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Ordered mesoporous carbon coating on the honeycomb cordierite substrate has been prepared using low-
polymerized phenolic resins as carbon sources and triblock copolymer F127 as the structure directing
agentvia the evaporation induced self-assembly route. The high-resolution scanning electron microscopy
(HRSEM), transmission electron microscopy (TEM), and nitrogen sorption techniques prove the hexag-

onally ordered pore arrays of carbon coating on the cordierite. The honeycomb monolith adsorbents
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coated by ordered mesoporous carbons are directly used without any activation, and exhibit adsorption
capacities for chlorinated organic pollutants in water with 200 mg/g for p-chlorophenol and 178 mg/g for
p-chloroaniline (with respect to the net carbon coating), high adsorption ratio for low-concentration pol-
lutants, large processing volumes and reusability. More than 200 repeated times can be achieved without
obvious loss in both adsorption capacity and weight.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

To remove priority contaminants such as chlorinated organic
pollutants in water, various treatments have been investi-
gated, including adsorption [1,2], photodegradation [3], catalytic
hydrodechlorination [4], oxidation [5], etc. Among them, adsorp-
tion on porous carbons (mainly activated carbons, carbon blacks
and activated carbon fibers) is one of the most efficient processes,
because of large specific surface areas, pore volumes, chemical
inertness and good mechanical stability of carbon [6]. However,
the practical applications of these porous carbons are restricted
due to the presence of a large amount of micropores, difference in
properties from batch to batch, and difficulty in recovery [7]. For
adsorption and catalytic reactions, mesopore in the range 5-15 nm
is a desired compromise between surface area and accessibility [8].
A post-activation using ZnCl,, H3POy, or H,0 is always adopted to
expand the pores in activated carbons. After activation, the pore
size distribution is wide, that restricts the establishment of the
relationship between the pore texture and adsorption properties
[9,10]. The additional activation step also produces lots of waste
substances and the pore expansion is at the expense of weight loss
of carbon, that makes the process uneconomic and environmentally
unfriendly. The surface chemistry of activated carbons, in particu-
lar from different sources and treatments, is uncertain [11]. Because

* Corresponding author. Tel.: +86 21 6432 2516; fax: +86 21 6432 2511.
E-mail address: ywan@shnu.edu.cn (Y. Wan).

0304-3894/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j,jhazmat.2011.10.031

the adsorption capacity of a given carbon strongly depends on the
chemical nature of the surface [7], the adsorption performance for
the same organic pollutant on activated carbon differs from each
other. The adsorption behavior cannot be identically compared. The
difficult separation of fine carbon powders in water is the major
problem in recovery. The loss of carbon results in both uneconomic
operation and pollution in water. At the same time, the processing
volume s limited [7]. Therefore, porous carbons with uniform pores
which can be easily separated and have large processing ability are
highly desired for adsorption of poisoning pollutants from water.
Ordered mesoporous carbons possess unique structures, high
surface areas and uniform, large and tunable pore channels, show-
ing advantages in adsorption, separation, catalysis, and electrodes.
The mesoporous carbon is normally fabricated by nanocasting
[12]. Mesoporous silica is chosen as a hard template. Then the
carbon source is filled inside the mesopores. Upon carbonization
and subsequent removal of the silica scaffold by HF or NaOH
solution, ordered mesoporous carbon is produced. This kind of
carbon replicas (in most cases, powdered carbons) can be used
to adsorb dyes and biomolecules [13]. Among them, magnetically
separable ordered mesoporous carbons are attractive because of
the recovery of powders by an external magnetic field [14,15].
For example, Schueth and co-workers synthesized magnetically
separable ordered mesoporous carbon by introducing magnetic
functional species into the porous carbon during nanocasting [15].
Magnetic nanoparticles are selectively deposited on the outer
surface of the carbon. After dye adsorption, mesoporous carbon
powders can be separated from solution by a magnet. Very recently,
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the direct synthesis method for ordered mesoporous carbons from
the self-assembly of amphiphilic block copolymers and pheno-
lic resins have been reported [16,17]. The carbon materials are
directly carbonized from organic polymers, and the ordered pore
arrays are originated from self-assembling PPO domains of triblock
copolymer. Accordingly, the carbon surface chemistry, pore texture
and morphology can be well controlled. For example, Zhao and
co-workers used all commercially available, low-cost raw mate-
rials, namely phenol, formaldehyde and triblock copolymer, to
prepare ordered mesoporous carbon powders with different pore
sizes [16]. Liang and Dai prepared carbon fibers with well-aligned
mesopores from the phloroglucinol/formaldehyde/Pluronic F127
complex [17]. Flexible carbon sheets can be further woven by
the fibers. This simple operation omits the use of hard template,
and facilitates the large-scale production of ordered mesoporous
carbons and their practical applications in adsorption and catal-
ysis [9,18]. Magnetically separable ordered mesoporous carbon
composites have also been prepared by self-assembly of phenol,
formaldehyde, Fe(NO3)3-9H,0 and triblock copolymer F127, and
used as reusable carbon powders for adsorption [19].

Adsorbent and catalyst coating on inorganic ceramics mono-
liths are of great significance for industry because of their favorable
properties such as low pressure drop, high geometric surface area,
short diffusion lengths, lack of attrition by vibration, thermal shock
resistance, and convenient separation from media without assis-
tance of outer magnetic field [8,20,21]. Carbon layer can be coated
on cordierite monolith by dipcoating with Novalac resin, Furan
resin, polyfurfuryl alcohol, etc. Several steps are necessary: dip-
ping the ceramic monolith in the carbon precursor, flushing with
pressurized air, a treatment at elevated temperature for curing,
carbonization, and activation. The carbon coatings from polyfur-
furyl alcohol have always micropores and the mesopores ratios are
below 10% [8]. The post-activation under an oxidative condition
such as CO, or O, atmosphere is subjected to enhance mesoporos-
ity. However, carbon simultaneously burns off; for example, 30%
carbon losses in CO, atmosphere at 920 °C within 4 h [20]. In addi-
tion, the pore size distribution is rather wide. Using carbon xerogel
as a precursor for carbon layer coating on cordierite foams can
increase mesopores of carbon; but reduces the adhesion between
ceramic foams and carbon coatings [22].The coating of ordered
mesoporous materials on cordierite with an unsmooth surface has
not been reported, but will for certain extend the applications
of mesoporous materials especially as adsorbents and catalysts.
Here we report the surfactant self-assembly of ordered meso-
porous carbon coating on honeycomb cordierite and its application
as an adsorbent. Carbon with opened, hexagonally ordered pore
arrays can be coated on cordierite with unsmooth surface. With-
out any further treatment, ordered mesoporous carbon coating
on honeycomb cordierite is directly used as a reusable adsorbent.
The adsorbent exhibits adsorption ability for p-chlorophenol or p-
chloroaniline, a large processing volume, and great advantage in
reusability. Over 200 repeated times adsorption/desorption with
negligible losses in both weight and adsorption ability can be
achieved. The synthesis of honeycomb monolithic mesoporous car-
bon involves all commercially available raw materials, as well as
is easy, reproducible, and expected to be extended to other meso-
porous carbon-based catalysts and adsorbents. These features favor
practical applications in industry.

2. Materials and methods
2.1. Materials

Poly(ethylene
block-poly(ethylene

oxide)-block-poly(propylene
oxide)  triblock  copolymer

oxide)-
F127

(PEO19gPPO7oPEO 195, Mw =12,600) was purchased from Acros
Chemical Inc. Phenol (CgHsOH, 99.98%), formalin (HCHO,
37.0-40.0%), tetraethyl orthosilicate (TEOS, SiO, >28.4%), hydrogen
chloride (HCl, 36.0-38.0%), sodium hydroxide (NaOH, minimum
96.0%), ethanol (C;Hs0OH, minimum 99.7%), p-chlorophenol
(Cl-CgH4-0H, 99%) and p-chloroaniline (Cl-CgH4—NH>, 99%) were
obtained from Shanghai Chemical Co. Cordierite was purchased
from Huayin Ceramic Electromechanical Sci. Tech. Co. Activated
carbon was supplied by Shanghai Xinzhuang Activated Carbon Co.
All chemicals were used as received without any further purifica-
tion. Water used in all syntheses was distilled and deionized.

2.2. Preparation of ordered mesoporous carbon coating on
honeycomb cordierite

Ordered mesoporous carbon coating on honeycomb cordierites
were prepared by using the surfactant-templating method with
cordierite as a carrier, phenol and formaldehyde as carbon sources
and triblock copolymer F127 as a structure-directing agent. Phe-
nol and formaldehyde were firstly polymerized to water- and
ethanol-soluble phenolic resins under basic conditions (see details
in Supporting Information, SI) [16]. The synthesis procedure for
the monolithic mesoporous carbons was carried out as following.
Firstly, 4.0 g of triblock copolymer F127 was dissolved in 4.0g of
ethanol to obtain a clear solution. To it, added the mixture with
4.85¢g of preformed phenolic resins (containing 2.93 g of phenol
and 1.92 g of formaldehyde) and 2.42 g of ethanol. After stirring
for 10 min, the mixture was impregnated with cordierite pieces
(here, we cut the cordierite into several pieces with the size of
11mm x 11 mm x 38 mm). To ensure the homogenous coating of
carbons precursors, air-flow with a rate of 50 mL/min was used
to sweep along the pores of cordierites. Then, the cordierites sup-
ported with carbon precursors were placed in a hood to evaporate
ethanol at ambient temperature for 5-8 h, in an oven to ther-
mopolymerize at 100 °C for 24 h, and then in a tube furnace which
was protected by nitrogen to remove surfactant at 350 °C for 5 hand
to carbonize at 900 °C for 4 h. The color of cordierite changed from
initially white to black. Before use, honeycomb monolith adsor-
bents with mesoporous carbon coating were treated in ethanol
under ultrasonic (200 W, 50 Hz) with 5 min.

Activated carbon coating on honeycomb cordierite was pre-
pared according to the above procedure without the use of triblock
copolymer.

For comparison, mesoporous carbon films on silicon wafer were
prepared by using silicon wafer as a substrate to replace cordierite.
The mixture containing low-polymerized phenolic resins, triblock
copolymer F127 and ethanol were deposited on silicon wafer by
spin-coating. All other steps are exactly the same as described
above. When the precursor solution contains 4.0g of triblock
copolymer F127, 2.5 g of preformed phenolic resins, 5.2 g of TEOS,
2.5g of HCI (0.2 M), and 5.3 g of ethanol, mesoporous carbon-silica
films on silicon wafer were also prepared [23]. In a separated syn-
thesis, glass disks were used as the substrate to coat mesoporous
carbon. After thermopolymerized at 100°C, the bakelite/triblock
copolymer composites were scraped from the glass substrate and
grinned into powders, and carbonized as described above. This
sample was denoted as pristine powdered mesoporous carbon.

2.3. Characterization

The small-angle X-ray diffraction (XRD) measurements were
taken on a Rigaku D/max B diffractometor using Cu Ko radiation
(40kV,20mA). The d-spacing values were calculated by the formula
of d=0.15408/2sin#, and the unit-cell parameters were calcu-
lated from the formula of ag =2d19+/3. N3 adsorption-desorption
isotherms were measured at 77 K with Quantachrome NOVA 4000e
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analyzer. The Brunauer-Emmett-Teller (BET) method was uti-
lized to calculate the specific surface areas (Sggr). By using the
Barett-Joyner-Halenda (BJH) model, the pore volumes and pore
size distributions were derived from the adsorption branches of
isotherms, and the total pore volumes (V;) were estimated from
the adsorbed amount at a relative pressure p/pg of 0.99. The
micropore volume (Vyicro) and micropore surface area were cal-
culated from the V-t plot method. The t values were calculated
as a function of the relative pressure using the de Boer equation,
t/A=[13.99/(log(po/p) +0.0340)]'/2. Vpicro Was obtained using the
equation Vpicro/cm? =0.0015471, where I represents the Y inter-
cept in the V-t plot. The sample morphology was observed with
a high-resolution scanning electron microscopy (HRSEM, Hitachi S
5500). Transmission electron microscopy (TEM) experiments were
conduced using a JEOL 2011 microscope operated at 200 kV. The
samples for TEM measurements were suspended in ethanol and
supported onto a holey carbon film on a Cu grid. Weight losses
and the associated temperatures were determined by thermo-
gravimetry analysis with a Mettler Toledo TG/SDTA 851e apparatus.
Samples were heated from room temperature to 1000°C at a rate
of 10°C/min in air flow.

2.4. Batch mode adsorption

The batch mode adsorption studies for various chlorinated
organic pollutants, such as p-chlorophenol and p-chloroaniline,
were carried out by agitating 1.6g of honeycomb adsorbent
(11mm x 11 mm x 38 mm) supported with mesoporous carbon
(0.07-0.23 g) in 50 mL of mixture (water and chlorinated organic
pollutant). The mixture containing 50 mL of water and a certain
amount of p-chlorophenol (0.031-0.312 mmol) or p-chloroaniline
(0.041-0.314 mmol) was continuously shaken in a shaking bath
with a speed of 120 rpm at 30 °C until the equilibrium was reached
(typically 24h). After adsorption, the honeycomb monolithic
mesoporous carbon adsorbent was taken out for further regen-
eration. The concentration of p-chlorophenol or p-chloroaniline
in the residue liquid mixture was determined using a XinMao
Ultraviolet-visible (UV-vis) spectrophotometer (UV-7504 PC). The
adsorption tests and each concentration analysis were repeated at
least three times, and the experimental errors were within +5%. For
comparison, powdered mesoporous carbon and activated carbons
with the same carbon weight were also tested as an adsorbent. The
mixture was centrifuged at 4000 rpm for 5min after adsorption.
The pollutant concentration in the supernatant was determined as
mentioned above.

The equilibrium adsorption capacities (Qe) were determined
according to the following formula: Qe =(C; — Ce) x V/m, wherein
C; is the initial concentration, Ce is the residual or equilibrium con-
centration, V is the volume of the liquid phase, m is the mass of
the adsorbent. The saturated adsorption loading Qg was calculated
from the linearized Langmuir equation: Ce/Qe =1/Qgb + C¢/Qp.

2.5. Quality control and quality assurance

Standard solutions were analyzed every 8 sample solutions as
a check on the instrument performance of the UV-vis spectropho-
tometer. The precision of each sample was determined in duplicate,
and only values below 5% were accepted, with other samples out-
side this range being reanalyzed.

All the adsorption experiments were repeated three times and
average values were reported. The standard deviation was found to
be +3%. The measurements were within the uncertainty margins
of the reference materials, thus demonstrating the accuracy of our
findings.

2.6. Regeneration of adsorbent material

The procedure for regeneration was as follows [24]. The cho-
sen regenerant (20 mL of ethanol) was added to the vessel were
treated with ultrasonic (200W, 50Hz) for 5min. The regener-
ant was then separated and analyzed spectrophotometrically for
desorbed p-chlorophenol. After the treatment (with regenerants),
25mL of distilled water was used to rinse the material. Any
amount of p-chlorophenol removed by water was not considered
for regeneration efficiency (RE) calculations. Regenerated mono-
lithic mesoporous carbons were dried and subsequently placed
in contact with a fresh solution of the adsorbate for the second
adsorption with all test conditions retaining the same. After adsorp-
tion, the honeycomb monolithic mesoporous carbon adsorbent was
taken out for further regeneration. The residue liquid was analyzed
and the uptake of substituted phenols was calculated. The spent
carbon was again regenerated and exhausted for 200 cycles.

3. Results and discussion

The mesoporous carbon was deposited on cordierite by coating
the ethanol solution of preformed phenolic resins and triblock
copolymer template. The synthesis involves all commercial raw
materials and the process is simple. The as-made materials are
uniform light-brown films coated on cordierite without cracking
(Fig. S1). After carbonization at 900 °C, the honeycomb monolithic
adsorbents become black indicating the transformation from
polymer to carbon. Optical photos for a blank cordierite, and
the so-derived monolithic carbon adsorbent with the size of
11mm x 11 mm x 38 mm are shown in Fig. 1. The honeycomb
monoliths with carbon coating show no change in macroscopic
size upon carbonization on comparison with the blank cordierite
carrier. The weight ratios of carbon are about 4.4 wt%, measured
by the TG analysis. Negligible weight losses are detected after
repeatedly shaking the monolithic mesoporous carbon @ cordierite
adsorbents in ethanol solution under ultrasonic (200W, 50 Hz)
for 100 times and each time for 5 min. Each time the monolithic
adsorbents are taken out, dried at 100°C, and then put in the same
ethanol solution. No black carbon powders can be found after
evaporation of the final ethanol solution. These results indicate
the stability of mesoporous carbon coatings.

HRSEM images for ordered mesoporous carbon coating on hon-
eycomb cordierite after carbonization show relatively uniform
surface, with crystals in some domains (Fig. 1d). Well aligned
uniform pores can be observed in the image with a high magni-
fication (Fig. 1f), indicating the ordered mesostructure of coating
after carbonization. The film thickness is about 9 wm which is visu-
ally measured in the HRSEM image of the cross-section (Fig. 1e).
To further investigate the pore properties of mesoporous carbon
adsorbent by TEM and nitrogen sorption techniques, the coatings
were scraped from inorganic substrate (the scraped powders con-
tain both carbon coating and inorganic cordierite in this case).
TEM images for mesoporous carbons scraped from cordierite reveal
the hexagonally arranged and stripe-like pores (Fig. 1g and h),
suggesting that the mesoporous carbon coating has the 2D hexag-
onal mesostructure. N, sorption isotherms show that the scraped
mesoporous carbon (in a weight ratio of 78 wt% of carbon deter-
mined by the TG analysis) has representative type-IV curves with
an H2-type hysteresis loop (Fig. 2), indicative of the presence
of opened, ordered mesopores. Because the inorganic cordierite
has no nanosized pores and possesses an extremely low surface
area, the nitrogen adsorption in the middle relative pressures is
caused by the mesoporous carbon coating. The surface area for the
ordered mesoporous carbon coating is 494 m2/g, the pore volume is
0.40 cm3/g and the most possible mesopore size is 3.9 nm. The V-t



Y. Wan et al. / Journal of Hazardous Materials 198 (2011) 216-223 219

carbon

coating
‘\.

-

Y

] |
200nm

Fig. 1. (a-c) Optical photos and (d-f) HRSEM images for (a) blank cordierite, and (b-f) cordierite after coating with ordered mesoporous carbon: (a and b) side view, (c)
top view, (d) top view, (e) top view with a high magnification, and (e) cross-section. (g and h) TEM images for mesoporous carbons scraped from cordierite viewed (g)

perpendicular and (h) parallel to the pore channels.

plot analysis reveals micropore volume of 0.10 cm3/g, suggesting
that the mesopore volume of the carbon coating contributes 75%
to the total volume (Fig. S2). The pore properties are analogous to
those for ordered mesoporous carbon powders reported by Zhao
and co-workers [16], indicating that coating on cordierite shows a
minor effect on the textural properties of the mesoporous carbon.

The XRD pattern of the as-made bakelite/F127 composite coating
on cordierite shows a strong diffraction peak at 26 of 0.68°, indica-
tive of the ordered mesostructure (Fig. 3). However, no distinct
diffraction can be observed after carbonization. This phenomenon
is in disagreement with the HRSEM and TEM results which show
large-domain ordered mesopore arrays, and quite different with
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Fig. 2. (a) N; sorption isotherms and (b) pore-size distribution curves of mesoporous carbon coating on the honeycomb cordierite. The curves are measured on mesoporous
carbon which is scraped from the cordierite monolith. The carbon content in scraped powders is 78 wt% measured by the TG analysis. For comparison, pristine powdered

mesoporous carbon is also tested.

pristine powdered ordered mesoporous carbon [16]. Well resolved
diffraction peaks can be clearly seen in the small-angle XRD pat-
terns for the latter materials both before and after carbonization.
In order to understand the formation of mesoporous carbon
coating on cordierite, carbon was also coated on the silicon wafer or
glass disk substrate using the same synthesis compositions. If the
as-made bakelite/F127 composite coating is directly scraped from
the silicon wafer or glass disk and grinned, the as-made pristine
powdered material shows the ordered mesostructure, as evidenced
by the well-resolved XRD pattern (Fig. 3). After carbonization
at 900°C, the powdered carbon displays three diffraction peaks,
assignable to the highly ordered 2D hexagonal mesostructure. The
framework shrinkage is about 32% after carbonization. The pow-
dered carbon exhibits a BET surface area of 582 m2/g, a pore volume

10

Intensity (a.u.)
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1 2 3 4 5
20 (degree)

Fig. 3. XRD patterns of (A) as-made bakelite/F127 composite coating on honeycomb
cordierite; (B) as-made pristine powdered bakelite/F127 composite which is scraped
from glass disk substrate; (C) the powdered sample (B) after carbonization at 900 °C
under nitrogen.

of 0.45 cm?3/g, and a quite uniform mesopore size centred at 4.2 nm
(Fig.2).These results are in good agreement with the literature [16].
However, no ordered materials can be obtained if carbonization at
900°C is directly taken for the as-made bakelite/F127 composite
coating on silicon wafer. The HRSEM and TEM images cannot find
ordered pore arrays. This result is different with either the meso-
porous carbon film on cordierite or the mesoporous silica film on
silicon wafer. Ordered mesoporous silica films can be well coated
on silicon wafer after calcination [25]. In fact, compact and smooth
surfaces, including mica [26], interface of water and air [27], glass,
and polymer [28] films have also been used to support ordered
mesoporous silica films.

The possible reason for the different phenomena of mesoporous
carbon and silica films on smooth silicon wafer lies in the fact
that these two materials have distinct difference in framework
shrinkage upon calcination. The mesoporous carbon shows a large
framework shrinkage after carbonization at 900 °C (about 30-40%),
because of the cross-linkage of phenolic resins and the release of
small molecules [16]. Once the carbon precursor (phenolic resol) is
coated on a smooth surface (such as silicon wafer), the framework
shrinkage upon carbonization and the reservation of the macro-
scopic size due to the interface interaction between surface and
carbon, play opposite roles, destroying the mesostructure. There-
fore, no ordered mesoporous carbon films can be obtained on
the smooth silicon wafer surface. By comparison, the framework
shrinkage for silica is small (about 10% for the SBA-15 mesoporous
silica) [29]. The mesostructured silica thin films on silicon wafer can
be preserved upon calcination. Following this idea, we add silica
nanoparticles inside the mesoporous carbon framework which can
distinctly reduce the framework shrinkage [23]. As expected, the
ordered mesopore arrays can be found in large areas for the meso-
porous carbon-silica thin films coated on silicon wafer (Fig. S3).

Therefore, the formation of ordered mesoporous carbon coat-
ings on cordierite may be attributed to the unsmooth surface
(Fig. 4). Inorganic cordierite is directly used without any fur-
ther treatment. The HRSEM image for cordierite depicts a dense
microstructure with crystals of granular habit (Fig. S4). The surface
of cordierite is unsmooth, as well as plenty of and continuous voids
are presented between granular crystals. The voids can be occupied
by the bakelite/F127/ethanol solution. The tiny pieces of granular
crystals in cordierite serve as substrates for the carbonaceous coat-
ing. Upon carbonization at 900 °C, the mesostructure destruction
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Fig. 4. Scheme for the formation of ordered mesoporous carbon coatings on unsmooth surface of cordierite.

which is caused by the competition of the large framework shrink-
age of carbon and interface interaction can be avoided to some
extent due to the strain field by the tiny substrate. On the other
hand, the mesoporous carbon precursors inside voids may act as
cross-linking sites. Ordered mesoporous carbon films can be even-
tually formed both on the surface and in the voids because of local
carbonization.As mentioned above, no distinct diffraction peak can
be observed in the small-angle XRD pattern for the mesoporous car-
bon coating on honeycomb cordierite after carbonization, possibly
due to the unsmooth and discontinuous surface of cordierite and
the EISA process. The tiny pieces of granular crystals in cordierite
serve as the substrate for carbon coating. The unsmooth surface of
cordierite, in particular some raised tiny pieces of granular crystals
is distinctly exposed after carbonization of bakelite, as shown in
Fig. 1d. The discontinuous carbon film is one of the major reasons
for the lack of diffraction peaks. Secondly, the samples prepared by
the EISA method normally require certain substrates for controlled
deposition, which imposes a strain field, generating a uniaxial lat-
tice distortion. This distortion lowers the mesostructure symmetry
[30,31].

The honeycomb cordierite adsorbents with mesoporous car-
bon coating are directly utilized to remove chlorinated organic
pollutants in water without any further activation. In a batch
containing p-chlorophenol or p-chloroaniline, water, and/or blank
cordierite, negligible concentration change can be observed for
organic compounds after shaking for 24 h. Only when the honey-
comb monothicadsorbent with carbon coating is added to the batch
(one piece of honeycomb coated by mesoporous carbon adsor-
bent is mixed with 50 mL of polluted water), distinct variation can
be detected, indicative of adsorption by carbon coating and the
accessibility of pores in the coating. The equilibrium adsorption
isotherms for p-chlorophenol and p-chloroaniline belong to type-
I curve, characteristic Langmuir (Fig. 5). The amount of adsorbed
p-chlorophenol and p-chloroaniline dramatically increase at a low
final solution concentration, suggesting a high affinity between the
chlorine-containing organic molecule and the carbonaceous adsor-
bent surface [29,30], and the adsorbed amount reaches a plateau at
a high equilibrium solution concentration, reflecting the saturated
adsorption. Honeycomb monolith with mesoporous carbon coating
exhibits an adsorption capacity of 200 mg/g for p-chlorophenol and
178 mg/g for p-chloroaniline with respect to the net carbon coat-
ing. The sorption capacities are comparably to those on adsorbents
reported in literatures most of which requires a further activation
step (Tables S1 and S2). The large adsorption ability is possibly due
to the large pore volume, high surface area of mesoporous carbon,
and the attraction between the 1 orbital on the carbon basal planes
and the electronic density in the aromatic rings (-1 interactions).

On consideration of the specific surface area for the adsorbent
and molecular dimensions for adsorbates, the surface coverage
over mesoporous carbon coating is large (0.915 for p-chlorophenol

and 0.831 for p-chloroaniline). The slight difference in the adsorp-
tion ability of p-chlorophenol and p-chloroaniline by monolithic
mesoporous carbon is thus possibly related to solubility in water
and polarity of organic substances. Several groups have found
the adsorption amount of different substrates varies each other
over carbon-based adsorbent such as carbon nanotubes with high
surface areas and a certain functional groups, and attempted to cor-
relate the adsorption ability between the adsorbent and adsorbate
[32]. However, no apparent trends of linearity can be generalized on
the basis of either chemical properties (e.g., polarity, hydrophobic-
ity, or size of the adsorbates) or properties of the carbon nanotubes
(e.g., single-walled vs multiwalled carbon tubes, or wall diameter
of the carbon nanotubes). Since the studied carbon adsorbent is
derived from carbonization of resins, the surface functional groups
may show affinity to organic substances. A detailed study of the
adsorption ability for organic pollutants with different polarity,
electronic polarity, solubility, etc. over monolithic mesoporous car-
bon is deserved to develop and separately reported.

When the processing volume is increased to 1L, 20 pieces of
honeycomb monolithic mesoporous carbon are used to adsorb p-
chlorophenol from water. A similar adsorption property is obtained
(205 mg/g based on the carbon coating). After adsorption, the hon-
eycomb adsorbents are taken out from water, and put into ethanol
solution under ultrasonic. A 97% desorption of p-chlorophenol and
negligible weight loss can be achieved. The recovered adsorbents
are then used to adsorb organic pollutant again, displaying the
similar adsorption ability with the fresh ones. Over 200 repeated
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Fig.5. Adsorption isotherms for p-chlorophenol and p-chloroaniline on honeycomb
adsorbent with ordered mesoporous carbon coating. The adsorption ability is cal-
culated on the basis of the carbon coating.
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Table 1
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Saturated adsorption amount of p-chlorophenol on the honeycomb adsorbent with different ordered mesoporous carbon loading.

Coating times Carbon coating Carbon coating weight

Adsorption amount (mg/g)

weight (g) percentage (wt%)

With respect to With respect to With respect to the adjacent
honeycomb adsorbent carbon coating two carbon coating layers

1 0.070 4.4 8.8 200 200

2 0.110 6.7 12.9 191 191

3 0.150 9.0 85 95 178

4 0.178 10.5 7.1 68 178

5 0.198 11.5 5.9 51 210

6 0.215 124 4.7 38 221

7 0.230 13.1 3.9 30 215

adsorption/desorption were tested. The regeneration efficiency in
the first 10 cycles is above 93%. When the repeated times reaches
10, the regeneration efficiency is above 99%. This indicate almost
complete recovery of the adsorbents by ethanol under ultrasonic.
Negligible adsorption amount loss for the honeycomb adsorbents
after 200 times adsorption/desorption cycles (Fig. 6). In addition,
weight loss for ordered mesoporous carbon coating on cordierites
is undetectable. These results further indicate that the mesoporous
carbon coating is stable (the loss of carbon can be avoided during
adsorption and elution), and can be easily recovered, showing great
potential for applications in industry.Activated carbon layer can
be coated on cordierite monolith with Novalac resin, Furan resin,
polyfurfuryl alcohol, carbon xerogels, etc. [8,20-22]. Here we used
low-polymerized phenolic resins as precursors to coat carbon on
honeycomb cordierite. After one-time coating, the carbon coating
weight ratio is about 5.9 wt% in the monolith. N, physisorption
analysis reveals that the carbon coating has a low BET surface area
of 22 m?/g, similar to the polyfurfuryl alcohol coating on cordierite
[21], indicative of small micropores or pore constrictions at the
entrance of the micropores, making the microporosity almost
inaccessible to the N, molecules at —196 °C. This sample shows an
adsorption ability to p-chlorophenol of 16 mg/g, much lower than
mesoporous carbon coating on cordierite which has a high BET
surface area, large pore volume, uniform mesopore size and high
mesoporosity. Therefore, the presence of triblock copolymer in the
synthesis batch is essential for the direct generation of mesopores
and interpenetrated micropores in the mesoporous carbon coating
on cordierite. And the large amount of accessible pores is responsi-
ble for the high adsorption performance. To improve mesoporosity
and the adsorption ability of activated carbon coating on cordierite
monolith, the post-oxidation for activation is necessary, which has
been sufficiently reported [8,20-22]. The etching of pores during
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Fig. 6. Repeated adsorption test on the honeycomb monolithic adsorbent with
ordered mesoporous carbon coating. The adsorption ability is calculated on the basis
of the net carbon coating.

activation is accompanied with the burn-off of carbon. About
25-30% carbon losses [20]. By comparison, the current synthesis
for mesoporous carbon coating on cordierite is more simple,
convenient and economic than the reported coating of carbon
layers from resins or xerogels [8], which omits the activation step.

The adsorption ability to a low concentration is extremely
important, because this value is a decisive factor for the residue con-
centration of organic pollutants in water. The ordered mesoporous
carbon coating on cordierite shows a high adsorption ability for pol-
luted water with the concentration of p-chlorophenol of 30 mg|/L.
Negligible chlorinated organic contaminant can be detected after
24-h adsorption.

The loading amount of mesoporous carbon on honeycomb
cordierite can be further increased by multiple coating with
preformed phenolic resins/F127 mixture. For example, the meso-
porous carbon coating weight ratio in honeycomb adsorbent can
increase to 12.1 wt% after coating by seven times. The carbon coat-
ings are stable under ultrasonic washing conditions. However, the
adsorption amount of p-chlorophenol on account of the honey-
comb adsorbent undergoes an increase with the increase of carbon
coating weight to 6.7 wt% (two-times coating, Table 1), and then
a steady reduce with a further increase in carbon weight percent-
age. Even if the contacting time is prolonged to 72 h, the adsorption
amount of p-chlorophenol remains almost the same over the hon-
eycomb adsorbents. When the adsorption amount is calculated
with respect to the adjacent two carbon layers, the value keeps
almost unchanged. The results imply that the initial carbon coat-
ings cannot be fully accessed by organic molecules when the carbon
coatings are over-thick. Only two adjacent coating layers on the
surface are accessible. The feature may be related with the car-
bon material, which covers the surface, and inhibits the mass
transfer.

4. Conclusion

In summary, honeycomb monolithic ordered mesoporous car-
bons have been prepared from the surfactant-templating approach
using phenol and formaldehyde as carbon sources, triblock copoly-
mer F127 as a structure-directing agent and inorganic cordierite as
a substrate; and directly used as reusable adsorbents without any
further activation. The honeycomb cordierite based mesoporous
carbon coatings have the well-aligned mesopore arrays with the
most possible sizes of about 4.0nm, BET surface areas of about
500m?/g, pore volumes of about 0.40 cm3/g, adsorption amounts
of 200 mg/g for p-chlorophenol (with respect to the net carbon
coating) and of 178 mg/g for p-chloroaniline, high adsorption ratio
for low-concentration pollutants, large processing volumes and
reusability. More than 200 times adsorption/desorption can be
repeated without obvious losses in both weight and adsorption
ability. This method is expected to be extended to other monolithic
mesoporous carbon-based catalysts and adsorbents.
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Synthesis procedure of carbon precursors; saturated capacity,
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chlorophenol and p-chloroaniline by various adsorbents; HRSEM
images of as-made bakelite/F127 composite coated on cordierite,
carbonized ordered mesoporous silica-carbon film coated on sili-
con wafer, and blank cordierite; V-t plot analysis for mesoporous
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