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with embedded mesopores and
nanoparticles as a novel adsorbent for water
treatment†

Long Chen,a Huaiyuan Wang,b Huige Wei,c Zhanhu Guo,c Mojammel A. Khan,d

David P. Youngd and Jiahua Zhu*a

A novel carbon monolith material with embedded mesopores and nanoparticles has been synthesized via a

facile catalytic graphitization process by using natural wood as the carbon precursor. BET results reveal a

large specific surface area of 273.0 m2 g�1 and a narrow pore size distribution, with pore diameters of

�4.0 nm. This unique material shows excellent toxic pollutants removal from water, including inorganic

heavy metal ion (chromium(VI)) and organic dyes (methylene blue and methyl orange). Isothermal studies

reveal its large removal capacities of 49.5, 61.7 and 68.2 mg g�1 for chromium(VI), methyl orange and

methylene blue, respectively. Kinetic studies reveal that the removal process follows pseudo-second-

order adsorption behavior. A mechanism study demonstrates that adsorption, electrostatic interaction

and a redox reaction are involved in the pollutant removal process, and contribute to the large

adsorption capacities and excellent rate performance. The widely accessible natural resources, low cost,

convenient fabrication, and superior adsorption properties would facilitate this new material promising

applications in the fields of water pollutant control and purification.
Introduction

A shortage of clean drinking water has become an unavoidable
worldwide issue nowadays. The toxic pollutants (organic, inor-
ganic and biological) existing in both the natural water supply
and industrial wastewater streams pose great risks to human
health and the environment. With increasing concerns about
clean environment and human health, technologies with high
efficiency and low cost to reduce the pollutant content in
wastewater are in urgent demand. Pollutants in water can be
roughly divided into three main categories: organics, inorganics
and pathogens. Typical polluted water contains multiple
contaminants from a single category or different categories.
Most of the current research deals with contaminants in a
single category, while advanced technologies that are capable of
handling contaminants frommultiple categories are in demand
to make the process more efficient.
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Different water treatment processes, physical,1–3 chemical,4–7

and biological,8,9 have been developed to remove organic and
inorganic pollutants from wastewater. Among all the technol-
ogies developed, adsorption is the most applied technology
since it can produce high quality water through economically
feasible processes. Depending on the nature of the interaction
between adsorbent and adsorbate, adsorption can be described
as physisorption, chemisorption or electrostatic interaction.
Physisorption depends on van der Waals forces, and chemi-
sorption is based on covalent bonding. Factors inuencing the
adsorption behaviour of an adsorbent generally include particle
size, surface area of adsorbent, affinity of adsorbate to solvent
and adsorbent, adsorbent size with respect to pore size, surface
charge, pH etc.10 Though activated carbon is a well-accepted
adsorbent, the relatively high manufacturing cost is still the
major obstacle that limits its wider applications. Therefore,
tremendous research efforts have been devoted to developing
new adsorbents with better efficiency and signicantly reduced
cost.11–13

Recently, magnetic nanoparticles have been found to be effi-
cient adsorbents with the unprecedented advantages of large
specic surface area, small diffusion resistance, and fast and
complete reactions.14,15 In addition, magnetic separation by an
external magnetic eld provides a feasible route for online
separation of the magnetic nanoparticles from the homogeneous
solution. However, the serious aggregation of nanoparticles is
oen inevitable and results in low durability at long term oper-
ation. Therefore, hybrid nanocomposites embedding magnetic
This journal is © The Royal Society of Chemistry 2015
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nanoparticles on/in suitable substrates have been developed to
improve the dispersibility and thus enhance the pollutant
removal efficiency. A wide range of supporting substrates has
been used, including clay,16 polymer,17 metal oxide,18 biomole-
cules19 and carbon (activated carbon,20 mesoporous carbon,21–24

carbon nanotubes,25 and graphene26,27). For example, bentonite-
supported nanoscale zero-valent iron (B-nZVI)16 was demon-
strated to be more effective than nZVI in Cr(VI), Pb(II), Cu(II) and
Zn(II) removal from electroplating waste water. In addition, other
similar magnetic nanocomposites such as Fe3O4 coated poly-
pyrrole,17 hierarchical Fe3O4/MnO2,18 Fe3O4/chitosan,19 Fe/
activated carbon20 and Fe@Fe2O3@Si–S–O/graphene,26 have
been reported as efficient adsorbents for Cr(VI) removal. Mean-
while, magnetic nanocomposites (Fe3O4/MWCNTs,25 Fe3O4/
layered double hydroxide,28 Fe3O4/graphite oxide,29 Fe3O4/gra-
phene30,31 and Fe/carbon32) were found effective in organic
pollutant removal.

Even though tremendous research efforts have been devoted to
design hybrid adsorbents, less work has been done to control the
pore structure of magnetic nanocomposites, which is actually the
key factor in fully exploring the advantages of nanoscale materials
in practical applications. Currently, the most widely-employed
techniques for manufacturing porous carbon nanostructures
mainly rely on the template method, using either hard-33–35 or so-
templates.36–38 However, the template approaches usually suffer
from high cost, complicated operations and environmental
pollution induced during the template removal process. Alterna-
tive technologies to fabricate magnetic nanocomposites with well-
controlled porous structures and signicantly reduced
manufacturing costs are in urgent demand.

In this work, natural wood was selected as the carbon
precursor to synthesize a mesoporous magnetic carbon nano-
composite via a facile catalytic graphitization process without
using surfactants/templates. The microstructure of the result-
ing nanocomposite was carefully characterized by various
techniques including SEM, HRTEM, XRD, TGA and BET. The
isotherm and kinetic adsorption tests for inorganic Cr(VI) and
organic dyes (methylene blue and methyl orange) were per-
formed to investigate the adsorption capacities and adsorption
rates of the nanocomposite. The mechanism for pollutant
removal and the reusability of the adsorbent were also
investigated.

Experimental
Materials

Potassium dichromate (K2Cr2O7, 99%), 1,5-diphenyl carbazide
(DPC), methylene blue (MB), and methyl orange (MO) were
purchased from Fisher Scientic. Phosphoric acid (85 wt%),
ethanol and iron nitrate (>98%) were purchased from Sigma-
Aldrich. All the chemicals were used as received without
further treatment. Natural wood was chosen as the source
material to fabricate the carbon nanocomposite. To ensure
complete soaking, the wood block was chopped into small
chunks (3 � 3 � 10 mm) before soaking in 1.0 M Fe(NO3)3
solution. In addition, the soaking process was performed in a
vacuum oven (0.09 MPa) overnight at room temperature. It is
This journal is © The Royal Society of Chemistry 2015
worth mentioning that the central area of the chunk cannot be
completely soaked without a vacuum even with an elongated
soaking time. The soaked brownish wood chunk was then dried
at room temperature for two days and then annealed at 800 �C
for two hours in nitrogen with a heating rate of 10 �C min�1.
Aer cooling down to room temperature, the product (c-WFe)
was collected for characterization and further pollutant
removal tests. For comparison, natural wood was also carbon-
ized (c-Wood) following the same annealing procedure to obtain
porous carbon materials for pollutant removal testing.

Testing methods

Standard curves relating the contaminant concentration and
UV-Vis peak intensity at certain wavelengths (Cr(VI) at 540 nm
aer coloration, MB at 663 nm, MO at 465 nm) were con-
structed to measure the pollutants' concentrations. Aqueous
Cr(VI) solutions with different concentrations (200, 400, 600,
800 and 1000 ppb) were treated with 2.0 g L�1 c-Wood and c-
WFe to study the effect on the Cr(VI) concentration. For the
adsorbent concentration study, the Cr(VI) with a xed
concentration of 500 ppb was treated with different concen-
trations of c-Wood and c-WFe (0.5, 1.0, 2.0 and 3.0 g L�1). The
adsorption test was performed at room temperature for a 15
min period. The adsorbent was immediately separated from
the solution by centrifugation. The residual solutions were
then collected and subjected to colorimetric analysis (for
details refer to ESI S1†) to determine the remaining Cr(VI)
concentrations. The study on MB and MO adsorption used
higher adsorbate concentrations of 25, 50, 75, 100 and 125
ppm but the same adsorbent dosage of 2.0 g L�1 c-Wood and c-
WFe. To study the inuence of adsorbent dosage, 1.0, 1.5, 2.0
and 3.0 g L�1 c-Wood or c-WFe were used for adsorption with
10.0 mL 50 ppm MB (or MO) solution for 30 min. Adsorption
isotherms of c-Wood and c-WFe with Cr(VI), MB and MO were
obtained to determine the adsorption capacities. During the
tests, a xed amount of adsorbents (0.005 g) were mixed with
pollutant solutions (10 mL) of different initial concentrations
and the mixtures were stirred for 12 hours to ensure that
equilibrium was reached. The remaining pollutants in water
were determined with UV-Vis and the adsorbed quantity was
calculated to quantify the adsorption capacity. The adsorption
kinetic study was performed by using 2.0 g L�1 c-WFe in 50 mL
contaminant solutions (Cr(VI): 1000 ppb, MB: 50 ppm, andMO:
100 ppm) with sampling times of 1, 3, 5, 7, 10, 15 and 30 min.
Tests were performed at three different temperatures, 20 �C,
40 �C and 60 �C, for each contaminant.

Characterization

The morphologies of c-Wood and c-WFe were characterized by
scanning electron microscopy (SEM, JEOL-7401). The statistical
analysis of the SEM images was performed with ImageJ so-
ware. c-WFe was further characterized by high resolution TEM
FEI (Tecnai G2 F20). Each TEM sample was prepared by drying a
drop of sample powder ethanol suspension on a carbon-coated
copper TEM grid. The crystalline structures of c-Wood and c-
WFe were examined by X-ray diffraction (XRD, Rigaku, Ultima
RSC Adv., 2015, 5, 42540–42547 | 42541
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IV). The Raman spectra of c-Wood and c-WFe were character-
ized with a Horiba LabRam HR Micro Raman Spectrometer
within the range of 400–3000 cm�1. Metal nanoparticle loading
in c-WFe was determined by thermogravimetric analysis (TGA,
TA Q500) in air from 20 to 800 �C with a 10 �C min�1 heating
rate. Specic surface areas and pore-size distributions were
measured by N2 adsorption at 77.4 K with a Quantachrome
Nova 2200e. Prior to eachmeasurement, samples were degassed
at 300 �C for 12 h under high vacuum (<0.01 mbar). The pore
size distribution was calculated by the Barrett–Joyner–Halenda
(BJH) method using desorption isotherms. The surface poten-
tial of c-Wood and c-WFe in neutral deionized water were
measured using a Zetasizer Nano-ZS90 (Malvern). To quantify
the concentration of iron ions that leached into the polluted
water during adsorption, inductively coupled plasma (ICP)
analysis was performed on an ICP-OES unit (Perkin Elmer P-
400). The magnetic properties of the c-WFe before and aer
adsorption tests were measured in a 9 T physical properties
measurement system (PPMS) by Quantum Design.

Results and discussion

The morphologies of the c-Wood and c-WFe were examined by
SEM. The side views of both samples show a clear laminar
structure, Fig. 1(a) and (c). A closer look at the c-WFe shows that
the nanoparticles (white dots) are densely distributed on the
carbon surface, inset of Fig. 1(c). The average particle size is
measured to be about 100 nm with a narrow size distribution.
Fig. 1(b) and (d) exhibit the top views of the cross sections of c-
Fig. 1 SEM of c-Wood: (a) side view, (b) top view; inset shows the
statistical distribution of pore area. SEM of c-WFe: (c) side view; inset
figure shows the nanoparticle distribution on the side wall, (d) top-view
and pore area distribution of cross-section of c-WFe. HRTEMof c-WFe
focusing on (e) carbon; inset figure clearly indicates the graphitized
carbonwith a lattice fringe of 0.35 nm, (f) NPs/carbon interface, and (g)
enlarged interface of (f) showing lattice fringes of iron carbide
(0.21 nm) and graphitized carbon (0.35 nm). (h) XRD pattern of c-Wood
and c-WFe. (i) Nitrogen adsorption isotherm of c-WFe at 77.4 K, and
the pore size distribution.

42542 | RSC Adv., 2015, 5, 42540–42547
Wood and c-WFe, and show predominantly ordered quadrilat-
eral and pentagonal tubular structures. The tube area of c-Wood
distributes in a wide range of 100–800 mm2 with an average of
324.1 mm2. A smaller average tube area size of 250.0 mm2 is
obtained in c-WFe with a narrower distribution in the range
100–500 mm2. The smaller average tube area in c-WFe is
predominantly attributed to the catalytic graphitization where
the carbon lattice tends to arrange in an ordered and tightly
packed structure. This has been further conrmed in the
following HRTEM and XRD study.

Besides the micrometer-sized hollow tube structure,
nanometer-sized pores are also observed in the tube wall of c-
WFe. Fig. 1(e) shows hollow carbon spheres with graphitized
carbon shells. The inset gure shows an enlarged area and the
lattice spacing is measured as 0.35 nm corresponding to
graphite. The nanoparticles are not observed in the area enclosed
by the dashed square, which indicates that carbon graphitization
does not necessarily occur locally on the nanoparticle surface. In
fact, the nanoparticles will be liqueed during annealing and
move freely on the carbon substrate that converts amorphous
carbon to graphitized carbon along its ow path.39 The nano-
particles tend to aggregate with each other to minimize their
surface energy and the irregular owing pattern results in a wide
particle size distribution from 5 to 200 nm, Fig. S1.† Taking a
closer look at the nanoparticle/carbon interface, the lattice
fringes of iron carbide (0.21 nm) and graphitized carbon
(0.35 nm) can be clearly identied, Fig. 1(f) and (g). Fig. 1(h)
shows the XRD patterns of both c-Wood and c-WFe. The peak at
2q ¼ 26.2� in c-WFe corresponds to the (002) crystal plane of
graphite carbon.40,41 Comparing this peak to the broad peak at
the lower angle position in c-Wood, the catalytic graphitization of
iron in c-WFe could be veried, and this is consistent with
previous literature reports.21,42,43 The major peaks of c-WFe
between 35 and 70� are indexed to the crystalline planes of
Fe3C (PDF#35-0772). The graphitization degree of the carbon in c-
WFe can be calculated using the Mering–Maire eqn (1):44

g ¼ 0:3440� d002

0:3440� 0:3354
(1)

where g is the graphitization degree, 0.3440 is the lattice spacing
of non-graphitized carbon and 0.3354 is the lattice spacing of
100% graphitized carbon. From the carbon (002) crystal plane
with 2q ¼ 26.2�, d002 is calculated as 0.3398 nm by using the
Bragg eqn (2):

2d002sin q ¼ nl (2)

where d002 is the atomic lattice spacing of carbon, q ¼ 13.1� is
the angle between the incident ray and the scattering planes,
n ¼ 1 is an integer, and l ¼ 1.54056 Å is the wavelength of the
incident wave. The graphitization degree in c-WFe is calculated
as 46.7%. Raman results conrm the larger proportion of
graphitized carbon in c-WFe, Fig. S2.† The carbon yields are
27.45% and 37.48% in c-Wood and c-WFe, respectively, ESI S4.†

A nitrogen adsorption–desorption isotherm was obtained at
77.4 K to conrm the existence of mesopores in the tube walls of
c-WFe, Fig. 1(i). The isotherm is a typical type-IV curve, which
This journal is © The Royal Society of Chemistry 2015
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clearly indicates the formation of mesopores in c-WFe.45,46 The
adsorption–desorption of c-Wood cannot be completed due to
its very low surface area. In c-WFe, the introduced nanoparticles
promote the catalytic graphitization of the surrounding carbon,
and void space is created between the nanoparticles due to the
non-uniform structural shrinkage during annealing. The inset
gure reveals a very narrow pore size distribution with a pore
radius of �20 Å. c-WFe shows a large specic surface area of
273.0 m2 g�1 with a pore volume of 0.32 cm3 g�1 at a relative
pressure of 0.986. From TGA in Fig. S4,† the loading of Fe2O3 is
determined to be 35.9 wt% in c-WFe, which corresponds to 25.1
wt% of iron. By excluding the mass fraction of iron, the specic
surface area of the porous carbon in c-WFe is calculated as
364.5 m2 g�1.

To precisely quantify the pollutant concentration, standard
curves have been constructed relating pollutant concentrations
to UV-Vis peak intensity at specic wavelengths, Fig. S5–S7.†
Highly linear standard curves are obtained for Cr(VI), MB and
MO with correlation factors (R2) of greater than 0.99, Fig. 2(a).
The pollutant concentration effect on the removal percentage
was studied with 2.0 g L�1 c-WFe, Fig. 2(b). The results indicate
that the Cr(VI) can be completely removed at concentrations
<400 ppb. When the initial Cr(VI) concentration is increased to
1000 ppb, the removal percentage decreases to about 85%. This
is because the active sites eventually become saturated with
adsorbed Cr(VI), at which point further addition of Cr(VI) hardly
increases the amount of adsorbed Cr(VI). Much higher adsorp-
tion capacities for organic dyes have been observed in c-WFe,
where >20 ppm levels of both MB and MO have been removed
with a similar loading of c-WFe. Thus the effect of c-WFe
concentration on removal percentage was studied with 500
ppb Cr(VI) and 50 ppm dye at varied c-WFe concentrations of 0.5,
1.0, 2.0 and 3.0 g L�1, Fig. 2(c). Complete removal of both dyes
Fig. 2 (a) Standard curves of Cr(VI), MB, and MO relating pollutant
concentrations with UV-Vis peak intensity at 540, 663 and 465 nm,
respectively, R2 > 0.99. Effect of (b) pollutant concentration and (c)
adsorbent concentration on removal percentage. (d) Isotherm
adsorption capacities of c-Wood and c-WFe with Cr(VI), MB and MO.

This journal is © The Royal Society of Chemistry 2015
can be achieved with 2.0 g L�1 c-WFe while only �90% removal
of Cr(VI) was observed even with 3.0 g L�1 c-WFe. The effective
removal of both a cationic dye (MB) and an anionic dye (MO)
indicates that electrostatic interaction is not the dominating
factor for the observed large adsorption capacities. However,
the surface charge on the adsorbent surface affects the dynamic
motion of ions towards the adsorbent surface via electrostatic
forces, which largely depend on the charge pairing (same charge
or opposite charge) between adsorbent and ions. This electro-
static force is found as the dominant factor that affects the
adsorption rate in the following kinetic study.

Isotherm adsorption studies were performed at room
temperature for 12 hours to quantify the maximum adsorption
capacities (qmax) of c-WFe in association with the three pollut-
ants. Similar tests were also performed on c-Wood for proper
comparison. By tting the isotherm adsorption results with the
Langmuir model, as presented in eqn (3), the maximum
adsorption capacity can be quantied:

Ce

qe
¼ Ce

qmax

þ 1

qmaxk
(3)

where Ce is pollutant concentration in the remaining solution
(mg L�1) at equilibrium, qmax is the maximum adsorption
capacity (mg g�1) of adsorbent and k represents the energy
constant related to the energy of adsorption. qe is the amount of
pollutant adsorbed onto adsorbent (mg g�1) at equilibrium and
can be calculated by eqn (4):

qe ¼ C0 � Ce

m
� V (4)

where C0 and Ce are initial and equilibrium concentrations of
pollutant (mg L�1), m is the adsorbent mass in g and V is the
solution volume in L. qmax and k can be determined from the
slope and intercept in a linear tted Ce/qe � Ce plot. As deter-
mined from the Langmuir model, the qmax values of c-WFe
(�50–70 mg g�1) for all three pollutants are more than 10
times higher than those of c-Wood (<1 mg g�1 for Cr(VI); �5 mg
g�1 for MB and MO), Fig. 2(d). The larger adsorption capacities
of c-WFe are predominantly due to the created mesoporous
structure that provides a much larger effective surface area for
pollutant adsorption. Meanwhile, the embedded nanoparticles
with exposed surfaces react with pollutants and contribute to
the enhanced adsorption capacities. In particular, the qmax ¼
49.5 mg g�1 for Cr(VI) adsorption is much larger than most of
the qmax values in the literature reports (pomegranate husk
carbon: 35.2 mg g�1;47 carbon coated magnetic nanoparticles:
1.5 mg g�1;48 graphene nanocomposites: 1.0 mg g�1;26

3D ower-like CeO2: 5.9 mg g�1;49 rice husk ash: 25.6 mg g�1

(ref. 50)).
Kinetic studies were performed at different temperatures, 20,

40 and 60 �C, with xed [c-WFe] ¼ 2.0 g L�1 and pollutants at
specied concentrations ([Cr(VI)] ¼ 1000 ppb, [MB] ¼ 50 ppm,
[MO] ¼ 100 ppm). It is obvious that higher removal percentages
were achieved with increasing solution temperatures. For
example, 90% of the Cr(VI) could be removed at 20 �C with an
adsorption time of 30 min, while 100% removal was achieved at
60 �C with a signicantly shortened time period of 7 min,
RSC Adv., 2015, 5, 42540–42547 | 42543
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Fig. 3 Kinetic adsorption of (a) Cr(VI), (b) MB and (c) MO by c-WFe at
20, 40 and 60 �C. [Cr(VI)]¼ 1000 ppb, [MB]¼ 50 ppm, [MO]¼ 100 ppm
and [c-WFe] ¼ 2.0 g L�1. (d) Plot of correlation factor R2 by fitting
kinetic results with four different models.
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Fig. 3(a). A similar phenomenon was also observed for MB and
MO, Fig. 3(b) and (c).

These kinetic results were then tted with different kinetic
models including pseudo-rst-order, pseudo-second order,21,51

Elovich,52,53 and intraparticle diffusion.54 The formulas and
parameters of the four kinetic models are provided in Table S1.†
The correlation coefficient (R2) is used to evaluate the suitability
of each model. A higher R2 value indicates a more applicable
model. Fig. 3(d) summarizes the R2 results obtained from the
four different models by tting the kinetic results at different
temperatures. Among these models, the pseudo-second order
acquires the highest R2 for each pollutant at different temper-
atures. Specically, the pseudo-second order kinetics can be
expressed in eqn (5):

t

qt
¼ 1

kadqe2
þ t

qe
(5)

where qt (mg g�1) is the solid-phase loading of pollutant in the c-
WFe at time t (min.), qe (mg g�1) is the adsorption capacity at
equilibrium and kad (g mg�1 min�1) is the rate constant of
adsorption. h (mg g�1 min�1) is the initial adsorption rate at t
approaching zero, h ¼ kadqe

2.
Table 1 Regression results from the pseudo-second order kinetic mode

Species

Parameter

qe (mg g�1) Kad (g mg�1

20 �C 40 �C 60 �C 20 �C

Cr(VI) 0.48 0.51 0.51 1.57
MB 25.64 25.64 25.00 0.14
MO 50.25 51.02 50.76 0.022

42544 | RSC Adv., 2015, 5, 42540–42547
The regression results from the pseudo-second order kinetic
model are summarized in Table 1. Apparently, the equilibrium
adsorption capacity (qe) is less dependent on the adsorption
temperature since the adsorbent surface has not reached satu-
ration within a short adsorption time, but temperature affects
the adsorption rate signicantly especially for the organic
pollutants. Themuch larger adsorption rate constant (kad > 1.5 g
mg�1 min�1) of c-WFe compared to other currently used
materials (typically, kad < 0.5 g mg�1 min�1 (ref. 47 and 55))
provides an unprecedented advantage in fast Cr(VI) removal.
Moreover, c-WFe exhibits much larger qe values in organic
pollutant adsorption (for both MB and MO), which reach 25.64
mg g�1 and 50.25 mg g�1 at 20 �C, respectively. All three
pollutants show increasing adsorption rate constants Kad with
increasing temperature due to the accelerated diffusion of
pollutants at elevated temperature. A much higher rate constant
is observed for Cr(VI) followed by MB and MO. The adsorption
rate is mainly determined by the adsorbent/adsorbate interac-
tion, which includes physisorption, chemisorption and elec-
trostatic forces. The smaller ion size of Cr(VI) allows its faster
diffusion into the internal pore area of c-WFe and thus the
highest rate constant was observed for Cr(VI). With regard to the
relatively larger MB and MO molecules, slower diffusion is
expected and electrostatic forces at the adsorbent/adsorbate
interface play an important role. The surface charge of both c-
Wood and c-WFe were measured as �36.7 and �48.5 mV in
neutral aqueous solution, indicating that both materials are
negatively charged on the surface. When cationic MBmolecules
encounter negatively charged c-WFe, positive/negative charge
attraction dominates the interfacial interaction behavior. When
anodic MO approaches the c-WFe surface, charge repulsion
dominates the interfacial interaction and results in a signi-
cantly lower rate constant than that of MB.

To reveal the pollutant removal mechanism, c-WFe was
characterized by XRD before and aer adsorption treatment
to monitor the crystalline structure changes during the
process. Fig. 4(a) shows the XRD pattern of the original c-WFe,
and its XRD patterns aer treatment with Cr(VI), MB and MO
(Fig. 4(a), II–IV, respectively). Compared to the original c-WFe,
the peak intensity ratio of Fe3C (44.7�)/C (26.1�) decreased
from 2.92 to 2.44, 2.08 and 2.34 aer treatment with Cr(VI), MB
and MO respectively. These results indicate that not only
physisorption (the adsorbed MB and MO on the c-WFe surface
can be easily washed out by ethanol, demonstrated in
Fig. S15†), but also redox reactions are involved in the
pollutant removal process. The smaller I(Fe3C)/I(C) ratio
l

min�1) h (mg g�1 min�1)

40 �C 60 �C 20 �C 40 �C 60 �C

1.91 7.63 0.36 0.49 1.96
0.51 2.69 90.91 333.33 1683.50
0.024 0.04 54.64 63.29 106.16

This journal is © The Royal Society of Chemistry 2015

http://dx.doi.org/10.1039/c5ra03014e


Paper RSC Advances

Pu
bl

is
he

d 
on

 2
8 

A
pr

il 
20

15
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
T

en
ne

ss
ee

 a
t K

no
xv

ill
e 

on
 0

6/
06

/2
01

6 
18

:1
3:

54
. 

View Article Online
indicates the decreased weight fraction of Fe3C species in the
sample. The decrease in Fe3C is due to its oxidization and
dissolution in water as oxidized Fe2+ or Fe3+ ion forms. To
verify the redox reaction, the Fe ion concentration in polluted
water was continuously monitored with the ICP technique,
Fig. 4(b). Generally, the MB adsorption releases the highest
concentration of Fe ions (up to 1.1 ppm) and is followed by
MO and Cr(VI). These observations are highly consistent with
the XRD results, where the decrease in the I(Fe3C)/I(C) ratio
follows the same MB > MO > Cr(VI) pattern, clearly indicating
the extent of Fe dissolution from c-WFe. It is worth
mentioning that the Fe ion concentration experienced a sharp
increase during the initial few hours and then decreased to a
lower level when exposed to MB and MO solution. This
phenomenon suggests that a redox reaction occurs initially,
accompanied with a fast release of Fe ions. Aer that, Fe ion
adsorption back onto the c-WFe adsorbent becomes domi-
nant as the reaction slows down. The Fe ion concentration
remains at a low level in Cr(VI) water, indicating the negligible
involvement of redox reactions in that case. The dissolution of
elemental Fe from c-WFe is also reected in the magnetiza-
tion loss, Fig. 4(c). The larger magnetization loss indicates the
more dissolved Fe. The saturation magnetization of c-WFe at
20 000 Oe decreases from 37.4 to 36.8, 36.6 and 35.8 emu g�1

aer adsorption with Cr(VI), MO and MB, respectively. All
these results reveal that the redox reaction is involved in the
pollutant removal process, but adsorption is still most likely
to be the dominating process.

Since MB adsorption presents the lowest I(Fe3C)/I(C) value
indicating the largest portion of involved redox reactions,
typical cycle tests were then performed on MB as shown in
Fig. 4(d). It is revealed that the adsorption capacity of c-WFe
Fig. 4 (a) XRD pattern of c-WFe (I) as-synthesized, and after treatment
with (II) Cr(VI), (III) MB, and (IV) MO. (b) ICP results of Fe ions in water
with adsorption times up to 24 hours. [MB, MO and Cr(VI)] ¼ 100 ppm,
[c-WFe] ¼ 1.0 g L�1. (c) Magnetic properties of c-WFe before and after
treatment, [c-WFe] ¼ 1.0 g L�1, [MB, MO and Cr(VI)] ¼ 100 ppm,
adsorption time: 12 hours. (d) Retention rate of c-WFe in removing MB
during the first 5 cycles.

This journal is © The Royal Society of Chemistry 2015
decreased by �50% during the initial three cycles and then
stabilized at 50% until the 5th cycle. The capacity loss during the
initial three cycles could be attributed to the oxidation of Fe3C.
Once the exposed Fe3C has been fully consumed, the adsorption
capacity only relies on the intrinsic surface area where no
surface composition change occurs with increasing cycle
number. This also explains the stabilized adsorption retention
at �50% aer the rst three cycles.

Conclusion

A facile process to manufacture mesoporous carbon nano-
composites from natural wood has been developed, which
involves impregnation with an aqueous iron precursor and
subsequent annealing (catalytic graphitization) in an inert
atmosphere. The iron precursor converted to iron nanoparticles
during annealing and served as a catalyst, transforming wood to
graphitized carbon. The graphitization induced non-uniform
shrinkage surrounding the catalyst creates a uniform meso-
porous structure within the composite. Together with the
natural monolith structure of the wood, this composite shows a
micro-tubular/mesopore hybrid structure. This unique struc-
ture provides sufficient surface area for toxic species adsorption
from polluted water and superior removal of Cr(VI), MB and MO
were demonstrated. Besides, the decorated iron nanoparticles
served as active sites to react with the pollutant species.
Adsorption, electrostatic attraction and redox reaction were
revealed as the major mechanisms for the fast pollutant
removal. A kinetic study revealed the ultrafast rate constant of
the adsorption process that required only minutes to achieve
complete removal. This facile synthetic method provides a
template-free approach to fabricate hierarchical mesoporous
nanocomposites, which can be easily extended to synthesize
other mesoporous materials. Deriving from natural resources,
these materials are expected to receive signicant attention in
practical water treatment applications and other related areas
such as energy storage and catalysis.
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