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ABSTRACT
Mesoporous Carbon Produced from Tri-constituent Mesoporous Carbon-silica Composite
for Water Purification
Yanjie Yu

Highly ordered mesoporous carbon-silica nanocomposites with interpenetrating carbon
and silica networks were synthesized by the evaporation-induced tri-constituent coassembly approach. The removal of silica by concentrated NaOH solution produced
mesoporous carbons, which contained not only the primary large pores, but also the
secondary mesopores in the carbon walls. The thus synthesized mesoporous carbon was
further activated by using ZnCl2. The activated mesoporous carbon showed an improved
surface area and pore volume. The synthesized mesoporous carbon was tested for diuron
removal from water and the results showed that the carbon gave a fast diuron adsorption
kinetics and a high diuron removal capacity, which was attributable to the primary
mesopore channels being the highway for mass transfer, which led to short diffusion path
length and easy accessibility of the interpenetrated secondary mesopores. The optimal
adsorption capacity of the porous carbon was determined to be 390 mg/g, the highest
values ever reported for diuron adsorption on carbon-based materials.
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1 Introduction
Water is essential to all life-forms, but it is also such an efficient solvent that it can easily
dissolve impurities from natural and man-made sources. With the development of living,
industry and agriculture, uncontrolled discharge of pollutants, such as heavy metal ions
and organics, from sewage, urban and agricultural run-off, and industrial wastewater into
the aqueous environment threatens the health of human beings and ecosystems.
In order to eliminate dissolved contaminants from polluted water, a variety of
conventional treatment processes have been adopted, including chemical precipitation,
ion exchange, membrane filtration, advanced oxidation, bioremediation, etc. The major
drawbacks associated with chemical precipitation are large amounts of chemical reagents
consumed, large volume of sludge produced, and disposal of the produced sludge [Hu et
al., 2005; Ai et al., 2008]. Ion exchange and membrane separation are not usually
economically attractive because of their high operation cost [Hu et al., 2005; Ai et al.,
2008]. Besides huge consumption of oxidative chemicals, advanced oxidation might
produce more toxic by-products and thus introduce new and less degradable pollutants
into the aqueous system. Adsorption, on the other hand, has been gaining popularity due
to its low cost and high effectiveness. Adsorption is a fundamental process involving the
enrichment of guest species at the interface of a certain adsorbent. In principle, as a
physical process, adsorption can not only remove guest species from its environment but
also recover and recycle them.
It is well believed that the adsorption capacity for an adsorbate on an adsorbent is largely
determined by the surface area of the absorbent. As the surface area of an adsorbent
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increases, the adsorption sites available for adsorbates increase and thus the total number
of the adsorbates adsorbed increases accordingly. In fact, a large surface area is the most
significant requirement for a good adsorbent. There are generally two approaches to
increasing the surface area of an adsorbent: (1) decreasing the particle size of the
adsorbent; (2) making the adsorbent porous. The first approach increases the adsorbent's
surface area by decreasing its particle size, which unfortunately increases difficulty in
retaining the adsorbent particles in treatment systems. In light of this, a great number of
researches have been focusing on syntheses and applications of porous material based
adsorbent. Based on their pore sizes, porous materials can be generally classified into
four categories, microporous (< 2 nm), mesoporous (2–50 nm), macroporous (> 50 nm)
and hierarchically porous materials which combine two or three of the above pore size
ranges. Microporous and mesoporous materials usually possess a higher specific surface
area than the macroporous materials. Besides their high surface area, porous materials
can offer a unique and well controlled environment for chemical reactions and
separations [Thomas, 1994], which can be beneficial for many applications.
Among the most widely used porous materials is activated carbon (AC). The application
of AC in adsorption processes was first recorded more than two hundred years ago. One
of the notable advantages of AC is that almost any carbonaceous material can be used as
a precursor for the production of AC. Especially, many cheap and widely available
natural materials, such as wood, nutshells, charcoal, soft coal, lignite, and petroleum coke,
etc., have high carbon content and low inorganic matter content, and are easy to be
activated, which make them excellent raw materials for large-scale production of AC
[Rodriguez-Reinoso, 1997]. In water treatment, AC remains a powerful adsorbent
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because of its high surface area ranging from 500 to 1500 m2/g and a well-developed
internal microporosity structure [Chingombe et al., 2005], which leads to the removal of a
wide variety of pollutants, such as organic compounds and heavy metal ions, from
aqueous media.
The criteria for determining whether to apply AC to water treatment is often the cost of
the AC adsorption process relative to the alternative treatment processes [Ying, 1989]. A
vital cost factor in this case is usually the specific contaminant adsorption capacity of AC
[Ying, 1990], which determines the frequency of the adsorbent regeneration. The
contaminant adsorption capacity of AC, in turn, is significantly affected by the pore
structures of AC as well as the size of the adsorbate.

Figure 1-1. A cartoon of pore size distribution of activated carbon
(http://www.premierwatermn.com/carbon-filters.htm)
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Figure 1-1 is a cartoon for the ill-connected porous structure of AC in which both
mesopores and micropores exist. Clearly, molecules with medium to large size can be
adsorbed onto the mesopore walls, and small ones onto both the mesopore and micropore
walls. The micropores contribute a large part to the total surface area of AC, but their
contribution to adsorption is incommensurately little. Additionally, without good
connectivity between pore channels, micropore channels could easily be blocked by a
medium or large-sized molecule and subsequently become inaccessible even though they
are largely unoccupied.
Generally, the surface area coming from micropores of AC can reach 500-1000 m2/g, and
the micropore volume is around 0.3 cm3/g while the surface area and pore volume from
the mesopores can be 100–200 m2/g and 0.1–0.5 cm3/g, respectively. In this sense, ACs
are hierarchical porous materials. It has been reported that the contaminant adsorption
capacity of ACs having similar surface areas and microporous volumes increases with the
increasing mesopore volume [Hsieh and Teng, 2000]. It has been extensively reported
that it is actually the micorporosity that causes adsorption onto AC very time consuming
(i.e., slow adsorption kinetics) due to space confinement. As reported [Ariyadejwanich et
al., 2003; Bouras et al., 2007; Carlos, 2004; Peel and Benedek, 1980; Dąbrowski et al.,
2005], it usually takes more than five days common ACs to reach their adsorption
equilibrium for organic compounds. Generally, 60-80% of the adsorptive equilibrium
could be reached in the first several hours, but the remaining capacity underwent very
slow equlibration. Therefore, for the purpose of an efficient contaminant removal from
aqueous media, it is very much desired to have a high content of mesoporosity and little
content of microporosity for an absorbent.
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With the introduction of well-ordered mesoporous silica in early 1990s, ordered
mesoporous materials (OMMs) have attracted much attention in both scientific and
industrial communities because they have large surface areas, as much as 2000 m2/g, and
very uniform pore size distribution [Kresge et al., 1992; Zhao et al., 1998a]. In the early
1990s, Japanese scientists and Mobil scientists reported the synthesis of mesostructured
silicates separately [Kresge et al., 1992; Beck et al., 1992; Yanagisawa et al., 1990].
Mobil scientists first utilized surfactants such as cetyltrimethylammonium bromide
(C16H33N(CH3)3Br) as templates to prepare well-ordered M41S mesoporous silicate
molecular sieves under hydrothermal, basic conditions. It was the first time that the
significance of using surfactant as a “template” had been realized in the synthesis process
of mesoporous materials.

Figure 1-2. Synthesis pathway for formation of mesoporous silica materials. Several
geometric mesostructures (e.g. 2D hexagonal, lamellar and cage-type) can be produced by
varying the synthesis conditions. [Vivero-Escoto et al., 2012]
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As shown in Figure 1-2, the cooperative assembly is facilitated by weak non-covalent
bonds such as van der Waals forces, hydrogen bonds, and electrovalent bonds between
the surfactant micelles and the inorganic precursors. The organic-inorganic
mesostructured composite is then produced, and mesoporous molecular sieve can be
obtained after the template elimination.
OMMs possess an interconnected and stable network of mesopores which are tunable and
very homogeneous in size. For example, SBA-15 is a mesoporous silica structure which
possesses an ordered hexagonal arrangement of unidirectional mesoporous channels
[Zhao et al., 1998b; Luan et al., 1999]. The TEM images and pore size distribution curve
of SBA-15 are shown in Figure 1-3 and 1-4 [Zhao et al., 1998c]. Clearly, the mesopores
are arranged in an organized way (Figure 1-3), and the pore size distribution curve shows
a sharp peak at about 10 nm (Figure 1-4).

Figure 1-3. TEM images recorded along the a) [110] and b) [100] zone axes of SBA-15 [Zhao
et al., 1998c]
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Figure 1-4. Pore size distribution curve of SBA-15 [Zhao et al., 1998c]

Not surprisingly, the characteristics of OMMs are attractive to researchers seeking
efficient adsorbents for environmental remediation, not only due to the high surface area
but also to the fast contaminant adsorption kinetics coming from ordered and wellconnected mesoporous structures [Wang and Lo, 2009]. Up to now, significant progress
has been made in removing dissolved contaminant from contaminated water by using
silica-based OMMs as adsorbents [Feng el al., 1997; Liu et al., 2000; Ho et al., 2003;
Yokoi et al., 2004; Doadrio et al., 2006; Wu and Zhao, 2011].
Moreover, the functionalization of well-ordered mesoporous silica with desirable
functional groups can finely tune the physical, chemical, and catalytic properties of the
silica materials [Ho et al., 2003], making them promising materials for a variety of
applications. For instance, MCM41 and SBA-15 functionalized with thiol-bearing ligands
has shown excellent binding affinity/selectivity and large removal capacity to Hg2+. This
kind of functionalized mesoporous silica can eliminate Hg2+ in wastewater from about 10
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ppm down to undetectable [Liu et al., 2000]. Self-assembled monolayers on mesoporous
supports (SAMMS™) are a good example of such a material being commercialized.

Figure 1-5. A diagram for self-assembled monolayers on mesoporous supports (SAMMS)
(http://samms.pnnl.gov/)

Very recently, magnetic permanently confined micelle arrays (Mag-PCMAs) have been
successfully prepared as adsorbents to remove hydrophobic organic carbons (HOCs)
from polluted media [Wang et al., 2009]. The synthesis of Mag-PCMAs involves creating
a core/shell structure by coating a silica/surfactant mesostructured hybrid layer on
Fe3O4 microparticles. The surfactant micelle arrays that are covalently bound inside the
mesoporous silica shell serve as an efficient adsorbent for removing HOCs from
contaminated water.
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Figure 1-6. Scheme of Mag-PCMA structure [Wang et al., 2009]

Nevertheless, the most serious problem associated with silica-based materials as
adsorbents is that they are unstable in aqueous media. Due to hydrolysis, silica-based
materials might undergo significant dissolution in aqueous media. According to the study
carried out by Diedrich et al. (2012), the dissolution rates of the silica-based materials
have been predicted as a function of both particle size and aqueous fluid saturation state.
Thus, the silica material-based adsorbents usually have a short life time, which severely
limits their large-scale applications. In contrast, carbon materials possess a very high
stability in aqueous media and thus highly ordered mesoporous carbons (OMCs)
overcome the drawback of well-ordered mesoporous silica-based adsorbents and thus are
better choices for adsorptive based water contaminant removal.
The study on synthesis of mesoporous materials conducted over the past decade [Beck et
al., 1992; Ciesla and Schüth, 1999; Zhao et al., 1998a; Zhao et al., 1998b], revealed that
the synthetic methods using hard and soft templates were the most successful ways to
prepare mesoporous carbons with well-ordered pore structures and very narrow pore-size
distributions. The pore size of mesoporous carbons can range from 2-30 nm, and the
surface area can be as high as 2500 m2/g.
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A hard-template synthesis method employs a pre-synthesized organic or inorganic
template to serve as molds for replication of mesoporous carbons [Liang et al., 2008].
The thus-produced porous structures are determined by the template possessing wellordered nanostructures. The simplicity and fidelity in replicating the templates with welldefined mesostructures, pore sizes, and symmetries made it a successful approach.
However, the intrinsic limitations of hard-template method include the consuming of
templates, insufficient stabilities of replicated structures, and difficulties in synthesis of
large film and monolithic structures.
To overcome the intrinsic limitations mentioned above, the soft-template synthesis of
mesoporous carbons has been developed [Liang and Dai, 2006; Zhang et al., 2005;
Zhang et al., 2006; Meng et al., 2005; Meng et al., 2006]. In a soft-template synthesis
approach, the soft template generates the mesostructures through the self-assembly of
organic molecules. The produced pore structures are determined by operating conditions,
including mixing ratios, solvents, and temperatures. The self-assembled templates used in
this method are different from hard-templates by the assemblies of organic templates,
which template the polymerization processes of polymer carbonaceous precursors. The
molecules or moieties are spatially organized in nanospaces by hydrogen bonding,
hydrophobic/hydrophilic interactions, ion pairing, and/or dative interactions [Liang et al.,
2008].
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Figure 1-7. Schematic representation of the procedure used to prepare mesoporous carbon
frameworks [Meng et al., 2005]

Syntheses and characterization of mesostructured carbons such as C-FDU-15 have
already been reported extensively [Meng et al., 2005]. In this synthesis approach,
phenolic resins (resols) with low-molecular-weight were used as carbon precursors. Wellordered nanostructures with covalent-bond infinite polymeric frameworks were obtained
from facile organic-organic co-assembly, which is comparable to that for OMS
preparation from inorganic-organic co-assembly. This synthesis approach to prepare
OMCs is low-cost, time-saving, and easy, overcoming the disadvantages of conventional
two-step synthesis of OMCs by the hard-template synthesis. However, serious framework
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shrinkage during the heating procedure for template removal and material carbonization
leads to lower specific surface areas and smaller pore sizes and volumes.
To solve the problem of the pore shrinkage, very recently, Professor Zhao reported
synthesis of highly ordered mesoporous carbon-silica nanocomposites through triconstituent co-assembly [Liu et al., 2006] (Figure 1-8). The incorporation of a rigid
constituent, silica, in polymer-silica nanocomposites has the advantage of effectively
reducing skeleton shrinkage, which would facilitate the preparation of carbon-silica
nanocomposites with large mesopore sizes. Further removing silica through a mild
dissolution in HF or NaOH solution can lead to large-pore mesoporous carbons.

Figure 1-8. Schematic representation of the synthesis of carbon-silica nanocomposite by
means of tri-constituent co-assembly approach
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Activation is usually a necessary step to further increase the surface area of carbon
materials. Typically, activation of carbon involves two main steps: the carbonization of
the carbonaceous raw material below 1073 K in the absence of oxygen and the activation
of the carbonized material (i.e. char) with either physical or chemical methods. During
carbonization, the pyrolysis of the precursor material eliminates most of the non-carbon
elements and the residual carbon atoms group themselves into sheets of condensed
aromatic rings, leaving free interstices (the porosity of the char). The deposition and
decomposition of tars would produce disorganized carbon which could fill into and even
block those interstices [Bansal et al., 1988; Caturla et al., 1991]. Therefore, the porosity
of the char would not be completely accessible. To enhance the pore structure, the
activation process, whose purpose is the partial gasification of the resulting char at
elevated temperature in steam, carbon dioxide, air, or a mixture of these, can be carried
out. This is the so-called physical activation.
In a chemical activation process, however, these two steps are carried out in a single step
using chemical activating agents for dehydrogenation and oxidation [Bansal et al., 1988;
Caturla et al., 1991], such as KOH, NaOH, K2CO3, ZnCl2, FeCl3, H3PO4, and H2SO4.
The precursor is mixed with the chemical agent influencing pyrolytic decomposition and
inhibiting the formation of tars and, after kneading, carbonized and washed to produce
the final product. When the chemical that possesses dehydrogenation properties [Caturla
et al., 1991; Khalili et al., 2000; Yorgun et al., 2009] is incorporated to the interior of the
precursor material, it reacts with the product coming from the thermal decomposition of
the precursor, inhibiting the evolution of volatile matter and restricting the shrinkage of
the material; in this way, the high conversion of the precursor to carbon can be obtained
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[Smisek and Cerny, 1970], hence enhancing the carbon yield. Among the chemical
activating agents, zinc chloride (ZnCl2) in particular is one of the most widely used
chemicals [Bansal et al., 1988] in the preparation of activated carbon because of its high
effectiveness and low cost [Zhu et al., 2007; Gómez-Tamayo et al., 2008], although not
much was known about the mechanism of the process. So far, no activation has been
attempted to well-ordered mesoporous carbon.
In this thesis, a tri-constituent co-assembly approach was applied to prepare well-ordered
mesoporous carbon-silica nanocomposites.. The silica was then selectively removaed by
concentrated NaOH solution to produce mesoporous carbons, which contained not only
the primary large pores, but also the secondary mesopores in the carbon walls. The thus
synthesized mesoporous carbons were further activated by using ZnCl2 and the
synthesized mesoporous carbon was tested for diuron removal from water. The results
showed that the carbon gave a fast diuron adsorption kinetics and a high diuron removal
capacity. The optimal adsorption capacity of the porous carbon was determined to be 390
mg/g, the highest values ever reported for diuron adsorption on carbon-based materials.
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2 Experimental Section
2.1 Chemicals
Formalin solution (37 wt %) was purchased from ACROS Corp. Poly(propylene oxide)block-poly(ethylene oxide)-block-poly(propylene oxide) triblock copolymer Pluronic
F127 (MW = 12600, PEO106PPO70PEO106), tetraethylorthosilicate (TEOS), phenol,
ethanol, NaOH, HCl, ZnCl2, diuron and powdered activated carbon (PAC) were
purchased from Sigma-Aldrich Corp. All chemicals were used as received without any
further purification. Millipore water was used in all experiments.

2.2 Preparation of Carbon-Silica Nanocomposites
2.2.1 Preparation of Resol Precursors
The resol precursor was prepared according to the literature method. [Meng et al., 2005]
In a typical procedure, 0.61 g of phenol was melted in a flask at 41 °C in water bath and
then mixed with 0.13 g of 20 wt % NaOH aqueous solution under stirring. During these
processes, the temperature of water bath was maintained below 50 °C. Ten minutes after
the mixing of phenol and NaOH solution, 1.05 g of formalin (37 wt % formaldehyde in
water solution) was introduced into the flask. Then the temperature of water bath was
changed to 75 °C. The mixture was further stirred at 70-75 °C for an hour, and then
cooled to room temperature. About 3-4 mL of 12 M HCl aqueous solution was used to
adjust the pH value of the cooled mixture to about 7.0. After that, Rotavapor R-210
(BUCHI Switzerland) was employed to carry out vacuum evaporation to remove water
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from the liquid mixture. The vacuum degree was set to be zero mbar, the rotation speed
was grade four, and the temperature of water bath was at 50 °C. The final product was
yellow, translucent, and viscous liquid, which was finally dissolved in an appropriate
amount of ethanol to make a 20 wt % resol ethanolic solution.
2.2.2 Synthesis of Ordered Mesoporous Carbon-Silica Nanocomposites
The synthesis method was described in the reference [Liu et al., 2006]. Ordered
mesoporous carbon-silica nanocomposites were prepared by tri-constituent co-assembly
of resols, oligomer silicates from the acid-catalyzed hydrolysis of TEOS, and the
template triblock copolymer F127. In a typical preparation, 1.6 g of triblock copolymer
F127 was dissolved in 8.0 g of ethanol with 1.0 g of 0.2 M HCl and stirred for one hour
at 40 °C to afford a clear solution. Next, 2.08 g of TEOS and 5.0 g of 20 wt % resol
ethanolic solution were added in sequence. After being stirred for two hours, the mixture
was transferred into petri dishes (the size of the petri dishes was 150 mm in diameter and
an aliquot of 10 mL of the liquid mixture was added to each dish, followed by shaking
mildly so as to spread the mixture well over the petri dish plates). It took about eight
hours at room temperature for ethanol evaporation from the liquid mixture in the petri
dishes and 24 hours at 100 °C in an oven for thermopolymerization. The as-made
products after thermopolymerization were flaxen and transparent films or membranes.
They were scraped from the dishes and broken into fine powders. Calcination of the
flaxen powders was carried out in a tubular furnace at 900 °C for two hours under N2
flow (O2 ≤ 0.001 %) to get mesoporous carbon-silica nanocomposites. The heating rate
was 1 °C/min below 600 °C and 5 °C/min above 600 °C. The final product was black
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powders. In this study, the mesoporous carbon-silica nanocomposite samples were
denoted as MPCS-x, in which “x” represents the mass percentage of the carboncompound content in the nanocomposite after 900 °C calcination and was determined by
thermogravimetric analysis. The nanocomposites with different mass ratios of
carbon/SiO2 were also synthesized by adjusting the mass ratios of resol to TEOS. The
adopted carbon/silica compositions in this study together with the amounts of other
components used to prepare MPCS samples are listed in Table 2-1. To keep the initial
silicate oligomers at the same degree of hydrolysis and condensation, the mass ratio of
TEOS/EtOH/HCl/H2O was fixed to be 2.08:12:7.3 × 10-3:1.0. The three samples with
different compositions were prepared and their composition was determined to be MPCS13, -28, and -41, respectively (to be discussed later).
Table 2-1. Preparation Conditions and Composition of the Ordered Mesostructured
Carbon-Silica Nanocomposites by Tri-constituent Co-assembly (Unit: g)

2.08

Additional
ethanol
11.36

0.2 M HCl
aqueous solution
1.0

0.50

2.08

10.00

1.0

1.00

2.08

8.00

1.0

Sample name

F127

Resol

TEOS

MPCS-13

1.0

0.16

MPCS-28

1.0

MPCS-41

1.6

2.3 Preparation of Ordered Mesoporous Carbon from Carbon-Silica
Nanocomposites
The carbon-silica nanocomposites were immersed in 3 M NaOH solutions at 85 °C for 24
hours, silica were etched out and mesoporous carbon was left behind. The products were
washed by water until neutral pH was obtained. The mesoporous single-component
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carbon products were named as MPC-13, MPC-28, and MPC-41, respectively,
corresponding to their mother nanocomposites.

2.4 ZnCl2 Induced Activation Process
In a typical preparation, 1.0 g of the as-prepared mesoporous carbon-silica material, e.g.,
MPCS-41, was impregnated with 7.6 mL of 10 wt % ZnCl2 aqueous solution, leading to
ZnCl2:C mass ratio of 2.0. An amount of 10 mL ethanol was also added into the mixture
in order to make the solution more hydrophobic so that ZnCl2 would be able to penetrate
the particles easily. The mixture was maintained at room temperature for 48 hours to
incorporate all the chemicals to the interior of the as-prepared mesoporous particles, and
then evaporated to dryness at 105 °C. The dried product was heated in a tubular furnace
under N2 flow (O2 ≤ 0.001 %) to 450 °C. The heating rate was 1 °C /min. The
temperature of 450 °C inside the tubular furnace was held for two hours. The final
product was soaked in 100 mL 0.925 wt % HCl aqueous solution for one day. After that
the powders were washed with hot water until neutral pH was obtained. The activated
sample was named as MPCS-41-A, with A representing ZnCl2 induced activation.

2.5 Material Characterization
2.5.1 Thermogravimetric Analysis (TGA) Measurement
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Thermogravimetric analyses for the as-prepared mesoporous carbon-silica
nanocomposites were monitored using a TA instrument Q50. In a typical procedure,
about 6 mg of MPCS sample was placed into a platinum crucible and heated in air from
20 to 900 °C with a heating rate of 5 °C/min. The remaining mass of the sample was
measured and the weight changes were recorded throughout the heating procedure.
2.5.2 Brunauer-Emmett-Teller (BET) Measurement
The nitrogen adsorption-desorption tests were carried out at 77 K using a Micromeritics
TriStar II 3020. Prior to the gas adsorption measurement, the sample were degassed at
150 °C under N2 for at least eight hours. The BET method was employed to derive the
specific surface areas (SBET) using the adsorption data in a relative pressure range from
0.04 to 0.2. The pore size distributions and pore volumes were estimated from the
adsorption branches of the isotherms through using the Barrett-Joyner-Halenda (BJH)
model. The pore volumes were calculated from the adsorbed amount at a relative pressure
P/P0 of 0.998.

2.6 Batch Adsorption Experiments
2.6.1 Preparation of Diuron Solution
Batch experiments were performed in order to examine adsorption capacity of diuron. To
prepare diuron solution with the concentration of 30 ppm, 15 mg of diuron was first
dissolved in 10 mL of ethanol. Then the ethanolic solution was moved into a 500 mL
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volumetric flask and water was added until the total volume reached 500 mL. Finally, the
mixture underwent ultrasonication for about an hour to make a homogeneous solution.
2.6.2 Determination of the Relationship Between Diuron Concentration and UV
Absorbance
The relationship between diuron concentration and UV absorbance of the solution was
investigated by Ultraviolet–visible spectrophotometer (Beckman Coulter DU 800 UV/Vis
Spectrophotometer) and is shown in Figure 2-1. The peak value of absorbance appeared
at the wavelength of 246.9 nm. According to Figure 2-1,

Eq. 2-1

Figure 2-1. Absorbance-concentration plot of diuron solution

Thus, the equilibrium concentrations of diuron solutions involved in all adsorption
experiments was determined by the equation presented calibration curve.
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2.6.3 Single-point Adsorption Experiments
In a typical adsorption experiment, a weighed amount (usually about 3 mg) of the asprepared material was treated with 30 mL of the prepared diuron solution under
mechanical shaking with a speed of 300 rpm for twelve hours at room temperature to
reach diuron adsorption equilibrium. After that, the powder was collected by filtration,
washed with ethanol under ultrasonication and then dried at 100 °C. The UV absorbance
of diuron solutions at 246.9 nm before and after adsorption were determined by means of
UV-Vis spectrophotometer and the corresponding concentrations were calculated
according to Eq. 2-1 to determine the amount of the diuron adsorbed on the sample.
2.6.4 Adsorption Kinetics Study
In order to study the adsorption kinetics, a batch of eleven adsorption experiments was
conducted under the same conditions (i.e., 30 mL of 30 ppm diuron with the same
amount of MPC-41-A) except with different adsorption intervals (1 min, 3 min, 5 min, 10
min, 20 min, 30 min, 45 min, 60 min, 90 min, 120 min, and 720 min). The amount of
diuron adsorbed at different equilibration time generated a diuron sorption kinetics curve
for the sample.
2.6.5 Adsorption Isotherm Study
The diuron adsorption isotherms on MPC-41-A and on MPC-28 were studied. The
volume of water sample was fixed at 30 mL, but the diuron concentration of the water
sample and/or the mass of the adsorbent were varied so as to obtain different equilibrium
concentrations and corresponding adsorption amounts. The samples were also shaken
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with a speed of 300 rpm at room temperature for twelve hours to make sure the
adsorption equilibrium was reached.
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3 Results and Discussion
3.1 Thermogravimetric Analysis Results
In the thermogravimetric analyses, the samples were heated from 20 to 900 °C in air. The
mass percentage of the carbon-compound content “x” in each sample “MPCS-x” was
derived from the results of TGA as shown in Figure 3-1.

Figure 3-1. TGA results of MPCS samples with different carbon content

Taking MPCS-41 as an example, the TGA curve showed that 59 % of the initial weight
remained at the end of the heating, and that the most of the weight loss appeared in the
temperature range of 500-600 °C, which was attributed to the combustion of the organic
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portion (i.e., carbon compound composition) of the material. During the heating, C-H-O
constituents of the materials were oxidized to combustion products, such as CO2 and H2O,
while inorganic SiO2 remained unaffected. Thus, the sample was determined to be
composed of 59 wt % of SiO2 and 41 wt % of carbon-compounds and the sample was so
named as MPCS-41. The names of other carbon-silica nanocomposites were derived
through the same procedure and are listed in Table 3-1 along with the respective
synthesis conditions.
Table 3-1. Composition of Main Synthetic Components (Unit: g) and Final Content of
Carbon- and Silica-Compounds in the Prepared Ordered Mesostructured Carbon-Silica
Nanocomposites by Tri-constituent Co-assembly Approach.
TEOS

resol

F127

C-H-O wt %

SiO2 wt %

MPCS-13

2.08

0.16

1.0

13.20

86.80

MPCS-28

2.08

0.5

1.0

27.86

72.14

MPCS-41

2.08

1.0

1.6

40.97

59.03

3.2 BET Analyses
Table 3-2 gives the specific surface areas, pore diameters, and pore volumes of the
prepared samples, which were determined through BET measurement.

35
Table 3-2. Physicochemical Properties of the Mesoporous Carbon-Silica Nanocomposites,
and the Corresponding Materials after ZnCl2 Induced Activation and/or the Removal of
Silica by NaOH Solution. (The data for C-FDU-15 were cited from [Meng et al., 2005])
Sample Name

SBET (m2/g)

D (nm)

Vmeso (cm3/g)

MPCS-13

232

7.0

0.38

MPCS-28

308

6.4

0.39

MPCS-41

369

5.5

0.36

MPC-13

24

-

0.01

MPC-28

814

-

0.33

MPC-41

1405

2.7/5.4

1.36

MPCS-13-A

257

7.0

0.40

MPCS-28-A

374

6.0

0.40

MPCS-41-A

434

5.1

0.38

MPC-13-A

613

-

0.17

MPC-28-A

1543

-

1.03

MPC-41-A

1796

2.1/4.7

1.42

C-FDU-15

970

2.9

0.56

PAC

818

-

0.62

3.2.1 MPCS Series
N2 adsorption-desorption isotherms were measured on all the prepared mesoporous
carbon-silica nanocomposites to evaluate their textural properties, as shown in Figure 3-2.
All of the N2 adsorption-desorption isotherms exhibited type-IV curves with distinct
capillary condensation steps at low relative pressure with a wide range, suggesting
narrow mesopore size distributions. They all displayed H2 type hysteresis loop, which is
related to roughly cylindrical pore channels. These imperfect cylinder channels probably
were resulted from the different shrinkage between phenolic polymer resins and silicates
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[Liu et al., 2006]. For example, the type-IV curve of MPCS-41 with capillary
condensation step at P/P0 = 0.45 ~ 0.68 corresponds to the narrow pore size distribution
of mesopores at 5.5 nm, as given by Table 3-2 and Figure 3-3.

MPCS-13
MPCS-28
MPCS-41

Quantity Adsorbed (cm3 STP/g)
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1.0
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Figure 3-2. N2 sorption-desorption isotherms of the mesoporous carbon-silica
nanocomposites

Figure 3-3 is the BJH pore size distribution plots of the three MPCS samples. Obviously
all of the samples exhibited a narrow pore size distribution. Moreover, both pore size and
pore size uniformity decreased with increasing carbon content, while the specific surface
area increased with carbon content.
The narrow pore size distributions with a mean value of 6.3 nm for the mesoporous
carbon-silica materials were much larger than the pore diameter of 2.9 nm for C-FDU-15
(i.e., single-phase mesoporous carbon) as reported by Meng et al. (2005). These results
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demonstrate that the presence of rigid silica made the framework shrinkage of the
composite materials considerably smaller during the thermal decomposition of F127 and
carbonization.
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Figure 3-3. BJH pore size distribution curves from adsorption branch of the mesoporous
carbon-silica nanocomposites

3.2.2 MPC Series
N2 adsorption-desorption isotherms of three carbon materials after etching silicates from
the MPCS samples are shown in Figure 3-4. MPC-41 exhibited a type-IV isotherm,
similar to those of its mother material MPCS-41 but with distinct capillary condensation
steps occurring at relative pressures of 0.45-0.68, which corresponded to the narrow pore
size distribution of mesopores at about 5.4 nm (Figure 3-5). This pore size is close to that
of its mother nanocomposite (e.g., 5.5 nm). Thus, these mesopores are well inherited
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from MPCS-41 and can retain relative large values because of the small pore shrinkage.
On the other hand, MPC-41 has a very high BET surface area of 1405 m2/g, significantly
higher than MPCS-41. Based on an ideal cylinder model, if the carbon framework density
is assumed to be 1.8 g/cm3, the BET surface area can be estimated to be only 350 m2/g
[Liu et al., 2006]. Therefore, such a large surface area of MPC-41 might be ascribed from
a large amount of small pores which are generated due to the silica etching and these
small pores have been considered to be located inside the carbon pore walls [Liu et al.,
2006], which contribute to the new peak at 2.7 nm in the BJH pore size distribution curve
of MPC-41, termed as the secondary mesopores in this study. This phenomenon also
supports the hypothesis that the two phases, carbon and silica, are separated and
homogeneously dispersed in the pore walls on nanoscale.
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Figure 3-4. N2 sorption isotherms of the mesoporous carbons after etching silica from
MPCS samples
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Figure 3-5. BJH pore size distribution curves from adsorption branch of the mesoporous
carbons

The N2 adsorption isotherms of carbon material MPC-28 displayed type-I curves with a
wide pore size distribution of less than 3.5 nm (Figure 3-4 and Figure 3-5), implying the
presence of a lot of micropores. This is consistent with the results from Liu et al., 2006,
who reported that when a carbon material was obtained from a nanocomposite with a
lower carbon-content, such as 27 wt %, its mesostructure was deteriorated after the
removal of silica. Even though its deteriorated structure, MPC-28 still possessed a quite
high BET surface area of 814 m2/g, which was possibly attributable to the dissolution of
silica in the carbon-silica composite [Liu et al., 2006].
The well-ordered mesostructure of MPCS-13 totally collapsed when the silica phase was
etched to obtain MPC-13. Unlike other samples, MPC-13 appeared as tiny black chips
instead of fine black powders. The BET surface area was measured to be only 24 m2/g for
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MPC-13, and no pore distribution curve could be obtained, indicating the loss of the
mesostructure during silica removal.
3.2.3 MPCS-A Series
Figure 3-6 is the N2 adsorption-desorption isotherms of the three MPCS nanocomposites
after ZnCl2 induced activation. Clearly, they still exhibited type-IV curves with distinct
capillary condensation steps at the P/P0 range from over 0.4 to about 0.7, suggesting
narrow mesopore size distributions. Moreover, H2 type hysteresis loops were also seen
here, implying imperfect pore channels and local component non-uniformity.
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Figure 3-6. N2 sorption isotherms of the ZnCl2 activated carbon-silica nanocomposites
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Figure 3-7. BJH pore size distribution curves from adsorption branch of the ZnCl2
activated carbon-silica nanocomposites

In principle, impregnation of carbon materials with ZnCl2 produces dehydration which
leads to charring and aromatization of the carbon framework and creation of the
additional porous structure. However, ZnCl2 induced activation induced less change to
the mesoporous composite materials than silica etching. The actual consequences turned
out to be higher specific surface areas of all the three samples than those of their parent
materials, but little increases in mesopore volumes. Pore size did not show a significant
increase either. The pore size of MPCS-13-A was similar to that of its mother
nanocomposite, and those of MPCS-28-A and MPCS-41-A were smaller compared to
their respective mother nanocomposites before activation, as shown in Table 3-2 and
Figure 3-7. In conclusion, ZnCl2 induced activation alone did not significantly change to
the pore size distribution of the mesoporous carbon-silica nanocomposites.
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3.2.4 MPC-A Series
However, ZnCl2 induced activation played a prominent role in promoting the
performance of carbon materials, especially for those whose mesostructures were
destroyed during silica etching. As given in Table 3-2, the BET surface area of MPC-13A increased from 24 m2/g for MPC-13 to 613 m2/g (about 25 times higher), and the
mesopore volume increased from 0.01 to 0.17 cm3/g. Compared to MPC-28, the surface
area of MPC-28-A doubled, and its mesopore volume tripled. Nevertheless, the N2
sorption isotherms of these two samples showed type-I curves with a wide pore size
distribution of less than 3 nm (Figure 3-8 and Figure 3-9), suggesting the remaining
microstructures after activation.

1000

MPC-13-A
MPC-28-A
MPC-41-A

Quantity Adsorbed (cm3 STP/g)

900
800
700
600
500
400
300
200
100
0
0.0

0.2

0.4

0.6

0.8

1.0

Relative Pressure (P/P0)
Figure 3-8. N2 sorption isotherms of the ZnCl2 activated mesoporous carbons
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Figure 3-9. BJH pore size distribution curves from adsorption branch of the ZnCl2
activated mesoporous carbons

For mesoporous carbon MPC-41, impregnation of ZnCl2 before carbonization caused less
improvement, with an increase of BET surface area from 1405 to 1796 m2/g and of
mesopore volume from 1.36 to 1.42 cm3/g.
3.2.5 MP-41 Series
To gain further insight into the pore evolution during different treatment steps, Figure 310 and Figure 3-11 put together the N2 adsorption-desorption isotherms and pore size
distribution plots, respectively, of a series of materials made from MPCS-41. All the
samples had N2 adsorption isotherms with a relatively narrow capillary condensation
range starting at about P/P0 = 0.45 and extending to around P/P0 = 0.67, and displayed a
type IV isotherm with H2 type hysteresis loop. The narrow pore size distribution of
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MPCS-41 at about 5.5 nm corresponds to the mesoporous structure that was produced
from the removal of structure directing agent F127.
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Figure 3-10. N2 sorption isotherms of MPCS-41, MPCS-41-A, MPC-41, and MPC-41-A

The most remarkable distinctions appeared between MPCS-41 and MPC-41-A. The
differences were mainly resulted from the removal of silica by NaOH solution and the
effects were further enlarged by ZnCl2 induced activation. According to Table 3-2, the
sample MPC-41-A had a BET specific surface area of 1796 m2/g, which was 4.9 times
that of MPCS-41 (i.e., 369 m2/g). The total volume of mesopores also dramatically
increased by 1.06 cm3/g, becoming three times the original value. A notably increased
adsorption in the isotherm curves at relative pressure of P/P0 from 0.1 to 0.3 for MPC-41A (Figure 3-10) implies the existence of a great number of smaller pores below 3.5 nm
(Figure 3-11). Apparently, there are two peaks in the BJH pore size distribution curve of
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MPC-41-A, suggesting that a lot of small pores centered at about 2.1 nm which were
generated from silica etching in the carbon pore walls in this material. Moreover, the
ZnCl2 induced activation process increased the number of such kind of small pores to a
certain extent.
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Figure 3-11. BJH pore size distribution curves from adsorption branch of MPCS-41,
MPCS-41-A, MPC-41, and MPC-41-A

The experimental results for the MP-41 series indicate that the ZnCl2 induced activation
process increased the specific surface area as well as the total pore volume of the material,
but at the same time made the pore size slightly smaller. The size of the primary
mesopores decreased from 5.4 nm in MPC-41 to 4.7 nm after activation, and their
volume decreased, too. The secondary mesopore diameter was reduced from 2.7 to 2.1
nm, but the total volume of these mesopores enlarged. Therefore, it is evident that the
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ZnCl2 induced activation treatment has a stronger impact on the generation and
promotion of smaller pores than on larger ones.
To illustrate the difference between well-ordered mesoporous carbon and general
activated carbon in the pore size distribution, MPC-41-A was selected to compare with a
commercial PAC and the result is given by Figure 3-12. Obviously, the curve for PAC
exhibited a wider range of pore size distribution, while that for MPC-41-A displayed very
narrow distributions with sharp peaks, suggesting a much greater amount of highly
ordered mesopores.
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Figure 3-12. Pore size distribution curves of MPC-41-A and PAC

3.3 The Formation and Structure of the Prepared Materials
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The carbon-silica nanocomposites were prepared through a tri-constituent co-assembly
synthesis approach of organic phenolic resin precursors, inorganic silica oligomers from
hydrolysis of TEOS, and amphiphilic triblock copolymer F127. The two precursors both
possess a large number of hydroxyl groups, which can lead to strong non-covalent
bonding interactions (hydrogen bonds) with F127 that contains a lot of EO groups and
would be assembled around F127 micelles to form a two-dimensional hexagonal
arrangement. Silicate oligomers could also react with the hydroxyl groups of phenolic
resins. However, compared to C-C and Si-O-Si bonds individually formed from the
polymerization process of resols and silicate oligomers, Si-O-C bonds are unstable.
Moreover, no Si-C species were generated in the carbon-silica material. Thus, carbons
and silicates were two separated and coexisted constituents in the nanocomposites. Both
carbons and silicates can form highly ordered mesostructured frameworks instead of
scattered nanoparticles or nanowires.
The continuous process of ethanol evaporation favors the co-assembly of the constituents
and promotes the organization of surfactant-polymer-silica composites into ordered
mesophase [Grosso et al., 2004; Wan et al., 2006]. When the mesophase is solidified, a
highly ordered mesostructured nanocomposite can be produced. Then oven-drying at
100 °C for 24 hours thermopolymerized the resols inside the framework mesostructure to
form polymer resin frameworks with large domain size. These large polymer networks
were interpenetrated with silica networks. The F127 template was removed by calcination
at 350 °C in N2 flow. Carbonization at 900 °C in N2 transformed the polymer resin
framework into carbon framework in mesoporous carbon-silica nanocomposites. The
final products have an interpenetrating framework, in which both constituents, carbons
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and silicates are “homogeneously” aggregated and distributed in the mesostructured
frameworks with nanoscaled phase separation.
As shown in Table 2-1, the mass ratio of TEOS to resol precursor in this study was varied
from 2.08 to 13 and, accordingly, the amount of surfactant F127 was adjusted to attain
ordered mesoporous products. However, the mass ratio of the three constituents is not a
simple indicator of the inorganic-inorganic (silicate-silicate), organic-inorganic (F127silicate and resol-silicate), and organic-organic (F127-F127, F127-resol, and resol-resol)
interactions. In fact, there is a complicated balance between competition and cooperation
among these interactions during the process in which organic as well as inorganic
precursors co-assemble into the surfactant-polymer-silica nanocomposites [Liu et al.,
2006].
Highly ordered mesoporous carbon frameworks were obtained after a mild dissolution of
silica frameworks in the concentrated NaOH solution. These mesoporous carbons are
expected to possess two types of pores. The primary pore diameter is large, inherited
from and thus similar to that of the parent carbon-silica nanocomposite because this type
of pores is determined by the size of the templating micelles. The other type pores were
smaller pores located in the carbon walls resulted from etching of the silica framework
(i.e., the secondary mesopores). Due to the 3-dimensional interpenetrating framework of
silicates and carbon the pores on the carbon walls should be smaller. Compared with CFDU-15, which is actually the mesoporous carbon material made from MPCS-100
(without silica constituent) carbonized at 900 °C in N2 flow [Meng et al., 2005], MPC-41,
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the mesoporous carbon sample obtained from silica etching, shows considerably larger
pore diameter of about 5.4 nm and higher BET specific surface area of 1405 m2/g.

Figure 3-13. Schematic diagrams for the structure of MPCS-41 and MPC-41

Figure 3-13 presents the schematic diagrams of the structures of mesoporous composite
material (left figure) and the material with the silica being removed (right figure). The red
lines in MPCS-41 represent the framework of silicates while the black portion in the
diagram denotes the carbon-compound, and the blanks are the mesoporous channels.
Because of the etching of the silica by NaOH, the secondary mesopore channels are
produced as shown in the diagram for MPC-41.
After the ZnCl2 induced activation, higher surface area and porosity were achieved,
which was attributable to the creation of new pores, the enlargement of the existing
mesopores as well as micropores, and the connection of two or more pore channels that
were originally separated. The schematic diagram of ZnCl2 activated mesoporous carbon
is shown in Figure 3-14.
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Figure 3-14. Schematic diagram for the adsorption on MPC-41-A with interpenetrated
bimodal pores

Unlike MPC-13 and MPC-28, MPC-41 already has a very high BET surface area of 1405
m2/g and a large mesopore volume of 1.36 cm3/g, dramatically exceeding those of its
mother nanocomposite (Table 3-2), and suggesting a high density of the secondary pore
channels. In this situation, the creation of new pores or the enlargement of present
micropores could sometimes lead to the merging of one pore with another to create a
larger one whose surface area would be lower than the total surface area of two or more
smaller pores, so the promotion of surface area by means of ZnCl2 activation was
weakened to some degree. Consequently, ZnCl2 induced activation made more
contribution to the surface area and pore volume of MPC-13 and MPC-28 possessing
(extremely) low surface area and pore volume, and less to MPC-41.
Figure 3-14 also shows the schematic diagram for the highly efficient adsorption in the
bimoal pore structure of MPC-41-A (right figure). The adsorption of diuron on carbonbased adsorbents is mainly induced by non-electrostatic interactions [Dias et al., 2007],
which include van der Waals forces, hydrogen bonding, and hydrophobic interactions.
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The adsorbate molecules can be adsorbed onto both the primary and secondary mesopore
walls. On the one hand, small pores contain adsorptive sites having high energy for
adsorption; on the other hand, the presence of larger pores reduce the length of diffusion
path of the small pores, making the narrow and interpenetrated pores accessible to the
adsorbates, and thus accelerating the adsorption kinetics. Hence, the adsorption in the
secondary mesopores can significantly promote the adsorption capacity.

3.4 Batch Adsorption Results
Batch adsorption experiments of diuron on all the prepared materials and one commercial
PAC were conducted to test the ability of different materials in removing a dissolved
hydrophobic organic contaminant from aqueous media.

Figure 3-15. Structure of a diuron molecule

The herbicide diuron (3-(3,4-dichlorophenyl)-1,1-dimethylurea) belongs to the
phenylurea class of herbicides, which was the first class of herbicides having been
utilized for more than 40 years as pre- or post-emergence herbicides in not only
agriculture but also industry [Fontecha-Cámara et al., 2006; Bouras et al., 2007]. It is
also an approval priority substance by the European Union Water Framework Directive
(Directive 2000/60/EC) [Liu et al., 2010]. Diuron is a representative organic pollutant
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employed as a model adsorbate in many studies on adsorption [Yang and Sheng, 2003;
Ayranci and Hoda, 2005; Fontecha-Cámara et al., 2006; Wang and Keller, 2009].
3.4.1 Single-point Adsorption Results
The amount of diuron adsorbed was calculated using the following equation:

Eq. 3-1

where Q = amount of diuron adsorbed (mg/g);
c0 = initial concentration of diuron solution (mg/L);
ce = concentration of diuron solution at equilibrium (mg/L);
V = volume of diuron solution being treated (L);
and m = mass of the adsorbent used (g).
Table 3-3 lists the amount of diuron adsorbed on different adsorbent materials under
specified conditions.
As expected, the series of MP-41 adsorbents showed the best performance among the
three series. The highest adsorption amount of diuron occurred on MPC-41-A, which
possesses the highest surface area, the largest pore volume, and a bimodal pore size. The
amount of diuron adsorbed on the MPC-41-A was over three times (271 mg/g) that on
MPCS-41 (78 mg/g), and over two times that on MPCS-41-A (122 mg/g). Since the three
mesoporous materials have the same primary mesopores, such a large difference in
diuron adsorption is from the adsorption in the small secondary mesopores. MPC-41 also
exhibited a rather high adsorption amount, but it was lower than that on MPC-41-A,
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mainly due to the lower surface area and pore volume of the former. It is worth noting
that the amount of diuron adsorbed on MPC-41-A exceeded that on commercial PAC.
Table 3-3. Adsorption Quantity of Diuron on As-prepared Mesoporous Materials from
Aqueous Solution.
Sample
Name

C0
(ppm)

Dosage
(mg/30 mL)

A0

Ae

Ce
(ppm)

Quantity Adsorbed
(mg/g)

MPCS-13

3.0

2.4151

28.22

8

MPCS-28

2.1

2.1673

25.28
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MPCS-41

2.9

1.8478

21.50

78

MPCS-13-A

3.1

2.3090

26.96

20

1.7671

20.55

77

MPCS-28-A

29.04

3.3

2.4849

MPCS-41-A

3.1

1.4178

16.41

122

MPC-13

3.3

1.6271

18.89

92

MPC-28

3.0

1.0180

11.68

174

MPC-41

3.1

0.5228

5.82

225

MPC-13-A

2.8

0.8833

10.09

181

MPC-28-A

3.0

0.1705

1.65

253

0.0925

0.73

271

MPC-41-A

26.97

2.9

2.3101

MPC-41-A-R

2.6

0.4053

4.43

260

PAC

3.3

0.0958

0.77

238

After the diuron adsorption experiments, the MPC-41-A adsorbent materials were
regenerated by collecting via filtration, washing using ethanol under ultrasonication for
several times, and then drying in the 100 °C oven. The same adsorption experiment was
conducted with the regenerated MPC-41-A (denoted as MPC-41-A-R). The amount of
diuron adsorbed on MPC-41-A-R was determined to be 260 mg/g, very similar to that on
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the fresh MPC-41-A, indicating that the ordered mesostructure of the MPC materials is
stable during adsorption and regeneration procesess and are therefore reusable.
As discussed earlier, the surface area and pore volume for MPC-28 and MPC-28-A are
majorly contributed by micropores, so the effective diuron adsorption on these adsorbents
also implies the adsorption of diuron in the micropores.
3.4.2 Adsorption Kinetics Study

Figure 3-16. Adsorption kinetics of diuron on MPC-41-A

The kinetics of an adsorption process is important, and the diuron adsorption kinetics on
MPC-41-A was investigated in this study (Figure 3-16). Notably, the diuron adsorption
reached equilibrium within a rather short time period. The final percentage of diuron
removed by MPC-41-A in the first 12 hours was about 97 %, and the material exhibited a
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93 % adsorption in the first 20 minutes. In contrast, activated carbon with a wide range of
pore size requires one day or even more time to reach adsorption equilibrium [Ayranci
and Hoda, 2005; Fontecha-Cámara et al., 2006; Bouras et al., 2007; Liu et al., 2010].
Generally, there are basically three steps involved in the adsorption of adsorbate from
aqueous solution onto carbon-based adsorbents. The first step is the transport of the
adsorbate through a surface film or boundary layer to the exterior of the adsorbent and is
referred to as “film diffusion”; the second step involves the transport of the adsorbate in
the pores of adsorbent, called “pore diffusion”; the third step is the adsorption of the
adsorbate onto the pore walls [Weber, 1972]. The rate-limiting step is to a large extent
determined by the way in which the adsorbent contacts with the water sample. Under
most operating conditions, film diffusion controls the rate of adsorption process.
However, under vigorous turbulence, pore diffusion may become the rate-limiting step
[Weber, 1972]. Therefore, under continuous shaking with a speed of 300 rpm in this
study, the adsorption rates in our experiments should be controlled by the pore diffusion.
However, the presence of the primary mesopore channels (with a pore diameter of 4.7
nm), that can behave as mass transfer highway, results in the short diffusion path length
and easy accessibility of the interpenetrated secondary mesopores. This effect raises the
rate for pore diffusion step and is thus responsible for the rapid adsorption kinetics.
In practical application, fast kinetics in the adsorption process means a short hydraulic
retention time. As a result, the adsorption reactor with a smaller size (e.g., a shorter
column) can be employed, reducing the capital cost of this treatment process unit.
3.4.3 Adsorption Isotherm Study
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To determine the adsorption capacity of the most effective material MPC-41-A toward
diuron, the diuron adsorption isotherm was measured by conducting batch adsorption
experiments. For the purpose of comparison, the diuron adsorption isotherm was also
measured for MPC-28 as it also showed a quite high diuron adsorption (Table 3-3).

Figure 3-17. Diuron adsorption isotherms on MPC-41-A and MPC-28

From Figure 3-17, it is apparent that the isotherm for MPC-41-A is steeper than that for
MPC-28 before arriving at the ultimate adsorption capacity (i.e., plateau sections).
Judging from the plateau sections of the isotherms, MPC-41-A possesses a potential
diuron adsorption capacity of about 380 mg/g, and MPC-28 has a potential diuron
adsorption capacity of about 200 mg/g.
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There are basically two well-established adsorption isotherm models: the Langmuir
adsorption isotherm and the Freundlich adsorption isotherm. Thus, the isotherm data
obtained from the experiments were treated on the basis of the two models to find out
which one represents the experimental results better. The Langmuir model assumes that
adsorption energy across all adsorption sites is uniform on the adsorbent surface and is
independent of the status of adjacent sites. The Langmuir equation is expressed as:

Eq. 3-2

where KL = Langmuir equilibrium constant (L/mg);
c = concentration of diuron solution at equilibrium (mg/L);
Q = quantity of diuron adsorbed at equilibrium (mg/mg);
and Qmax = maximum amount adsorbed as c increases (mg/mg).
The Langmuir equation can be fitted to data by Langmuir linear regression method, one
of the commonly used regression methods for Langmuir adsorption isotherm. The
linearized form of Langmuir equation can be written as follows:

Eq. 3-3

Clearly, when c/Q is plotted against c, the data can be regressed linearly. The constants
Qmax and KL can then be derived from the slope and the intercept, respectively, of the
straight line obtained. The results of data fitting through linear regression are shown in
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the following Figure 3-18. Both regression coefficients are greater than 0.99, indicative
of good fit of experimental data to Langmuir adsorption isotherm.

Figure 3-18. The fit of experimental adsorption data to linearized Langmuir adsorption
isotherm on MPC-41-A and MPC-28

The Freundlich adsorption equation is mathematically expressed as the following
equation:
⁄

Eq. 3-4

where Q = quantity of diuron adsorbed at equilibrium (mg/g);
and c = concentration of diuron solution at equilibrium (mg/L).
KF and n are constants for a given pair of adsorbent and adsorbate at a particular
temperature. They are empirical parameters without significant physical meaning. KF is
related to the adsorption capacity, and 1/n to the surface heterogeneity. The Freundlich
isotherm equation can be linearized by a logarithmic transformation:
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Eq. 3-5

To treat the data by linear regression analysis, log (Q) is plotted against log (c). The
constants n and KF can be estimated from the slope and the intercept, respectively. The
results of data fitting by linearized Freundlich equation are shown in Figure 3-19 below.

Figure 3-19. The fit of experimental adsorption data to linearized Freundlich adsorption
isotherm on MPC-41-A and MPC-28

The regression coefficient for experimental isotherm on MPC-41-A is relatively low (R2
= 0.95), but the fit of isotherm on MPC-28 using linearized Freundlich equation is fairly
good. Actually, the results from applying the Freundlich model are generally in consistent
with those from the Langmuir model over moderate ranges of solute concentration.
However, they do not agree well at very low nor very high concentrations [Weber, 1972].
This might explain why the Freundlich isotherm does not agree very well with the
experimental data, since low concentrations are used here.
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In order to judge the goodness of fit of the data to the models, a better criterion is to
introduce a parameter known as the mean relative deviation modulus (P) [Ayranci, 1995],
which is defined as:

∑

|

|

Eq. 3-6

where Qe(obsv) = observed Qe at any ce (at equilibrium) (mg/g);
Qe(pred) = predicted Qe at any ce (at equilibrium) from the equation under
study with best fitted parameters (mg/g);
and N = number of observations.
Clearly, the lower the P value, the better the fit of data. It has also been pointed out that
when the P value is less than 5, the fit can be considered to be excellent. The parameters
in the Langmuir and Freundlich equations derived by fitting Eq. 3-3 and Eq. 3-5 to the
observed data, together with the corresponding P values calculated for the fit from Eq. 36, are given in Table 3-4.
Table 3-4. The Parameters Involved in Langmuir and Freundlich Isotherm Equations for
the Adsorption on MPC-41-A and MPC-28.
Adsorbent
Name

Langmuir
Qmax
(mg/g)

KL
(L/mg)

Freundlich
P

1/n

MPC-41-A

390

2.78

2.0476

MPC-28

210

1.11

1.3445

KF
1-(1/n) 1/n

P

0.1343

1.8 × 1018

2.5831

0.1206

7.9 × 1017

0.8176

(mg

L /g)
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Estimated from the Langmuir adsorption model, the adsorption capacity Qmax for diuron
on MPC-41-A is 390 mg/g, and that on MPC-28 is 210 mg/g, almost half of the former
value. To the best of our knowledge, 390 mg/g is the highest diuron adsorption capacity
ever reported on carbon-based materials.
It has been stated that the magnitude of the exponent 1/n in the Freundlich empirical
equation is a symbol of the favorability and capacity of the adsorption system [Liu et al.,
2010]. When 0 < 1/n < 1, favorable adsorption conditions can be confirmed. Both 1/n
values in Table 3-4 are in this range, implying beneficial adsorption. The value of 1/n is
also known as the surface heterogeneity factor. The more heterogeneous the surface, the
closer 1/n value is to zero [Ayranci and Hoda, 2005]. According to Table 3-4, both 1/n
values are quite close to zero, suggesting the fairly heterogeneous surface with two or
more classes of adsorption sites on it.
Judging from P values, in general it can be inferred that the Langmuir equation represents
the isotherm of MPC-41-A toward diuron better than Freundlich equation, and that
Freundlich represents better fit for the adsorbent MPC-28. The excellent fit of
experimental isotherm to the Langmuir adsorption model demonstrates the monolayer
adsorption of diuron on MPC-41-A.
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4 Conclusion
In this study, highly ordered mesoporous carbon-silica nanocomposites with
interpenetrating carbon and silica networks were synthesized by the evaporation-induced
tri-constituent co-assembly approach. In the synthesis process, polymer resol was used as
organic precursors, silicate oligomers from acid-catalyzed hydrolysis of TEOS were used
as inorganic precursors, and amphiphilic triblock copolymer F127 was employed as a
soft-template. Three nanocomposites, MPCS-13, MPCS-28, and MPCS-41, were
synthesized through adjusting the initial mass ratios of resol to TEOS. After etching of
silica by NaOH, porous carbon was produced. Among all samples, MPC-41 showed a
high surface area of 1405 m2/g and a large pore volume of 1.36 cm3/g and it contained
not only the primary mesopores (5.4 nm), but also an enormous number of secondary
mesopores (2.7 nm) which were generated due to silica etching and were considered to be
located inside the carbon pore walls. In contrast, the well-ordered mesostructures of
MPCS-13 and MPCS-28 were destroyed when the silica phase was etched.
Performance of the as-prepared materials was improved by ZnCl2 induced activation. The
activation condition was an impregnation mass ratio of 2.0 and a carbonization
temperature of 450 °C. The activation alone did not induce significant change to the
mesoporous nanocomposites, with only slight increases in surface area and pore volume
being observed. However, this process tremendously improved the properties of MPC-13
and MPC-28 whose mesostructures had been destroyed during silica etching. In addition,
activation together with the removal of silica resulted in tremendous promotion in the
performance of MPCS-41. The final product MPC-41-A had a very high BET surface
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area of 1796 m2/g and a large pore volume of 1.42 cm3/g. It also possessed an
interpenetrated bimodal pore structure, in which the primary pore size was 4.7 nm and the
secondary 2.1 nm.
The bimodal pore structure of the prepared materials led to highly efficient diuron
adsorption. The primary mesopores could act as highway for mass transfer, while the
inner and narrow secondary mesopores were short, interpenetrated, and accessible, so the
pore diffusion step could be accelerated and the fast adsorption kinetics could be realized.
Fast kinetics means a short hydraulic retention time in a practical treatment process,
resulting in the use of a smaller adsorption reactor and a reduced capital cost. The
adsorption amounts of diuron on all prepared materials as well as PAC have been tested.
The highest adsorption capacity was measured to be on MPC-41-A at 390 mg/g, which,
to the best of our knowledge, is the highest value ever reported for diuron adsorption on
carbon-based materials.
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