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ABSTRACT

Magnetic bamboo charcoals were prepared by loading FeCl3 onto bamboo charcoal and then
calcinated at appropriate temperatures. The type of iron oxides on bamboo charcoal and the
possible reactions in the process of preparation were analyzed by thermal gravimetric
analysis, X-ray fluorescence, and X ray diffraction. The sample obtained by calcination at
400˚C was the composite of FeO(OH), α-Fe2O3, and bamboo charcoal, while the product
given by calcination at 700˚C composed α-Fe2O3, Fe3O4, and SiO2. The magnetic bamboo
charcoal calcinated at 400˚C had a magnetization of 1.12 emu/g and a slightly higher
chemical oxygen demand removal rate to trinitrotoluene red water compared to bamboo
charcoal. So, the as-prepared magnetic bamboo charcoals were a kind of useful adsorbents
with magnetic separation function.
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1. Introduction

Porous materials are widely used as industrial
adsorbents because of their high surface area, large
pore volumes, chemical inertness, good mechanical
stability, and good thermal stability. In recent years,
there are growing interests in new applications of por-
ous carbons because of their ability to interact with
molecules not only at their out surfaces but also in the
interior pores [1–3]. Among these porous carbons,
bamboo-based carbon adsorbents have great potential
due to their low cost and strong adsorption ability for

organic pollutants [4–7] and metal ions [8–10]. For
example, Ahmad and Hameed [6] used activated car-
bon prepared from bamboo waste as an adsorbent for
the removal of chemical oxygen demand (COD) and
color of cotton textile mill wastewater; 93.08% of color
and 73.98% of COD removal are reached. Our group
[7] applied bamboo charcoal as an adsorbent of
organic pollution in trinitrotoluene (TNT) red water.
The equilibrium adsorption model and adsorption
kinetic model were studied.

Multifunctional material is a useful tool expected
to perform several functions concurrently based on
its wide classes of properties. Therefore, bamboo
charcoal-based catalysts [11,12], anti-micro-organism
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[13,14], and biofilm-supporting carriers [15] are
developed. Recently, carbon composites with magnetic
separation function have been developed and used as
high-efficiency adsorbents for removal of pollutants
from aqueous solutions. The introduction of a
magnetic composition (such as maghemite, γ-Fe2O3) to
carbon-based adsorbents by a pyrolysis activation
(simultaneous activation and magnetization) or chemi-
cal co-precipitation reaction is an efficient method to
enable the adsorbents to be efficiently separated with
an external magnetic field [16]. Bamboo charcoal-
based iron-containing adsorbent (Fe–BC) was devel-
oped using bamboo charcoal as a supporting medium
for ferric iron. Column adsorption experiment with
Fe–BC showed that Cr(VI) could be removed from
0.12 to below 0.05 mg/L within 360 bed volumes at
empty bed with a contact time of 2 min [17]. The com-
posites of bamboo charcoal and Fe3O4 nanosheets, as a
novel solid-phase microextraction fiber coating, were
used for the extraction of seven polybrominated
diphenyl ethers (PBDEs) in environmental water sam-
ples. The descendent method based on solid-phase
microextraction is an excellent method for the routine
analysis of PBDEs at trace levels in environmental
water samples [18]. So, magnetic bamboo charcoals
need to be developed and their novel applications
found.

In the present work, industrial magnetic bamboo
charcoal was magnetized by simply loading FeCl3 on
bamboo charcoal and then calcinated at different
temperatures. The crystalline type of iron oxides on
bamboo charcoal was clarified. The obtained magnetic
bamboo charcoal calcinated at 400˚C was used to treat
TNT red water which contained a large amount of
negative organic pollutants and was produced during
the purification of crude TNT by sodium sulfate. The
COD removal rate of the final composite to TNT red
water was even slightly higher than that of bamboo
charcoal.

2. Experimental part

2.1. Materials

Bamboo charcoal was supplied by the Chinese
Academy of Forestry, Beijing, China. Bamboo charcoal
was washed with distilled water to remove impurities,
oven dried at 378 K, and kept in a vacuum desiccator
for further use. The TNT red water provided by the
number 525 ammunition plant (Hubei Province,
China) was reddish-brown with high COD [7].
FeCl3·6H2O and other chemicals as well as reagents
were all purchased from Beijing Chemical Reagent

Factory. They were of analytical grade and used
without further purification.

2.2. Loading of FeCl3 on bamboo charcoal

In 100 ml of water, 1, 2, 4, 6, 8, and 12 g of
FeCl3·6H2O were dissolved to form 0.004, 0.007, 0.009,
0.015, 0.022, and 0.044 M solutions, then 2 g of bamboo
charcoal was added separately to form suspensions.
The suspensions were stirred at certain temperatures
(25, 40, 50, and 60˚C) for 4–5 h to reach adsorption
equilibration. The solid was filtered and slightly
leached by water to remove the unabsorbed FeCl3.

2.3. Preparation of magnetic bamboo charcoals

The bamboo charcoals loaded with FeCl3 at room
temperature from 4 g/100 ml of FeCl3·6H2O solution
were calcinated at 320–800˚C in air to study the
influence of calcination temperature on the crystalline
type of iron oxides. The magnetic bamboo charcoals
calcinated at 320, 360, 380, 400, 440, 480, 600, 700, and
800˚C were assigned as BC(FeCl3)-320, BC(FeCl3)-360,
BC(FeCl3)-380, BC(FeCl3)-400, BC(FeCl3)-440, BC
(FeCl3)-480, BC(FeCl3)-600, BC(FeCl3)-700, and BC
(FeCl3)-800, respectively. For study of the parameters
influencing adsorption, bamboo charcoals loaded with
different amounts of FeCl3 at different temperatures
were calcinated at 400˚C.

2.4. COD removal of TNT red water by BC(FeCl3)-400

Batch adsorption experiments were conducted
using 0.5 g of BC(FeCl3)-400 as the adsorbent in a
250 mL flask containing 25 mL of TNT red water
(diluted 50, 100, 125, and 500 times). The flasks were
agitated at 150 rpm at room temperature for 2 h. The
filtrate was used to test the COD value.

2.5. Characterization

XRD patterns of the mesoporous materials were
obtained on a Scintag diffractometer using CuKα
(λ = 1.5405 Å) radiation. Field emission scanning elec-
tron microscopy (FE-SEM) patterns were acquired
from a LEO-1530 FE-SEM operated at 5 kV. The crude
magnetic property of the magnetic bamboo charcoals
was used to determine the optimum conditions for
composites preparation. A magnet slowly approached
to certain amounts of magnetic particles in a plastic
bag. The distance between the magnet and the sample
beginning to move was the crude magnetic property
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of the composites. The average of three times of
measurement was used. The magnetization, Ms, of the
composites as a function of the applied magnetic field,
H0, was measured by a PTMS-9T Vibrating Sample
Magnetometer at room temperature. Thermal gravi-
metric analysis (TGA) was performed on Perkin-Elmer
TGA 7 with a heating rate of 20˚C/min ranging from
25 to 800˚C in air. The X-ray fluorescence (XRF)
method is carried out on a Rigaku ZSX Primus-Ⅱspec-
trometer to determine the composition of the samples.
The COD of TNT red water was determined by
potassium dichromate oxidation. The HACH test vials
containing potassium dichromate oxidant, catalyst,
masking reagent, and TNT red water were put into
digestion unit (DRB 200, HACH, USA) and kept for
20 min at 423 K. After cooling and cleaning the vials,
the COD of TNT red water was tested by a DR 2800
spectrophotometer (HACH, USA) at a wavelength of
620 nm. The COD removal (%) was calculated as
follows:

COD removal% ¼ C0 � Ce

C0
� 100% (1)

where C0 and Ce (mg/L) are the COD of initial and
equilibrium TNT red water.

3. Results and discussion

3.1. Optimum conditions for magnetic bamboo charcoals
preparation

For obtaining the optimum conditions for magnetic
bamboo charcoal preparation, the factors seriously
influencing the magnetic property of the target com-
posites such as the initial concentration of FeCl3,
adsorption, and calcination temperatures are studied
in detail in which a longer adsorption time (4–5 h) for
reaching equilibrium adsorption is adopted according
to our work on adsorption of TNT red water by
bamboo charcoal or activated coke [7,19]. The crude
magnetic property of the composites is indicated by
the distance between the magnet and certain amounts
of the composites at which the composites begin to
move toward the magnet as the magnet approaching
toward the composites. Therefore, a longer distance
indicates stronger magnetic properties. Fig. 1(A)
shows the magnetic function of the composites with
the initial concentration of FeCl3. As the initial concen-
tration of FeCl3 increases from 0.004 to 0.044 mol/L,
the distance for certain amounts of magnetic bamboo
charcoals beginning to move with magnet increases
from 7.3 to 10 mm and then levels off. The results

indicate that as the initial concentration of FeCl3 is
0.009 mol/L, the obtained magnetic composite pos-
sesses the strongest magnetic property. So the appro-
priate initial concentration of FeCl3 for the preparation
of magnetic bamboo charcoal is 0.009 mol/L. The
effect of the adsorption temperature on the magnetic
property of magnetic bamboo charcoals is shown in
Fig. 1(B). The distance the magnetic bamboo charcoal
begins to move toward magnet almost does not
change with the adsorption temperature, which shows
that the adsorption temperature has a slight influence
on the loaded amount of FeCl3. So in a further study
the adsorption of bamboo charcoal to FeCl3 is
performed at room temperature.

The effect of the calcination temperature on the
magnetic properties of the magnetic bamboo charcoals
is shown in Fig. 1(C). The distance for magnetic bam-
boo charcoals calcinated at different temperatures
beginning to move with the magnet increases from ~1
to ~10 mm and then decreases to 3.2 mm, followed by
increasing again to ~5 mm. That is the magnetic prop-
erty of magnetic bamboo charcoals calcinated at 400 or
700˚C is comparatively stronger than the other sam-
ples. So it is inferred there are crystal transition in the
target composites calcinated at different temperatures.
In order to deduce the possible reactions for crystal
transition, TGA measurement is performed.

Fig. 2 shows the TGA curves and the correspond-
ing heat adsorption of bamboo charcoal and FeCl3
loaded bamboo charcoal. It is clear that the gasifica-
tion of bamboo charcoal is mainly at 500–600˚C by
finally forming CO2 (Fig. 2(A)). But in the heat adsorp-
tion pattern of bamboo charcoal (Fig. 2(B)), a small
heat adsorption peak is observed in the range of
400–500˚C. So, a small part of bamboo charcoal is oxi-
dized in 400–500˚C (a), while in the heat adsorption
curve of FeCl3 loaded bamboo charcoal, an obvious
heat adsorption at ~400˚C is observed corresponding
to the decomposition of FeCl3. The gasification tem-
perature of bamboo charcoal is lower shifted after
loading FeCl3 which may be caused by the oxidation
of Cl2 produced by FeCl3 decomposition. So the cal-
cination temperature of 400˚C is appropriate for iron
oxide formation.

3.2. Formation of iron oxides at different calcination
temperatures

In order to confirm the type of iron oxides formed at
different calcination temperatures, XRD patterns are
performed and shown in Fig. 3. In the XRD pattern of
bamboo charcoal (Fig. 3(a)), the characteristic peak at
2θ = 26.64o is the crystalline peak of SiO2 [20]. After
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loading FeCl3, as the calcination temperature is below
400˚C, no peak corresponding to iron oxide can be
observed (Fig. 3(b) and 3(c)). Further increasing the
calcination temperature up to 400˚C (Fig. 3(d)), the
diffraction peaks of α-Fe2O3 corresponding to (012),
(104), (110), (113), (024), and (116) planes become domi-
nant at 2θ = 24.08, 35.6, 36.7, 42.48, 49.5,, and 57.56˚
[21,22]. But diffractions of FeO(OH) at 2θ = 20.76 and
36.0046˚ also can be seen [17], which almost disappear as
the calcination temperature is 600˚C (Fig. 3(g)). As the
calcination temperature is further increased to 700˚C,
diffraction peaks of Fe3O4 at 2θ = 30.3, 36.7, and 54.1˚
corresponding to (220), (311), and (422) lattice planes
(JCPDS 19-0629) are observed [23], meanwhile diffrac-
tion peaks of α-Fe2O3 become more obvious. Fe3O4 being
formed at higher tempertures in carbon-based composite
is also reported by Bayburtskiy et al. [24].

These XRD results indicate crystalline FeO(OH)
and α-Fe2O3 are formed together as the temperature
is lower than 600˚C. At higher calcination tempera-
tures, FeO(OH) disappears and Fe3O4 is formed. So
it is difficult to form pure magnetic phase, such as
FeO(OH), γ-Fe2O3, or Fe3O4 by calcination of FeCl3
loaded bamboo charcoal. It is reported γ-Fe2O3 can
only be formed in a narrow temperature range by
calcinating the iron precursors. Bulk γ-Fe2O3 under-
goes a phase transition to α-Fe2O3 in a narrow
temperature range of 370–600˚C and the phase
transition becomes even narrower as γ-Fe2O3 is
nanometer sized. So strengthening the interaction of
iron precursors with the support can widen the
phase transition temperature of γ-Fe2O3 to α-Fe2O3

[25]. In the present work, pure γ-Fe2O3 could not
been synthesized by calcination indicating that FeCl3

Fig. 1. Effect of the initial concentration of FeCl3 (A), adsorption temperature (B), and calcination temperature (C) on the
magnetic property of the magnetic bamboo charcoals.
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has poor interaction with bamboo charcoal due to
the hydrophilic difference.

Based on the TGA and XRD results it can be
inferred that at ~400˚C FeO(OH) and α-Fe2O3 are
formed together by performing reactions (2) and (3).

4FeCl3 þ 3O2 ! 2a� Fe2O3 þ 3Cl2 (2)

4FeCl3 þ 3O2 þ 2H2O ! 4FeO(OH)þ 6Cl2 (3)

At a higher calcination temperature (700˚C), FeO(OH)
could not exist due to its easy decomposition, while
the formed α-Fe2O3 are partly reduced to Fe3O4 due to

the reduction of the C gas from bamboo charcoal in
the reaction system (formulas (4) and (5)).

C(solid)�!D C(gas) (4)

6a� Fe2O3(s)þ C(g) ! 4Fe3O4 þ CO2(g) (5)

The disappearance of FeO(OH) and the formation of
Fe3O4 can well interpret the magnetic property change
of the magnetic composites with the calcination tem-
perature shown in Fig. 1(C). This is also the reason
why the peak intensity of α-Fe2O3 in BC(FeCl3)-600,
for which the calcination temperature is close to the
oxidation temperature of bamboo charcoal (500–600˚C,
Fig. 2(a)) is lower than that obtained by calcination at
480 and 700˚C.

To study the loaded amount of Fe on the bamboo
charcoal, XRF was performed. In BC(FeCl3)-400, the
main elements are C, Fe, and Si and their correspond-
ing mass contents are 68.3, 3.2, and 4.2%. So the
loaded Fe is not high enough due to the hydrophobic
nature of bamboo charcoal which is friendly to organic
matters [4–7].

The morphology of bamboo charcoal and its mag-
netic composites was studied by electron microscopy
and depicted in Fig. 4. It can be seen that bamboo
charcoal has a lamellar form with ~2 µm pores vertical
to the smooth lamellar surface (Fig. 4(A and B)). But
the surface of BC(FeCl3)-400 (Fig. 4(C)) becomes crude.
In its enlarged photograph (Fig. 4(D)) spherical parti-
cles ~50 nm are observed, which can be considered as
iron oxide and FeOOH. For BC(FeCl3)-700 no matter
in low and high magnified photographs obvious

Fig. 2. Weight loss (A) and heat adsorption (B) in the heating process of bamboo charcoal (a) and FeCl3-loaded bamboo
charcoal (b).

Fig. 3. XRD patterns of bamboo charcoal (a) and magnetic
bamboo charcoals formed by calcination at (b) 320, (c) 360,
(d) 400, (e) 440, (f) 480, (g) 600, (h) 700, and (i) 800˚C.
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spherical particles with a diameter of 100 nm are
obvious. The particle size difference of iron oxides in
BC(FeCl3)-400 and BC(FeCl3)-700 indicates that Fe3O4

formed accompany particle amalgamation as the
temperature is increased.

3.3. Magnetic properties of the composites

Magnetic measurements were performed to confirm
the magnetic nature of the composite particles. Fig. 5(a)
and (b) shows M-H curves of the magnetic bamboo
charcoal measured at 300 K. The magnetization of BC
(FeCl3)-380 and BC(FeCl3)-400 reaches saturation and
presents a hysteresis loop at the same time, revealing
ferromagnetic characteristics of the composites [26],
while the magnetization of BC(FeCl3)-480 and BC

(FeCl3)-700 arises linearly with an increase in the
testing magnetic strength. The reason is that the
magnetizing current for Ms measurement is too high
for BC(FeCl3)-480 and BC(FeCl3)-700 magnetization. In
other words, BC(FeCl3)-480 and BC(FeCl3)-700 are rela-
tively easy magnetization. Among the synthesized
samples, BC(FeCl3)-400 has the largest Ms (1.12 emu/g)
and Hc (163 Oe). So the calcination temperature of
400˚C for the preparation of magnetic bamboo char-
coals is appropriate. Generally, materials with Hc
higher than 100 Oe are considered as permanent mag-
netic materials. The higher Hc of BC(FeCl3)-400 (163
Oe) shows BC(FeCl3)-400 has permanent magnetic
properties. The Hc of BC(FeCl3)-380, BC(FeCl3)-480˚C,
and BC(FeCl3)-700˚C is relatively low, which is 45, 32,
and 61 Oe, respectively, indicating soft magnetic

Fig. 4. SEM images of (A,B) bamboo charcoal, (C,D) BC(FeCl3)-400, and (E,F) BC(FeCl3)-700.
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property nature of the composites. The magnetic
response ability of BC(FeCl3)-400 toward the external
magnetic field is shown in Fig. 5(c). As the external
magnetic field is 0.6 T, most of BC(FeCl3)-400 are
adsorbed to the wall of the bottle next to the magnet.
That is BC(FeCl3)-400 can be magnetically separated
from the water as it is used as adsorbent.

3.4. COD removal of BC(FeCl3)-400 to TNT red water

As shown in Fig. 6, the removal rate of 0.5 g of
bamboo charcoal to 25 mL of TNT red water diluted
50, 100, 125, and 500 times is 34, 60, 67, and 73%,
respectively, based on Eq. (1). Under the same condi-
tions, the removal rate of BC(FeCl3)-400 to diluted red
water is slightly increased which is 37, 63, 69,
and 75%. The modified bamboo charcoal still has a
higher organic removal rate but possesses magnetic
separation function.

Fig. 5. Magnetization (A,B) of BC(FeCl3)-380 (a), BC(FeCl3)-400 (b), BC(FeCl3)-480˚C (c), and BC(FeCl3)-700˚C (d) and the
magnetic response of BC(FeCl3)-400 (C).

Fig. 6. COD removal rate of bamboo charcoal and BC
(FeCl3)-400.
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4. Conclusions

Magnetic bamboo charcoals were prepared by
loading FeCl3 on bamboo charcoal and then calcinated
at appropriate temperatures. The type of iron oxides
on bamboo charcoal and the possible reactions were
studied through TGA, XRF, and XRD. Also the mor-
phology of the iron oxides was characterized by SEM.
BC(FeCl3)-400 was the composite of FeO(OH), α-Fe2O3,
and bamboo charcoal, while BC(FeCl3)-700 composed
of α-Fe2O3, Fe3O4, and SiO2, since the gasification of
bamboo charcoal at 700˚C produces SiO2 residue and
reduction gases (C or CO) which reduce part of
α-Fe2O3 to Fe3O4. BC(FeCl3)-400 has Ms of 1.12 emu/g
and a slightly higher COD removal rate to TNT
red water compared to bamboo charcoal. So the com-
posite is a useful adsorbent with magnetic separation
function.
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