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a b s t r a c t

Diatomite-supported/unsupported magnetite nanoparticles were prepared by co-precipitation and
hydrosol methods, and characterized by X-ray diffraction, nitrogen adsorption, elemental analysis, dif-
ferential scanning calorimetry, transmission electron microscopy and X-ray photoelectron spectroscopy.
The average sizes of the unsupported and supported magnetite nanoparticles are around 25 and 15 nm,
respectively. The supported magnetite nanoparticles exist on the surface or inside the pores of diatom
shells, with better dispersing and less coaggregation than the unsupported ones. The uptake of hex-
avalent chromium [Cr(VI)] on the synthesized magnetite nanoparticles was mainly governed by a
physico-chemical process, which included an electrostatic attraction followed by a redox process in
which Cr(VI) was reduced into trivalent chromium [Cr(III)]. The adsorption of Cr(VI) was highly pH-
hromium

dsorption
ransmission electron microscopy

dependent and the kinetics of the adsorption followed a pseudo-second-order model. The adsorption
data of diatomite-supported/unsupported magnetite fit well with the Langmuir isotherm equation. The
supported magnetite showed a better adsorption capacity per unit mass of magnetite than unsupported
magnetite, and was more thermally stable than their unsupported counterparts. These results indi-
cate that the diatomite-supported/unsupported magnetite nanoparticles are readily prepared, enabling

r the
promising applications fo

. Introduction

Magnetite (Fe3O4) nanoparticles have attracted increasing
esearch interest in the fields of catalysis and environmental
emediation in recent years [1,2]. This is because magnetite
anoparticles possess not only strong adsorption/reduction activ-

ties, but also the property of being easily separated and collected
y an external magnetic field [3,4]. The good adsorption activities
f magnetite nanoparticles for many heavy metal ions have been
eported in literatures [5–7].

As well known, the coaggregation problem often constitutes a
hallenge that nanoparticles have to be confronted, since the coag-
regation decreases the effective surface area of nanoparticles and
hus reduces their reaction activities. Several methods have been

eveloped to overcome the coaggregation problem. Organized
ssemblies such as surfactant matrix [8,9] and silica micropheres
10] were applied as dispersants to control the coaggregation of
he iron oxide nanoparticles. Supporting of magnetite nanoparti-

∗ Corresponding author. Tel.: +86 20 85290341; fax: +86 20 85290341.
E-mail address: yuanpeng@gig.ac.cn (P. Yuan).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.08.129
removal of Cr(VI) from aqueous solution.
© 2009 Elsevier B.V. All rights reserved.

cles on polymer [11,12], porous silica [13], clays [14] and zeolite
[15] during the preparation process were also found to be effec-
tive to prevent coaggregation. The resulting heterogeneous systems
showed better performance in recycling use with lower cost than
their homogeneous counterparts. In this sense, it would be very
interesting to synthesize supported magnetite nanoparticles and
to explore the effect of the support on the related characteristics
and activities of the nanoparticles.

Diatomite is a fossil assemblage of diatom shells. Composed
of biogenetic amorphous silica, diatom shell is characteristic of
macro/mesoporous structure and excellent thermal and mechani-
cal stabilities [16–19]. As a low-cost and readily available mineral
with highly developed porous structure, diatomite may be par-
ticularly suitable to be used as a support for the synthesis of
magnetite nanoparticles. However, so far, few attempts to synthe-
size diatomite-supported magnetite nanoparticles could be found
in literatures.
In the present study, we prepared diatomite-supported mag-
netite nanoparticles and used the nanocompostie as adsorbent for
the removal of hexavalent chromium [Cr(VI)]. Cr(VI) is a highly
toxic agent that is carcinogenic, mutagenic and teratogenic to
living organisms [20]. Mainly existing in the forms of anions of

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:yuanpeng@gig.ac.cn
dx.doi.org/10.1016/j.jhazmat.2009.08.129
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hromate and dichromate in aqueous systems, Cr(VI) is usually
eleased from various industrial operations such as metallurgy
nd leather tanning [21]. Cr(VI)-containing wastewater from these
rocesses is typically disposed by means of domestic sewage sys-
ems with little treatment in some undeveloped areas. A variety
f methods have been developed for the removal of Cr(VI) from
astewater, such as adsorption, ion exchange, chemical precipi-

ation, electro-deposition and reverse osmosis [6,22–24]. Among
hese methods chemical reduction followed by precipitation or
dsorption is the most widely used technique [25]. With this
ethod Cr(VI) is converted into trivalent chromium [Cr(III)] with
uch lower toxicity and limited hydroxide solubility. The reduc-

ion agents used for the converting process include iron sulfide
26], ferrous iron [27], ferrite [28], various types of metallic iron
nd zero-valent iron [29–34], green rust [35], siderite [36] and
agnetite [37,38]. However, less research attention was paid to

sing supported nano-scaled magnetite as a reduction agent or an
dsorbent for the treatment of Cr(VI).

Consequently, the objective of this study is to assess the feasi-
ility of applying diatomite-supported magnetite nanoparticles for
he removal of Cr(VI) from aqueous solutions. For this purpose, the
repared supported/unsupported magnetite nanoparticles were
ested in a series adsorption experiments, and several chemi-
al, spectroscopic and microscopic characterization methods were
sed to investigate how the characteristics of materials and the
ondition-specific parameters affect the reaction mechanism.

. Materials and methods

.1. Materials and preparation methods

Raw diatomite from Guangdong, China, was purified by the
ethod described in our previous report [39]. The chemical com-

osition (wt%) of the purified diatomite (Dt) is: SiO2, 90.1; Fe2O3,
.3; CaO, 0.5; MgO, 0.2; TiO2, 0.4; loss, 7.9. The transmission elec-
ron microscope (TEM) characterization shows that most diatoms
n the sample belong to the genera Synedra ulna (Nitz.) Ehr., and
ave width of 3–15 �m and length of 40–120 �m. Analytical grade
eagents such as FeCl3·6H2O (99%), FeCl2·4H2O (99%) and NH4OH
ere used for the synthesis of magnetite. K2Cr2O7 (99%) was used

or the preparation of Cr(VI) solution.
The magnetite nanoparticles (Mag) were prepared by the fol-

owing steps: the powder of FeCl3·6H2O and FeCl2·4H2O, with a
olar ratio of Fe(II)/Fe(III) = 1/2, were dissolved in distilled water

hat had just been deoxygenated by bubbling N2 gas for 30 min.
he amount of the added iron salt was about 3 g in 200 mL water.
he solution was kept under N2 protection and vigorously stir-
ing for 5 min in a water bath at 60 ◦C. After that NH4OH solution
1.5 M) was slowly added into the Fe(II)/Fe(III) solution. The addi-
ion was stopped when the pH value of the mixture reached 8.0.
hen the mixture was aged for 30 min at 60 ◦C. The precipitate was
solated by using an external magnetic field and the supernatant

as decanted. The obtained solid part was quickly washed four
imes with deionizated and deoxygenated water and dried at 40 ◦C
nder vacuum.

Two methods were applied to prepare diatomite-supported
agnetite nanoparticles. One was the co-precipitation method in
hich the diatomite powder was simply added into the mixed solu-

ion of ferric chloride and ferrous chloride before the addition of
mmonia solution, with a ratio of 10 mmol Fe per gram of diatomite.

nd the rest preparation process followed the same steps as the
reparation of Mag. The resultant sample was denoted as MagDt-P.

For the other preparation method, the hydrosol of magnetite
as firstly synthesized and then loaded on diatomite. Synthesis of

he magnetite hydrosol followed a preparation route proposed by
aterials 173 (2010) 614–621 615

Kang et al. [40]. The resultant magnetite hydrosol, which was a clear
and transparent cationic colloid with pH value about 4.0, was left
to stand for a few hours to settle out any residual solids. The dark-
colored supernatant was separated for further preparation. In a run
for the preparation of diatomite-supported magnetite, a 5% (wt%)
diatomite suspension was added into the magnetite hydrosol with
equivalent volume. The mixture was stirred for 30 min, and then
centrifuged at 4000 rpm for 5 min. It was observed that the super-
natant liquid of the mixture became colorless, which indicated that
the positively charged magnetite nanoparticles were completely
adsorbed by the negatively charged diatomite particles by electro-
static attraction. The colorless supernatant was discarded, and the
solid part was further mixed with magnetite hydrosol and the mix-
ture was stirred and centrifuged again. The above treatment cycle
was ended until the supernatant did not anymore become colorless,
which was an indication of the saturated adsorption of magnetite
hydrosol onto the diatomite. The resultant solid was separated and
dried at 40 ◦C under vacuum. The diatomite-supported magnetite
prepared by this method was referred to as MagDt-H.

All prepared samples were kept on a vacuum desiccator before
being used for adsorption experiments. To test the stability of the
supported/unsupported magnetite nanoparticles over a long-term,
a portion of each sample was kept under ambient condition in
a covered container for 2 years. The obtained samples were dif-
ferentiated by the suffix -T (e.g. Mag-T). Moreover, a commercial
magnetite (MicroMag), which has an average of particle size of ca.
20 �m, was used in the adsorption tests for comparison purpose.

2.2. Adsorption experiments

In a typical run, 0.5 g adsorbent was added into 100 mL of Cr(VI)
solution with scheduled concentration in a 125 mL high density
poly(ethylene) (HDPE) bottle. No buffer was added in these exper-
iments. The Cr(VI) solution was prepared by dissolving K2Cr2O7
in distilled water. The pH value was adjusted by 0.1 M HNO3 and
0.1 M NaOH solution. For the kinetics tests, the mixture in the HDPE
bottle was strongly shaken at a rate of 160 rpm in an oscillator
to ensure a complete mixing. The contact time was in the range
from 2 to 120 min. At timed intervals, samples were taken by HDPE
3 mL syringe and filtered through a 0.2 �m cellulose acetate syringe
filters. The Cr(VI) content in the filtered solution was measured
by using a Shimadzu UV-260 Spectrophotometer according to the
determination procedure described in literature [41]. The experi-
ments for obtaining adsorption isotherms followed a very similar
procedure except for the equilibrium time was fixed as 120 min.
All adsorption experiments were conducted at room temperature
(25 ± 2 ◦C) unless noted, and all of the adsorption results were cor-
rected by blank tests in which no adsorbent was added into the
Cr(VI) solution. The amount of Cr(VI) adsorbed per unit mass of
the adsorbent, q (mg/g), was computed by using the expression:
q = (C0 − Ct)/m, where C0 and Ct (mg/L) are the concentration of
Cr(VI) in the reaction solution before and after treatment, respec-
tively, and m (g) is the amount of adsorbents in 1 L of Cr(VI) solution.
The removal efficiency of Cr(VI), E (%), was calculated using the
equation: E = [(C0 − Ct)/C0] × 100.

2.3. Characterization methods

X-ray diffraction (XRD) patterns were recorded at a scan-
ning rate of 4◦/min on a Rigaku D/Max 2200 VPC diffractometer,
equipped with a graphite-monochromatized Cu K� radiation

course (� = 0.154 nm) under target voltage 40 kV and current
30 mA. The chemical compositions of the samples were deter-
mined using a PE-3100 atomic absorption spectrometer (AAS). N2
adsorption–desorption isotherms were measured on a Micromerit-
ics ASAP 2020 system at liquid nitrogen temperature. The samples
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Table 1
The total Fe3O4 content and the porous structural data of the prepared samples.

Samples Mag MicroMag Dt MagDt-P MagDt-H

MagDt-P exhibits weaker signals of the transformation from mag-
netite to maghemite, which begins at about 250 ◦C and finishes
at ca. 432 ◦C (Fig. 2b). Meanwhile, exothermic signal of the phase
transformation from maghemite to hematite for MagDt-P centers
at about 650 ◦C. The higher phase-transformation temperature of
ig. 1. XRD patterns of the diatomite and the unsupported/diatomite-supported
agnetite samples.

ere outgassed at 350 ◦C for 8 h before measurement. The spe-
ific surface area, SBET, was calculated by using the multiple-point
runauer–Emmett–Teller (BET) method [42] and the total pore
olume, Vpore, was evaluated from nitrogen uptake at a relative
ressure of ca. 0.97. The pore size distribution was computed by
sing the Barrett–Joyner–Halenda (BJH) method [43]. TEM images
ere obtained on a Philips CM120 electron microscope operating at

n acceleration voltage of 120 kV. Differential scanning calorime-
ry (DSC) characterization was performed on a Netzsch STA 409
C instrument. Approximately 10 mg of finely ground sample was
eated in a corundum crucible with a heating rate of 5 ◦C/min under
ir atmosphere. X-ray photoelectron spectroscopy (XPS) analyse
as performed on a Kratos AXIS Ultra with a monochromatic Al
-ray source at 150 W.

. Results and discussion

.1. Characterization of the diatomite-supported/unsupported
agnetite nanoparticles

The XRD pattern of Dt (Fig. 1a) is in good agreement with
hat of the referenced amorphous silica, characteristic of a broad
eak centered at ca. 21.8◦. The diffraction pattern of Mag (Fig. 1b)
xhibits distinct plane distances of 0.296, 0.253, 0.209, 0.161, and

.148 nm, which are well consistent with the referenced data of
.297, 0.253, 0.209, 0.162, and 0.149 nm for (2 2 0), (3 1 1), (4 0 0),
5 1 1) and (4 4 0) plane distances, respectively [44]. Fig. 1c and

presents the XRD patterns of diatomite-supported magnetite
repared via co-precipitation (MagDt-P) and hydrosol method
Fe3O4 (%) 92.8 94.0 – 31.6 17.8
SBET (m2/g) 86.6 26.1 10.9 50.2 24.1
Vpore (cm3/g) 0.32 0.11 0.04 0.13 0.08

(MagDt-H), respectively. In both curves, the broad peak result-
ing from the diatomite support and the reflections corresponding
to magnetite are presented simultaneously. And the content of
magnetite in MagDt-P is higher than that of MagDt-H, based on
a semi-quantitatively calculation by use of deconvolution of XRD
peaks. This is in accordance with the chemical analysis result
(Table 1) that the content of Fe3O4 in MagDt-P (31.6 wt%) is higher
than that in MagDt-H (17.8 wt%). Sample Mag-T, obtained by plac-
ing Mag under ambient condition for two years, shows a XRD
pattern attributed to akaganeite (�-FeOOH) (Fig. 1e). The aka-
ganeite phase should result from the long-term reaction between
the ambient water and the magnetite. However, the XRD patterns
of MagDt-P-T and MagDt-H-T (not shown) just resemble those
of MagDt-P and MagDt-H, respectively. This indicates the mag-
netite was prevented from transforming into akaganeite, which
was probably due to that the surface hydroxyl groups of diatomite
adsorbed the ambient water and effectively reduced the contact
between water molecules and magnetite. This result suggests that
diatomite support has good effect on enhancing the stability of
the nano-scaled magnetite and is very useful for its storage and
transportation.

As displayed in the DSC curve of Mag (Fig. 2a), an exothermic
signal at ca. 187 ◦C is resolved, which corresponds to the beginning
temperature of the transformation from magnetite to maghemite
(�-Fe2O3) [45]. This transformation appears a multi-step process,
which is composed of gradual transformation of the magnetite
nanoparticles with different sizes and ends at ca. 349 ◦C (Fig. 2a).
The exothermic signal at 516 ◦C is attributed to the transformation
from maghemite to hematite (�-Fe2O3). These two thermal events
are consistent with the previously reported phase-transformation
temperature range of magnetite [44–46]. As compared to Mag,
Fig. 2. DSC curves of the unsupported/diatomite-supported magnetite samples.
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is very close to that of Dt, indicating the magnetite nanoparti-
cles were well dispersed on the diatom shells and the interspaces
between magnetite particles were significantly diminished. These
above proposals are evidenced by the data of the specific surface
area and the porous volume (Table 1), which follow an order of
ig. 3. TEM images of (a) Mag; (b) Dt; (c and d) two diatom shells in MagDt-P; (e an

agDt-P relative to that of Mag suggests the diatomite support
ncreased the thermal stabilities of the magnetite nanoparticles.
his is due to the nanoparticles were effectively separated by the
iatom shells, therefore many of them were prevented from aggre-
ating and further transforming. A similar phenomenon was also
ound in the system of clay-supported iron/titanium oxides [47,48].
he DSC curve of MagDt-H is analogous to that of MagDt-P (Fig. 2c),
ut the phase-transformation signals of iron oxides for MagDt-H
re weaker than those for MagDt-P. This is because the content of
agnetite in MagDt-H is lower than that in MagDt-P.
The TEM image of Mag (Fig. 3a) shows that the synthesized

agnetite nanoparticles have an average size around 25 nm and
ramatically coaggregate together. The diatom shells in diatomite
xhibit clear porous structure and clean surface (Fig. 3b). MagDt-P
hows a high extent of loading of magnetite, as indicated by that the
agnetite nanoparticles coaggregated with each other through the

urface or even filled in the pores of the diatom shells (Fig. 3c and d),
hich significantly reduced the visibility of the porous structure of
iatomite. In MagDt-P unsupported magnetite nanoparticles were
lso found, and they exhibit similar coaggregation characteristics
nd sizes to those in Mag (TEM images are not shown). In contrast
ith that, in MagDt-H almost no separate coaggregates of unloaded
agnetite nanoparticles were observed and the porous structure

f diatomite remained clearly visible (Fig. 3e and f). From the TEM
mages of MagDt-H with higher resolution, it can be seen that
he magnetite nanoparticles were better dispersed at the surface
Fig. 3g) or within the pores (Fig. 3h) than those in MagDt-P. Mean-
hile, the average size of the nanoparticles in MagDt-H is about

5 nm, much smaller than that in Mag. These comparisons sug-
est that the diatomite-supported magnetite prepared via hydrosol
oute is better in enhancing the dispersion of magnetite nanopar-
icles than that via co-precipitate route, although the latter one
hows a larger loading quantity of magnetite.

As shown in Fig. 4, the nitrogen adsorption–desorption isotherm
f Mag belong to the type II with H3 hysteresis loop, according to
UPAC-classification [42]. The hysteresis loop of this isotherm is

ssociated with the filling and emptying of the mesopores by capil-
ary condensation. These mesopores should be the spaces between

agnetite nanoparticles since magnetite is actually nonporous as
lready known. Dt exhibits an isotherm of type II with a very minor
ysteresis loop, which is in agreement with the previous report that
wo diatom shells in MagDt-H; (g and h) sample MagDt-H with high resolution.

diatomite is mainly macroporous with small amount of mesopores
[49]. Represented in the inset of Fig. 4 is the pore size distribution
(PSD) curves calculated from the BJH method. The primary peak
at ca. 15 nm in the curve of Mag corresponds to the main pop-
ulation of pores, and can be readily identified as the interspaces
between magnetite particles. In contrast, Dt shows a broader pore
distribution in which pores with different sizes coexist. As com-
pared to Mag, MagDt-P exhibits an isotherm with less developed
hysteresis loop, implying the volume of the mesopores between
magnetite nanoparticles was reduced. The primary peak in the PSD
curve of MagDt-P located at a lower value (ca. 8 nm), reflecting the
mesopores resulting from interspaces of magnetite nanoparticles
became smaller. MagDt-H exhibits an isotherm with minor hys-
teresis loop and a PSD curve without dramatic peak. This feature
Fig. 4. Nitrogen adsorption–desorption isotherms and PSD curves (the insert) of
diatomite and the unsupported/diatomite-supported magnetite samples.
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Fig. 5. (a) Effect of initial solution pH values on the removal of Cr(VI) on Mag, Micro-
18 P. Yuan et al. / Journal of Hazar

ag > MagDt-P > MagDt-H > Dt. This result is also in good agree-
ent with the XRD results (Fig. 1), the chemical analysis (Table 1)

nd the TEM observation (Fig. 3).

.2. Kinetics and isotherms of the Cr(VI) adsorption on
iatomite-supported/unsupported magnetite nanoparticles

Due to its better dispersion performance of the magnetite
anoparticles, MagDt-H was chosen for the adsorption tests in this
tudy. It is noteworthy that possibly the dispersion performance
f MagDT-P could be improved with revisions of the preparation
ethodology; however, testing on this front will be done as part of

nother investigation. Before the batch experiments, effects of pH
alues on the adsorption of Cr(VI) were investigated to determine
he optimum pH value applied in the adsorption tests. Because the
H dependence of magnetite is likely to control the pH dependence
f both supported and unsupported magnetite systems, the sup-
orted magnetite (MagDT-H) was not directly tested. Instead we
se the optimum pH values found for the magnetite samples. We
dditionally tested the Dt sample; however, it adsorbs so little Cr
hat it was not considered when picking the pH for the batch exper-
ments, described in detail below. Mag, MicroMag and Dt were used
s adsorbents for this investigation. Before addition of the adsor-
ents, the initial pH values were adjusted to the range of 2.0–9.0.
he initial Cr(VI) concentration was set as 50 mg/L and the agitation
ime was 120 min. The maximum removal efficiency (ca. 99.8%) of

ag was found at pH 2.0–2.5, and at higher pH values the amount
f Cr(VI) uptake decreased gradually (Fig. 5a). This result is in good
greement with the previous report [6], and can be explained as
ollows: different species of Cr(VI) (Cr2O7

2−, HCrO4
−, Cr3O10

2−,
r4O13

2−) coexist at acidic pH condition. At pH 2–3 the predom-
nant Cr(VI) species is HCrO4

−, which is favorable adsorbed since
t has a low adsorption free energy [50]. The dramatic decrease of
he Cr(VI) uptake with the increase of pH values was mainly due to
hat higher pH values made the surface of magnetite more nega-
ively charged, which greatly enhanced the electrostatic repulsion
etween magnetite and Cr(VI) anions, leading to a release of the
dsorbed Cr(VI) species from the magnetite surface. The uptake
f Cr(VI) on MicroMag shows a similar pH-dependency to that of
ag, but with much lower removal efficiency (the maximum is

bout 40% of Mag’s) at the same pH values (Fig. 5a). The maximum
emoval efficiency (ca. 10%) by Dt occurs at pH 1.0 (Fig. 5a). Such
ow adsorption of Cr(VI) on Dt should be attributed to the low pHZPC
∼2.0) of diatomite [19], since the adsorption of the anionic Cr(VI)
pecies are only favored when pH value is below 2.0. Considering
he removal efficiency of Dt remained at a low level throughout
he whole pH range, all subsequent adsorption experiments herein
ere conducted at pH 2.5, the optimum pH for adsorption of Cr(VI)

n Mag and MicroMag.
Fig. 5b displays the removal of Cr(VI) by Mag, MicroMag and

agDt-H as a function of time. The plots of the amount of Cr(VI)
dsorbed on the three adsorbents, normalized to the actual Fe3O4
ontent (Table 1), were presented as Fig. 5c. The initial Cr(VI) con-
entration was set as 50 mg/L. The Cr(VI) uptake was quite fast
oward the beginning, followed by a much slower subsequent
emoval and at last leading to a steady state. About 90% of the Cr(VI)
as removed by Mag during the first 2 min of the reaction, while

nly a small part of the additional removal occurred during the
est contact time. MagDt-H shows a similar rapid adsorption for
r(VI), in which the uptake of more than 90% of the totally adsorbed
r(VI) species was finished in the first 5 min (Fig. 5b). The rapid

dsorption of Cr(VI) by Mag and MagDt-H may be attributed to the
xternal surface adsorption. This suggests most of the adsorption
ites of the nanoparticles existed in the exterior of the adsorbent
nd were easily accessible by the Cr(VI) species, resulting in a rapid
pproach to steady state. For both adsorbents, the steady state was
Mag and Dt; (b) effect of agitation time on the Cr(VI) removal efficiency of Mag,
MicroMag and MagDt-H; (c) effect of agitation time on the normalized Cr uptake
to actual Fe3O4 content; and (d) the Cr(VI) adsorption isotherms of Mag, MicroMag
and MagDt-H.

achieved in 1 h. In comparison, this time length of Cr(VI) adsorption
onto the diatomite-supported/unsupported magnetite nanoparti-
cles is close to that of maghemite nanoparticle (about 20–60 min)
[51], and is much higher than those of MicroMag (about 90 min,
Fig. 5b), peat (∼6 h) [52], volcanic ash (∼6 h) [53], and activated
carbon (about 10–70 h) [54,55].

The kinetics curve of the adsorption process was simulated using
the pseudo-second-order model [56,57] with the rate expression
given by

dqt

dt
= kp(qe − qt)

2 (1)

where kp is the second order rate constant (g/(mg min)), qt and qe

are the amount of Cr(VI) adsorbed per unit mass (mg/g) at any time
(t) and at equilibrium, respectively. As shown in Table 2 for the
simulation results, the sorption of Cr(VI) onto Mag, MicroMag and
MagDt-H fits Eq. (1) quite well. This indicates that this sorption sys-
tem is a pseudo-second-order reaction, implying the rate-limiting

step may be chemical sorption involving valency forces through
sharing or exchange of electrons between sorbent and sorbate [56].

To compare the Cr(VI) removal efficiency of
unsupported/diatom-supported magnetite, the amount of Cr(VI)
adsorbed per unit mass (g) of actual magnetite content, qe–s, was
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Table 2
Kinetics constants and Langmuir equation parameters for Cr(VI) adsorption on various adsorbents.

Adsorbents Kinetics constants Langmuir equation parameters

R2 Kp [g/(mg min)] qe (mg/g) qe–s (mg/g) t1/2 (min) R2 b Qm (mg/g) Qm–s (mg/g)

c
o
v
1
d
h
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d
e
t
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e
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t
i
a
c
p

Mag 1 0.60 9.86 10.63
MicroMag 0.997 0.08 4.95 5.27
MagDt-H 0.998 0.33 2.02 11.35

alculated by the obtained Fe3O4 content (Table 1) and the values
f qe (Table 2) derived from the adsorption kinetic simulation. The
alues of qe–s for Mag, MicroMag and MagDt-H were obtained as
0.6, 5.3 and 11.4 mg/g, respectively. This result reflects that both
iatomite-supported and unsupported magnetite nanoparticles
ave much higher efficiency on the adsorption and reduction
f Cr(VI) than the micron-scaled magnetite particles. Also, the
iatomite support has good effect for improving the Cr(VI) removal
fficiency of magnetite nanoparticles, which is in accordance with
he fact that supported magnetite got better dispersion than their
nsupported counterpart.

Fig. 5d displays the Cr(VI) adsorption isotherms of Mag,
icroMag and MagDt-H. The Langmuir equation was used to

uantitatively descript the Cr(VI) uptake. The linear form of the
angmuir plot is given as

Ce

Qe
= 1

bQm
+

(
1

Qm

)
Ce (2)

here b and Qm (mg/g) are the Langmuir constant and the
onolayer adsorption capacity, respectively, and Ce (mg/L) is the

quilibrium concentration of the Cr(VI) in liquid phase. As indicated
y the adsorption coefficients computed from Eq. (2) (Table 2), the
dsorption isotherms of Mag, MicroMag and MagDt-H well fit the
angmuir model. The monolayer adsorption capacity per unit mass
g) of magnetite content, Qm–s, was calculated by the Fe3O4 content
Table 1) and the values of Qm (Table 2) derived from the Langmuir
quation. The Qm–s values of different adsorbents follow an order
f MagDt-H (69.2 mg/g) > Mag (21.7 mg/g) > MicroMag (14.6 mg/g).
t is noteworthy that the Qm–s value of MagDt-H is also contributed
rom the adsorption of diatomite support, however, Cr(VI) adsorp-

ion of diatomite is very minor relative to that of magnetite so that
s overlooked here. This comparison between Qm–s values of various
dsorbents indicates that the supporting of diatomite dramati-
ally increases the adsorption capacity of magnetite nanoparticles,
roviding an additional evidence for the proposal that better dis-

Fig. 6. (a) Cr2p and (b) Fe2p XPS spectra of the syn
0.17 0.998 0.262 20.16 21.72
2.38 0.987 0.053 13.72 14.60
1.48 0.799 0.015 12.31 69.16

persion of magnetite nanoparticles results in higher adsorption
efficiency.

Further advantages of the heterogeneous diatomite-supported
magnetite can be postulated, for example, this material may be
much more readily to be pelletized than the unsupported mag-
netite nanoparticles, and thus be advantageous in actual industrial
processes. Moreover, the common uses of diatomite as filter aid and
catalytic supports are of help for extending the related applications
of supported magnetite.

3.3. Adsorption mechanisms and regeneration tests

The XPS spectra of chromium and iron from the adsorbent sur-
face after adsorption (pH 2.5; initial Cr(VI) concentration 50 mg/L;
120 min) were shown in Fig. 6. The Cr-loaded adsorbents were high-
lighted in the sample names by adding a suffix “-Cr”, i.e., Mag-Cr
and MagDt-H-Cr. The Cr2p XPS spectra of Mag-Cr and MagDt-H-Cr
exhibit two peaks centered at 577.8 and 586.8 eV (Fig. 6a), assigned
to Cr2p3/2 and Cr2p1/2, respectively [44]. These peaks are typically
ascribed to Cr(III), indicating that the Cr(VI) in solution had been
adsorbed onto the surface of the adsorbents and then reduced to
Cr(III) by a heterogeneous redox process [58,59]. Meanwhile, the
Fe2p XPS spectra of Mag-Cr and MagDt-H-Cr showed only fully
oxidized iron on the surface, characteristic of the 2p3/2 peaks cen-
tered at ca. 711.8 and 710.5 eV (Fig. 6b), respectively [60]. However,
in the Fe2p XPS spectrum of Mag (Fig. 6b), the 2p3/2 peak is cen-
tered at ca. 710.2 eV and the 2p1/2 peak is at ca. 723.8 eV, which
matches well with the data of referenced magnetite [44,60]. More-
over, the values of the binding energy of Fe(2p3/2) and Fe(2p1/2)
in Mag-Cr and MagDt-H-Cr were higher than that in Mag (Fig. 6b).

The increase of the binding energy of Fe(2p1/2) was previously sug-
gested as an indication of the substitution of Cr(III) for Fe(III) in
Cr-substituted magnetites [60,61], so possibly the isomorphic sub-
stitution of Fe(III) by Cr(III) took place in Mag-Cr and MagDt-H-Cr,
considering that the two ions have similar ionic radii (0.067 nm for

thesized magnetite and Cr-loaded samples.
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e(III) and 0.065 nm for Cr(III)) and the substitution of Cr(III) for
e(III) is thermodynamically favored [60]. However, further exper-
mental evidences are still needed for confirming the occurrence of
he isomorphic substitution.

The XRD pattern of Mag-Cr (Fig. 1f) should be assigned to the
attern of maghemite rather than magnetite, although both of
he two phases have spinel-type structure and exhibit very simi-
ar XRD patterns. This assignment is supported by the XPS result
hat Mag-Cr shows a fully oxidized state, and the relevant DSC
urve of Mag-Cr (not shown) also supports the attribution since
he exothermic signals of phase-transformation from magnetite
o maghemite did not appear any more. Likewise the iron oxide
hase in MagDt-H-Cr should be maghemite. Furthermore, a small
mount of akaganeite was also found to exist in both Mag-Cr and
agDt-H-Cr as indicated by the XRD patterns (Fig. 1f and g). It

hould be resulted from the reaction between magnetite and the
hlorin-contained solution [44,62]. Moreover, there are no new Cr-
ontained phases (e.g. chromite, FeCr2O4) as previously reported
6], found in either Mag-Cr or MagDt-H-Cr. These above results
ndicate that the magnetite was oxidized into maghemite during
he adsorption of Cr(VI), and the resulting Cr(III) species may exist
n the surface of the final maghemite-like solid.

A simple regeneration test was conducted to evaluate the
eusability of supported/unsupported magnetite nanoparticles.
he testing process followed a typical route proposed by Hu et al.
51]: 0.3 g Cr-adsorbed magnetite sample (Mag-Cr or MagDt-H-Cr)
as mixed with 5 mL of 0.01 M NaOH solutions for 24 h to remove

he adsorbed Cr species, then the obtained magnetite was reused
or the Cr(VI) adsorption test, and the above elution/adsorption
nderwent three cycles. The restored Cr(VI) adsorption capacity
milligram of Cr per gram of actual Fe3O4 content) of Mag-Cr was
ound to be 35.6%, 14.3%, and 6.3% of the original adsorption capac-
ty of Mag, corresponding to the three cycles, respectively, and the
alues with same meaning for MagDt-H-Cr were 38.7%, 16.9%, and
.1%, respectively. These results showed that the regeneration of
oth diatomite-supported/unsupported magnetite nanoparticles
as much less inefficient than that of the maghemite nanoparti-

les [51], whose Cr adsorption capacity remained almost constant
ven after six cycles of elution/adsorption. This is due to that Cr(VI)
dsorption onto maghemite was a reversibly physical process [51],
n the contrary, the irreversible redox and isomorphic substitution
ccurred in the process of Cr(VI) adsorption on magnetite nanopar-
icles, as revealed by the XPS and XRD results. It is noteworthy
hat the Cr(VI) adsorption capacity of both Mag-Cr and MagDt-H-Cr
as partially restored after 1 cycle of elution/adsorption, sug-

esting some Cr species adsorbed by electrostatic attraction were
eleased and thus the corresponding adsorption sites were freed
or next adsorption. However, after 3 cycles of elution/adsorption

ost of the Cr species were finally fixed into the adsorbents
hrough redox and isomorphic substitution. According to the dis-
ussion based on the XPS and XRD results, it can be postulated
hat the final product after regeneration would be a Cr-loaded
ron oxide solid with maghemite-like structure. As reported in
iteratures [60,61], these sort of Cr-containing iron oxides is of
igh prospect for the catalytic uses. Accordingly, the regeneration
f the diatomite-supported/unsupported magnetite nanoparticles
ay be of meaning in not only recovering the adsorbent itself but

lso making use of the useful Cr components. Testing on this poten-
ial use will be done as part of another investigation.
. Conclusions

Diatomite-supported magnetite nanoparticles can be prepared
y both co-precipitation and hydrosol method. The supported
agnetite nanoparticles synthesized via hydrosol method are bet-

[
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ter dispersed and less coaggregated than those synthesized via
co-precipitation method and the unsupported magnetite nanopar-
ticles.

The Cr(VI) uptake onto these synthesized magnetite nanopar-
ticles was a physico-chemical process, including an electrostatic
attraction followed by a redox process in which Cr(VI) was reduced
into Cr(III). For a given sample, the adsorption of Cr(VI) was strongly
affected by the pH values and the kinetics of the adsorption fol-
lowed the pseudo-second-order model. The Cr(VI) adsorption data
of unsupported/supported magnetite fit well with the Langmuir
isotherm equation.

The diatomite-supported magnetite synthesized via hydrosol
method exhibited a higher adsorption capacity per unit mass
of magnetite (qe–s, 11.4 mg/g), calculated from the pseudo-
second-order kinetics equation, than the unsupported nano-
scaled magnetite (10.6 mg/g) and the micron-scaled mag-
netite (5.3 mg/g). The monolayer adsorption capacities per
unit mass (g) of magnetite content (Qm–s) of these materi-
als, obtained from the simulation with the Langmuir equa-
tion, followed a similar order of diatomite-supported nano-
scaled magnetite (69.2 mg/g) > unsupported nano-scaled mag-
netite (21.7 mg/g) > micron-scaled magnetite (14.6 mg/g). These
results indicate that diatomite support is useful on improv-
ing the Cr(VI) adsorption capacity. Furthermore, supporting of
diatomite is of help for the storage and pelletization of the
magnetite nanoparticles. These fundamental results demonstrate
that the diatomite-supported/unsupported magnetite nanoparti-
cles are readily prepared, enabling promising applications for the
removal of Cr(VI) from aqueous solution.
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