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Abstract—Silica-coated Fe;O, nanoparticles were prepared and functionalized with trimellitic anhydride generating
novel amide and two acid moieties on the surface of the nanoparticles. These nanoparticles were found to be ferrimag-
netic with average particle size 50-60 nm as characterized by XRD, SEM, EDS, VSM and FTIR analyses. The function-
alized nanoparticles were exploited as adsorbent for the removal of Pb(Il) cations and Cr(VI) anions from their
aqueous solutions and uptake of metal ions was monitored by atomic absorption spectroscopy (AAS). These nanopar-
ticles were found to be more effective for the removal of Pb(II) cations due to the negatively charged surface groups rel-
ative to Cr(VI) anions. The adsorption data fitted well with Langmuir as well as Freundlich adsorption isotherms,
showing a complex nature of adsorption phenomena, comprising electrostatic as well as chemical attraction between
surface groups and metal ions. The metal bearing nanoparticles were easily separated from the solution by simply

applying external magnetic field.

Keywords: Fe;O, Nanoparticles, Functionalization of Fe;O,, Ferrimagnetic Nano-sorbents, Adsorption of Pb(Il) & Cr(IV),

Easy Isolation by EMF

INTRODUCTION

Global industrial growth is primarily responsible for most of the
natural and biological toxicity issues, originating from the discharge
of pollutants, including dangerous heavy metal ions (chromium,
cadmium, nickel, lead, zinc, arsenic, mercury etc.). These metal
ions are thought to be very toxic for all living organisms. Their
existence in the wastewater is mainly due to various ongoing chem-
ical processes such as electroplating, metallurgical work, tanning,
mining, batteries processing and metal plating. Some metals are
highly toxic if present even at very minute levels [1]. Several tech-
niques have been employed for the removal of hazardous metal ions
like precipitation, filtration, osmosis, coagulation, flotation, floccu-
lation and electrochemical treatment, etc. However, these methods
have limitations as well due to low efficiency, secondary sludge gen-
eration, less selectivity, complex operating mechanisms and higher
cost issues [2,3].

To overcome the above-mentioned constraints, recently, adsorp-
tion is preferred due to its selectivity, ease of handling and less sec-
ondary waste generation [4]. Moreover, availability of different ad-
sorbents has made this method exceptionally reasonable for waste-
water treatment. Further, surface area can be extensively increased
by fabrication of these sorbents at nanoscale and their sizes can be
tuned easily. Magnetic adsorbents are unique in this category to
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treat wastewater where a base adsorbent is implanted with oxides
of metals like iron, nickel, copper and cobalt. After treatment, the
magnetic nature of such adsorbents helps for easy isolation through
an external magnetic field [5]. In this regard, iron oxide nanoma-
terials have been investigated; where large surface area and mag-
netic properties are simultaneously achieved [6-9]. Moreover, they
are biocompatible, inert, less toxic and can be easily synthesized
and modified for further applications. Usually, for better activity
and mobility of these nanomaterials, various stabilizers have been
used. But, due to biocompatibility and cost effectiveness, meso-
porous silica coating is the most widely used method [10].

Moreover, the adsorption ability of coated nanoparticles can be
improved by inducing target specific functionalities on its surface.
For this propose, hydroxyl group of silica shell undergoes coupling
reaction for surface modification with reactive amine groups that
turther facilitate the introduction of different functional groups on
the surface of magnetic nanoparticles. Iron-based nanoparticles are
prone to acid attack and damaged under acidic environment. There-
fore, silica coating helps to protect the magnetic core as it is stable
under various reaction media [11-13].

This article presents a synthesis of amino terminated silica coated
magnetic nanoparticles, which were further modified to trimel-
litic acid functionalised magnetite nanoparticles by reacting them
with trimellitic anhydride. Trimellitic acid functionalised magne-
tite nanoparticles (FTA-1) were synthesized for the first time and
used as nano-adsorbents for the removal of Pb(I) and Cr(VI) from
the aqueous solutions under optimized parameters. This work is
useful for understanding the detailed adsorption behavior and
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Fig. 1. Reaction scheme for the synthesis of functionalized nanoparticles.

mechanism of magnetic nano-sorbents.
EXPERIMENTAL SECTION

1. Materials

All the chemicals, including ferrous sulfate hepta hydrate (FeSO,-
7H,0), tetraethylorthosilicate (TEOS), aminopropyltriethoxysilane
(APTES), ethanol, toluene, potassium hydroxide, potassium nitrate,
tetrahydrofuran (THF), trimellitic anhydride, phosphoric acid, boric
acid, acetic acid, sodium hydroxide, lead nitrate and potassium di-
chromate were purchased from commercial sources. All the chemi-
cals and solvents were of reagent grade and were used without fur-
ther purification. Solvents were dried according to standard pro-
cedures and stored over molecular sieves.

2. Synthesis of Trimellitic Acid Functionalized Fe;O, (FTA-1)
2-1. Synthesis of Magnetite Nanoparticles (F-1)

Oxidative hydrolysis route was used for the synthesis of Fe;O,
nanoparticles, where hydrolysis of Fe(II) salt was carried out in the
presence of a strong oxidizing agent (KNO) as previously reported
[14]. Synthesis involved the dissolution of FeSO,-7H,O (4g) in
deionized water (24 mL) into a three-neck round bottom flask, fol-
lowed by slow addition of KOH (2.246 g per 12 mL of deionized
water) and KNO; (0.324 g per 12 mL of deionized water) solutions
under N, bubbling at 80 °C for 2 hrs. Then the reaction mixture was
kept for 24 hrs at room temperature and nanoparticles (named as
F-1) were washed several times with deionized water and dried at
60°C [14].

2-2. Coating of Magnetite Nanoparticles (FS-1)

Fe;O, nanoparticles were coated with silica using sol-gel tech-
nique. In this process, first Fe;O, nanoparticles (125 mg) were dis-
persed in ethanol (94 mL) in an ultrasonic bath for 30 min, followed
by the addition of ammonium solution (7.5 mL) as catalyst and tet-
raethylorthosilicate (0.25 mL). This solution was further sonicated
in ice bath for 2 hrs. Finally, silica coated nanoparticles were sepa-
rated, washed, dried in vacuum oven at 60 °C and designated as
FS-1[15].

2-3. Amino-modification of Silica Coated Magnetite Nanoparticles
(FSA-1)

For amino modification, FS-1 nanoparticles (100 mg) were agi-
tated for 1h in toluene (100 mL), followed by the addition of 3-ami-
nopropyl triethoxysilane (3 mL). Then the reaction mixture was
refluxed under nitrogen for 24 hrs. These amino-modified nano-

(FTA-1)

particles were washed and dried under vacuum at 60 °C, abbrevi-
ated as FSA-1 [16].

2-4. Trimellitic Acid Functionalized Amino-modified Magnetite
Nanoparticles (FTA-1)

FSA-1 nanoparticles (100 mg) were dispersed in THF (50 mL)
and stirred for 15 min. To this mixture, trimellitic anhydride (200
mg) was added and reaction was agitated for 1 h followed by addi-
tion of trimethylamine (1 mL). This reaction mixture was refluxed
for 10 hrs at 60 °C and functionalized nanoparticles were washed
and dried at 60 °C under vacuum, labelled as FTA-1. The reaction
scheme for the formation of functionalized nanoparticles is given
in Fig, 1.

3. Characterization of Nanoparticles

Phase identification and crystallinity of all the samples (F-1, FS-
1 and FTA-1) was monitored using an X-ray Diffractometer D8
Advanced Davinci by Bruker having Cu ke radiation (1.54 A) and
operated at 40 KV voltage and 30 mA currents. For morphologi-
cal studies, scanning electron microscope MIRA3 TESCAN oper-
ated at 10KV voltages was used. Energy dispersive X-ray spectroscopy
(EDS), a technique coupled with SEM, was used for elemental analy-
sis of the samples. PLATINUM-ATR ALPHA (BRUKER) was
used for functional group determination of the powder samples in
the range of 4,000-500 cm ™. Zeta potential of the sample was meas-
ured using Malvern Panalytical zeta potential analyzer. To deter-
mine the Brunauer-Emmett-Teller (BET) surface area of FTA-1, N,
adsorption isotherms at 77 K were obtained using a Micromeritics
Gemini VII 2390 surface area analyzer. Magnetic measurements
were performed on vibrating sample magnetometer The Lake Shore
VSM 7407, using a saturation magnetization value between —10
kOe to 10kOe at room temperature. Finally, for adsorption stud-
ies, uptake of metal ions was measured by flame atomic absorp-
tion spectrometer (Shimadzu AA-670).

4. Adsorption Efficiency

Batch equilibrium technique was used in aqueous solutions for
optimization of different adsorption parameters (time, pH, con-
centration of ions) and for the calculation of percentage adsorp-
tion efficiency and equilibrium adsorption capacity (q,). Briefly, 10
mg of nanoparticles were added into 10 mL solution of known con-
centrations of metal ions (10 ppm, 20 ppm, 30 ppm, 40 ppm and
50 ppm) and agitated in a shaker at 125 rpm until equilibrium was
reached. Then sorbent was magnetically removed from aqueous
solutions, and the remaining metal ions concentration was investi-
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gated in elute by AAS. Percent adsorption and equilibrium adsorp-
tion limit were calculated using formulae as given below.

C.—-C
% Removal = ’C- £ % 100 1)
:(Ci_ce)v

q M 2

where C; is the initial metal ions concentration in gL', C, is equi-
librium concentration of metal ions in gL, V is volume of solution
in litre and M represents the mass of adsorbent FTA-1 in grams.

RESULTS AND DISCUSSION

1. Phase Determination and Morphology of Nanoparticles

Phase and crystallographic structure of prepared nanoparticles
were analyzed using X-ray diffraction technique, and measure-
ments were performed for 26 in the range of 25° to 70° on pow-
ered samples. Fig. 2 presents X-ray diffraction patterns of naked,
coated and functionalized nanoparticles. Various peaks appeared
at 30.1, 355, 37.1, 43.1, 53.5, 57.0 and at 52.6 (26) having (220),
(311), (222), (400), (422), (511) and (440) hkl values. The represen-
tative XRD patterns demonstrate the single-phase materials and
exhibit the typical diffraction pattern of magnetite crystal struc-
ture as given in the JCPDS 01-075-0033 powder diffraction, but still
the possibility of the formation of maghemite cannot be excluded
fully as it shows the almost same XRD pattern. Furthermore, dif-
fractograms clearly indicate a well retained crystalline phase of naked
magnetite nanoparticles, and no peak shift is observed subsequently
upon coating and functionalization. Therefore, the crystalline phase
and stability of Fe;O, nanoparticles remain unaffected. Moreover,
XRD data was used to calculate the crystallite size of Fe;O, nano-
particles by using Scherer formula and the average particle size was
45,08 nm.

The surface morphology of prepared nanoparticles was investi-
gated through scanning electron microscopy. A microscopic anal-
ysis was performed on the powered samples and micrographs are
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Fig. 2. XRD patterns of the naked (a) F-1, coated (b) FS-1 and func-
tionalized (c) FTA-1 magnetite nanoparticles.
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presented in Fig. 3. The morphology of naked magnetite nanopar-
ticles was also compared with the coated and functionalized nano-
materials. SEM images clearly indicate a cubic morphology for
naked magnetite nanoparticles with an average particle size 53.5+
5.5 nm which agrees with the crystallite size calculated by XRD as
these particles are seemed to stack together in the agglomerated
form. After silica coating, the morphology of magnetite nanoparti-
cles slightly changes from cubical to spherical shape (see Fig. 3(c)-
(d)). These observations are in accordance with the previous stud-
ies [17]. Fig. 3(c)-(f) shows the coated and functionalized materi-
als due to the presence of amorphous functionalities on their surface
forming a cloud-like shell around magnetite nanoparticles. The
amorphous silica shell around magnetite (FS-1) gave a cloudy ap-
pearance (Fig. 3(c)-(d)); this cloudy appearance became thicker
and thicker when silica coated particles were modified with NH,
(Fig. 3(e)) and trimellitic acid (FTA-1) functionalities (Fig. 3(f)). In
case of FTA-1, even more thickness of cloudy shell may be seen due
to the presence of bulky groups on the particles surface without
affecting the crystalline phase and stability of Fe;O, nanoparticles.

Fig. 3. SEM micrographs of naked (a)-(b) F-1, coated (c)-(d) FS-1
and functionalized (e)-(f) FTA-1magnetite nanoparticles.
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Fig. 4. EDS spectra of the naked (a) F-1, coated (b) FS-1 and functionalized (c) FTA-1 magnetite nanoparticles.

2. Chemical Composition and Surface Groups Determination
Energy-dispersive X-ray spectroscopy is useful for elemental anal-
ysis or chemical composition of a sample. The same technique
was used to determine the elemental composition of the nanopar-
ticles, and the EDS spectra recorded are given in Fig. 4. Two ele-
ments Fe and O are present in pure magnetite spectrum (Fig. 4(a))
and the elemental composition confirmed the purity of the sam-
ple with 27.07 and 72.93 weight percent of O and Fe, respectively.
EDS spectrum (b) shows an additional Si peak confirming the
surface coating of magnetite nanoparticles. Elemental composi-
tion of the same sample also gave 17.92 weight percent of silica
but percentage of O was increased in comparison with Fe due to
surface coating of pure magnetite with silica. Fig. 4(c) demonstrates
two additional peaks for carbon and nitrogen, verifying the suc-
cessful modification and functionalization of nanomaterials. Here
again, percentage of O was found to be increased due to the presence
of surface carboxylic groups in the functionalized nanoparticles.
The formation of magnetite nanoparticles and their subsequent
coating, modification and functionalization was ascertained by
recording their IR spectra (Fig. 5), and characteristic band at 550
cm ' was assigned to Fe-O stretching vibration confirming the
formation of Fe;O, nanoparticles. Surface coating with TEOS gave
two bands at 790 and 1,065 cm™" due to Si-O and Si-O-Si stretch-
ing vibrations, respectively, in both coated (FS-1) and amine mod-
ified (FSA-1) nanomaterials. A new band appeared at 1,629 cm™'
in spectrum of amine modified nanoparticles due to N-H bend-
ing vibration In functionalized sample (FTA-1), a band appeared
between 1,702-1,722 cm™" of C=0 stretching due to the presence
of acid moiety. Other bands emerged at (690, 800-944, 1,280, 1,400-
1,620, 1,655, 1,687, 2,000-1,050, 2,950-3,100) cm™ due to C=C (oop

5i-0-5i

Absorbance (a.u.)

4000 3500 3000 2500 2000 1500 1000
Wavenumber (em™)

Fig. 5. FTIR spectra of naked, coated, modified and functionalized
nanoparticles.

bend), C-H (oop bend), C=C (str), amide N-H (bend), amide C=O
(str), ring overtones and C-H (str), respectively. The IR data con-
firms the successful coating, modification and functionalization of
magnetite nanoparticles.
3. Zeta Potential and Surface Area Measurements

Zeta potential studies and N, adsorption-desorption isotherms
were used to evaluate the surface charge, surface area and pore struc-
ture of FTA-1 adsorbent. The surface charge on FTA-1 at pH 7 is
shown in Fig. 6. The zeta potential at pH 7 is negative (—8.01), which
is expected due to presence of carboxylate anions on the surface.
This also correlates with the adsorption studies performed on
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Fig. 6. Zeta potential of FTA-1.

metal jons at various pH values. As the surface is found to be neg-
atively charged at neutral pH due to ionization of carboxylic acid,
preferential adsorption of Pb(Il) ions is expected compared to
Cr(VI) anions. No considerable change for Pb(II) adsorption was
observed at higher pH values; however, the adsorption of Cr(VI)
was decreased further. At lower pH values, the surface is expected
to be protonated, which will favor adsorption of Cr(VI) anions more
as compared to Pb(II) cations. The same trend has been observed
while moving from higher to lower pH values. Moreover, BET was
used to determine the surface area. The surface area was found to
be 3.66 m’/g. This value is in favor of electrostatic adsorption phe-
nomena, as surface area of nanoparticles is less due to more size
and more functionality on the surface. However, physisorption can-
not be neglected completely and seems more favorable in case of
Cr(VI) anion [18-20].
4. Magnetic Measurements

VSM technique is basically employed to measure the magnetic
properties of the materials. Fig. 7 describes the magnetic measure-
ments and hysteresis loops of pure and functionalized magnetite
nanoparticles. The mass saturation magnetization value (M,) for
pure magnetite was found to be 65.96 emu/g relative to the bulk
value of Fe;O, (90 emu/g) [21]. However, this value is higher than
the values already reported in literature [22-26]. A decrease in M;
value from 65.96 to 48.50 emu/g for FTA-1 was observed and con-
sidered due to the contributions of non-magnetic silica/amino/

80
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Fig. 7. VSM measurements of naked and functionalized magnetite
nanoparticles.
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Table 1. VSM parameters of naked and functionalized magnetite

nanoparticles
Sample F-1 FTA-1
M, (emu/g) 65.96 48.50
M, (emu/g) 15.764 9.59
SQD 0.238 0.197
H. (0,) 24725 206.65

trimellitic acid shell to the total mass of the nanoparticles. These
results are analogous to previously studied modified/functional-
ized systems [27]. The values of squareness ratios from Table 1 are
0.238, 0.197 for (F-1) and (FTA-1). Moreover, the size of these pre-
pared nanoparticles was more than the threshold value (>25nm)
for superparamagnetic behavior and they showed high values of
coercivity and remetization magnetization, that is favored for fer-
rimagnetic behavior [28-32].
5. Adsorption Studies

Novel adsorbent (FTA-1) containing amide and two acid moi-
eties on the surface tend to be an efficient chelating site for diva-
lent cations. These adsorbents can be exploited for the removal of
heavy metal ions from wastewater and further cleaning of the water
effluents from industries. Lead and chromium have been chosen
in the present study, which have the strong tendency to be che-
lated by amide and acid moieties present on the surface of func-
tionalized nanoparticles. For adsorption measurements, different
parameters were optimized for the uptake of metal ions like con-
tact time, concentration of metal ions and pH.
5-1. Contact Time

Adsorption of lead ions was measured as a function of contact
time. Lead solution (10 mL) of 10 ppm concentration was shaken
with 10 mg of adsorbent at neutral pH and ambient temperature
for different time intervals (15, 30, 60, 90 and at 120 min). Fig 8
shows percent adsorption of Pb(II) ions by functionalized materi-
als with time. Metal ions uptake was optimized and equilibrium
was reached after 1 h. The same procedure was repeated for chro-
mium ions at room temperature for different time intervals (1, 2,

90
g5 —=—Pb(D

80+
754
70
65+
60
55+
50

45 hd L) hd L i LJ hd L v L] v I
0 20 40 60 80 100 120

Time (mins)

% Adsorption

Fig. 8. Effect of contact time on adsorption capacity of Pb(II) ions
(10 ppm solution of Pb(II) ions at room temperature and 7
pH).
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Fig. 9. Effect of contact time on adsorption capacity of Cr(VI) ions
(10 ppm solution of Cr(VI) ions at room temperature and 7
pH).

3, 4 and 5 hrs); the adsorption trend is shown in Fig. 9. More ad-
sorption capacity for Pb(II) cations with 90% removal after 1 h was
observed relative to the Cr(VI) anions with maximum 35% removal
after 3 hrs. This is because the surface of the adsorbent is more neg-
atively charged due to the presence of one amide and two carbox-
ylic groups attracting Pb(II) cations more than Cr(VI) anions. The
repulsive forces between anions are more effective, reducing % ad-
sorption of Cr(VI), and need more time for equilibrium to be
reached.
5-2.pH

Metal complexation with functionalized nanoparticles is pH
sensitive and metal ion uptake is improved with increasing pH of
the system at room temperature and optimized values of time:
1 hour for Pb(II) ions and 3 hours for Cr(VI) ions. At lower pH,
H' ions competed with Pb** cations for interaction on the adsor-
bents surface and adsorption was nearly negligible at lower pH

100
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60+ s

404
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=
L
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7 8 9
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Fig. 10. Effect of pH on adsorption capacity of Pb(II) and Cr(VI)

ions at room temperature and optimum values of time i.e.
1 hour for Pb(II) ions and 3 hours for Cr(VI) ions.

o o
'S

values because at pH 2-3, the adsorbent surface remained proton-
ated. When pH started increasing from 4-6, a drastic change was
observed in the adsorption rate because the influence of H' ions
became less significant and the interaction of Pb(II) with the adsor-
bent increased and optimum adsorption was found at pH 6 (Fig.
10). Moreover, net negative charge of two carboxyl groups and
amide group also causes chelation with the Pb** and more than
85% removal of Pb(II) was observed at this particular pH value.
At higher pH, OH™ ions started interfering with the Pb* cations
and precipitated out as Pb(OH),. Different species of lead were
supposed to be present in the aqueous solution, such as Pb** ions,
Pb(OH)", Pb(OH);, Pb(OH);, Pb(OH),” at higher pH, decreas-
ing the adsorption capacity. Cr(VI) anions showed optimum ad-
sorption at pH 3 and more than 60% Cr(VI) anions attracted by
functionalized nanoparticles as given in Fig. 10. At lower pH,
Cr(VI) ions exist in form of HCrO,/Cr,0; and the surface of
adsorbent is assumed slightly protonated due to the presence of
high concentration of H" ions. It causes adsorption of HCrO; and
Cr,O7 at lower pH values, and the adsorption rate was negligible
at higher pH values. Hydrogen bonding is another factor for the
attraction of adsorbent to the adsorbate more towards itself. At
lower pH, protonation of adsorbents allows them to make H-bonds
with the adsorbate terminal charge. However, functionalized nano-
particles showed less adsorption of Cr(VI) anions even at lower pH
values, because it is more negatively charged and more strongly
acidic. It remains ionized even at pH 3 and less prone to protona-
tion due to the presence of benzene ring.
5-3. Metal Ions Concentration

Concentration dependence of lead and chromium ions in terms
of % adsorption was studied for various concentrations of these
metal ions; 10, 20, 30, 40 and 50 ppm at optimised values of time:
1 h for Pb(II) and 3 h for Cr(VI) and pH ie., 6 pH for Pb(Il) and
3 pH for Cr(VI) ions. Optimum adsorption was recorded at 10
ppm, after that a decrease in uptake was observed (Fig. 11). This is
due to the complexation of metal ions, which is completed at this
concentration level; beyond that it showed a decreasing trend due

—=— Pb(II)

% Adsorption

10 20 30 40 50
Conc (ppm)

Fig. 11. Effect of metal ions concentration on adsorption capacity
at optimum pH (6 pH for Pb(II) and 3 pH for Cr(VI) ions)
and time (1 h for Pb(II) and 3 h for Cr(VI) ions).
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Fig. 12. Langmuir isotherm for the adsorption of Pb(II) on FTA-1.
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Fig. 13. Langmuir isotherm for the adsorption of Cr(VI) on FTA-1.

Table 2. Langmuir isotherm parameters

Equation y=mx+c
Adj. R-Square 0.97641

Value Standard Error
¢ Intercept  0.99414 0.02873
1 .50- m Slope 0.44938 0.03482

0-9[} v T v T v T ¥ T v T
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Fig. 14. Freundlich isotherm for adsorption of Pb(II) by FTA-1.
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Fig. 15. Freundlich isotherm for adsorption of Cr(VI) by FTA-1.

Table 3. Freundlich Isotherm parameters

FTA-1 Q, (ml/g)  borK, (L/mg) R? R, FTA-1 K; 1/n R?
Pb(II) 62.76 0.28316 097795  0.07 Pb(IT) 0.99414 0.44938 0.978
Cr(VI) 4385 0.055 0.98487  0.02 Cr(VI) 0.45403 0.72079 0.99476

to consumption of all the available sites or active sites became sat-
urated with the metal ions. As there was no further vacant group
which could be used for chelation of ions, adsorption efficiency
decreased.
5-4. Isotherm Studies

Adsorption isotherms describe the adsorption behavior as well
as the maximum adsorption capacity of adsorbent per metal ions
concentration. Two adsorption models were applied, and the first
model was the Langmuir adsorption isotherm. It is considered as
an ideal adsorption model describing that adsorption on active sites
is mono-layered, irreversible and homogeneous, and its parame-
ters were studied using straight line equations (Figs. 12 & 13) for
both ions and the values are shown in Table 2.

June, 2019

Another adsorption isotherm is the Freundlich adsorption model,
which states that adsorption is reversible, multi-layered and het-
erogeneous. It is said to be non-ideal model for adsorption and its
parameters are studied by straight line equation (Figs. 14 & 15) for
both ions and their values are shown in Table 3. By comparing R’
values, both isotherm models are in favor of adsorption, but the
Freundlich adsorption isotherm is slightly preferable for these two
adsorbents, as heterogeneous active sites are present on the adsor-
bent’s surface and metals can be adsorbed by forming multi-lay-
ered surfaces on the adsorbent. The adsorption data fitted well
with Langmuir as well as Freundlich adsorption isotherms, show-
ing a complex nature of adsorption phenomena comprising chemi-
cal interactions. These results are completely in line with those
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Fig. 16. Removal efficiency for Pb(II) and Cr(VI) ions on regener-
ated FTA-1 with evolution of adsorption-regeneration cycles.

described earlier in literature for magnetite materials [33].
5-5. Reusability of FTA-1

The recovery of adsorbent is a significant factor in practical use
of the adsorbent. In this present study, suppressed adsorption of
Pb(1I) ions at lower pH values suggests that acid approach is feasi-
ble for the desorption and regeneration of FTA-1 sorbent. However,
stability of nanosorbent under acidic conditions was determined
by suspending FTA-1 in 0.5M HCI, and it was seen that less than
1% Fe content leached out from that medium. Since FTA-1 was
stable under acidic environment, Pb(II) loaded adsorbent was
regenerated by washing it with 0.5 M HCI and used for consecu-
tive four cycles against Pb(II). The adsorption efficiency decreases
in each cycle shown in (Fig. 16) due to protonation of adsorbent
surfaces with H' ions in each cycle that decreases the Pb(II) ions
adsorption on FTA-1. For Cr(VI) loaded adsorbent regeneration,
0.5 M NaOH was used and the adsorption efficiency followed the
same trend in the four consecutive cycles (Fig. 14) showing the less
availability of active sites and decrease in adsorption behaviour.

CONCLUSION

Novel trimellitic acid functionalized magnetite (FTA-1) nanopar-
ticles were successfully synthesized and exploited for the removal
of heavy metal ions from wastewater. Adsorption capacity of lead
and chromium towards nanoparticles was studied through batch
technique. The synthesized nanomaterials gave high adsorption
capacity for Pb(Il) cations and comparatively lower adsorption
capacity for Cr(VI) anions from their aqueous solutions at opti-
mised parameters. The interaction between the metal ions and
adsorbent is both pH and time dependent. The results further show
that the adsorbent is suitable practically at neutral as well as at
acidic conditions. Moreover, experimental data well fitted with both
Langmuir and Freundlich adsorption isotherms but more prefera-
bly with Freundlich adsorption isotherm, showing that removal of
metal ions depends upon the physico-chemical interactions with
the surface. The synthesized nano-adsorbent showed ferrimag-
netic behavior and was easily separated by applying external mag-

netic field showing their great potential in wastewater treatment.
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