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a  b  s  t  r  a  c  t

Surface  engineered  magnetic  nanoparticles  (Fe3O4)  were  synthesized  by  facile  soft-chemical  approaches.
XRD and  TEM  analyses  reveal  the  formation  of  single-phase  Fe3O4 inverse  spinel  nanostructures.  The  func-
tionalization  of Fe3O4 nanoparticles  with  carboxyl  (succinic  acid),  amine  (ethylenediamine)  and  thiol
(2,3-dimercaptosuccinic  acid)  were  evident  from  FTIR  spectra,  elemental  analysis  and  zeta-potential
measurements.  From  TEM  micrographs,  it has  been  observed  that  nanoparticles  of average  sizes  about
10 and 6  nm  are  formed  in  carboxyl  and  thiol  functionalized  Fe3O4, respectively.  However,  each  amine
functionalized  Fe3O4 is  of  size  ∼40 nm  comprising  numerous  nanoparticles  of average  diameter  6  nm.
These  nanoparticles  show  superparamagnetic  behavior  at room  temperature  with  strong  field  dependent
magnetic  responsivity.  We  have  explored  the  efficiency  of these  nanoparticles  for  removal  of  toxic  metal

3+ 2+ 2+ 2+ 2+ 2+ 3+
oxic metal ions
acterial pathogens
aste-water

ions (Cr ,  Co , Ni , Cu , Cd , Pb and As ) and  bacterial  pathogens  (Escherichia  coli)  from  water.
Depending  upon  the surface  functionality  (COOH,  NH2 or  SH),  magnetic  nanoadsorbents  capture  metal
ions  either  by  forming  chelate  complexes  or ion exchange  process  or  electrostatic  interaction.  It has  been
observed  that the  capture  efficiency  of  bacteria  is  strongly  dependent  on  the  concentration  of  nanoad-
sorbents  and their  inoculation  time.  Furthermore,  these  nanoadsorbents  can  be  used  as  highly  efficient
separable  and  reusable  materials  for removal  of toxic  metal  ions.
. Introduction

Development of novel and cost-effective nanomaterials for envi-
onmental remediation, pollution detection and many others has
ttracted considerable attention in recent past. Contamination of
ater with toxic metal ions (Cr3+, Ni2+, Co2+, Cu2+, Cd2+, Ag+, Hg2+,

b2+ and As3+) and microorganisms (Escherichia coli (E. coli), Sarcina
utea (S. lutea) and Staphylococcus aureus (S. aureus)) is becoming

 severe environmental and public health problem [1,2]. In order
o achieve environmental detoxification, various techniques like
dsorption, precipitation, ion exchange, reverse osmosis, electro-
hemical treatments, membrane filtration, evaporation, flotation,
xidation and biosorption processes are extensively used [3–5].
mong these, adsorption is a conventional but efficient technique

o remove toxic metal ions and bacterial pathogens from water.
umerous adsorbents have been developed for the purification

f waste-water [6–8]. In most cases, these adsorbents are highly
orous materials, providing ample surface area for adsorption.
owever, the existence of intraparticle diffusion may  lead to the
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decrease in available space and adsorption capacity. Thus, the
development of efficient biocompatible adsorbent having large sur-
face area, active surface sites and low intraparticle diffusion rate is
of great significance in practical engineering applications.

Recently, magnetic nanoparticles (MNP) such as Fe3O4 and
�-Fe2O3 have been investigated to resolve various environmen-
tal problems, such as removing toxic metal ions and radioactive
elements, capturing of microbial pathogens and organic dyes,
accelerating the coagulation of sewage, and remediation of con-
taminated soils [9–13]. The magnetic nanoparticles possess high
surface area and optimal magnetic properties, which lead to high
adsorption efficiency, high removal rate of contaminants, and easy
and rapid separation of adsorbent from solution via magnetic
field. The magnetic nanoparticles can be reusable after mag-
netic separation by removing the adsorbed toxic contaminants
[10]. Furthermore, magnetic nanoparticles functionalized with
biorecognition molecules such as antibody, bioprotein and car-
bohydrates [14,15] or biocompatible organic/inorganic molecules
[16,17], polymers and dendrimers [17–19] are more effective since
the free functional groups present on the surface provide large
number of active sites as well as aqueous stability, which is neces-

sary for the successful adsorption of toxic metal ions and bacterial
pathogens [20,21]. In order to achieve this, new and effective aque-
ous stabilized surface engineered/surface functionalized magnetic
nanoparticles with low regeneration cost are needed. However, the

dx.doi.org/10.1016/j.jhazmat.2011.06.074
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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esearch in this area is in its nascent stage and detail investigations
re required to establish the large scale purification of water in real
ife.

Herein, we have prepared aqueous stable carboxyl (succinic
cid), amine (ethylenediamine) and thiol (2,3-dimercaptosuccinic
cid) functionalized Fe3O4 MNP  and investigated their efficiency for
he simultaneous removal of multiple toxic metal ions (Cr3+, Co2+,
i2+, Cu2+, Cd2+, Pb2+ and As3+) as well as bacterial pathogens (E.

oli) from water. In addition, we have also investigated the possi-
ility to reuse these magnetic nanoadsorbents in succeeding cycles
or removal of toxic metal ions.

. Experimental

.1. Preparation and characterization of surface engineered
agnetic nanoparticles

Three different synthesis methods were used in preparing
urface engineered Fe3O4 MNP. The aqueous stable carboxyl func-
ionalized Fe3O4 magnetic nanoparticles (carboxyl MNP) were
btained by co-precipitation method. In a typical synthesis, 5.406 g
f FeCl3, 6H2O and 1.988 g of FeCl2, 6H2O were dissolved in
0 ml  of water in a round bottom flask and temperature was
lowly increased to 70 ◦C in refluxing condition under nitrogen
tmosphere with constant mechanical stirring at 1000 rpm. The
emperature was maintained at 70 ◦C for 30 min  and then 20 ml  of
5% ammonia solution was added instantaneously to the reaction
ixture, and kept for another 30 min  at 70 ◦C. Then, 4 ml  aqueous

olution (0.3 gm/ml) of succinic acid (SA) was added and temper-
ture was slowly raised up to 90 ◦C under reflux and reacted for
0 min  with continuous stirring. The obtained black coloured pre-
ipitates were then thoroughly rinsed with water and separated
rom the supernatant using a permanent magnet.

The aqueous stable amine functionalized Fe3O4 magnetic
anoparticles (amine MNP) were obtained by a single step pro-
ess through thermal decomposition of Fe-chloride precursors in
resence of sodium acetate and ethylenediamine (EDA) in ethy-

ene glycol medium as discussed elsewhere [22]. The aqueous
table thiol functionalized Fe3O4 magnetic nanoparticles (thiol
NP) were prepared by a two step process. The Fe3O4 nanopar-

icles were first prepared by thermal decomposition of iron (III)
cetylacetonate in presence of dodecylamine, lauric acid and 1,2-
exadecanediol surfactants in benzyl ether medium at elevated
emperature as discussed elsewhere [16]. These nanoparticles are
oated with lauric acid and dodecylamine, and thus hydrophobic in
ature. In order to make them hydrophilic and biocompatible, thiol
roups (DMSA) were introduced onto the surface of nanoparticles
hrough a well-established ligand exchange process [16]. The detail
xperimental procedures for preparation of amine and thiol MNP
re described in Supplementary data.

X-ray diffraction (XRD) patterns were recorded on a PANalyti-
al’s X’Pert PRO diffractometer with Cu K� radiation. The infrared
pectra (3000–500 cm−1) were recorded on a Fourier transform
nfrared spectrometer (Magna 550 FTIR, Nicolet Instruments Corp.).
he transmission electron micrographs were taken by Philips CM
00 TEM. The elemental analyses were performed on Thermo
ennigan FLASH EA 1112 series CHNS(O) analyzer. The hydrody-
amic diameter and electrokinetic behavior (zeta-potential) were
etermined by dynamic light scattering (DLS) and zeta potential
nalyzer, respectively (Brookhaven Instruments Corp.). The field
nd temperature dependent magnetization measurements were

arried out by vibrating sample magnetometer (VSM-7410, Lake
hore). The temperature dependendent magnetization measure-
ents were carried out at a field of 100 Oe to determine the Curie

emperature (TC). The scanning electron micrographs were taken
aterials 192 (2011) 1539– 1547

by Hitachi S-3400N SEM. The elemental analysis and spectral map-
ping were carried out by using energy dispersive spectroscopy
(EDS) facility of Hitachi S-3400N SEM.

2.2. Removal of toxic metal ions by surface engineered magnetic
nanoparticles

In order to investigate the pH dependent removal efficiency
of toxic metal ions by surface functionalized Fe3O4 nanoparti-
cles, adsorption experiments were conducted by mixing 40 ml  of
waste-water containing different toxic metal ions (10.17 mg/L Cr3+,
15.75 mg/L Co2+, 25.13 mg/L Ni2+, 23.83 mg/L Cu2+, 47.8 mg/L Cd2+,
42.0 mg/L Pb2+ and 19.6 mg/L As3+) with 50 mg  of magnetic nanoad-
sorbents (carboxyl MNP, amine MNP  or thiol MNP) at different pH
(2–12). The pH of the reaction mixtures was adjusted with aque-
ous solution of HCl and NaOH. The above mixture was kept under
continuous shaking for 24 h at room temperature (30 ◦C). Further,
the adsorption experiments were carried out at pH 6 with varying
concentration of nanoadsorbent (50, 5 and 0.5 mg  of amine MNP
in 40 ml  of waste-water keeping all other parameters constant, i.e.
solid/liquid (S/L) ratio in the range of 10−3–10−5 g/ml) to investigate
the effect S/L ratio on adsorption efficiency metal ions.

For adsorption kinetic studies, 50 mg  of nanoadsorbents were
added to 40 ml  of prepared waste-water as described above. The
reaction mixtures were kept under continuous shaking for differ-
ent contact time at room temperature. The surface functionalized
Fe3O4 nanoparticles with adsorbed metal ions were separated
from the mixture by a permanent magnet. The concentrations of
metal ions were measured by inductively coupled plasma-atomic
emission spectrometer (ICP-AES, 8440 Plasmalab, Labtam). The
adsorption experiments were performed in triplicates and the aver-
aged values are reported here. The removal efficiency (%) and
equilibrium adsorbed concentration, q (mg/g) of metal ions were
calculated as follows:

Removal efficiency (%) = (Co − Ct)
Co

× 100 (1)

q = (Co − Ct) × V

M
(2)

where Co and Ct are the initial and residual concentration of metal
ions (mg/L) in aqueous solution, V is the total volume of solution
(L) and M is the adsorbent mass (g).

Further to examine the feasibility of recycling magnetic nanoad-
sorbents, desorption studies were performed at weak acidic
medium. In the desorption process, 50 mg  of used magnetic
nanoadsorbents (amine MNP  with adsorbed metal ions at pH 8)
were dispersed into 10 mL  of 0.1 M HCl by ultrasonication for
15 min. The above mixture was  further kept for 24 h at room
temperature for desorption of metal ions. The magnetic nanoadsor-
bents were thoroughly gathered once again by an external magnet
and washed with Milli Q water several times and reconditioned for
adsorption in succeeding cycles. The regenerated magnetic nanoad-
sorbents (amine MNP) were reused for adsorption of metal ions as
described above at pH 8. The desorption ratio of metal ions was
determined using the following equation:

Desorption ratio (%) =
(

Amount of desorbed metal ion
Amount of adsorbed metal ion

)
× 100 (3)

2.3. Capturing of bacteria by surface engineered magnetic
nanoparticles

The ability of surface engineered MNP  to capture bacterial

pathogens was  examined using E. coli BL-21 as a model microor-
ganism. E. coli pathogens were thawed on ice for 15 min before
being plated on an agar plate. The plate was dried before incuba-
tion for 16 h in a standard cell culture environment (5% CO2, 37 ◦C).
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 single colony of E. coli was selected using a loop and inoculated
nto centrifuge tubes containing 5 ml  of Luria Broth (LB). Bacteria in
entrifuge tubes were then incubated in cell culture environment
nder agitation at 250 rpm for another 12 h. At that point, the bac-
eria solution was diluted in LB to a desired optical density (0.1)
t 600 nm (OD600) using a UV–vis spectroscopy (GeneQuant 1300
pectrophotometer).

The different concentrations of nanoadsorbents suspended in
BS (0.05, 0.5, 1.0 and 2.0 mg/ml) were then added into the tube
ontaining bacterial solution, and the solution volume was fixed to

 ml.  A tube of bacteria without nanoadsorbents served as a con-
rol. The suspensions of nanoadsorbents were also added to tubes
ontaining only LB at the same concentration as above and this
erved as a particle control. The solutions were incubated by a
otary shaker at 250 rpm for a specific period (12 h and 24 h), then
n external magnet was used for magnetic separation. The super-
atant was used to measure its OD600. The capture efficiency of
acteria by nanoadsorbents was calculated from the decrease of
urbidity relative to the reference samples. For safety considera-
ions, all of the bacterial samples were placed in an autoclave at
20 ◦C for 20 min  to kill bacteria before disposal and all glassware

n contact with bacteria was sterilized before and after use.

. Results and discussion

.1. Structural/microstructural characterizations

XRD patterns of carboxyl MNP, amine MNP  and thiol MNP
Fig. S1 of Supplementary data) reveal the formation of single-phase
nverse spinel magnetite, Fe3O4 with lattice constant, a = ∼8.378 Å,

hich is very close to the reported value (JCPDS Card No. 88-0315,
 = 8.375 Å). From X-ray line broadening, the crystallite size of car-
oxyl MNP, amine MNP  and thiol MNP  are estimated around 10, 8
nd 6 nm,  respectively.

Fig. 1 shows TEM micrographs of (a) carboxyl MNP, (b) amine
NP  and (c) thiol MNP. TEM micrographs clearly show the for-
ation of roughly spherical nanoparticles of average size 10 nm

� < 10%) in carboxyl MNP  and highly monodisperse well-spherical
anoparticles of average size 6 nm (� < 5%) in thiol MNP  samples.
owever, amine MNP  sample is well-defined, homogeneous with
iscrete morphology but porous in nature. Each amine MNP  is of
verage size 40 nm (� < 10%) and made up of three-dimensionally
patially connected numerous nanocrystalites with an average
iameter of about 6 nm.  The possible mechanism for the formation
f porous structure of amine MNP  is presented elsewhere [16]. Fur-
hermore, the electron diffraction patterns of surface engineered

agnetic nanoparticles can be indexed to the highly crystalline
eflections of cubic inverse spinel Fe3O4 structure, which is consis-
ent with XRD result. A typical electron diffraction pattern of thiol

NP  is shown in inset of Fig. 1(c).
Fig. 2 shows FTIR spectra of (a) SA and carboxyl MNP, (b) EDA

nd amine MNP, and (c) DMSA and thiol MNP  with their band
ssignments. The vibrational bands for SA, EDA and DMSA are well
esolved, but those of carboxyl, amine and thiol functionalized
e3O4 are rather broad and few. The bands at 1690 and 1700 cm−1

ould be assigned to C O vibration (asymmetric stretching) of SA
nd DMSA, respectively, which shifts to a lower value for carboxyl
nd thiol MNP  revealing the binding of these organic components
o surface of Fe3O4 nanoparticles by chemisorptions of carboxylate
ons [23]. Furthermore, the vibrational modes appearing at 1390
nd 1400 cm−1 in carboxyl MNP  and thiol MNP, respectively corre-

pond to the symmetric stretching of COO− group of SA and DMSA
23]. The vibrational modes attributed to the amine groups such
s NH2 scissoring at 1595 cm−1, C N stretching at 1320 cm−1 and
H wagging at 932 cm−1 are clearly observed in the FTIR spectrum
Fig. 1. TEM micrographs of (a) carboxyl MNP, (b) amine MNP  and (c) thiol MNP. A
typical electron diffraction pattern of thiol MNP  is shown in inset of Fig. 1 (c).

of amine MNP  with a slight shift in their band positions indicating

the functionalization of Fe3O4 with EDA [22]. The strong IR band
observed at around 588 cm−1 in carboxyl, amine and thiol MNP  can
be ascribed to the Fe O stretching vibrational mode of Fe3O4. The
band corresponding to SH group of DMSA is not clearly observed in
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into water medium, conferring a high degree of aqueous stability
ig. 2. FTIR spectra of (a) SA and carboxyl MNP, (b) EDA and amine MNP, and (c)
MSA and thiol MNP  with their band assignments.

hiol MNP  possibly due to the formation of disulfide (S S) linkage
hich overlaps with the Fe O vibration of Fe3O4 [24]. Furthermore,

he elemental analysis of surface engineered nanoparticles indi-
ates the presence of the respective organic components (carbon,
ydrogen, nitrogen or sulfur) in the samples (Table S1 of Supple-

entary data). These results confirmed that Fe3O4 nanoparticles

ave been successfully functionalized with SA, EDA and DMSA dur-
ng the course of synthesis.
Fig. 3. (a) pH dependent zeta-potential and (b) field dependent magnetization plots
of  carboxyl MNP, amine MNP  and thiol MNP  at room temperature.

3.2. Electrokinetics and magnetic properties

Fig. 3 shows (a) pH dependent zeta-potential and (b) field
dependent magnetization plots of carboxyl MNP, amine MNP  and
thiol MNP  at room temperature. From Fig. 3(a), the pH of zero point
charge (pHpzc) of carboxyl MNP  and amine MNP  were found to
be around 4.5 and 4.7, respectively whereas that of thiol MNP  is
not observed in measured pH range. Thus, the carboxyl MNP  and
amine MNP  have positive surface charge at pH < pHpzc and negative
surface charge at pH > pHpzc. However, thiol MNP  reveals nega-
tive surface charge in the pH range of 2–12. The difference in their
charge properties may  be attributed to the ionization of functional
groups, such as COOH, NH2 and SH at different pH. It has been
observed that the pHpzc of Fe3O4 decreases upon binding of SA, EDA
and DMSA onto the surface of Fe3O4 nanoparticles (pHpzc of bare
Fe3O4 nanoparticles is 6.7 [25]). Furthermore, DLS measurements
(Fig. S2 of Supplementary data) indicate that these nanoparticles
render aqueous colloidal suspension with mean hydrodynamic
diameters (invariable change in polydispersity index) of about
25 nm,  90 nm and 17 nm (� < 5%) for carboxyl, amine and thiol
MNP, respectively due to the presence of associated and hydrated
organic layers [16]. Specifically, some of the carboxylate (incase of
SA and DMSA) and amine (incase of EDA) groups strongly coordi-
nate to iron cations on the Fe3O4 surface to form a robust coating,
while uncoordinated carboxylate, amine and thiol groups extend
to Fe3O4 nanoparticles. In addition, the electrostatic repulsive force
which may  originate among the nanoparticles in aqueous suspen-
sion also plays an important role in their stabilization.
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Magnetization measurements were mainly performed to inves-
igate the use of these surface engineered nanoparticles as a

agnetic nanoadsorbent in the magnetic separation. The field
ependent magnetization plots of carboxyl MNP, amine MNP  and
hiol MNP  (Fig. 3(b)) exhibit superparamagnetic behavior with-
ut magnetic hysteresis and remanence at room temperature.
he maximum magnetizations of carboxyl MNP, amine MNP  and
hiol MNP  were found to be 59.5, 64.3 and 43.2 emu/g, respec-
ively at 20 kOe. Such magnetic properties mean that these surface
ngineered MNP  have strong magnetic responsivity and can be
eparated easily from the solution with the help of an external
agnetic force. Furthermore, the Curie temperature (TC) of these
agnetic nanoparticles was found to be 580 ◦C, which is in agree-
ent with that reported for Fe3O4 whereas the TC of �-Fe2O3 is

round 645 ◦C [16,26]. These results suggest that the phase formed
s Fe3O4 rather than �-Fe2O3.

.3. Removal of toxic metal ions by surface engineered magnetic
anoparticles

Fig. 4 shows pH dependent removal efficiency of toxic metal
ons by (a) carboxyl MNP, (b) amine MNP  and (c) thiol MNP. It has
een observed that the removal efficiency of metal ions (Mn+ = Cr3+,
o2+, Ni2+, Cu2+, Cd2+, Pb2+ and As3+) is strongly dependent on pH
f the solution. The extraction rates of Cr3+, Co2+, Ni2+, Cu2+, Cd2+

nd Pb2+ ions gradually increase with increasing pH of the solution
ill extraction rates approach a plateau. The tabular representation
f removal efficiency of metal ions is provided in Table S2 Sup-
lementary data. Almost 100% removal of Cr3+, Co2+, Ni2+, Cu2+,
d2+ and Pb2+ ions from waste-water are obtained at higher pH
except As3+). However, the optimal adsorption of As3+ was  found
o be about 91%, 95% and 97% by carboxyl, amine and thiol MNP,
espectively at pH 8 (removal efficiency decreases above pH 8).
his seems to be the pH range at which hydrolyzed forms of As3+

uch as AsO3
3− or As(OH)4

− appear (formed by reaction of As3+

ith OH− ions). Furthermore, the suppressed adsorption of metal
ons at low pH implies that acid treatment is a feasible approach to
egenerate these nanoadsorbents. In addition to the ICP-AES anal-
sis, the adsorption of metal ions by surface engineered MNP  was
lso evident from the SEM-EDS analyses of metal ions adsorbed
anoadsorbents (Fig. S3 of Supplementary data shows a typical
EM-EDS analysis of thiol MNP  with adsorbed metal ions in aqueous
edium at pH 8). The removal efficiency of metal ions by surface

ngineered MNP  was also found to be dependent on the concen-
ration of nanoadsorbents. The adsorption experiments carried out
ith varying concentration of nanoadsorbents (50, 5 and 0.5 mg  in

0 ml  of waste-water, i.e. S/L ratio in the range of 10−3–10−5 g/ml)
evealed that removal efficiency increases with increasing the con-
entration of nanoadsorbents (Fig. S4 of Supplementary data shows

 typical removal efficiency plot of metal ions with different con-
entrations of amine MNP  at pH 6). This is obvious as the availability
f active surface sites for adsorption of metal ions increases with
ncreasing the concentration of nanoadsorbents [27]. Thus, the effi-
iency of simultaneous adsorption of metal ions can be explained on
he basis of surface functionality, competitive affinity of metal ions
or Fe3O4, amount of surface charge and availability of active sur-
ace sites on Fe3O4 nanoparticles. The schematic representations
f possible mechanism for adsorption of metal ions by (a) carboxyl
NP, (b) amine MNP  and (c) thiol MNP  are shown in Scheme 1.
In case of carboxyl MNP, the negatively charged carboxylate

ons (COO−) have strong coordinative affinity towards metal ions.
hese carboxylate ions capture the toxic metal ions by forming

helate complexes for pH > pHpzc (Scheme 1(a)). The ability of sur-
ace complexation of carboxyl MNP  with metal ions increases with
ncreasing pH of the solution which leads to almost 100% removal
f all analyzed metal ions (except As3+) at higher pH. The enhanced
Fig. 4. pH dependent removal efficiency of toxic metal ions by (a) carboxyl MNP,
(b)  amine MNP  and (c) thiol MNP.

chelation tendency of carboxylate ions at higher pH is expected
as at lower pH, the chelation sites were occupied with H+ (chela-
tion sites are neutral, i.e. COOH) and they were released at higher
pH originating the desired chelation. Also, at lower pH, H+ ions
were adsorbed onto the surface of Fe3O4 leading to a net posi-
tive charge. Thus, it can be envisaged that there is no adsorption
of metal ions at pH < pHpzc. However, in the present studies, a cer-

tain amount of metal ions were still adsorbed by carboxyl MNP at
pH < pHpzc. It is perhaps due to the fact that ion exchange takes
effect at pH < pHpzc. Since the affinity of metal ions to Fe3O4 is
higher than that of H+ ions, metal ions can replace the adsorbed
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Scheme 1. The schematic representations of possible mechanism for ad
+ ions from Fe3O4 surface by ion exchange mechanism [9].  Liu
t al. [11] also observed that the adsorption of metal ions particu-
arly Cd2+ took place directly on the surface of Fe3O4 rather than
he coated organic moiety (humic acid). The adsorption of metal
on of metal ions by (a) carboxyl MNP, (b) amine MNP  and (c) thiol MNP.
ions by ion exchange is relatively slower as compared to surface
complexation since the organic molecules present on the surface of
Fe3O4 may cause steric hindrance towards the adsorption of metal
ions. The decrease in adsorption efficiency of As3+ at pH above 8 is
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Fig. 5. (a) Desorption ratio of adsorbed toxic metal ions (after first
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ainly due to the electrostatic repulsion among negatively charged
sO3

3−/As(OH)4
− and negatively charged carboxyl MNP.

In case of amine MNP, the adsorption characteristics of metal
ons with solution pH may  be explained by Scheme 1(b), which
epicts the major possible reactions that can take place at the
olid–solution interface of amine MNP  [28]. At pH < pHpzc, the
rotonation of amine groups ( NH3

+) and surface complexation
f metal ions ( NH2Mn+) may  occur simultaneously on the sur-
ace of amine MNP. With the conversion of more NH2 groups
o NH3

+, there were only fewer NH2 sites available on Fe3O4
urface for the adsorption of metal ions through complexation.
oreover, the electrostatic repulsion between Mn+ and surfaces of

e3O4 nanoparticles increased with the formation of more NH3
+.

ll these effects would result in the reduction of Mn+ adsorption on
mine MNP  at low pH. On the other hand, the H+ ion concentration
ecreases upon increasing the pH of solution (till pHpzc) and hence,

ncreases the free NH2 sites on Fe3O4 surface for the adsorption of
etal ions through complexation. However, the surface of amine
NP  is negatively charged at higher pH (pH > pHpzc) possibly due

o the formation of NH2OH−. On one hand this could reduce the
dsorption of metal ions through complexation, but on the other
and it might increase the adsorption of metal ions through the
lectrostatic attraction between the NH2OH− and Mn+. Thus, the
bility of metal ions separation increases with increasing pH of
he solution (NH2OH− sites increases) which leads to almost 100%
emoval of all analyzed metal ions (except As3+).

As anticipated from Pearson’s hard soft acid-base theory (HSAB)
29], the soft Lewis base such as thiol ( SH) group would be more
avorable to undergo remarkable interaction with soft Lewis acids
heavy metal ions) rather than hard Lewis acids (alkali and alka-
ine earth metal ions). Thus, the thiol group (containing soft donor
tom, sulfur) on the surface of MNP  mainly reacts with heavy metal
ons directly to form stable metal–sulfur complexes through chela-
ion [21,30].  In addition to the metal–sulfur complexation, Liang
t al. [31] reported the non-specific adsorption of metal ions by
hiol functionalized silica nanoparticles through less selective elec-
rostatic interaction between the metal ions and the oppositely
harged surface functional groups at a certain distance from the
urface. Thus, in case of thiol MNP, the adsorption mechanism
f metal ions may  involve two surface reactions namely strong
etal–sulfur complexation and weak electrostatic interaction as

epicted in Scheme 1(C). Most of the toxic metal ions investigated
n the present study (except As3+) were almost 100% adsorbed onto
he surface of thiol MNP  at pH 8 and above, whereas the same was
bserved at pH 10 and above in carboxyl MNP  and amine MNP.
his implies a higher adsorption affinity of metal ions towards thiol
NP.
The adsorption kinetic studies were performed with amine MNP

o determine the effect of contact time on adsorption processes.
he adsorption kinetic studies reveal two-stage adsorption behav-
or, a very rapid initial adsorption, followed by longer period of
onsiderably slower uptake (Fig. S5 of Supplementary data shows

 typical adsorption kinetic plot of amine MNP). It is apparent that
he adsorption of metal ions onto surface of MNP  is a fast process
nd most of the adsorption happened in a short period (<15 min)
nd the system achieved pseudo equilibrium at 60 min  of con-
act time from the commencement of adsorption process. Rapid
dsorption may  be attributed to higher density of reactive sites
functional groups) on the particle surfaces, large surface area of
articles, and/or higher intrinsic reactivity of the surface sites. Sim-

lar results were also observed for carboxyl and thiol MNP. The
hort equilibrium time needed suggests that these surface engi-

eered magnetic nanoparticles have high adsorption efficiency to
he removal of toxic metal ions from water, which would be helpful
n lowering the capital and operational costs for industrial applica-
ions. Fig. 5 shows (a) desorption ratio of adsorbed toxic metal ions
adsorption–desorption cycle) using 10 ml  of 0.1 M HCl and (b) removal effi-
ciency of toxic metal ions during three different adsorption cycles by amine MNP
at  pH 8.

(after first adsorption–desorption cycle) using 10 ml  of 0.1 M HCl
and (b) removal efficiency of toxic metal ions during three different
adsorption cycles by amine MNP  at pH 8. All the metal ions showed
over 85% of desorption ratio in their first adsorption–desorption
cycle (Fig. 5(a)). Furthermore, it has been observed that the removal
efficiency of metal ions is reduced gradually in the later cycles
(Fig. 5(b)); however the removal efficiency of all metal ions inves-
tigated in the present study is still above 80% after three cycles.
The gradual decrease in the removal efficiency could be attributed
to incomplete release of adsorbed metal ions. Another reason for
incomplete desorption of metal ions could be the dilute concen-
tration of used HCl. The functional groups present on the surface
of MNP  need to be protonated for desorption of adsorbed toxic
metal ions. However, to avoid the dissolution of magnetic nanoad-
sorbents, 0.1 M HCl concentration was preferred. This reusability of
adsorbent is one of the most important features for their promising
applications in environmental detoxification.

3.4. Capturing of bacterial pathogens by surface engineered
magnetic nanoparticles

Fig. 6 shows the capture efficiency of E. coli by carboxyl

MNP, amine MNP  and thiol MNP  after 12 h inoculation. It has
been observed that the capture efficiency of bacterial pathogen
is strongly dependent on the concentration of surface engineered
MNP. Furthermore, capture efficiency significantly increases with
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samples no residual adsorbents (Fe3O4) were observed in waste-
ig. 6. Capture efficiency of E. coli by carboxyl MNP, amine MNP  and thiol MNP after
4  h inoculation.

ncreasing the inoculation time from 12 h to 24 h (Fig. S6 of Sup-
lementary data). These results indicate that surface engineered
NP possessed excellent capture performance to E. coli and well
atched with the earlier reports on concentration and time depen-

ent bacterial inhibition by nanoparticles [32]. The SEM-EDS
lemental analysis and K� spectral mapping of MNP  treated E. coli
E. coli obtained after incubating these bacteria with MNP) showed
hat nanoparticles (nanoparticles were not visible due to the lower

agnification of SEM images) were adsorbed/incorporated to the
embrane of the treated bacterial cells (Fig. S7 of Supplemen-

ary data).
In order to investigate the cause of surface engineered MNP
o be bactericidal, we have further studied the TEM analysis of
. coli (control) and carboxyl MNP  treated E. coli. From the TEM
mages (Fig. 7), it has been observed that bacterial pathogens are

Fig. 7. TEM images of (a and b) E. coli (control) and (c–e) E. coli ob
aterials 192 (2011) 1539– 1547

successfully trapped by MNP  (particles bind to spots on the sur-
face of the E. coli rather than entire surface). The cell wall of the
bacteria trapped by the magnetic nanoparticles is almost dam-
aged whereas that of control bacteria (i.e., not exposed to MNP) is
intact. Furthermore, it is clearly observed that nanoparticles par-
tially/completely penetrate into the lipid bilayer component of
the membrane and disrupts its structural integrity. This indicates
the interaction of hydrophilic MNP  with bacteria (possibly with
the polar heads of membrane lipids) causes depolarization of the
membrane which leads to cellular death. Recently, Lee et al. [33]
reported the inactivation of E. coli by zero-valent iron nanopar-
ticles due to the penetration of the small particles (sizes ranging
from 10 to 80 nm)  into E. coli membranes. Bromberg et al. [34]
observed that poly(hexamethylene biguanide) modified magnetite
and metallic cobalt-based nanoparticles kill bacteria (E. coli) on
contact (nanoparticles cover entire surface of bacteria) due to the
strong association with their membranes. Gu et al. [35] observed
that the defects on the outer membrane of E. coli cause the bind-
ing of vancomycin functionalized magnetic (FePt) nanoparticles to
E. coli. Basing on our bacteria-particle binding results (distribu-
tion of MNP  on the surface of bacteria) and previous studies, it
may  be proposed that the smaller size surface functionalized mag-
netic nanoparticles capture bacterial pathogens on contact with
cell wall and eventually kill them by disruption of the cell wall. The
higher capture efficiency of E. coli by amine MNP  as compared to
carboxyl MNP  and thiol MNP  indicates that the surface function-
ality also plays crucial role in inhibition of bacterial growth. The
present investigation suggested that surface functionalized mag-
netic nanoparticles may  be used for capturing bacterial pathogens
in the presence of appropriate external magnetic field. The main
advantage of using more MNP  for capture was  a significant reduc-
tion in separation time. It is worth mentioning that in all the
water after capturing of toxic metal ions and bacterial pathogens.
This is another important characteristic of magnetic separation
techniques.

tained after incubating these bacteria with carboxyl MNP.
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. Conclusion

Superparamagnetic carboxyl, amine and thiol functionalized
e3O4 nanoparticles were synthesized by facile soft-chemical
pproaches. The structural analyses confirmed the formation of
ingle-phase inverse spinel Fe3O4 nanoparticles and their function-
lization with respective organic molecules. It has been observed
hat these surface engineered magnetic nanoparticles have strong
ffinity for the simultaneous adsorption of Cr3+, Co2+, Ni2+, Cu2+,
d2+, Pb2+ and As3+ from waste-water. The adsorption process was
ound to be highly dependent on the surface functionality of Fe3O4
nd pH of the medium which made the nanoparticles selectively
dsorb metal ions. More specifically, our results suggest that these
urface engineered magnetic nanoparticles are highly effective,
fficient and economically viable magnetic nanoadsorbents for the
emoval of toxic metal ions and bacterial pathogens from water in
omparison to the existing industrial purification processes. Fur-
hermore, these magnetic nanoadsorbents may  be separated easily
rom the solution with the help of an external magnetic force and
re reusable after removing the adsorbed toxic contaminants.
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