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a b s t r a c t

A magnetic adsorbent, amine-functionalized silica magnetite (NH2/SiO2/Fe3O4), has been synthesized to
behave as an anionic or cationic adsorbent by adjusting the pH value of the aqueous solution to make
amino groups protonic or neutral. NH2/SiO2/Fe3O4 were used to adsorb copper ions (metal cation) and
Reactive Black 5 (RB5, anionic dye) in an aqueous solution in a batch system, and the maximum adsorption
eywords:
agnetic adsorbent

iO2

were found to occur at pH 5.5 and 3.0, respectively. The adsorption equilibrium data were all fitted
the Langmuir isotherm equation reasonably well, with a maximum adsorption capacity of 10.41 mg g−1

for copper ions and of 217 mg g−1 for RB5. A pseudo-second-order model also could best describe the
adsorption kinetics, and the derived activation energy for copper ions and RB5 were 26.92 kJ mol−1 and
12.06 kJ mol−1, respectively. The optimum conditions to desorb cationic and anionic adsorbates from

vided

mine
opper ion
B5

NH2/SiO2/Fe3O4 were pro
RB5.

. Introduction

The removal of heavy metal pollutants and azo dyes from
astewater has become an important issue because of their adverse

ffects on human health and the environment [1,2]. Traditional
etal-ion treatment processes include chemical precipitation, ion

xchange, electrolysis, reverse osmosis, adsorption, etc. Among
hese treatment methods, adsorption is considered to be an
conomical and efficient method for the treatment of metal-ion-
ontaminated wastewater [3]. Azo dyes are the most widely used
ommercial reactive dyes in dyeing processes, with a worldwide
roduction of more than 4 × 105 tons per year [4]. During the man-
facture process, approximately 10 wt% of the dye is lost [5]; this

oss contributes to the total organic concentration of the effluent
6]. It has been shown that neither simple chemical nor biological
reatment can achieve the desired decoloration and depletion of
ye organic matter [5]. Therefore, the adsorption process is a suit-
ble treatment method for the removal of dyes from wastewater
7,8].

Nowadays, most adsorbents developed for the removal of heavy

etal ions and azo dyes rely on the interaction of the target com-

ounds with the functional groups that are present on the surfaces
f the adsorbents. The functional groups thus play an important role
n determining the effectiveness, capacity, selectivity, and reusabil-

∗ Corresponding author. Tel.: +886 3 9357400x752; fax: +886 3 9359674.
E-mail address: cschiou@niu.edu.tw (C.-S. Chiou).

304-3894/$ – see front matter © 2010 Published by Elsevier B.V.
oi:10.1016/j.jhazmat.2010.10.022
by a solution with 0.1 M HNO3 for copper ions and with 0.05 M NaOH for

© 2010 Published by Elsevier B.V.

ity of these adsorbents [9–12]. Adsorbents with amino groups have
bifunctional properties that enable them to adsorb cationic and
anionic target compounds with different pH values in aqueous
solutions. Neutral nitrogen of amine group with a lone pair elec-
trons have been found to be one of the most efficient functional
groups for the removal of heavy metal ions [13–15], and protonic
amino groups with a cationic charge can adsorb anionic pollu-
tants by means of electrostatic attraction [16]. Various adsorbents
with amine functional groups have been developed from natural
biopolymers [17] or from synthetic polymers that are subsequently
immobilized by the amine groups [18–21].

An innovative technology that has gained increasing attention
involves solid–liquid phase separation and employs adsorbents
with magnetic properties. Magnetic separation is now widely used
in the fields of medicine, diagnostics, molecular biology, [22],
bioinorganic chemistry, and catalysis [23,24]. Furthermore, the
method of magnetic separation is beneficial to the environment
because it does not produce contaminants such as flocculants [25].
Conventional magnetic adsorbents are generally commercial car-
riers made of magnetite particles modified with polymer [26] or
organosilane [27], in which suitable functional groups are present
on the adsorbent surface.

In the present study, a magnetic adsorbent made of magnetite

with amino groups was developed to adsorb cations and anions;
it was synthesized by the surface modification of Fe3O4 with
SiO2 and N-[3-(trimethoxysilyl)propyl]-ethylenediamine (TPED)
containing amino functional groups. The pH effect, adsorption
isotherm, adsorption kinetic, and recycling efficiency of this mag-

dx.doi.org/10.1016/j.jhazmat.2010.10.022
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:cschiou@niu.edu.tw
dx.doi.org/10.1016/j.jhazmat.2010.10.022


ous M

n
d

2

2

i
w
(
C
c
f
a

2

fi
U
b
a
w
S
m
U
u
A
b
a
e

2

2

n
w
b
w
t
p
m
s
a
s
a
d
i
d
t

2

(
t
a

Y.-F. Lin et al. / Journal of Hazard

etic adsorbent were examined using copper ions and anionic azo
ye (Reactive Black 5, RB5) as the model contaminants.

. Materials and methods

.1. Materials

Magnetite (Fe3O4, particle size <5 �m), Reactive Black 5 (RB5,
ts molecule structure is shown in Fig. 1) and sodium silicate

ere purchased from Sigma–Aldrich (St. Louis, MO, USA). N-[3-
trimethoxysilyl)propyl]- ethylenediamine, (TPED, C8H22N2O3Si),
u(NO3)2·3H2O, and 4-nitrobenzaldehyde of high quality were pur-
hased from Acros Organics (Belgium, USA) and used without any
urther purification. All other chemicals were of the reagent grade
nd were supplied by several suppliers.

.2. Instruments

The functional groups of the synthesized adsorbents were con-
rmed using an FTIR spectrometer (Spectrum 100, PerkinElmer,
SA). The specific surface area and pore diameter of the adsor-
ents were measured by the BET method using a particle size
nalyzer (ASAP 2000C, Micromeritics, USA). The magnetic behavior
as analyzed using a vibrating sample magnetometer (VSM, Lake

hore 7407, Lake Shore, USA). The crystal lattice structure of the
aterial was determined by XRD (Theta Probe, Thermo Scientific,
K). The concentration of metal ions in the solution was analyzed
sing a flame atomic absorption spectropotometer (AA932, GBC,
ustralia). The absorbance intensity of RB5 at the maximum visi-
le absorbance wavelength (A�max at 595 nm) was measured using
spectrophotometer (Lambda 25, PerkinElmer, USA) and used to

stimate the adsorption efficiency.

.3. Synthesis of adsorbents

.3.1. Silica-coated magnetite (SiO2/Fe3O4)
A total of 1.08 L of an aqueous solution containing 20 g of mag-

etite (Fe3O4) particles was held in a 2-L beaker at 90 ◦C; its pH
as maintained at 9.5 with 0.1 N NaOH, while it was being stirred

y a mechanic stirrer. An appropriate amount of sodium silicate
as dissolved in 100 mL of deionized water, and the resulting solu-

ion was mixed with the above aqueous solution of magnetite. The
H of this mixture was adjusted to 6 by using 5 N H2SO4, and the
ixture was then maintained at 90 ◦C for 30 min under mechanical

tirring [28]. Silica coating was applied by the aggregation of silicic
cid monomer to form a gel by titration of the silicate solution with
ulfuric acid [29]. Finally, the reacted magnetite were collected by
pplying external magnetic force and washed several times with
eionized water until the pH of the water collected after wash-

ng the adsorbents became ∼7. The prepared SiO2/Fe3O4 was then
ried at 105 ◦C for 8 h and stored in desiccators until further use in
he following experiments.
.3.2. Amine-modified silica magnetite (NH2/SiO2/Fe3O4)
Ten grams of the prepared SiO2/Fe3O4 was reacted with N-[3-

trimethoxysilyl)-propyl]ethylenediamine in 500 mL of refluxing
oluene under N2 for 24 h. The resulting adsorbent was filtrated
nd washed by soxlet extraction with ethanol, and then these syn-

Fig. 1. The molecular structure of RB5 with m
aterials 185 (2011) 1124–1130 1125

thetic adsorbents was followed by drying at 60 ◦C in vacuum. The
dry adsorbent was stored in a sealed bottle for further use.

2.4. Adsorption experiments

Adsorption of Cu2+ and RB5 from aqueous solutions was inves-
tigated in batch experiments. Effects of pH (2.0–12.0), kinetic
experiments (0–5 h), adsorption isotherm (initial concentration
25–125 mg L−1 for Cu2+, and 500–1000 mg L−1 for RB5), and ther-
modynamic studies (298–328 K) on adsorption were studied. All
the adsorption isotherm experiments were carried out at 298 K, in
which pH was maintained at a constant value during the whole
reaction time, the adsorbent concentration was kept constant at
0.5 g in a 50-mL solution, the equilibrium time was considered as
24 h. After adsorption reached the equilibrium, the adsorbent was
separated via an external magnetic field. The concentrations of Cu2+

ions and RB5 in the aqueous solution were analyzed using flame
atomic absorption and visible absorption, respectively.

2.5. Desorption experiments

The experiments for desorption efficiency were carried out with
HNO3 or NaOH solutions in the concentration range of 0.01–2 M.
A 0.5 g amount of the NH2/SiO2/Fe3O4 adsorbent adsorbed with
copper ions or RB5 were placed into 100 mL of a HNO3 or NaOH
solution with thermostatic shaking and the desorption was allowed
for a time period up to 24 h. The desorption efficiency (DE) was
determined from the following equation:

DE = C × V

q × m
× 100%,

where C (mg L−1) is the concentration of copper ions or RB5 in the
desorption solution, V is the volume of the desorption solution, q
(mg g−1) is the amount of copper ions or RB5 adsorbed on the adsor-
bents before desorption experiment, and m (g) is the amount of the
adsorbent used in the desorption experiments.

3. Results and discussion

3.1.1. Characterization of magnetic adsorbent

3.1.1.1. FTIR
The FTIR spectra of Fe3O4, SiO2/Fe3O4, and the prepared mag-

netic amine adsorbent (NH2/SiO2/Fe3O4) are shown in Fig. 2. The
figure exhibits two basic characteristic peaks of these three adsor-
bents at about 3300 cm−1 (O–H stretching) and 550 cm−1 (Fe–O
vibration), which were attributed to the presence of FeOH in Fe3O4
[26]. The peaks at 1100 cm−1 were attributed to the Si–O–Si bond
stretching of SiO2/Fe3O4 and NH2/SiO2/Fe3O4 [30,31]. This result
confirms that SiO2 was successfully coated on Fe3O4. Further, in
Fig. 2, the peaks of NH2/SiO2/Fe3O4 are located at 1496 cm−1 (C–H
stretching) and 1643 cm−1 (N–H bending); these peaks indicated
that TPED had been bonded with the surface of SiO2/Fe3O4. Amine

compound also possesses a characteristic peak around 3300 cm−1

(N–H stretching) in an IR spectrum, but this peak was interfered
from O–H stretching absorbance. In addition, the characteristic
peaks of C–H stretching and N–H bending for the synthesized
NH2/SiO2/Fe3O4 were too weak to be observed clearly. Therefore,

olecular formula of C26H21N5O19S6Na4.
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Table 1
The Brunauer–Emmett–Teller surface area of Fe3O4, SiO2/Fe3O4, and
NH2/SiO2/Fe3O4.

Magnetic catalyst Surface area (m2 g−1)

poration of a NH2/SiO2 shell. A decrease in Ms from 61.8 emu g
Fig. 2. FTIR spectra of Fe3O4, SiO2/Fe3O4, and NH2/SiO2/Fe3O4.

nother analytical method, UV absorbance, was employed to prove
hat the amine group had bonded on the surface of SiO2/Fe3O4.

.1.1.2. UV absorbance
The amine groups anchored on the support surface could be

etermined by a UV colorimetric method that involved their reac-
ion with a UV-sensitive reagent (4-nitrobenzaldehyde) [32]. This
eaction between amine and aldehyde groups under anhydrous
onditions generates an imine group that may be hydrolyzed back
o the precursors in a known volume of water to produce 4-
itrobenzaldehyde whose absorbance (282 nm) can be measured
y UV spectroscopy. The number of hydrolyzed aldehyde molecules

s proportional to the number of imine molecules present. Fig. 3
hows the results of colorimetric analyses performed on Fe3O4,
iO2/Fe3O4, and NH2/SiO2/Fe3O4. It is clear that the UV absorbance
t a wavelength of 282 nm in the case of NH2/SiO2/Fe3O4, contain-

ng an amine group, was larger than that in the case of Fe3O4 and
iO2/Fe3O4. The UV absorbances of Fe3O4 and SiO2/Fe3O4, without
n amine group, were almost zero. These results also confirmed that
he surface of the synthesized NH2/SiO2/Fe3O4 had been modified
ith amine group.
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ig. 3. The results of UV colorimetric analyses of amine groups with 4-
itrobenzaldehyde performed on Fe3O4, SiO2/Fe3O4, and NH2/SiO2/Fe3O4. UV
bsorbance at wavelength 282 nm.
Fe3O4 18.06
SiO2/Fe3O4 114.02
NH2/SiO2/Fe3O4 72.89

3.1.1.3. BET, XRD, VSM
BET surface area measurements indicated that compared to the

Fe3O4 core, the surface area of SiO2/Fe3O4 significantly increased
from 18.06 m2 g−1 to 114.02 m2 g−1 (Table 1). The SiO2 film coated
on the Fe3O4 surface with sodium silicate underwent polymeriza-
tion at a suitable solution pH value owing to the silicate [29], and
the resulting SiO2 polymer wrapped the core (Fe3O4). When the
SiO2-coated Fe3O4 substrate was dried, the porosity of the surface
increased, thereby increasing the surface area. As shown in Table 1,
when SiO2/Fe3O4 was modified with the amine group, the BET sur-
face area decreased to 72.89 m2 g−1. This decrease in the surface
area may be attributed to the possibility that the SiO2 pore was
partially covered by the modified amino compound (TPED).

According to the database of Joint Committee on Powder Diffrac-
tion Standards (JCPDS), the XRD pattern of a standard Fe3O4 crystal
with spinel structure has six characteristic peaks at 2� = 30.1◦, 35.5◦,
43.1◦, 53.4◦, 57.0◦, and 62.6◦ that are attributed to the (2 2 0), (3 1 1),
(4 0 0), (4 2 2), (5 1 1), and (4 4 0) phases of Fe3O4, respectively. It is
apparent that as shown in Fig. 4, the analysis results of the starting
material Fe3O4, SiO2/Fe3O4, and NH2/SiO2/Fe3O4 fitted the pattern
exhibited by standard magnetite. Therefore, it can be concluded
that the magnetite modified with SiO2 and TPED is also of spinel
structure and that the modification does not cause a phase change
in Fe3O4. Furthermore, since the SiO2 coating and TPED were amor-
phous, new peaks attributable to these groups could not be detected
in the XRD analysis.

The magnetic properties of the NH2/SiO2/Fe3O4 and Fe3O4 cores
were measured by VSM and are shown in Fig. 5. The mass saturation
magnetization (Ms) of Fe3O4 was found to be 61.8 emu g−1, which is
in good agreement with the value in literature [33]. The plots shown
in Fig. 5 exhibited a change in Ms of the particles after the incor-

−1
to 57.2 emu g−1 was observed in the case of NH2/SiO2/Fe3O4. This
decrease was ascribed to the contribution of the nonmagnetic
NH2/SiO2 shell to the total mass of the particles. This observation
is similar to that made in another study, wherein the attached gold

Fig. 4. The XRD spectra of Fe3O4, SiO2/Fe3O4, and NH2/SiO2/Fe3O4.
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ig. 5. Magnetization versus applied magnetic field for Fe3O4 and NH2/SiO2/Fe3O4.

hell was found to lower the saturation magnetization of magnetite
articles [34]. The results in Fig. 5 also indicated that the prepared
articles exhibited a paramagnetic behavior at room temperature
35,36].

.2. Effect of pH on adsorption of copper ions and RB5

Fig. 6 shows the performance of the NH2/SiO2/Fe3O4 adsorbent
n adsorbing copper ions and RB5 at different solution pH values,
nd reveals that the adsorption behavior of NH2/SiO2/Fe3O4 with
u2+ and RB5 is strongly pH-dependent. The amine groups (–NH2)
f NH2/SiO2/Fe3O4 will be protonated (NH3

+) or not depending on
he pH values of the solution. The amine forms of NH3

+ and NH2
ill attract anions [37] and cations [38], respectively. At solution pH

, the adsorption efficiency of Cu2+ by NH2/SiO2/Fe3O4 was nearly
ero, but for RB5, it was the highest. At low solution pH values, a
elatively high concentration of protons would strongly compete
ith copper ions for amine sites, so that the adsorption of cop-
er ions was significantly decreased. Furthermore, the protonation
f the amine groups would lead to strong electrostatic repulsion

f the copper ions to be adsorbed. As a result, it became difficult
or the copper ions to come into close contact with the adsorbent
urface and be adsorbed on it; this resulted in poor adsorption
erformance for Cu2+ at solution pH 5 3. On the other hand, the

pH
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ig. 6. Effect of solution pH values on copper ion adsorption on the NH2/SiO2/Fe3O4

dsorbent. Experimental conditions: initial concentrations of Cu2+ and RB5
ere 100 mg L−1 and 500 mg L−1, respectively, NH2/SiO2/Fe3O4 10 g L−1, reaction

ime = 24 h, temperature (T) = 298 K. The pH value of the solution was controlled
y adding 0.1 N HNO3/NaOH.
aterials 185 (2011) 1124–1130 1127

protonated amines possess a strong electrostatic attraction to RB5,
which leads to a high adsorption capacity. For RB5 adsorption, the
optimum pH is 3. The adsorption capacity decreased when the solu-
tion pH was below 3, which may be attributed to the fact that the
anionic groups and sulfonate groups were surrounded by protons,
which inhibited the attraction between the amine adsorbent and
the azo dyes.

At higher solution pH values of 4–6 (lower proton concentra-
tions), as regards the copper ions, the competition between protons
and copper ions for the amine groups became less significant, and
more of the amine groups existed in their neutral form, which
reduced the electrostatic repulsion of the copper ions. Furthermore,
the unpaired electrons of the amine groups could also create coor-
dinate bonds with the copper ions. More copper ions could thus
be adsorbed onto the surfaces of NH2/SiO2/Fe3O4, resulting in the
observed increase in Cu2+ adsorption on the adsorbent. With regard
to RB5, at higher solution pH, less protons will be available to pro-
tonate the amine groups (–NH2) of NH2/SiO2/Fe3O4 to form NH3

+,
thereby decreasing the electrostatic attractions between negatively
charged dye anions [37]; this decrease is attributed to the lower
degree of adsorption.

Fig. 6 indicates the complete removal of Cu2+ from the solution
when the solution pH value exceeded 6.5. This took place because
Cu2+ began to precipitate as Cu(OH)2. Therefore, copper ions were
removed by both adsorption and precipitation when the solution
pH value exceeded 6.5 [39]. With increasing solution pH, the quan-
tity of protonic amine groups decreased, which is attributed to
the lower adsorption capacity of the amine magnetic adsorbent in
relation to RB5.

As a result, the optimum pH values for Cu2+ and RB5 adsorption
were found to be in the pH range of 5–6 and 3, respectively, and all
further adsorption experiments were carried out at solution pH 5.5
for Cu2+, and pH 3 for RB5.

3.3. Adsorption isotherms of copper ions and RB5

Adsorption isotherms indicate how the adsorbates, Cu2+ and
RB5, interact with adsorbents and how adsorption uptakes vary
with adsorbate concentrations at given pH values and tempera-

tures. The data equilibrium isotherms for the adsorption of copper
ions and RB5 by NH2/SiO2/Fe3O4 are listed in Table 2, and they are
fitted by Langmuir and Freundlich isotherm equations [40,41]. The

Table 2
Adsorption isotherm results for copper ion and RB5 adsorption on the
NH2/SiO2/Fe3O4 adsorbents at solution pH value = 5.5 for Cu2+ (A), and pH value = 3.0
for RB5 (B), NH2/SiO2/Fe3O4 10 g L−1, reaction time = 24 h, temperature (T) = 298 K.

Initial concentration Cu2+

(mg L−1)
Equilibrium concentration
(Ce, mg L−1)

Adsorption
quantity (mg g−1)

(A)
25 1.21 2.38
50 3.39 4.66
75 6.12 6.89

100 19.06 8.09
125 34.76 9.02

Initial concentration RB5
(mg L−1)

Equilibrium concentration
(Ce, mg L−1)

Adsorption
quantity (mg g−1)

(B)
500 40 115
600 55 136
700 92 152
800 126 169
900 192 177

1000 207 198
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Table 3
Parameter values of the different types of adsorption isotherm models fitting to the
experimental results in Table 2 for copper ion and RB5, respectively, adsorption on
the NH2/SiO2/Fe3O4 adsorbents.

Langmuir Freundlich

Qm (mg g−1) KL (L mg−1) R2 n KF R2
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Fig. 7. Dependence of adsorption of Cu2+ and RB5 by NH2/SiO2/Fe3O4 on time at
−1 −1

T
P

Cu2+ 10.41 0.0376 0.9956 2.63 1.53 0.8906
RB5 217 0.000744 0.9711 3.47 5.03 0.9596

angmuir equation can be expressed as follows:

Ce

qe
= Ce

qm
+ 1

qmKL
(1)

here qe is the equilibrium adsorption capacity of copper ions
n the adsorbent (mg g−1); Ce, the equilibrium copper ion con-
entration in solution (mg L−1); qm, the maximum capacity of the
dsorbent (mg g−1); and KL, the Langmuir adsorption constant
L mg−1). The linear form of a Freundlich equation can be repre-
ented as follows:

og qe = log KF + 1
n

log Ce (2)

here qe and Ce are defined as above, KF is the Freundlich constant
L mg−1), and n is the heterogeneity factor.

Table 3 lists the values of qm and KL, as determined from the
lope and intercept of the linear plots of Ce/qe versus Ce, and the
alues of KF and 1/n, as determined from the slope and intercept
f the linear plot of ln qe versus ln Ce. The resulting correlation
oefficients listed in Table 3 reveal that the data were fitted better
y the Langmuir equation than by the Freundlich equation for both
u2+ and RB5. Fitting of the Langmuir isotherm indicates monolayer
overage of these two adsorbates on the surface of NH2/SiO2/Fe3O4
uring adsorption. The maximum monolayer copper uptake (qm)
as found to be 10.41 mg g−1 for Cu2+ and 217 mg g−1 for RB5.

.4. Adsorption kinetics

Fig. 7 shows the effect of contact time on the adsorption of Cu2+

nd RB5 by NH2/SiO2/Fe3O4 from a solution at a temperature of
5 ◦C. The term C/C0 on the vertical axis of Fig. 7 denotes residual
oncentration versus initial concentration of the target compounds.
he adsorption occurred rapidly during the early stages of the
dsorption reaction for both Cu2+ and RB5, which was probably due
o the abundant availability of active sites on the adsorbents. How-
ver, with a gradual decrease in the number of active sites in the
ulk solution, the adsorption reaction became slower. The adsorp-
ion of Cu2+ and RB5 at other temperatures, i.e., 40 ◦C and 55 ◦C,

evealed phenomena similar to those at 25 ◦C.

Adsorption kinetic data are often analyzed using two com-
only used kinetic models, namely, the pseudo-first-order and

seudo-second-order kinetic models, which can be expressed in

able 4
arameter values of the kinetics models fitting to the experimental results in Fig. 7 for co

Treatments R2

1st order

Temperature Cu2+
25 ◦C 0.964
40 ◦C 0.976
55 ◦C 0.882

Temperature RB5
25 ◦C 0.981
40 ◦C 0.948
55 ◦C 0.788
298 K. Experimental conditions: CRB5,0 = 500 mg L , NH2/SiO2/Fe3O4 10 g L , pH 5.5
for Cu2+, pH 3 for RB5. The pH value of the solution was controlled by adding 0.1 N
HNO3/NaOH.

their linearized forms as Eqs. (3) and (4), respectively [42]:

log(qe − qt) = log qe − k1

2.303
t (3)

t

qt
= 1

k2q2
e

+ 1
qe

t (4)

where qt (mg g−1) is the adsorption uptake at time t (min); qe

(mg g−1) is the adsorption capacity at adsorption equilibrium; and
k1 (min−1) and k2 (g mg−1 min−1) are the kinetic rate constants
for the pseudo-first-order and the pseudo-second-order models,
respectively. The adsorption kinetic data at different temperatures
were fitted to Eqs. (3) and (4), and the calculated model parame-
ters are listed in Table 4. The results (the correlation coefficients
R2 listed in Table 4) clearly indicate that the adsorption kinet-
ics closely followed the pseudo-second-order kinetic model rather
than the pseudo-first-order kinetic model, which suggests that the
adsorption process was quite rapid and was probably dominated
by a chemical adsorption phenomenon. Moreover, the temperature
dependence of the kinetic parameter k2 in Table 4 can be described
by the Arrhenius equation (Eq. (5)).

ln k = ln A − Ea

RT
(5)

where A, Ea, T, and R are the frequency factor, activation energy,

temperature (K), and gas constant, respectively. By plotting ln k2
against 1/T (1/K), the reaction temperatures are determined to be
298 K, 313 K, and 328 K, which give Ea values of 26.92 kJ mol−1 for
Cu2+ and 12.06 kJ mol−1 for RB5.

pper ions and RB5 adsorption on the NH2/SiO2/Fe3O4 adsorbent.

Rate constants Activated energy

2nd order k2 (g mg−1 min−1) Ea (kJ mol−1)

0.991 0.0010
0.996 0.0018 26.92
0.994 0.0029

0.997 0.000484
0.997 0.000598 12.06
0.995 0.000756
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ig. 8. Desorption efficiency of copper ions and RB5 from the NH2/SiO2/Fe3O4 adsor-
ent in solutions with different HNO3 (for Cu2+)/NaOH (for RB5) concentrations.
xperimental conditions: NH2/SiO2/Fe3O4 5 g L−1, reaction time = 24 h, T = 298 K.

.5. Desorption and repeated use

Good desorption performance of an adsorbent is an important
actor necessary for its potential practical application. The results
hown in Fig. 6 reveal that the NH2/SiO2/Fe3O4 adsorbent did
ot significantly adsorb copper ions or RB5 at pH < 3 or pH > 10,
espectively, which suggests that the adsorbed copper ions and
B5 could possibly be desorbed in a solution with such pH values.
herefore, HNO3 and NaOH solutions with different concentrations
ere examined in a desorption study. Fig. 8 shows the desorp-

ion efficiency obtained at various HNO3/NaOH concentrations in
esorption solutions. It is interesting to note that the maximum
esorption efficiency was achieved at an HNO3 concentration of
.1 M, and any higher or lower HNO3 concentrations resulted in

ower desorption efficiencies. In order to explain this, one may
ssume that the reactions taking place in acidic desorption solu-
ions can be given by the following equations [43]:

iO2/Fe3O4 − NH2· · ·Cu2+ + H+ ⇔ SiO2/Fe3O4 − NH+
3 + Cu2+ (6)

iO2/Fe3O4 − NH2 + H+ ⇔ SiO2/Fe3O4 − NH+
3 (7)

In a solution with an HNO3 concentration that exceeds 0.1 M,
he high concentration of H+ will shift both Eqs. (6) and (7) toward
he right-hand side and more SiO2/Fe3O4 − NH+

3 will be gener-
ted. However, the generation of SiO2/Fe3O4 − NH+

3 will favor the
everse reaction of Eq. (6) to the left-hand side, thus hindering the
esorption of copper ions from an adsorbent. Therefore, when the
oncentration of HNO3 in the desorption solution exceeded 0.1 M,
he reverse reaction in Eq. (6) actually began to hinder the des-
rption of copper ions from the adsorbents, resulting in reduced
esorption efficiency. On the other hand, a concentration lower
han 0.1 M HNO3 (lower H+ concentration) in the desorption solu-
ion may be insufficient to drive the reaction in Eq. (6) to the
ight-hand side for the desorption of copper ions, thus leading to
he observed desorption efficiencies that were lower than that at a
.1 M HNO3 concentration.

With regard to RB5 desorption, it is also interesting to note that
he maximum desorption efficiency was achieved at an NaOH con-
entration of 0.05 M, and any higher or lower NaOH concentrations

esulted in lower desorption efficiencies. The reason for this is sim-
lar to the former explanation of Cu2+ desorption from a magnetic
dsorbent. In a solution with an NaOH concentration that exceeds
.05 M, the high concentration of OH− will shift both Eqs. (8) and
9) toward the right-hand side and more SiO2/Fe3O4 − NH2 will be

[

[
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generated. However, the generation of SiO2/Fe3O4 − NH2 will favor
the reverse reaction of Eq. (9) to the left-hand side, thus hindering
the desorption of RB5from an adsorbent.

SiO2/Fe3O4−NH+
3 · · ·RB5 + OH− ⇔ SiO2/Fe3O4 − NH2 + RB5 + H2O

(8)

SiO2/Fe3O4 − NH+
3 + OH− ⇔ SiO2/Fe3O4 − NH2 + H2O (9)

In order to determine the reusability of NH2/SiO2/Fe3O4,
adsorption–desorption cycles were repeated three times using the
same amine magnetic adsorbent. The adsorption capacity for Cu2+

and RB5 of the recycled NH2/SiO2/Fe3O4 exhibited a loss of approx-
imately 13.6% and 15.7%, respectively, in the third cycle.

4. Conclusions

Amine-functionalized silica magnetite, NH2/SiO2/Fe3O4, has
been synthesized using TPED as the surface modification agent;
TPED behaves as an anionic or cationic adsorbent depending on
the pH value of the aqueous solution, making the amino groups
protonic or neutral, respectively. In a batch system, the optimum
solution pH for Cu2+ and RB5 adsorption by NH2/SiO2/Fe3O4 was
found to be 5.5 and 3, respectively. The adsorption behavior of
Cu2+ and RB5 adsorption by NH2/SiO2/Fe3O4 were in good agree-
ment with the Langmuir adsorption isotherm, and the maximum
adsorption capacity (qm) of Cu2+ and RB5 were 10.41 mg g−1 and
217 mg g−1, respectively. Since magnetic adsorbent is a potential
water treatment method, the results of this study will be helpful in
the development of amino-group-containing magnetic adsorbents
that can be used to remove anionic and cationic groups in aqueous
solution.
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