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Abstract. Magnetite nanoparticles and magnetite-pine cone nanocomposite were prepared and applied in
the adsorption of hexavalent chromium from water. Pine cone powder stabilized the nanoparticles and
acted as a support while simultaneously introducing functional groups which improved metal adsorption.
The nanocomposite retained the nanoparticles magnetic properties while improving chromium adsorption
efficiency. Adsorption of hexavalent chromium on both materials was pH and concentration dependent with
the most efficient adsorption occurring at pH 2 and 75 mg/L. On both materials, chromium adsorption was
spontaneous with Gibbs free energy values of —19.2 kJ mol™* to —23.7 kJ mol™* and —18.0 kJ mol~" to
—24.2 kJ mol ™! for nanoparticles and nanocomposite respectively between 298 K and 319 K. The changes
in enthalpy and entropy were determined to be 44.4 kJ mol~!, 212.7 J K~! mol~! and 78.3 kJ mol~*,
323.3 J K~ ! mol ! for the prepared nanoparticles and nanocomposite respectively.

1 Introduction

Chromium is a highly toxic transition metal which has
been reported to be carcinogenic, mutagenic and a strong
oxidant [1]. It has several uses in industry which may lead
to environmental exposure during disposal. Chromium
ions exist in oxidation states ranging from —IV to +VI but
the trivalent and the hexavalent state are the most preva-
lent due to their stability [2]. The trivalent state forms
relatively insoluble hydroxides as compared to the hexava-
lent state and is therefore less available for uptake [3].
It is an essential micronutrient in humans used in com-
bination with various enzymes for fat, protein and sugar
transformation [4]. The highly soluble and mobile hexava-
lent form is the most toxic form of chromium and has
attracted a lot of investigations [5,6]. Several remediation
techniques including ion exchange, electro-chemical pre-
cipitation, electrocoagulation, electrodeposition and
adsorption have been applied in its removal from waste
water [7-13]. However, most of these methods suffer draw-
backs due to the cost of materials, instrumentation, high
energy requirements and complexity of their designs.
Adsorption is favored because of its simplicity in design,
versatility and cost effective operation which is a result
of the availability of many low cost adsorbents capable
of reducing contaminant concentrations in water [11].
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Environmentally friendly materials are continually being
investigated for their potential in adsorption. The applica-
tion of nanotechnology in wastewater treatment has been
a topic of interest in the past few years. Nanoparticles are
versatile in applications and can be applied in various
areas of research including the remediation of heavy metal
contaminated waste water. Nanoparticles particularly
iron oxide magnetic nanoparticles have certain advantages
over conventional adsorbents which include large surface
area to volume ratios, high reactivity, ability to be func-
tionalized, low diffusion resistance when applied in a
packed column and the ability to be separated from
treated water by applying a magnetic field [14]. Nanopar-
ticles have sizes in the nanometre scale and are highly
charged leading to agglomeration (size increase) and ulti-
mately loss of desired surface properties. Therefore, to
keep them as stable dispersions, avoid agglomeration and
loss of surface properties, capping agents need to be added
to nanoparticle surfaces [15]. Various capping agents have
been applied to stabilize nanoparticles in aqueous solu-
tion and these include silica, ligands of nitrogen containing
organic chemicals and polyfunctional organic acids. In this
work, pine cone powder obtained from biocompatible
agricultural waste materials was used to stabilize iron
oxide magnetic nanoparticles to form a nanocomposite
which was used for adsorption of Cr(VI) from water. The
powder was pre-treated with Fenton’s reagent to oxidize
some of the surface groups and provide more binding sites
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for iron oxide while also eliminating soluble organic com-
ponents which may lead to contamination of the treated
water [16].

2 Experimental

2.1 Materials

Pine tree cones were collected from Vaal University of
Technology in Vanderbijlpark. They were washed and
oven dried at 90 °C to remove sand and other impuri-
ties. The scales were peeled and crushed then sieved to
obtained particles with sizes below 90 ym which were used
for further experiments.

Cr(VI) solution for the experiments was prepared by
dissolving a known amount of KsCroO7 in deionized
water. Solutions for the experiments were prepared from
the stock solution by appropriate dilutions with deionized
water.

2.2 Methods
2.2.1 Preparation of Fenton's treated pine cone powder

Fenton’s reagent was prepared by measuring 303 cm?® of
30% H305 and 6.993 g of FeSO4-7TH50 into separate
1000 cm? volumetric flasks. The pH of Fe?T was adjusted
to between 3 and 4.5 using 0.1 M H3SOy4. One hundred
grams of pine cone powder was weighed and trans-
ferred into a 2000 cm? three-necked round bottom flask,
fitted with a gas inlet, magnetic stirrer and condenser.
The flask and its contents were degassed for 15 min fol-
lowed by passing nitrogen gas for another 15 min. Then
250 cm? of Fe?* solution was added and heated at 50 °C
for 30 min. This was followed by the addition of 250 cm?
of HyO5 and heating for a further 30 min. The resulting
powder was filtered and washed with deionized water till a
clear filtrate was obtained. The washed powder was dried
at 80 °C for 8 h.

2.2.2 Synthesis of iron oxide nanoparticles

One hundred millilitres of deionized water was added
to a three-necked round bottom flask fitted with a mag-
netic stirrer and a condenser. The water was degassed for
15 min at 80 °C followed by bubbling nitrogen gas for
15 min to create an inert atmosphere. To the water 3.1 g of
FeCl3-6H>0O and 2.1 g FeSO4-TH50 salts were added with
vigorous stirring. NH4,OH was added for co-precipitation
and the stirring was continued for a further 45 min. The
formed black precipitate was washed with deionized water
and ethanol several times each time allowing the precipi-
tate to settle under the influence of a magnet and decant-
ing the supernatant. The washed precipitate was dried in
a vacuum oven overnight at 60 °C.

2.2.3 Preparation of pine cone-iron oxide nanocomposite

One hundred millilitres of deionized water was added to
a three neck round bottom flask fitted with a magnetic
stirrer and a condenser. The water was degassed for 15 min
at 80 °C followed by bubbling nitrogen gas for 15 min to
create an inert atmosphere. To the water 1.5 g of Fenton’s
treated pine cone powder, 3.1 g of FeCl3-6H20 and 2.1 g
FeSO4-TH>O salts were introduced into the flask with
vigorous stirring. NH4,OH was added for co-precipitation
and the stirring was continued for a further 30 min
under inert atmosphere. The formed black precipitate was
washed with deionized water and ethanol to remove excess
ammonia. The washed precipitate was dried in a vacuum
oven overnight at 60 °C.

Scanning electron microscopy (SEM) analysis was
carried out on a Carl Zeiss, Sigma scanning electron
microscope. X-ray diffraction (XRD) analysis was carried
out on a Bruker AXS D8 advanced diffractometer
equipped with a Cu Ko (A = 1.5418 A) X-ray source.

2.2.4 Adsorption studies

To determine the effect of solution pH, concentration and
temperature on chromium adsorption, batch adsorption
experiments were carried out. A Cr(VI) stock solution
of 1000 mg/L was prepared and diluted to 100 mg/L in
separate volumetric flasks and the solution pH in each
flask was varied between 2 and 12 using 0.01 M HCI and
0.01 M NaOH to study the effect of pH on adsorption.
Then, 0.5 g of each adsorbent was introduced into a seal-
able flask containing Cr(VI) solution and stirred for 2 h.
To study the effect of initial solution concentration,
the procedure was repeated with solutions of pH 2 and
concentrations ranging from 25 ppm to 200 ppm in sep-
arate flasks. The Cr(VI) concentration was determined
spectrophotometrically following the diphenylcarbazide
method at a wavelength of 540 nm [17]. To determine the
effect of temperature the Cr(VI) solutions were heated to
the desired temperature before the addition of adsorbent
and maintained at the same temperature throughout the
experiment.

3 Results and discussion
3.1 Characterization

The prepared nanoparticles and nanocomposite formed
dispersions in water (Fig. 1) and upon the introduction
of a permanent magnet, they were retained allowing the
water to be decanted. Introduction of pine cone to coat
the particles did not alter the magnetic properties of the
nanoparticles but instead formed a uniform magnetic
nanocomposite.

In Figure 2a Fenton’s treated pine cone powder is seen
to have a smooth porous surface which allows for seques-
tration of ions [18]. Figure 2b shows that the prepared
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PCP NC NP

Fig. 1. Pine cone powder (PCP), nanocomposite (NC) and
nanoparticles (NP) dispersed in water and magnetic separation
of nanocomposite (NC) and nanoparticles (NC).

nanoparticles are agglomerated, possibly due to high sur-
face energies resulting from their small sizes [19]. During
the formation of magnetite nanoparticles ferric and ferrous
ions are precipitated in the presence of hydroxyl ions to
form nanoparticles. The nanoparticle surfaces are there-
fore covered with excess hydroxyl groups from solution
and these group interactions as well as magnetic attrac-
tion increase agglomeration [20]. In the presence of pine
cone powder, magnetite particles are precipitated within
the pores (Fig. 1c) leading to breakage of the pine cone
hence exposing more surfaces while simultaneously stabi-
lizing the nanoparticles (Fig. 1d) [21].

The X-ray diffraction pattern of Fenton’s treated pine
cone in Figure 3 shows three major peaks at 22.3°, 37.82°
and 44.06°. These peaks are shifted from previously
reported values for crystalline cellulose (I) at 15.3°, 21.3°
and 34.0° and amorphous cellulose (II) at 26.1°, 36.2°
and 40.1° [22]. Fenton’s oxidation generally reduces the
amount of cellulose in pine cone therefore may account
for the absence of some cellulose peaks in the diffrac-
tion pattern [16]. Diffraction pattern of the as-synthesized
nanoparticles reveals peaks at 30.75°, 36.09°, 43.81°,
54.03°, 57.67° and 63.26° attributed to crystalline planes
with Miller indices (220), (311), (400), (422), (511)
and (440) respectively. The pattern matches the stan-
dard diffraction pattern for synthetic magnetite (JCPDS
card no. 19-0629) confirming the inverse spinel structure of
the as-synthesized nanoparticles [23,24]. Diffraction peaks
for magnetite and cellulose from pine cone are present in
the nanocomposite indicating it consists of both pine cone
and magnetite, the peaks corresponding to magnetite are
broadened and slightly shifted possibly due to a decrease
in crystallinity because of the presence of amorphous
cellulose in the nanocomposite. The binding of pine cone

on the surface of magnetite nanoparticles may cause
strain on bound surface atoms that differs from unbound
surface atoms therefore resulting in a shift of the dif-
fraction peaks [22,25,26]. Average particle sizes estimated
from Scherrer’s equation were found to be 7.19 +1.02 nm
and 6.95 + 0.86 nm for the nanoparticles and nanocom-
posite respectively [27,28]. The smaller nanocomposite
sizes as compared to the nanoparticles suggests that the
added biomass was bound to nanoparticle surfaces hence
hindering further crystal growth and stabilizing the
particles [25,26].

3.2 Adsorption studies
3.2.1 Solution pH

Batch adsorption of chromium (VI) ions was carried
out on magnetite nanoparticles (NP) and the nanocom-
posite (NC). In Figure 5 it is observed that nanoparticles
had a lower adsorption efficiency than the nanocom-
posite. Addition of pine cone to the nanoparticles led to
improved adsorption of chromium ions due to better sep-
aration and stability of particles hence increasing surface
areas [29]. The higher adsorption efficiency as shown by
the nanocomposite is possibly contributed to by the pres-
ence of pine cone power which contains functional groups
with the ability to sequester chromium ions [30]. The sta-
bility of different hexavalent chromium species in solu-
tion is highly dependent on the solution pH as described
by Saha and Orvig [2]. The species occur as HoCrOy,
HCrOy, CrQOg_ and CrOi_ with increasing solution pH
from pH < 1, pH 2-6 and pH > 6 respectively [2].
Figure 4 shows that the percentage removal for hexavalent
chromium is higher at low solution pH and decreases with
increasing solution pH for both adsorbents. At acidic pH
there is a high concentration of hydrogen ions in solution
which protonate the binding sites allowing the negatively
charged Cr(VI) to be attracted and bound on the
adsorbent surface [31]. This in turn leads to the removal
of hexavalent chromium ions from solution by electrostatic
attraction [32]. For this study pH 2 was taken as the opti-
mum pH since at this pH there was the highest adsorption
of hexavalent chromium.

3.2.2 Solution concentration

Adsorption of hexavalent chromium on magnetite nano-
particles and magnetite-pine cone nanocomposite was
carried out at concentrations between 25 mg/L and
200 mg/L to determine the effect of solution concentra-
tion on the sorption process. Figure 5 shows that at lower
initial solution concentration, there was higher adsorp-
tion efficiency with almost complete chromium removal
at 25 mg/L. The higher efficiency at lower solution
concentrations was due to availability of adsorption sites
with low adsorbate concentration therefore high amounts
of chromium were taken up. However, an increase in
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Fig. 2. SEM image of (a) pine cone powder, (b) iron oxide nanoparticles, (c¢) and (d) pine cone-iron oxide nanocomposites.

chromium/adsorbent ratio led to a decrease in adsorp-
tion efficiency while increasing the amount of chromium
adsorbed (mg) per adsorbent unit (g). Higher initial
solution concentrations provide higher mass transfer of
adsorbate from solution to solid phase hence improving
the interaction between the adsorbate and adsorbent
resulting in increasing adsorption capacity [30,33]. At all
solution concentrations, the nanocomposite had a higher
adsorption capacity and efficiency than nanoparticles
thereby indicating that the introduction of pine cone
improved the adsorption properties of iron oxide nanopar-
ticles. The suitable solution concentration for hexavalent
chromium adsorption was identified as 75 mg/L where
both efficiency and capacity were optimized.

3.3 Adsorption isotherms

The adsorption results were modeled following the
Langmuir and Freundlich isotherms to determine the
iso therm that better predicts hexavalent chromium
adsorption onto magnetite nanoparticles and magnetite-
pine cone nanocomposite.

3.3.1 Langmuir isotherm

Langmuir isotherm described by equation (1) assumes
that adsorption occurs on a homogenous surface with iden-
tical adsorption sites hence monolayer coverage on the
adsorbent surface and no further adsorption takes place
after the sites are occupied [34].

mK1,Ce
Qe = JImALTe (1)

14+ Ki,Ce

Ce Ce 1
== 2
Qe Gm KL ( )

where C, is the solution concentration at equilibrium,
Q. is the adsorption capacity at equilibrium, ¢, is the
maximum adsorption capacity and Kj, is the Langmuir
constant. The linearized form (Eq. (2)) is used to obtain
a plot of g—e against Ce from which the constants can be
determined. Adsorption data for both the nanoparticles
and nanocomposite (Tab. 1) fitted the isotherm with
correlation coefficients close to unity.
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Fig. 3. XRD spectra of pine cone powder (PCP), nanoparticles
(NP) and nanocomposite (NC).
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Fig. 4. Adsorption efficiency and capacity of magnetite
nanoparticles (NP) and magnetite pine cone nanocomposite
(NC) for Cr(VI) species at different solution pH.

3.3.2 Freundlich isotherm

The Freundlich isotherm relates the amount of an adsor-
bate adsorbed per unit weight of adsorbent to the adsor-
bate equilibrium concentration. The relation is described
by equation (3) below:

Qe = K/, (3)

log Q. = log K¢ + 1/nlog Ce, (4)

where Q. is the equilibrium adsorption capacity, C, is the
concentration of solution at equilibrium and K: and n
the characteristic constants. The data can be fitted in
the logarithmic form (Eq. (4)) and used to generate a

100 18
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Fig. 5. Effect of initial solution concentration on Cr(VI)
removal.

linear plot of log Q. against log C, from which the con-
stants and correlation coefficient can be determined. The
adsorption data was fitted and coefficients determined for
the Freundlich isotherm model (Tab. 2). From the model
parameters, the data better fitted the Langmuir than Fre-
undlich model hence signifying that the adsorption sites
were identical on a homogenous surface.

3.3.3 Thermodynamic studies

The adsorption of hexavalent chromium on both adsor-
bents was repeated at 298, 304, 309, 314 and 319 K to
determine the thermodynamic parameters for the adsorp-
tion process. The Gibbs free energy AG, enthalpy AH
and entropy AS for the adsorption were determined by
the relations:

AG = —RTInK, (5)

AG = AH — TAS, (6)

where AG is the change in Gibbs free energy, R is the
gas constant (8.314 J mol~! K—1), T is the temperature
in Kelvin and K¢ is the equilibrium constant [16,35].
Thermodynamic data determined for the adsorption of
hexavalent chromium on both adsorbents is presented in
Table 3. The greater negative value for Gibbs free energy
as temperature increased indicated a spontaneous reaction
which increased in spontaneity with an increase in tem-
perature [36-38]. Therefore, the adsorption of chromium
onto both magnetite nanoparticles and magnetite-pine
cone nanocomposite was more favorable at higher temper-
atures [39]. Change in enthalpy and entropy were deter-
mined from the intercept and slope after plotting AG
against temperature. A positive value of enthalpy for the
adsorption of hexavalent chromium on magnetite nanopar-
ticles and magnetite-pine cone nanocomposite indicated
an endothermic process while a positive change in entropy
signified increased randomness at the solid-solution inter-
face during Cr(VI) adsorption on both magnetite nano-
particles and magnetite-pine cone nanocomposite.
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Table 1. Langmuir isotherm fitting data for chromium adsorption on iron oxide nanoparticles and iron oxide pine cone powder

nanocomposite.
Nanoparticles Nanocomposite
Temperature (K)  gm (mgg™') Ki (dm® mg™') r? gm (mg g™')  Kp (dm® mg™!) r?
298 13.514 0.045 0.997 13.643 0.054 0.996
304 14.347 0.065 0.992 14.556 0.088 0.991
309 14.925 0.071 0.996 15.949 0.154 0.996
314 17.065 0.110 0.992 17.182 0.219 0.996
319 17.637 0.148 0.994 18.416 0.238 0.992

Table 2. Freundlich isotherm fitting data for chromium adsorption on iron oxide nanoparticles and iron oxide pine cone powder

nanocomposite.
Nanoparticles Nanocomposite
Temperature (K) 7 (dm® g=') Ky r? n (dm® g=') K; r?
298 2.372 0.608 0.938 2.472 0.529 0.893
304 2.999 0.365 0.958 3.383 0.290 0.961
309 3.002 0.344 0.974 3.968 0.202  0.960
314 3.584 0.223  0.985 5.189 0.144  0.965
319 3.839 0.190 0.979 5.280 0.132  0.973

Table 3. Thermodynamic parameters for Cr(VI) adsorption by

magnetite nanoparticles and magnetite-pine cone

nanocomposite.
Nanoparticles Nanocomposite
AG AH AS AG AH AS
Temperature (K)  (kJ mol™) (kJmol™') (JK 'mol™) (kJmol™") (kJmol™') (JK ' mol™)
298 —19.202 44.352 212.74 —18.032 78.2814 323.25
304 —20.553 —19.142
309 —20.639 —22.709
314 —22.589 —23.602
319 —23.731 —24.205

4 Conclusion

Iron oxide nanoparticles and a nanocomposite consisting
of iron oxide nanoparticles and pine cone powder were
synthesized. Characterization of the prepared nanoparti-
cles and nanocomposite revealed the synthesized nanopar-
ticles diffraction pattern matched the diffraction pattern
of synthetic magnetite and that the addition of pine cone
stabilized their surfaces resulting in reduced agglomera-
tion and smaller particles. The synthesized materials were
applied in the adsorption of hexavalent chromium from
water and incorporation of pine cone significantly
improved the adsorption of Cr(VI). Hexavalent chromium
adsorption on the prepared nanoparticles and nanocom-
posite was highest at acidic pH and low initial solution
concentrations and decreased with an increase in solution
pH and concentration. Equilibrium studies showed that
the adsorption data was better modelled by Langmuir
isotherm indicating monolayer coverage of the adsorbent
surface. Thermodynamic parameters for hexavalent
chromium adsorption on both adsorbents revealed that
the adsorption was spontaneous at all temperatures, was
endothermic in nature and had increased randomness at
the solution-solid interface.

Authors would like to thank the South African National
Research Foundation and Vaal University of Technology for
sponsoring this research.
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