K is a shape factor, about 0.9 for
magnetite and maghemite [18,43]. It should be noted that the par-
ticle dimension obtained by SEM is higher than the corresponding
crystallite size, i.e. 8.78 nm. This difference may be explained due
to the presence of aggregates in SEM grain consisting of several
crystallites and/or poor crystallinity [44].

The specific surface area of maghemite nanoparticles, obtained
by BET analysis, was 81.61 m2 g−1, and the mean pore diameter was
10.37 nm, with a total pore volume of 0.2116 cm3 g−1.

3.2. Effect of contact time

The effect of contact time on the adsorption of CR was studied to
determine the time taken by maghemite nanoparticles to remove
20.0 and 30.0 mg L−1 CR solution at pH 5.9. A 0.05 g of maghemite
nanoparticles was added into a 50 mL of CR solution. Absorbance of
the solution at 498 nm with time was determined to monitor the CR
concentration. The results are shown in Fig. 3. The decrease in the
concentration of CR with time is due to its adsorption on maghemite
nanoparticles. It can be seen that in about 30 min, almost all the CR
became adsorbed. Agitation time of 30 min was selected for further
works.
3.3. Effect of pH

The effect of pH in the range 4.0–7.6 on the removal of
CR was investigated using 0.01 mol L−1 HCl or NaOH solu-
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Fig. 1. SEM image of maghemite nanoparticles prepared

ions for pH adjustment, with the initial CR concentration fixed
t 2.0 × 10−5 mol L−1. As Fig. 4 shows, the percent adsorption

ncreased by increasing pH and reached maximum at pH 5.9 and
hen decreased at higher pHs. At higher pHs, the high negatively
harged adsorbent surface sites did not favor the adsorption of
eprotonated CR due to electrostatic repulsion.

Fig. 2. XRD patterns of the maghemite nanoparticles.

ig. 3. Adsorption behavior of (�) 20.0 and (�) 30.0 mg L−1 CR on maghemite
anoparticles. Amount of maghemite nanoparticles are 0.0500 g and pH of the solu-
ions is 5.9.
gnetic stirring (a) and by use of ultrasonic vibration (b).

3.4. Mechanism of the adsorption

The surfaces of metal oxides (�-Fe2O3 suspension) are gener-
ally covered with hydroxyl groups that vary in forms at different
pHs. The surface charge is neutral at pHzpc (the pH of zero point
charge, pHzpc, of maghemite nanoparticles is around 6.3 [34]).
Below the pHzpc, the adsorbent surface is positively charged, and
anion adsorption occurs. As the pH of the CR solution increased,
a proportional decrease in adsorption took place due to the suc-
cessive deprotonation of hydroxyl groups on the adsorbent and
electrostatic repulsion between negatively charged sites on the
adsorbent and dye anions. There was also competition between
OH− (at high pH) and dye anions for positively charged adsorption
sites [21]. Also, CR can become adsorbed onto the metal oxide sur-
face by coordination effect between metal ions and amine groups
at the ends of CR molecules [42]. So it is apparent that metal oxides
with the higher surface area can adsorb more CR molecules.

3.5. Adsorption isotherms
The equilibrium adsorption isotherm model, which is the num-
ber of mg adsorbed per gram of adsorbent (qe) vs. the equilibrium
concentration of adsorbate (Fig. 5), is fundamental in describing the

Fig. 4. Removal of CR in various pHs. Conditions: 0.05 g maghemite, 20 mL of
30 mg L−1 Mo(VI), agitation time of 30 min.
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The maximum adsorption capacity (qmax) for the adsorption
of CR on �-Fe2O3 nanoparticles calculated from the Langmuir
isotherm model is listed in Table 2 with literature values of
qmax of other adsorbents for CR adsorption [21,27–29,31–33,

Table 1
Parameters of Langmuir and Freundlich isotherm equations, regression coefficients
(r) for the adsorption of CR on maghemite nanoparticles at 25 ◦C and at pH 5.9.

Langmuir aL (L mg−1) KL (L g−1) KL/aL[=qm] (mg g−1) RL
* r

6.857 1428.57 208.33 0.00146 0.9991
ig. 5. Plots of qe vs. Ce for the adsorption of CR onto maghemite nanoparticles.
onditions: pH 5.9, 0.1 g maghemite.

nteractive behavior between adsorbate and adsorbent. Analysis of
sotherm data is important for predicting the adsorption capacity
f the adsorbent, which is one of the main parameters required
or the design of an adsorption system. Equilibrium isotherm stud-
es were carried out with different initial concentrations of CR
20–600 mg L−1) at 25 ◦C and pH 5.9. Two models were used to ana-
yze the equilibrium adsorption data: Langmuir [45] and Freunlich
46]. Langmuir’s model does not take into account the variation
n adsorption energy, but it is the simplest description of the
dsorption process. It is based on the physical hypothesis that the
aximum adsorption capacity consists of a monolayer adsorption,

hat there are no interactions between adsorbed molecules, and
hat the adsorption energy is distributed homogeneously over the
ntire coverage surface [21,22].

The general form of the Langmuir isotherm is:

qe aL

KL
= KLCe

(1 + KLCe)
(2)

here Ce is the equilibrium concentration of the CR in the solution
mg L−1), qe is the amount of CR adsorbed per unit mass of adsor-
ent (mg g−1), at equilibrium concentration, Ce, aL (L mg−1) and KL
L g−1) are the Langmuir constants with aL related to the adsorption
nergy and qm [=KL/aL] signifies the maximum adsorption capac-
ty (mg g−1), which depends on the number of adsorption sites.
he Langmuir isotherm shows that the amount of anions adsorbed
ncreases as the concentration increases up to a saturation point.
s long as there are available sites, adsorption will increase with

ncreasing CR concentrations, but as soon as all of the sites are occu-
ied, a further increase in concentrations of CR solutions does not

ncrease the amount of CR on adsorbents [21,22].
After linearization of the Langmuir isotherm, Eq. (3), we obtain:

Ce

qe
= Ce

(
aL

KL

)
+

(
1
KL

)
(3)

The values of aL and KL are calculated from the slope and inter-
ept of the plot of Ce/qe vs. Ce (Fig. 6). The amount of CR adsorbed
mg g−1) was calculated based on a mass balance equation as given
elow:

e = V(CO − Ce)
m

(4)

where Co is the initial concentration of CR in mg L−1, V is the
olume of experimental solution in L, and m is the dry weight
f nanoparticles in g. The parameters of the Langmuir equation

ere calculated and are given in Table 1. Table 1 indicates that

he maximum adsorption capacity of maghemite nanoparticles
qm = 208.33 mg g−1) for CR is very much higher than that of other
dsorbents. The essential feature of the Langmuir isotherm can be
xpressed in terms of a dimensionless constant separation factor
Fig. 6. Linearization of the Langmuir isotherm. Conditions: pH 5.9, 0.1 g maghemite.

(RL) given by the following equation:

RL = 1
(1 + aL Co)

(5)

RL values within the range 0 < RL < 1 indicate favorable adsorp-
tion [29]. In this study, RL value of maghemite nanoparticles for
the initial CR concentration of 100 mg L−1, obtained as 0.00146,
indicate favorable adsorption of CR onto them.

The Freundlich isotherm model is an empirical equation that
describes the surface heterogeneity of the sorbent. It considers
multilayer adsorption with a heterogeneous energetic distribu-
tion of active sites, accompanied by interactions between adsorbed
molecules [21]. The Freundlich empirical model is represented by:

qe = KfC
1/n
e (6)

where Ce is the equilibrium concentration (mg L−1), qe is the
amount adsorbed at equilibrium (mg g−1), and Kf (mg1−1/n L1/n g−1)
and 1/n are Freundlich constants depending on the temperature
and the given adsorbent–adsorbate couple. n is related to the
adsorption energy distribution, and Kf indicates the adsorption
capacity. The linearized form of the Freundlich adsorption isotherm
equation is

ln qe = ln Kf +
(

1
n

)
ln Ce (7)

The values of Kf and 1/n calculated from the intercept and slope
of the plot of ln qe vs. ln Ce are listed in Table 1. Table 1 shows that
the values of correlation coefficient, r, for the fit of experimen-
tal isotherm data to Langmuir equation is more close to 1.0000
than that for Frendlich equation. Therefore, the Langmuir model
represents the experimental data better on the basis of values of
regression coefficients.

3.6. Performance evaluation
Freundlich Kf (mg1−1/n L1/n g−1) 1/n r

35.56 0.3241 0.9442

*For CR concentration of 100 mg L−1.
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Table 2
Summary of CR adsorption capacities of various adsorbents.

Type of adsorbent qmax(mg g−1) Reference

CTAB modified chitosan beads 352.5 [21]
Chitosan/montmorillonite nanocomposite 54.52 [27]
Montmorillonite 12.70 [27]
Ca-bentonite 107.41 [28]
Bentonite 158.7 [29]
Neem leaf powder 41.20 [31]
Bagasse fly ash 11.89 [32]
Activated carbon (Laboratory grade) 1.88 [32]
Acid activated red mud 7.08 [33]
NaHCO3 pretreated Aspergillus niger biomass 8.19 [35]
Activated carbon prepared from coir pith 6.70 [37]
Mesoporous activated carbons 189 [38]
Anilinepropylsilica xerogel 22.62 [39]
Chitosan beads 93.71 [41]
Mesoporous Fe2O3 53 [42]
N,O-carboxymethyl chitosan 330.62 [47]
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Maghemite nanoparticles 208.33 Present work

5,37–39,41,42,47,48]. All of the adsorbents used for CR adsorp-
ion have considerably lower qmax values than �-Fe2O3 used in this
tudy, except N,O-carboxymethyl chitosan [47] and CTAB modified
hitosan beads [21]. However, the simplicity of the preparation
ethod and upon magnetic and electronic properties that cause

imple magnetic separation of �-Fe2O3 nanoparticles makes these
articles better adsorbent than the others for CR adsorption.

.7. Regeneration studies

Desorption studies help to elucidate the nature of adsorption
nd recycling of the spent adsorbent and the CR. pH of the exper-
mental solution influenced CR adsorption inversely. Desorption
rocess was performed on loaded nanoparticles by mixing 0.01 g
R loaded maghemite nanoparticle with 5 mL of EtOH, DMF and
.01 mol L−1 NaOH, solutions and the desorption efficiency for them
as calculated as 4, 13, and 95%, respectively. Therefore, the dye

ould be desorbed from the loaded nanoparticles by changing the
H of the solution to alkaline range and NaOH solution has higher
esorption efficiency compared to the other eluents.

. Conclusion

In summary, �-Fe2O3 nanoparticles with well defined diameter
45 nm) were prepared by such a simple, time-saving and low-cost
rocedure, in a surfactant-less microemulsion, using partial reduc-
ion co-precipitation method combined with ultrasonic stirring.
hese nanoparticles have relatively high adsorption as compared
o the similar materials. The size of the produced maghemite
anoparticles was determined by X-ray diffraction (XRD) analysis
nd scanning electron microscopy (SEM). UV–vis absorption spec-
roscopy was used to record the adsorption behavior of the solution
fter treatment. The characteristic light absorption of CR at 498 nm
as chosen to monitor the process of adsorption. The adsorp-

ion isotherm data for the CR was derived at room temperature
nd treated according to Langmuir and Freundlich models. Lang-
uir model is almost more successful in representing experimental

sotherm data for the adsorption of CR on maghemite nanoparticles
han the Freundlich model.
cknowledgements
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