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a b s t r a c t

Two silica samples were prepared through precipitation of silica in the presence and absence of magnetite
particles (Fe3O4). The products were immobilized with 3-aminopropyltriethoxysilane and characterized
by means of FT-IR and X-ray. Surface area (BET), pore volume and pore diameter were also measured.
The adsorption behavior of both silicas towards C.I. acid orange 10 in aqueous solutions was studied at
different experimental conditions including contact time, pH and initial concentrations. The monoamine
modified magnetic silica (MAMMS) displayed higher and faster adsorption relative to magnetite free
odified silica
cid dyes
dsorption
ater treatment

one (MAMPS). The maximum adsorption capacity of the dye on MAMPS and MAMMS are 48.98 and
61.33 mg g−1, respectively. Adsorption of the dye on both MAMMS and MAMPS fitted to Langmuir adsorp-
tion model and followed the pseudo-second order kinetics. The values of Gibbs free energy of adsorption
(�G0) were found to be −26.52 and −28.49 kJ/mol at 298 K for MAMPS and MAMMS, respectively. These
negative values indicated the spontaneity of the adsorption of the dye on both silica samples. Regener-
ation of the dye-loaded silica was carried out using aqueous solution of pH 10. Desorption ratio of 98%

dsor
was obtained over three a

. Introduction

Industrial development is pervasively connected to the disposal
f a large number of various toxic pollutants including dyes. Dyes
re present in the wastewater streams of many industrial sectors
uch as, dyeing, textile, tannery and the paint industry [1]. Dye bath
ffluents are not only aesthetic pollutants by their color but also
nterfere with light penetration that disturbs biological processes
2]. The total dye consumption of the textile industry worldwide is
n excess of 107 kg per year. Consequently, one million kilograms
er year of dyes are discharged into waste streams by the tex-
ile industry [3,4]. Many of conventional treatment technologies
or dye removal have investigated extensively such as chemical
oagulation or flocculation combined with flotation and filtration,
embrane filtration, oxidation, and photo-degradation processes

5,6]. The adsorption process provides an attractive method for the
reatment of textile effluent especially if the adsorbent is inexpen-

ive and readily available [7,8]. The adsorption of acid dyes has been
tudied using different adsorbents; bentonite [5], hectorite [7], peat
9], activated bleaching earth [10], chitosan [11], montmorillonite
12], titania–silica composite [13], etc.
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E-mail addresses: asemali2010@yahoo.com (A.A. Atia),

hmeddonia2003@yahoo.com (A.M. Donia), al amrani2003@yahoo.com
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385-8947/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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ption/desorption cycles.
© 2009 Elsevier B.V. All rights reserved.

Among inorganic compounds, silica deserves particular atten-
tion, considering its stability, very low degree of swelling, controlled
porosity and the chemical reactivity of their surfaces, resulting
from the presence of silanol groups [14]. Coating magnetic parti-
cles with silica is becoming a promising and important approach in
development of magnetic particles for both fundamental study and
technology application [15]. Many of investigators used magnetic
silica carriers for DNA purification and immobilization [16,17], pro-
tein adsorption [18], enzyme immobilization [19], etc. Little work
has been found in the literature related to the use of magnetic silica
in removal of dyes from their aqueous solutions.

Azo dyes are an interesting class of compounds that are widely
used in textile industries [20]. In this study, precipitated and
magnetic silica samples were prepared and immobilized with 3-
aminopropyltriethoxysilane. The adsorption/desorption behavior
of acid orange 10 (as a model of azo dyes) on the obtained silica
samples was clarified. Kinetic and thermodynamic parameters of
adsorption were calculated.

2. Materials and methods
2.1. Materials

3-Aminopropyltriethoxysilane (APTS) was purchased from
Fluka, Italy; silica gel and C.I. acid orange 10 (AO-10) (80%) were
obtained from Sigma–Aldrich Chemical Co., Germany. All other

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:asemali2010@yahoo.com
mailto:ahmeddonia2003@yahoo.com
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hemicals were of analytical grade and were used as received.
eSO4·7H2O and FeCl3·6H2O were used as sources for Fe(II) and
e(III), respectively.

.2. Preparation of magnetite

Magnetite was prepared following the modified Massart method
21]. A 250 cm3 of 0.2 mol dm−3 Fe(III) solution was added with stir-
ing to a freshly prepared 250 cm3 of 1.2 mol dm−3 Fe(II) solution.
200 cm3 of (30%) NH4OH was suddenly poured to the previously

repared Fe(III)/Fe(II) solution while vigorous stirring was going on.
black precipitate was allowed to precipitate for 30 min with stir-

ing. The precipitate was washed with deoxygenated water (water
as boiled to repeal any gases then bubbled with nitrogen gas)
nder magnetic decantation until the acidity of suspension became
elow pH 7.5. The precipitate was dried at ambient temperature to
ive a black powder.

.3. Preparation of magnetic silica

Five grams of silica was dissolved in 120 cm3 of 4 mol dm−3

aOH solution with heating to 353 K and stirring until completely
issolution. A half gram of grinded Fe3O4 was dispersed in 100 cm3

f NaOH. The pH of the two solutions was adjusted to 12–13 by
mol dm−3 HCl. Sodium silicate solution was poured into the mag-
etite suspension with stirring for 30 min at 353 K. Hydrochloric
cid of 2 mol dm−3 was added dropwise to adjust the pH value to
± 0.2. The obtained precipitate was washed several times with
i-distilled water and then dispersed in 100 cm3 of methanol. The
ilica-coated magnetite particles were removed from the medium
sing a magnet. The magnetite free precipitated silica was obtained
ollowing the same procedure in the absence of magnetite.

.4. Immobilization of precipitated silicas with monoamine

Magnetite-coated silica and magnetite-free silica obtained in the
bove step were loaded by monoamine as follows: one cubic cen-
imetre of 3-aminopropyltriethoxysilane (APTS) was dissolved in
00 cm3 of bi-distilled water acidified with acetic acid (pH 4). Two
rams of precipitated silicas (activated by drying in an oven at 423 K
or 18 h) was added in the silane solution and stirred for 2 h at room
emperature. The products were filtered off and kept in an oven at
93 K for 4 h. The dried products were washed repeatedly with dis-
illed water, ethanol, and acetone to remove the unreacted material
nd then dried in the oven at 393 K for another 2 h and then referred
s MAMMS (for magnetic-silica) and MAMPS (for magnetite-free
ilica) [22].

.5. Characterization of the modified silicas

Nitrogen specific surface area (BET) of the obtained modified sil-
cas was measured at 77.35 K by Quantachrome Instrument, NOVA
000 series, USA using nitrogen as the sorbate. All measurements
ere taken after heating the samples up to 403 K and evacuation

t a pressure of 10−4 Torr for 4 h. FT-IR measurements were per-
ormed in KBr discs using Nexeus-Nicolite-640-MSA FT-IR, Thermo
lectronics Co., USA. X-ray diffraction (XRD) was carried out using

hilips X-ray diffractometer model PW 1775 with Cu K� radiation
nd Ni filter.

The chemical stability of the magnetite containing silica was
hecked by soaking silica-coated magnetite particles in strong
cidic medium (pH 3) for 3 h. No appreciable dissolution of mag-
etite was observed. This indicates that the investigated silica
isplays a good chemical stability in strong acidic medium.
ng Journal 150 (2009) 55–62

2.6. Preparation of AO-10 solutions and concentration
measurements

Stock solution (240 mg dm−3) of the investigated dye was
prepared in bi-distilled water. The desired concentrations were
obtained through dilution. The concentration of the dye was mea-
sured by spectrophotometric method [7]. Calibration curve of the
investigated dye was prepared by measuring its absorbance against
concentration at �max 475 nm using UV/vis spectrophotometer
Model SP-850, Metertech Inc., Taipei, Taiwan, with 1.0 cm path-
length cell. Adsorption of the dye on the silica samples obtained
was determined using the mass balance equation [4]:

q = (Ci − Cf ) × V

W
(1)

where q represents the amount of dye adsorbed (mg g−1), Ci and Cf
are the initial and final concentrations of dye (mg dm−3), V is the
volume of solution (dm3) and W is the weight of silica sample (g).

3. Batch adsorption

3.1. Effect of pH

The effect of acidity of the medium on the adsorption of AO-10
on modified silicas was investigated at 298 K. Portions of 0.1 g of dry
silica samples were placed in a series of flasks containing 20 cm3

of stock solution of 240 mg dm−3 of dye. The desired pH was con-
trolled by 2 mol dm−3 HCl and 2 mol dm−3 NaOH. The solution was
completed to 100 cm3 with bi-distilled water to give initial con-
centration of 48 mg dm−3 of dye. The contents of the flasks were
equilibrated on a Gallenhamp Shaker, England, at 400 rpm for 4 h.
The residual concentration of the dye in each flask was determined
spectrophotometrically at � max 475 nm.

3.2. Effect of contact time

The effect of contact time on the adsorption was studied by plac-
ing 0.1 g samples of dry silica in a series of flasks each contains
20 cm3 of stock solution of dye of concentration 240 mg dm−3 at
pH 3 and 298 K. The solution was completed to 100 cm3 with bi-
distilled water to give initial concentration of 48 mg dm−3 of dye.
The flasks were removed from the shaker at different time intervals.
Five cubic centimeters of the solution was taken and centrifuged to
determine the residual concentration of the dye as above.

3.3. Isotherms

Complete adsorption isotherms were obtained by placing sam-
ples of 0.1 g of dry silica in a series of flasks containing 100 cm3 of
dye solution at the desired initial concentrations (40–160 mg dm−3)
and at pH 3. The flasks were conditioned for 4 h at 400 rpm while
keeping the temperature constant at 298, 313, 323 or 333 K. Later
on, the residual concentration of the dye was estimated.

3.4. Desorption

Silica sample was loaded by the dye as follows: a 0.1 g of dry sam-
ple was added to a flask containing 20 cm3 of stock solution of dye of
concentration of 240 mg dm−3 at pH 3. The solution was completed
to 100 cm3 with bi-distilled water to give initial concentration of
dye of 48 mg dm−3. The flask was conditioned for 4 h at 400 rpm

while keeping the temperature at 298 K. Later on, the contents of
the flask were filtered off and the dye-loaded silica was placed in
another flask containing 100 cm3 of aqueous solution at pH 7–10
using 2 mol dm−3 NaOH. The flask was agitated at 400 rpm for 2 h
at 298 K. The concentration of the dye released was estimated as
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Fig. 1. Routs of prepara

entioned earlier. The ratio of desorption was calculated using the

elation:

esorption (%) = Total adsorption capacity after elution
Total adsorption capacity before elution

× 100

Fig. 2. FT-IR for precipitated sili
f MAMPS and MAMMS.

4. Quantum chemical calculations
Geometry optimization of AO-10 molecules and its interaction
with silica surface has been carried out using the semi-empirical
AM1 methodology [23] as implemented in G98Wsuite of programs

ca, MAMPS and MAMMS.
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Fig. 3. XRD patterns for magnetite, silica-coated magnetite and MAMMS.

24]. Frequency calculations have also been performed to ensure
hat the optimized structures represent minima of its respective
otential energy surface.

. Results and discussions

.1. Characterization of modified silicas

The preparation of precipitated silicas was carried out according
o the reaction routes shown in Fig. 1. FT-IR spectra of the precipi-
ated and modified silica are shown in Fig. 2. FT-IR spectrum of the
recipitated silica displayed a number of characteristic bands near
446 cm−1 (broad), 1096 cm−1 (vs) and 799 (m) cm−1. These bands
re assigned to stretching vibration of H-bonded silanol group
(≡Si OH) along with physisorbed water �( OH), �(≡Si O Si≡)
f siloxane backbone, �(≡Si OH) of free silanol group and tetra-
edron �(SiO4), respectively. The spectrum also displayed a strong
and at 468 cm−1 which is assigned to �(≡Si O Si≡) deformation
25,26]. The spectrum of amino-modified magnetic silica (MAMMS)
isplayed mainly the same characteristic bands of free precipitated
ilica with decreasing the intensity of the free silanol group at
57 cm−1. Moreover, the spectrum of MAMMS is characterized by
he appearance of two weak bands near 2860 and 2937 cm−1 that
re assigned to �(CH2) stretching. The above behavior gives a good
lue for the success of the modification process. The spectrum of the
ilica-coated magnetite was also characterized by the appearance
f (Fe–OH) vibrations in 561–638 cm−1 range [27]. The presence of
agnetite in the precipitated silica was also confirmed from XRD
easurements. As shown in Fig. 3, Fe3O4 displayed a number of

iffraction lines at 2� (18.22, 30.28, 35.41, 43.25, 57.26 and 62.84).
hese lines are characteristic for spinel Fe3O4. The pattern of silica-
oated magnetite displayed the same lines, especially the most
ntense one at 2� (35.41) confirming the presence of magnetite.
s shown in Table 1, the magnetite containing silica (MAMMS)
hows a lower values for surface area (BET) as well as pore vol-
me relative to those of magnetite free one (MAMPS). This may

e attributed to the presence of embedded magnetite particles as
hown in Fig. 1.

able 1
extural properties of the studied silicas.

roperty MAMPS MAMMS

ET surface area (m2 g−1) 79.40 52.09
ore volume (cm3 g−1) 3.08 × 10−2 2.33 × 10−2

ore diameter (Å) 0.155 0.179
Fig. 4. Effect of pH on the adsorption of AO-10 on MAMPS and MAMMS at 298 K.

5.2. Adsorption studies

5.2.1. Effect of pH
The effect of pH on the adsorption of AO-10 dye on modified

silica at 298 K is shown in Fig. 4. The maximum adsorption was
observed at pH 3 for both silica samples. The adsorption of AO-10
dye may be explained to proceed via the electrostatic attraction
between the positively charged protonated amino groups on the
silica surface (–NH3

+) and the negatively charged sulfonate groups
(SO3

−) of the dye [28,29]:

Silica-NH2 + HCl → Silica-NH3
+Cl−

Silica-NH3
+Cl− + D-SO3

−Na+ → Silica-NH3
+ −O3S-D + NaCl

The observed higher adsorption capacity of AO-10 on MAMMS
relative to MAMPS may be attributed to the formation of thin film
of silica on the magnetite particles that increases the number of
exposed active sites available for interaction with the dye as shown
in Fig. 1. The decrease in the adsorption capacity of the dye at
pH < 3 could be attributed to the decrease in the dissociation of
the dye which leads to a lower concentration of the anionic species
to interact with the active sites of silica [30]. It is also seen that the
adsorption decreases as the pH of medium increases. This may be
attributed to the deprotonation of amino groups along with the for-
mation of negatively charged silanolate groups (≡SiO−) that repel
the sulfonate groups (SO3

−) of the dye from interaction with the
surface. The optimized structure of the dye and its interaction with
the surface are shown in Fig. 5. Inspection of Fig. 5 indicates that
minimum energy structure of AO-10 (with respect to modified silica
surface) adopts a twisted configuration [31].

5.2.2. Isotherms
The results of the effect of the temperature on the adsorption

capacity of the dye on both silica samples are shown in Fig. 6.
Obviously, the adsorption capacity decreases as the temperature
increases in both cases. This implies that AO-10 adsorbs physically
on the surface of two silica samples. Fig. 7 shows the change of the
adsorption capacity of both silica samples as a function of initial
concentration of the dye. Inspection of Fig. 7 reveals that the adsorp-
tion capacity of the dye on MAMMS is higher than that on MAMPS

at all concentration ranges. The maximum adsorption capacities at
298 K are 48.98 and 61.33 mg g−1 for MAMPS and MAMMS, respec-
tively. The higher adsorption capacity in the case of MAMMS may
be attributed to the formation of thin film of silica on magnetite fine
particles that facilitates the interaction between dye species with
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Table 2
Isotherm constants for the adsorption of AO-10 on modified silicas at 298 K.

Adsorbent qexp (mg g−1) Non-linear Langmuir isotherm model Non-linear Freundlich isotherm model

Qmax (mg g−1) KL (dm3 mg−1) S.E. RL R2 1/n KF (dm3 mg−1) S.E. R2

MAMPS 48.98 65.89 0.087 0.002 0.044 0.9962 0.19 24.89 1.536 0.9552
MAMMS 61.33 61.14 0.245 0.003 0.020 0.9994 0.17 28.35 0.465 0.9876

Fig. 5. Chemical structure of AO-10 (a) and the mechanism of interaction between
the modified silica and AO-10 (b).

Fig. 6. Effect of temperature on the adsorption of AO-10 on MAMPS and MAMMS.
Fig. 7. Isotherms of adsorption of AO-10 on MAMPS and MAMMS at 298 K.

silica active sites. The lower adsorption capacity of MAMPS in spite
of its higher surface area and pore volume compared to MAMMS
(Table 1) may be attributed to the inaccessibility of the dye ions for
intraparticle diffusion in the case of MAMPS to be adsorbed on the
internal surface of silica. The adsorption data of Fig. 7 were treated
according to Langmuir and Freundlich models [1]:

qe = QmaxKLCe

1 + KLCe
(2)

qe = KFC1/n
e (3)

where Ce is the equilibrium concentration of dyes with (mg dm−3),
qe is the adsorption capacity at equilibrium state (mg g−1), Qmax is

−1
the theoretical maximum adsorption capacity (mg g ), KL is the
Langmuir isotherm constant which is related to the strength of
adsorbent/adsorbate interaction (dm3 mg−1), KF and n are the Fre-
undlich constants related to the adsorption capacity and intensity,
respectively. The experimental data were fitted to the above models
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Table 3
Langmuir parameters for MAMPS and MAMMS at different temperatures.

Temperature (K) MAMPS MAMMS

Qmax (mmol g−1) KL × 103 (dm3 mol−1) R2 Qmax (mmol g−1) KL × 103 (dm3 mol−1) R2

298 0.117 49.09 0.9962 0.135 110.83 0.9876
313 0.116 29.04 0.9977 0.133 54.69 0.9955
323 0.114 25.38 0.9958 0.126 36.14 0.9985
333 0.112 21.08 0.9958 0.125 22.20 0.9979

Table 4
Thermodynamic parameters of adsorption of AO-10 on MAMPS and MAMMS.

Temperature (K) MAMPS MAMMS

�G0

(kJ mol−1)
T�S0

(kJ mol−1)
�H0

(kJ mol−1)
�S0

(J mol−1 K−1)
�G0

(kJ mol−1)
T�S0

(kJ mol−1)
�H0

(kJ mol−1)
�S0

(J mol−1 K−1)

2 26.56
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98 −26.52 7.91 −18.60
313 −26.91 8.31
23 −27.18 8.58

333 −27.44 8.84

sing SPSS software (version 10). The values of the Langmuir and
reundlich constants were calculated from the nonlinear regression
or each model at 298 K and are reported in Table 2. From Fig. 7, the
xperimental data of adsorption of the dye on MAMPS and MAMMS
re better fit to Langmuir model than Freundlich model. The values
f R2 and standard error (S.E.), which are a measure of the goodness-
f-fit, confirm the good representation of the experimental data by
angmuir model. This indicates the homogeneity of active sites on
he surface of MAMPS and MAMMS with higher extent in the case
f the latter. The values of KL are given in Table 3 for MAMPS and
AMMS at different temperatures. The difference in the values of

L for MAMPS and MAMMS refers the different binding strength of
he dye with amine groups on the surface of both silicas.

The essential features of Langmuir adsorption isotherm can be
xpressed in terms of a dimensionless constant called separation
actor or equilibrium parameter (RL), which is defined by the fol-
owing relationship [32]:

L = 1
1 + KLC0

(4)

here C0 is the initial concentration of dye (mg dm−3). The value
f RL indicates the nature of adsorption isotherm; irreversible
RL = 0), favourable (0 < RL < 1), and unfavourable (RL = 1). As shown
n Table 2, the calculated values of RL were found between 0 and
. This implies that the adsorption of the investigated dye on both
odified silica samples from aqueous solutions is favourable under

he conditions used in this study.

.2.3. Thermodynamics
The thermodynamic parameters of adsorption can be derived

rom the following equation [33]:

0 0

n KL = �S

R
− �H

RT
(5)

Plotting of ln KL against 1/T at different temperatures gives
traight line with slope and intercept equal to (−�H0/R) and
�S0/R), respectively. The calculated values of �H0 and �S0 for

able 5
inetic constants for the adsorption of AO-10 on modified silicas at 298 K.

dsorbent MAMPS

Non-linear pseudo-first order model

qe (exp) (mg g−1) qe (calc) (mg g−1) k1 (min−1) S.E. R2

AMPS 24.20 23.21 0.226 0.034 0.938
AMMS 37.02 35.12 0.211 0.039 0.964
−28.49 −4.74 −33.23 −15.91
−28.25 −4.98
−28.09 −5.14
−27.93 −5.30

the adsorption of AO-10 on silica samples are reported in Table 4.
The negative values of �H0 indicate that the adsorption of the dye
on both modified silicas is exothermic. On the other hand, the nega-
tive values of �S0 reflect the decrease of randomness of the system
due to the strong binding of dye molecules on MAMMS compared to
MAMPS. The data given in Table 4 show that |�H0| > |T�S0| for both
silica samples at all temperatures. This indicates that the adsorp-
tion process is dominated by enthalpic rather than entropic changes
[34]. The Gibbs free energy (�G0) of the adsorption reaction can be
calculated using the following equation [34]:

�G0 = �H0 − T �S0 (6)

The negative values of �G0 reported in Table 4 indicate the spon-
taneity of the adsorption of the dye on modified silica used in this
study.

5.3. Kinetics

Fig. 8 shows the change in the adsorption of the investigated
dye on both modified silica samples as a function of time. The equi-
librium was reached within 3 and 1 h for MAMPS and MAMMS,
respectively. The rate of adsorption of the dye was noticed to be
faster compared to that reported earlier (5 h) on modified silica
of different source [31]. The adsorption/time data were treated
according to two kinetics models [35]:

(i) Pseudo-first order model:

qt = qe[1 − exp(−k1t)] (7)

(ii) Pseudo-second order model:

qt = ht

1 + k2qet
(8)
where qe and qt refer to the amount of dye adsorbed (mg g−1) at
equilibrium and at time t (min), k1 is the overall rate constant of
pseudo-first order reaction (min−1), h is the initial rate constant,
k2 is the overall rate constant of the pseudo-second order reac-
tion (g mg−1 min−1). The experimental data were fitted to the above

MAMMS

Non-linear pseudo-second order model

qe (calc) (mg g−1) k2 (mg g−1 min−1) h (mg g−1 min−1) S.E. R2

24.49 0.0182 09.63 0.002 0.9915
37.03 0.0102 13.94 0.001 0.9977
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Fig. 8. Adsorption kinetics of AO-10 by MAMPS and MAMMS at 298 K.

wo models using SPSS software (version 10). The kinetic parame-
ers were calculated from the nonlinear regression for each model
nd are given in Table 5. The experimental data were found to fit
he pseudo-second order model where a satisfactory agreement
as obtained between the calculated and the experimental val-
es of qe. The values of the initial rate constant (h) for MAMMS
re greater than that of MAMPS. This indicates the higher rate of
dsorption of the dye on MAMMS as a consequence of the increase
f the efficient interaction between the dye ions and the silica active
ites.

.4. Desorption

Desorption of the loaded dye was carried out at pH 7–10 and the
ata are reported in Table 6. The elution of the dye from modified
ilica surface may be explained on the basis of deprotonation of the
mine groups under basic conditions. Thus the electrostatic inter-
ction with the dye anions would decrease dramatically as follows:

ilica-NH3
+ −O3S-D + NaOH → Silica-NH2 + D-SO3Na + H2O

Over three adsorption/desorption cycles, the elution efficiency
as found to be 98.1% and 98.8 ± 1% for MAMPS and MAMMS at pH

0, respectively.

. Conclusions

Amine-modified magnetic silica samples were obtained through
recipitation of sodium silicate using HCl in absence and presence
f suspended magnetite fine particles. The silica-containing mag-
etite (MAMMS) showed higher adsorption capacity towards the

cidic dye AO-10 relative to magnetite-free silica (MAMPS). The
aximum adsorption was recorded at pH 3 for both silica samples.

hermodynamic studies revealed the spontaneity of the adsorption
hat became unfavourable at higher temperature. Kinetics studies

able 6
esorption ratio of dye-loaded MAMS at different pHs.

H Desorption ratio (%)

MAMPS MAMMS

7 20.6 30.5
8 40.4 60.5
9 70.3 80.7

10 98.1 98.8

[

[

[

[

[

[

[

ng Journal 150 (2009) 55–62 61

revealed that adsorption of AO-10 on MAMMS was fast compared
to MAMPS due to the less porous structure of the former. Regenera-
tion of the adsorbents was easy done using NaOH at pH 10 reaching
efficiency of 98%.
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