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Environmentally green carbon aerogels have been prepared as adsorbents for dye-containing waste-
water. The aerogels were prepared by carbonization of starch aerogels synthesized from soluble starch
through a solegel process followed by drying at ambient pressure. The Brunauer-Emmett-Teller (BET)
surface areas and pore size distribution were measured by N2 adsorption/desorption, and the surface
zeta-potential and microstructure of carbon aerogels were characterized using a scanning electron
microscope (SEM) and zeta-potential analyzer. SEM images indicate that the carbon aerogels consist of
flakes with side length of 60e120 mm and thickness of 3e4 mm. The flakes are irregular in shape and
composed of spherical carbon nanoparticles of 10e30 nm. The carbon aerogels have both microporous
and mesoporous structures and exhibit high specific surface areas, the highest value is 1571 m2/g. The
mean diameter of the micropores is 0.89 nm and that of the mesopores is 2e10 nm. At pH ¼ 10, the
carbon aerogels have a zeta-potential of �40 mV and exhibit high adsorption capacities for cationic dyes,
such as crystal violet (CV), methyl violet (MV) and methylene blue (MB), from aqueous solution. The
largest adsorption capacities for CV, MV and MB are 1515, 1423 and 1181 mg/g, respectively.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

As a novel porous material, carbon aerogel, prepared by
carbonization of organic aerogels, has attracted considerable
attention because of its applications in water purification, gas
adsorption, separation of heavy metals and ions, electronic capac-
itors, fuel cell electrodes, parts for inertial confinement fusion
targets, catalyst supports and so on [1e6]. The most widely used
organics for the fabrications of aerogels are resorci-
noleformaldehyde [7e9], but may also include phenolicfurfural
[10,11], polyurethane [12e14], 5-methylresorcinol-formaldehyde
[15], and others [16e20]. All of these are man-made polymers, but
natural ones including cellulose, alginate, chitosan and starch etc.
exhibit some advantages as raw materials to natural materials and
carbon aerogels because of their non-toxicity, low cost, and avail-
ability [21e27]. To remove solvents fromwet-gels, the usual drying
method is supercritical CO2 extraction, which is difficult to realize
in commercial applications due to the lengthy and dangerous
process and high processing cost [28e30]. To decrease the pro-
cessing cost and shorten the synthesis time, more economical
methods such as freeze-, microwave-, and ambient pressure-drying
fax: þ86 0531 88364281.
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have been developed [9,31e34], and many organic aerogels have
been prepared. However, to the best of our knowledge, use of
a natural polymer as rawmaterial combined with these economical
drying methods has not been reported. Herein, we describe an easy
and low-cost route to carbon aerogels by the carbonization of
starch aerogels from the corresponding wet-gels through the
ambient pressure drying process. The textural characteristics of
carbon aerogels can be tailored by adjusting the carbonization
temperature and activation time.

Color removal from dye-contaminated wastewaters in the
textile, dyeing, printing and other related industries have long been
a major environmental problem [35e37]. In the past decades,
various methods including adsorption on various sorbents, chem-
ical decomposition by oxidation, photo-degradation, and microbi-
ological decoloration have been used [38e41]. Among these,
physical adsorption of dye molecules by porous materials is
intensively studied because of the fast kinetics [42]. Thus the
adsorption of dye molecules by many natural and synthetic porous
materials has been studied and discovery of new, high-perfor-
mance adsorbents has been pursued. Nevertheless, up to date no
significant porous materials have been found to have potential
commercial application because of their low adsorption capacities.
For example, the largest capacities of the sorbents to crystal violet
(CV), methyl violet (MV) and methylene blue (MB) molecules are
respectively 500.0, 62.8 and 1000.0 mg/g [43e45], and the sorbents
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Fig. 1. SEM image (a) and N2 adsorption/desorption isotherm (b) of starch aerogel.
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used to date cannot be regenerated and reused. In the present
work, our experiments showed that starch-derived carbon aerogels
exhibited high adsorption capacities for CV, MV and MB dyes from
solution and the aerogels can be recycled several times with
minimal drop in efficiency.
2. Experimental section

2.1. Synthesis

In a typical synthesis, 10.0 g of soluble starch was dissolved in
50.0 mL boiling water under stirring to form a translucent solution,
which gradually transformed into white wet-gels within 0.5 h.
After the wet-gels were aged for 24 h at 25 �C, the solvents were
exchangedwith absolute acetone. Starch aerogels were prepared by
drying the acetone-gels at 50 �C under ambient pressure, then
carbonized under N2 flow (100.0 cm3/min) at 850 �C to give carbon
aerogels. To adjust their microstructures, the carbon aerogels were
activated at 800 �C for different lengths of time under CO2 atmo-
sphere (100.0 cm3/min).
Fig. 2. SEM images at (a) low magnification and (b) high magnification and N2 adsorption/
images (d) low magnification and (e) high magnification and N2 adsorption/desorption iso
2.2. Characterization

The Brunauer-Emmett-Teller (BET) surface area (SBET) and pore
size distribution (PSD) weremeasured by N2 adsorption/desorption
at 77 K using a QuadraSorb SI surface area analyzer after degassing
the samples at 300 �C for 4.0 h. The microstructures of the carbon
aerogels were characterized by scanning electronmicroscopy (SEM,
Hitachi S-520, JXA-840), and the zeta (z)-potentials were measured
with a z-potential analyzer (Zeta-plus, Shanghai Instruments Corp.).
A pH meter (PHS-2) was applied to determine the pH of the solu-
tions. The Fourier transform infrared (FT-IR) spectra were recorded
ona FT-IR spectrometer (Nicolet 5DX)using theKBrpelletmethod in
the range 400e4000 cm�1. Thermogravimetric (TG) analysis was
conducted in a N2 atmosphere at a heating rate of 10.0 �C/min from
50 �C to 1000 �C (TA’s SDTQ600 thermal-analyzer).
2.3. Boehm’s titrations

The amounts of different surface acidic functional groups in
carbon aerogels were determined by Boehm’s method. For
desorption isotherm (c) of carbon aerogel before activation (Sample 1 in Table 1). SEM
therm (f) of carbon aerogel activated at 800 �C for 7.0 h (Sample 5 in Table 1).



Fig. 3. TG curve of starch aerogel.

Fig. 4. IR spectrum of activated carbon aerogel (sample 5 in Table 1).
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a sample, 0.5 g of dry carbon aerogel was weighed into 100.0 mL
conical flask prior to the addition of 50.0 mL of base with varying
strength, e.g., 0.1 mol/L solution of sodium hydrogen carbonate,
sodium carbonate and sodium hydroxide. Carbon aerogel samples
were agitated for 72 h at room temperature. The solutions were
separated using 0.45 mm PTFE syringe top filters. 10.0 mL aliquots
were then titrated with 0.1 mol/L hydrochloric acid using methyl-
red as the indicator. High-purity water was used in all titration
experiments.
2.4. Adsorption measurements

2.4.1. Effect of pH on adsorption
The adsorption of dye molecules was investigated over the pH

range of 2e10, which was adjusted with 0.1 M HCl or NaOH. The
carbonaerogels (10.0mg)wereadded into thedye solution (50.0mL,
500 ppm) and the mixture was shaken at 25 �C for 24 h until the
adsorption reached equilibrium. After filtration through a 0.45 mm
membrane filter to remove aerogel particles, the dye concentration
in the filtrate was determined by UVevis absorption (UV-3100,
Shimadzu) at 590, 582 and 665 nm for CV, MV andMB, respectively.
The amount of adsorbed dye was calculated based on the following
equation: qe ¼ ðC0 � CeÞ � V=m, in which qe is the amount of as-
absorbed dyes (mg/g) at equilibrium, C0 and Ce are the initial and
residual concentrations at equilibrium (mg/L), V is the volume of
dye’s solution (L), and m is the dose of carbon aerogel (g).

2.4.2. Adsorption kinetics
Adsorption kinetics experiments were carried out on 1000.0 mL

dye solution (50 ppm) mixed with 0.2 g of carbon aerogels in
a stoppered Erlenmeyer flask and shaken on a rotary shaker at
200 rpm. Several milliliters of solutionwere sampled with a pipette
at various time intervals. The sample solution was immediately
filtered through a 0.45 mm membrane filter and the UV absorbance
of the filtrate was measured to determine the dye concentration as
above.
Table 1
Textural properties of carbon aerogels.

Sample SA
(m2/g)

PD (nm) PV
(cm3/g)

MSA
(m2/g)

MV
(cm3/g)

MSAR (%) MVR (%)

1 CA 137 1.54 0.088 64 0.031 47 35
2 ACAe1h 892 0.899 0.553 545 0.277 61 50
3 ACAe3h 1275 0.899 0.976 527 0.265 41 27
4 ACAe5h 1348 0.899 1.021 539 0.238 40 23
5 ACAe7h 1571 0.899 1.22 601 0.29 38 24
6 ACAe9h 1273 0.899 1.138 453 0.228 36 20

SA: surface area, PD: pore diameter, PV: pore volume, MSA: micropore surface area,
MV: micropore volume, MSAR: micropore surface area ratio percent, MVR: micro-
pore volume ratio percent.
2.4.3. Adsorption isotherms
Adsorption isotherms were determined by measuring the

depletion of the dye concentration after the adsorption reached
equilibrium at 25 �C. For these experiments, the carbon aerogels
(10.0 mg) were added into dye solutions (50.0 mL) of different
concentrations with a pH value of 10 and shaken until the equili-
bration time determined for each material from the kinetics
experiments.

2.4.4. Elution of adsorbed dyes
To remove the adsorbed dyes, the carbon aerogels (10.0 mg)

with adsorbed dyes were placed in absolute ethanol (50.0 mL) and
shaken for 0.5 h at 25 �C. The amount of eluted dyes was deter-
mined bymeasuring the absorbance of the solution. After elution of
the dyes with absolute ethanol, the aerogels were recovered by
soaking in water for 24 h and they could then be reused to adsorb
the dyes as described above.
3. Results and discussion

The SEM image shows that the starch aerogel (Fig. 1a) has
a three-dimensional continuous network structure, and its specific
surface area calculated based on the BET model is 103.0 m2/g. The
N2 adsorption/desorption isotherm indicates that the aerogels have
a PSD ranging from 3 to 80 nm (Fig. 1b). The starch molecule is
composed of a-D-glucose units linking through the a-1, 4 or a-1, 6-
glycosidic bond [46]. Inwater, the starch granules adsorbwater and
expand, and the chains of starch molecules stretch to form
a network structure. The expansion and shrinkage of the starch
granules due to the adsorption and desorption of water molecules
is reversible as long as the hydrogen bonds between the molecules
are intact. At higher temperatures, the association of water mole-
cules through hydrogen bonds decrease, and the water molecules
infiltrate near the starch micro-crystals which destroys the
hydrogen bonds between the starch molecules. The removal of
the hydrogen bonds leaves the starch molecules free to hydrate and
the starch network structures adsorb a large number of water
molecules, resulting in a great expansion. In this process, water
molecules encroach into the molecular chains of starch to interrupt
them as the starch solution is heated to 90e100 �C. The formation
of a hydrated layer around the separated starchmolecules results in
complete separation of the molecular chains and the hydration
reaction occurs, forming a semi-transparent sol, which is also called
a paste. In this process, the viscosity of the dispersed starch solution
rapidly increases and maintains a certain value as the temperature
decreases. When the starch concentration increases to a certain
level, the solution transforms into a gel in which the water



Fig. 5. Effects of pH on the adsorption capacities and zeta-potential of carbon aerogels (a), and the adsorption capacities of the carbon aerogels after repeated regeneration cycles at
pH ¼ 10 (b).
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molecules are fixed. After the starch paste is cooled to room
temperature, the starch molecules self-arrange, and the hydrogen
bonds between the adjacent molecules gradually lead to the
formation of a compact bundle of micro-starch molecules. The
aging process does not make the starch completely recover its
original structure, rather the molecules form gel networks by
winding into double helices. Due to the wide distribution of the
molecular weight of starch (32 000e160 000), that is, the difference
in the chain length is very large, the PSD in the resulting starch
aerogels is correspondingly wide.

After the starch aerogels were carbonized in a N2 atmosphere,
carbon aerogels were obtained. SEM images indicate that the
carbon aerogels consist of the flakes with side of 60e120 mm and
thickness of 3e4 mm (Fig. 2a,d), which have the mesopores
composed of carbon nanoparticles of 10e30 nm (Fig. 2b,e). The N2
adsorption measurements indicate that the specific surface area of
carbon aerogel is 137 m2/g and the average pore size is 1.54 nm.
According to the Barret-Jovner-Halenda PSD, only few mesopores
exist. It should be noted that the hysteresis loop in Fig. 2c is not
closed, illustrating that the pores are unstable, which might be due
to the compound impurity of decomposed starch existing on the
pore walls. The adsorption isotherms show high uptake at very low
relative pressure, which is characteristic of microporous materials.
The isotherms also exhibit an increasing uptake as the relative
pressure increases and a broad hysteresis (the desorption isotherm
lies above the adsorption one). Unlike those of mesoporous mate-
rials, the hysteresis loop here extends to very low relative pressure,
which might be due to its complex micropore structure (arising
from a complex distribution of free volume) and/or reorganization
and swelling of the carbon upon N2 adsorption [47]. In the activa-
tion process, the compound impurity would be oxidized to
decompose, which makes the blocked pores re-open and the
structure stability of pores increases, thus the hysteresis loop is
closed (Fig. 2c).

Fig. 3 shows TG curve of starch aerogel. The process of physical
dehydration occurs below 150 �C, and the structure of the chain has
no change. The carbonization of a polysaccharide occurs by a liquid
Table 2
Amount of acidic groups and amount of dye adsorbed of carbon aerogels surface.

Samples Amount of acidic groups (mmol/g) Amount of dye adsorbed
(mg/g)

Carboxyl Lactone Hydroxyl CV MV MB

1 0.25 0.15 0.38 286 253 236
2 0.32 0.19 0.38 586 533 512
3 0.36 0.21 0.39 853 846 832
4 0.39 0.23 0.50 1238 1186 1069
5 0.41 0.25 0.62 1515 1423 1181
6 0.52 0.26 0.54 1322 1289 1098

Initial concentration and pH of dyes solution are 500 ppm and 10, respectively.
process followed by an in situ pyrolysis reactionwhich is conducted
at less than 500 �C. Since the polysaccharide is a complex organic
molecule, the starting carbonization temperature is relatively low.
At 150 �C the bonded water begins to be lost, and gradually alde-
hydes and enols are formed. As the temperature increases, a series
of changes occur and the molecular chains break with further loss
of bonded water, and carbon oxides (CO and CO2) and other small
volatile molecules are generated. Around 300 �C, the starch
liquefies and aromatization occurs, forming benzene rings. By
500 �C the aromatics dehydrogenate and condense to form the
carbonaceous materials through carbonization. Pyrolysis generates
low-molecular-weight compounds which are lost to the atmo-
sphere, while in the liquid phase the aromatization and poly-
condensation take place and the viscosity of the materials
increases. One intermediate phase in the process is the condensed
aromatic ring structure as a liquid crystal which produces the
layered carbon order observed in the products [48].

After the carbon aerogels are activated in CO2 atmosphere, their
microstructures would change dramatically (Fig. 2b,e) because the
carbon surface can be eroded, and the thinwalls between the pores
also be oxidized to result in the pores expanding, which exhibit
higher mesoporosity than that of before activation. Further exper-
iments indicate that the suitable activation conditions could
increase the specific surface areas and pore volume of carbon aer-
ogels (Table 1), and simultaneously create some new micro/meso-
porous structures. The average size of the micropores in the carbon
aerogels after activation is 0.89 nm, and the mesopore size is in the
range of 2e10 nm. The largest specific surface area of 1571 m2/g is
obtained for the carbon aerogel activated at 800 �C for 7.0 h
(Fig. 2d). At shorter activation times (from 1.0 to 7.0 h), the corre-
sponding pore volume increases from 0.553 to 1.22 cm3/g, and the
ratio of micropore surface area to the total decreases from 61% to
0
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Fig. 6. The adsorption capacity of carbon aerogels for CV, MV, MB and SY (50 ppm,
pH ¼ 10).



Fig. 7. Fits to the experimental adsorption isotherm data by the Langmuir, Freundlich and RedlichePeterson isotherms CV (a), MV (b) and MB (c).
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38%. Moreover, prolonging the activation time to 9.0 h causes the
specific surface area to decrease to 1273 m2/g. The ratio of the
micropore surface area to the total surface area decreases to 36%
because of the disappearance of some mesopores after long-time
CO2 oxidation.

The activated carbon aerogels exhibit higher surface negative
charges than that activated carbon graininess [49] due to the
carboxyl, lactones, hydroxyl and/or carbonyl groups existing on the
carbon particle’s surface [50]. The x-potential of a carbon aerogel
dispersion in solution at pH 10 is�40.0mV, and increased as the pH
of the solution decreases, until it reaches the equi-potential point at
pH 5.2. Below pH 5.2, the carbon aerogels are positively charged.
The IR spectrum of activated carbon aerogel (Fig. 4) shows the
absorption bands at 1063, 3434, 2922, and 1425 cm�1, indicating
that there are OH� and COO� groups on the surface of the carbon
aerogels under alkaline conditions, so the negative charge would
increase with the pH. The pH of the dye solution considerably
affects the adsorption of basic dyes on the carbon aerogels (Fig. 5a),
and the adsorption capacities change with the pH. At an initial pH
of 10 for the dye solution and a dye concentration of 500 ppm, the
adsorption capacity is the largest. The maximum adsorption
capacities for CV, MV and MB are respectively 1515, 1423 and
1181 mg/g. At pH 6, the adsorption capacities reduce to 670, 599
and 499 mg/g. Considering that the dyes are positively charged and
the adsorption capacities in solutions with a pH value of 6e10
increase with the carbon aerogels’ negative charge density, the
electrostatic sorbentesorbate interaction might be one of the most
important parameters in the dye adsorption. Even though the
activated carbon aerogels exhibit a positive charge at pH<5 the dye
molecules could still be adsorbed on their surfaces, which might be
due to the formation of hydrogen bonds between the surface oxides
of the carbon particles and the dye molecules [51]. Previous
research has shown that the largest adsorption capacities of acti-
vated carbon for CV, MV and MB are respectively 63.53, 0.202 and
580 mg/g [52e54]. The carbon aerogels exhibiting the higher
adsorption capacities may due to the high specific surface areas and
high negative charges on the surfaces.

In order to further study the adsorption mechanism of dyes on
the surface of carbon aerogels, the amount of acidic groups on the
surface of carbon aerogels was determined by Boehm titration.
Table 3
The parameters and fitting factors of the isotherm models for the adsorptions of cationic

Langmuir isotherm model Freundlich isotherm m

qo (mg/g) KL (L/mg) R2 KF (mg/g) n

CV 1543.53 0.1861 0.952 546.16 5.0
MV 1448.38 0.0659 0.938 332.60 3.7
MB 1383.99 0.0436 0.959 255.85 4.8

Langmuir, Freundlich and RedlichePeterson models are expressed as qe ¼ q0(KLCe/(1þ KLC
dye concentration at the adsorption equilibrium, q0 (mg/g): a single-layer adsorption ca
Table 2 shows the corresponding results, from sample 1 to 5, the
amount of acidic groups increases gradually, and the amount of
dyes adsorbed also increases. From sample 5 to 6, the amount of
carboxyl groups increases and that of hydroxyl groups decreases.
Table 1 shows the surface areas of carbon aerogels increase from
sample 1 to 5, and decrease from sample 5 to 6. So we believe both
the amount of acidic groups and surface areas of carbon aerogels
influence the adsorption of dyes on carbon aerogels. As a compar-
ison, the adsorption capacities of carbon aerogels for the anionic
dye sunset yellow (SY) are measured (Fig. 6). The results show that
the maximum adsorption capacity is only 11.8%, indicating that the
adsorption of activated carbon aerogels for the cationic dye is
mainly due to the electrostatic attraction, but also the hydrogen
bonds.

Regeneration experiments show that more than 99% of as-
adsorbed dyes were removed from the carbon aerogels after being
eluted in absolute ethanol for 0.5 h.When the carbon aerogels were
reused to adsorb the dyemolecules, 90% of the original capacity still
remained after 9 cycles (Fig. 5b), showing high stability of the
aerogels. The attachment of the dye molecules to the sorbent was
weaker than that of the ethanol molecules, so more than 99% of the
adsorbed dyes were desorbed. This result demonstrates an efficient
regeneration property for the removal and recovery of basic dyes.

The equilibrium adsorption isotherm is of importance in the
design of adsorption systems. Several isotherm equations are
available and three important isotherms were selected in this
study: the Langmuir, Freundlich and RedlichePeterson isotherms.
Fig. 7 shows curve fits to the adsorption isotherms for all three
adsorption isotherm models and Table 3 lists the correlation
parameters and fitting factors. For adsorption of all three cationic
dyes, although the RedlichePeterson model is the best model for
simulation of the adsorption isotherm (as evident from the corre-
lation coefficients R2) [55], it does not well fit the actual adsorption
process, which indicates that the actual adsorption process is
complex and the simple empirical models cannot be applied to
accurately describe the actual adsorption process because that the
ionic strength and pH value of the dye solutions might change in
the actual adsorption process. Equilibrium constants of Langmuir
model or Freundlich model in most cases are dependent of solution
chemistry, thus they could not give the fundamental understanding
dyes.

odel RedlichePeterson isotherm model

R2 Kr ar b R2

014 0.860 358.04 0.2983 0.9501 0.959
394 0.950 217.25 0.3677 0.8357 0.975
198 0.840 450.15 2.4210 0.8886 0.978

e)), qe¼ KFCe
1/n and qe¼ KrCe/(1þ arCe

b), qe(mg/g): dye adsorption capacity, Ce (ppm):
pacity, b: index (0e1), KL, KF, n, Kr and ar: the constants.



Fig. 8. Fits to the experimental data by pseudo-first-order and pseudo-second-order kinetic models. CV (a), MV (b) and MB (c). The pH value of solution is 10.

Table 4
The parameters and fitting factors for the adsorptions of dyes on activated aerogels
(Temperature: 25 �C, adsorbent concentration: 0.2 g/L, the initial dye concentration:
50 mg/L, pH ¼ 10.0).

Pseudo-first-order Pseudo-second-order

qe (mg/g) k1 (1/min) R2 qe (mg/g) K2 (g/mg�min) R2

CV 299.10 0.0123 0.965 440.72 0.00002 0.961
MV 288.61 0.0126 0.962 421.10 0.00002 0.959
MB 287.93 0.0107 0.962 436.25 0.00002 0.961

Pseudo-first-order and pseudo-second-order models are expressed as
qt ¼ qe(1 � e�k1t) and qt ¼ k2qe

2t(1 þ k2qet), k1 and K2 are the dynamics constants.

X. Chang et al. / Polymer 51 (2010) 3801e38073806
on adsorption process and may not be valid as the solution
chemistry is changed [56,57]. The adsorption of dye molecules
results in the change of pH value and ionic strength of solution, so
that these models are not fitted well.

Two kinetic models (pseudo-first-order equation and pseudo-
second-order equation) were applied to investigate the adsorption
kinetic processes of the cationic dyes on the carbon aerogels. Fig. 8
illustrates the comparison between the calculated and measured
results for adsorption of the dyes on the carbon aerogels, indicating
that the adsorption equilibriums were established within 90 min
for all three cationic dyes. The parameters and fitting factors (R2)
demonstrate the two models do not well fit the actual adsorption
dynamics process (Table 4), although the pseudo-first-order model
curves are closer to the experimental data than the pseudo-second-
order model, indicating that the complex actual adsorption process
might include chemical adsorption, physical adsorption and
hydrogen bonds adsorption. As the empirical models, these two
equations were suitable to the simple adsorption process [58,59],
thus there are some differences in the theoretical and experimental
results. The adsorption mechanism and kinetics of cationic dyes on
carbon aerogels is complex and needs to further be investigated.
4. Conclusions

Carbon aerogels derived from starch aerogels have been
prepared by use of a relatively simple and green method in which
starch wet-gels were prepared within a short time and subsequent
ambient pressure drying was applied to generate the starch aero-
gels. The as-prepared carbon aerogels exhibit a good adsorption
performance for CV, MV and MB and it is technically feasible to use
this material to remove dye molecules from wastewater. As a good
biocompatible polymer, soluble starch is a low cost starting mate-
rial which has extensive applications in pharmacology, biomedi-
cine, agriculture, and food [60e63]. This research could extend the
application of starch in water treatment industries and environ-
mental protection.
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