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ABSTRACT: A 1,1-Dimethylbiguanide-functionalized magnetic mesoporous silica material (called
Fes04/mSiO,-Met), was synthesized and deter mining its efficiency in copper removal from aqueous solutions
with the study the effect of pH, contact time, initial concentration of Cu (I1) ions and adsorbent dosage in a
batch system was investigated. The materials were characterized by X-ray diffraction, TEM, Fe-SEM, N2
adsor ption-desorption (BET and BJH), VSM, and FT-IR. The experimental data were analyzed using the
Langmuir and Freundlich models of adsorption. The results showed that the adsorption of Cu ions by
adsorbent were suitable for Freundlich adsor ption isotherm. Adsorbent could be efficiently separated by an
external magnetic field from the reaction medium. Furthermore, results showed that adsorbent could be
regenerated using HNO3; 1 M and used for 4 sequential cycles of adsor ption/desor ption experiments, without

significant loss of removal efficiency.
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INTRODUCTION

Toxic heavy metals such as Cu(Il), Pb(ll) and Cd(l1) in
liquid effluents have been caused as a result of an
exponential increase in the use of heavy metas in
industrial processes and products. Exposure to elevated
levels of heavy metals can directly cause various
adverse health effects to humans by impairing mental
and neurological functions (Jarup 2003, Ngah et al.,
2004, Atia et al., 2005, Chang et al., 2006). Some
general techniques for heavy metals remova are
precipitation, ion exchange (Vilensky et al., 2002,
Plazinski and Rudzinski 2009), reverse 0SmoSis,
membrane separation and adsorption (Yu et al., 2000,
Hasan et al., 2009). Among them, adsorption is the
most promising and frequently used technique owing to
its convenient application and superior efficiency
(Demirbas 2008, Ngah et al., 2011).

Mesoporous materials, having large surface area and,
high pore volumes, have been extensively studied for
its broad applications in many areas, such as catalysis,
sensors, controlled-release  delivery system, and
separation (Kresge et al., 1992, Giri et al., 2005,
Alizadeh et al., 2012a, Ahmadi et al., 2014). Magnetic
iron oxides such as magnetite (FesO4) and maghemite
(y-Fe;03) have been investigated intensively for
environmental and bio-applications. Fe;04

nanoparticles embedded in mesoporous materials is of
great interest for the development of high quaity
adsorbents combined with convenient separation using
an external permanent magnet (De et al., 2008, Liu et
al., 2008, Li et al., 2011, Beygzadeh et al., 2013).

In order to obtain specific adsorption and larger
capacity, modification with ligand, such as amines,
carbonates and organo sulfides on the surface of
mesoporous materials is necessary (Burleigh et al.,
2001, Liu, et al. 2008, Sepehrian et al., 2009, Wang et
al. 2010). Besides having two imine groups in cis
position, the biguanide group is an excellent ligand to
give highly colored chelate complexes of the transition
series, especially copper (I1), nickel (11), cobalt (11) and
platinum(l1) (Ray 1961, Zhu et al., 2002, Ansari et al.,
2010).

In previous our papers, we have synthesized a novel
bi guanide-functionalized Fe;0,/Si0, magnetite
nanoparticle with a core-shell structure for utilization as
a heterogeneous catalyst and nano-enhanced
membranes in water treatment (Alizadeh, et al. 20123,
Beygzadeh, et al. 2013, Ghaemi, et al. 2015). In
continuing of this study, a novel magnetic mesoporous
silica  adsorbent  functionalized  with 1,1-
Dimethylbiguanide (Fes0/mSiO,-Met) was devel oped
and used for copper ions removal.
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MATERIAL AND METHODS

A. Chemicals and characterization

FeCl,-4H,0, FeCl3-6H,0, ammonium hydroxide (28%
NH; in water), tetraethylorthosilicate (TEOS), 3-
chloropropyl-trimethoxysilane (CPTS) and solvents
were purchased al from Merck. IR spectra were
determined on a Brucker V33 instrument. X-ray
powder diffraction patterns were obtained on X'pert
MPD Philips DW371. The specific surface area (BET
method), the total pore volume and the mean pore
diameter (BJH method) were measured using a N,
adsorption-desorption isotherm by using a Belsorp-
Mini I1, Gemini 2375 (Bel Japan Inc.).

Synthesis of Fe;04/mSiO,. First, Fe;0, magnetic fluid
(about 2.0 wt%) was prepared according to previously
reported (Alizadeh et al., 2012b). Following the Stéber
method with some modifications, 2 mL of above
magnetic fluid, 20 mL of H,O and 1.5 mL of ammonia
aqueous solution (28%) with ultrasonication for 20 min
were poured into 60 mL of ethanol with vigorous
stirring at 40°C. In the following, 20 mL of
tetraethylorthosilicate (TEOS) ethanol solution (TEOS
0.3 mL) was added into the above mixture within 1 h
using a dropping funnel. Three hours later, a 60 mL of
mixed solution containing the cetyltrimethylammonium
bromide (CTAB 036 g, 0.988 mmol) and
polyvinylpyrrolidone (PVP K30 0.05 g) was rapidly
transmitted into the above flask, and then 10 mL
ethanol solution of TEOS (0.35 mL) was dropped into
the flask within 0.5 h. After reaction for 3 h, the product
was collected by magnetic separation and washed with
ethanol and deionized water in sequence. In order to
remove the template CTAB, the Fe;04/mSO,
nanoparticles were refluxed in a mixture (30 mL of
ethanol and 0.25 mL of 12 M concentrated HCI) at
40°C for 3 h, and then final obtained product was
vacuum dried at 50°C.

Synthesis of Fe;0,/mSiO,-Met. First, a mixture of
Fe;04/mSiO, (1 g) and 1 mL (5 mmol) of CPTSin 100
mL in dried toluene was stirred for 18 h at 60°C. The
obtained magnetic solid (FesO4/mSIO,-Cl) was
separated by a magnet, washed with toluene and dried
in vacuum. Then, the prepared Fes0,/mSO,-Cl (1 g)
and Kl (1.66 g, 10 mmol) were added to a solution of
metformin hydrochloride (0.21 g, 5 mmol) and K,COs
(10 mmoal, 1.38 g) in acetonitrile (50 mL) in a round-
bottom flask and the mixture was stirred under reflux
condition for 5 hrs. The obtained solid was then
magnetically collected from the solution and washed
copiously with water/ethanol followed by drying at 80
°Cfor 6 hrs.

B. Adsorption procedure

Adsorption isotherms of Cu(ll), onto Fes0,/mSiO,-Met
nanoparticles were obtained from batch experiments by
placing various amount of Fe;0,/mSiO,-Met in 50 ml
cap polypropylene and metal ion solution 25 ml with
varying concentrations of copper ions. All experiments
was performed in 200 rpm stirring speed of tirrer at
20°C temperature. Fes0,/mSiO,-Met  nanoparticles
were magnetically separated from the aqueous solution
and the residual concentrations of metal ions in the
aliquot were determined by atomic absorption
spectroscopy (AAS) (Gbc 932 plus). The effect of pH
on the adsorption of Cu(ll) onto Fes0/mSiO,-Met was
investigated using solution of different pH 2-8 at 20°C
temperature. Metal solution at this pH was adjusted
using 0.IN HNO; and 0.1 NaOH. The equilibrium-
adsorbed concentration, g., was calculated according to
the equation:

(G —C)xV

a

M

where Cy (mg/l) istheinitial concentration of metal ion,
C. (mg/L) is the equilibrium concentration in solution,
V (L) is the total volume of solution, and M (g) is the
sorbent mass. The percentage removal of Cu(ll) ions
from the solution was calculated using the following
relationship:
(Co —C,)x100

Co
All the experiments were repeated three times, and the
reported val ues represent the averages.

R% =

C. Desorption and regeneration studies

To evaluate the reusability of the nanoadsorbent,
adsorption of Cu(ll) and regeneration of Cu-loaded
Fes0,/mSiO,-Met were performed in four consecutive
cycles. In each cycle, 0.30 mg/L Cu(Il) in 50 ml of
solution was mixed with 35 mg Fe;0,/SiO,-Met for 2 h.
The nanoadsorbent were separated magnetically and the
supernatant was subjected to Cu(ll) measurements. The
resultant Cu-loaded sorbent was mixed with 10 ml of 1
mol/L HNO; solution for 30 min. Prior to the next
adsorption desorption cycle, regenerated Fe;0,/mSiO,-
Met were washed thoroughly with deionized water till
pH = 6.

RESULTSAND DISCUSSION

A. Characterization of adsorbents (FesO/mS O,-Met)
Schematic steep of the reaction pathways and the
resulting products 1,1-Dimethyl biguanide-
functionalized magnetic Mesoporous silica
(Fes04/mSiO,-Met), are shown in Scheme 1.
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Scheme 1. Schematic procedures shown for the preparation of (Fe;O,/mSiO,-Met).

The XRD pattern of the prepared FesO, and
Fe;04/mSiO,-Met shown in Fig. 1. The pattern of the
synthesized Fe;O, is compatible results reported in the
literature. Considering Fig. 1(b), the presence of a
broad peak at 20-28 confirms formation of silica layer
without changing in the crystalline structure of the
Fe;0,4 (Yang, Hu and Fu 2009).

The TEM images of the Fe;O, nanoparticles are shown
in Fig. 2 (a), the average particle sizes of Fe;0, was
observed to be 10 nm. Moreover, Fig. 2 (b) shows SEM
microphotograph of Fe;0,/mSiO,-Met nanoparticles,
which proves the nanometric structure of particles.
Nitrogen adsorption isotherms, BET surface area and
pore volume of the synthesized FesO/mSO, and
Fe;0/mSiO,-Met  assessed from N, adsorption

isotherm at 196°C are presented in (Fig. 3, Table 1).
The illustrated isotherms for all materials were Type IV
with a H1 hysteresis loop, which is typical for
mesoporous materials with ordered pore structures.

SEM MAG: 50.0 kx
WDz 3.95 mm

After modification of FesO/mSiO,with biguanide, the
BET surface area, Total pore volume were decreased
due to presence of 1,1-Dimethylbiguanide
(Fe304/mSiO,-Met).
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Fig. 1. Powder X-ray diffraction (XRD) patterns of (a)
FesOy/citrate, (b) FesO,/mSiO.,.
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Fig. 2 (a) TEM image of Fe;0,/citrate (b) Fe-SEM image of Fes0/mSiO,-Met.
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Fig. 3. N, adsorption-desorption isotherms of Fes04/mSiO, and Fe;0,/mSiO,-Met.

Table 1: Thetextural parameters of Fe;0,4/mSiO,and Fes0O/mSiO,-Met.

Mean pore S, Total pore
Samples diameter (szTl) volume
(nm) ¢ (cm® g
Fe;0,/mSiO, 421 781 0.824
Fe;0,/mSiO,-Met 7.78 230 0.448
1,1-Dimethylbiguanide functionalization of The magnetic property of Fe0/mSiO,-Met

Fe;0,/mSiO, nanoparticles can be confirmed by FT-IR
spectra. Fig. 4(a) shows FT-IR spectrum of
Fe;0,/mSiO,, the sharp band at 1090 cm™ is due to Si-
O-Si antisymmetric stretching vibration, which proves
the existence of a SiO, layer around F;O, nanoparticles.
The observed peak at 1625 and 1475 cm™ in curves b
are attributed to C=N and and C-N stretching of
metformin. Appearance of such bands is in a good
agreement with the attachment of biguanide to the silica
structure (Gunasekaran et al., 2006).
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Fig. 4. FT-IR spectra of Fe;0,/mSiO, and
Fes0/mSiO,-Met.

nanoparticle was characterized by a vibrating sample
magnetometer (VSM) and Fig. 5 shows the typical
room temperature magnetization. The Ms of the
Fe;04/SiO,-Met nanocatalyst prepared in this study is
10 emu/g.
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Fig. 5. Hysteresisloop of the Fes0,/m SiO,-Met
nanoparticle at room temperature, separation from
suspension with an external magnetic field at 4 min
(inset).

B. Adsorption studies

Effect of pH. The effect of pH on the adsorption of
Cu(ll) ions onto Fes04/m SiO,-Met  was studied by
mixing 20 mg of adsorbent with 25 ml of Cu(ll)
solution (30 mg/l) for 2 hours at different pH value (2-
8). It is observed from Fig. 6 that the remova
efficiencies of Cu (1) increased with increasing pH and
maximum adsorption of Cu(ll) was obtained at pH 6.
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At high pH, the precipitation of copper in agueous
solution was observed (Chang and Chen 2005). The
effect of pH shows that sorption of Cu (Il) is more
favorable in acidic medium. At low pH values (acidic
medium), imine and amine groups present in biguanide
on surface of Fe;0,/m SiO,-Met nanoparticle, (Abu-El-
Wafaet al., 1987) protonated thus attract the number of
places for chelating metal cations is reduced, resulting
in positively charged due to the presence of the high
concentration of H+ ions.
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Fig. 6. Effect of pH on the removal of Cu(ll) using
Fe;0,/mSiO,-Met.

Effect of sorbent quantity. Fig. 7 shows the removal
of Cu(ll) ions by Fe0,/mSiO,-Met at different
adsorbent doses (5-80 mg) for the 25 ml of Cu(ll)
solution (40 mg/l) at pH 6 £ 0.2 for 2 hours. Increase in
adsorbent dosage increased the percent removal of ions,
which is due to the increase in the number of active
sites available in the adsorbent.
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Fig. 7. Effect of dosage on the removal of Cu(ll) using
Fe;0,/mSiO,-Met

Effect of contact time. The effect of contact time on
the adsorption of Cu(ll) ions onto Fe;0,/mSiO,-Met
nanoparticle for a fixed initial Cu(Il) concentration, 40
mg/L and 20 mg of adsorbent at pH 6 £ 0.2 is shown
inFig. 8.
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Fig. 8. Effect of contact time on the removal of copper
(1) ion using Fe30,/mSiO,-Met

Effect of initial Cu(ll) concentration. The effect of
the concentration of Cu(Il) ions onto Fe;0,/mSiO,-Met
nanoparticle was carried out by varying initial
concentrations (Cy Cu(ll)) from 20 mg/L to 100 mg/L,
pH = 6 £ 0.2. It is observed from Fig. 9. that the
percentage removal of Cu (I1) decreased from 90% to
40% by increasing the concentration from 20 mg/lit to
90 mg/lit respectively. This is because the sufficient
adsorption sites are available a low initia
concentration, but at higher concentrations due to the
saturation of absorption by material self-absorption,
decreased absorption efficiency.

1004

C 30 40 50 E0 70 &0 80
Concentration of Cu ion, mg/

Fig. 9. Effect of Initial Concentration on the removal of
Cu(Il) using Fes04/mSiO,-Met.

Adsorption model. Langmuir (Eg. 1), Freundlich (Eq
2) isotherm were plotted by using standard straight line
equation and corresponding two parameters for Cu(ll)
ion were calculated from their respective graphs.

1 1 1
a + (qmaxKL) c_e- Tmax (1)
Ing, =InKg +%ln Ce (2
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Oe is the amount of metal ions adsorbed per gram
adsorbent (mg/g), Ce is the equilibrium concentration of
metal ions (mg/l), gmax IS the maximum adsorption of
metal ions (mg/g) and KL (I/mg) is the Langmuir
adsorption equilibrium constant. KF and 1/n are the
Freundlich constants related to adsorption capacity and
adsorption intensity, respectively. The linearized
Langmuir and Freundlich isotherm are obtained for
copper ions and represented in (Figs 9, 10, Table 2).
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Fig. 9. Langmuir isotherm of adsorption of Cu(ll) onto
the Fes0,/mSiO,-Met.

It is evident from comparing R? values obtained from
Langmuir and Freundlich plots that the experimental
data perfect according to Freundlich isotherm (R* =
0.9963). The slope of isotherm (1/n=0.15), which was
between 0 and 1, indicated the heterogeneity of the
Fe;0/mSiO,-Met  nanoparticles  (Mishra,  Tiwari,
Dubey and Mishra 1998) Furthermore, large KF values
(23.78) indicated that the magnetic nano-adsorbent had
high adsorption capacity and high affinity for Cu(ll)
(Hirata, et al. 2002).

¥=3.18817 + 0.15085% . "
R = 09963 u
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Fig. 10. Freundlich isotherm of adsorption of Cu(ll)
onto the Fes0/mSiO,-Met.

Table 2: Adsorption isotherm parametersfor the Cu(l1) onto the Fe;0,/mSiO,-Met.

Langmuir parameters
Metal

KL (Umg) Orax(MQY/Q)

Freundlich parameters

R Ke (L/mg) n R

Cu(l) 1.414 39.74

0.856 23.78 6.63 0.996

Desorption and reuse study. In order to examine the
possibility of regeneration and reuse of the
Fe;04/mSiO,-Met  adsorbent, desorption experiments
were studied by mixing 35 mg of adsorbent with 25 ml
of Cu(ll) solution (30 mg/l) for 2 hours at pH= 6.

[} 1 2 3 4
Cycle number

Fig. 11. Removal of Cu(ll) using the regenerated
Fe;0,/mSiO,-Met in different cycles.

Cu-loaded adsorbent was regenerated using 1 M HNO;
solution and the regenerated adsorbent was reused in
four consecutive cycles (Fig. 11).

CONCLUSION
In this study, a novel biguanide-functionalized
mesoporous  Fes0/mSiO,-Met  nanoparticle  was

prepared for the adsorptive removal of Cu(ll) from
aqueous solutions. The equilibrium data of adsorption
demonstrated good compatibility with Freundlich
model. Furthermore, the magnetic adsorbent has large
pore volume, superparamagnetism and active
adsorptive sites that can be regenerated by simple
washing with acid solution and separated from the
reaction medium by the external magnetic field.
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