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Adsorption of Direct Yellow 12 onto Ordered Mesoporous Carbon and Activated

Carbon
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Mesoporous carbon CMK-3 was prepared using a mesoporous silica SBA-15 as the template, and the
adsorption of aqueous direct yellow 12 (DY-12) on CMK-3 and commercial powdered activated carbon
(PAC) was studied. X-ray diffraction, N, adsorption, and transmission electron microscopy results demonstrate
that CMK-3 with ordered structure is a true replica of its template SBA-15. CMK-3 and PAC have comparable
pore volumes, whereas CMK-3 mainly consists of mesopores, and PAC contains both micropores and
mesopores. The adsorption of DY-12 over CMK-3 and PAC could be well-described by the Langmuir
isotherm model. The maximum adsorption amounts of CMK-3 and PAC for DY-12 at 25 °C were found to
be (303.0 and 161.3) mg-g~!, respectively, indicative of a substantially higher adsorption capacity of CMK-3
compared to that of PAC. DY-12 adsorption processes over CMK-3 and PAC obey pseudosecond-order
kinetics. For DY-12 adsorption on CMK-3, the rate constants were (2.82+107%, 4.43-107°, and 9.77-107%)
g+mg '-s7! at initial DY-12 concentrations of (17.7, 44.3, and 145) mg-dm 3, respectively. In the case of
PAC, the rate constants were found to be (1.78-1075, 9.8-1077, and 6.7-1077) g-mg '-s™! at initial
concentrations of (17.7, 44.6, and 339) mg-dm >, respectively, reflecting much lower adsorption rates over
PAC than those over CMK-3. Furthermore, the intraparticle diffusion of DY-12 over CMK-3 and PAC was
elucidated using the Weber—Morris model. The present results clearly verify the importance of mesopores

in the adsorption of aqueous DY-12.

Introduction

Synthetic dye is one of the representative organic pollutants
originating from chemical and textile industries. Ground and
surface water contaminated by synthetic dyes may induce
mutagenic activity."> Dye contamination also poses negative
effects on aquatic life via obstructing light penetration and
oxygen transfer into water bodies. It has been well-recognized
that most synthetic dyes are highly recalcitrant to biodegradation
because of their xenobiotic nature.® Therefore, it is desirable to
develop effective treatment techniques for the removal of
synthetic dyes in water prior to their discharge into the natural
environment.

Advanced oxidation processes (AOPs), such as ozone oxida-
tion, sono-oxidation, or photocatalysis, are believed to be
effective for the decomposition of synthetic dyes, while AOPs
generally require high treatment cost.*> Adsorption treatment
provides a simple and universal approach to effectively remove
organic pollutants in water. Activated carbon is the most
practical adsorbent used in the adsorption and separation
processes because of its prominent adsorption affinity and
adsorption capacity toward a variety of organic contaminants
in aqueous solution. It should be emphasized that most synthetic
dyes are bulky molecules in nature. Activated carbon, however,
predominantly consists of micropores and normally shows low
adsorption capacities for bulky pollutants because of the size
exclusion effect,®” by which the bulky pollutants are prevented
from sufficiently accessing the micropores of the adsorbent.
Recently, much research attention has been paid to synthesize
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carbonaceous adsorbents with amended pore structures suitable
for effective adsorption of bulky molecules. For example, Tamai
et al.® prepared activated carbons with an extremely high
mesopore ratio and systematically studied their adsorption
properties for a variety of giant molecules. Nakagawa et al.’
synthesized highly mesoporous activated carbons from solid
wastes for the adsorption of a reactive dye black 5 and phenol
and attributed the relatively large adsorption capacity for black
5 to the plentiful mesopores in the synthesized activated carbon.
Similarly, Tamai et al.'® compared the adsorption of acid dyes
with varied molecular dimensions onto a mesoporous activated
carbon fiber and concluded that the mesopores played a crucial
role in the adsorption of dyes with large molecular sizes.

It should be pointed out that the synthesized carbonaceous
adsorbents commonly consist of both micropores and mesopores
with a broad pore size distribution, and it is still challenging to
clearly understand the precise mechanism controlling the
adsorption of bulky pollutants to the adsorbents. Since Ryoo et
al.'' first synthesized a highly ordered mesoporous carbon,
CMK-1, with MCM-48 as the template in 1999, ordered
mesoporous carbons have been extensively used as adsorbents
for the adsorption of bioactive giant molecules.'*”'® However,
only a few studies have been conducted on the adsorption of
dye molecules over ordered mesoporous carbons.'’

In this study, ordered mesoporous carbon CMK-3 was
prepared using a mesoporous silica SBA-15 as the template,
and the adsorption of direct yellow 12 (DY-12) on CMK-3 was
investigated. The DY-12 molecular structure as well as its
molecular size estimated using Chem3D program is given in
Figure 1. For comparison purposes, the adsorption of DY-12
over a commercial powdered activated carbon (PAC) was also
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Figure 1. Molecular structure and estimated molecular size of DY-12.

carried out. The results demonstrate that CMK-3 exhibits
considerable advantages over PAC in terms of adsorption
capacity and adsorption kinetics.

Experimental Section

PAC. Commercial PAC obtained from Huajing Co., China,
was a coconut shell-based PAC.

Material Preparation. Mesoporous silica SBA-15 was syn-
thesized with a triblock copolymer, EO,)PO;0EO,, (Pluronic
P123, Aldrich), as the surfactant, and tetraethyl orthosilicate
with a mass fraction purity of 0.98 was obtained from Shanghai
Chemical Co. as the silica source.'® Briefly, 8.0 g of P123 was
dissolved in 300 cm? of 2 mol-kg ™! of HCl at a temperature of
40 °C under stirring, and 16.64 g of tetracthoxysilane was added.
The mixture was stirred at a temperature of 40 °C for a time of
24 h, then transferred into a Teflon-lined stainless-steel auto-
clave, and maintained at a temperature of 80 °C for a further
48 h. The resultant precipitate was recovered by filtration,
washed with distilled water, and dried at a temperature of 80
°C for a time of 10 h and then exposed to air at a temperature
of 550 °C for a further 6 h to remove the organic material.

Mesoporous carbon, CMK-3, was prepared using SBA-15
as the template and sucrose as the carbon source.'® Typically,
in this procedure, 4 g of SBA-15 was mixed with 20 cm® of
aqueous solution containing 5 g of sucrose and 0.56 g of
concentrated H,SO,4. The mixture was placed in an oven at a
temperature of 100 °C for 6 h after which the temperature was
increased to 160 °C for a further 6 h. The resultant material
was ground and mixed with 20 cm?® of aqueous solution
containing 3.2 g of sucrose and 0.36 g of concentrated H,SO,
which was again subjected to the same thermal treatment as
described in the previous sentence. The composite was then
carbonized by flowing nitrogen over the sample at a temperature
of 850 °C for a time of 5 h. The resultant black powders were
treated with HF(aq) of mass fraction 0.1 at room temperature
to remove the siliceous, and the CMK-3 was obtained by
filtration followed by washing with distilled water and drying
at a temperature of 120 °C for 4 h.

Material Characterization. Powder X-ray diffraction (XRD)
patterns of SBA-15 and CMK-3 were collected in a range angles
from (0.5 to 5) deg with a Rigaku D/max-RA powder diffraction
meter using Cu Ka radiation. Transmission electron microscopy
(TEM) images of the samples were collected on a JEM-200CX
electron microscope. N, adsorption—desorption isotherms of
the adsorbents were obtained on a Micrometrics ASAP 2020
apparatus at a temperature of —196 °C (T = 77 K). Prior to N,
adsorption measurements, CMK-3 and PAC were activated at
a temperature of 250 °C under vacuum for 3 h, while the dye
loaded adsorbents were activated at a temperature of 100 °C
under vacuum for 3 h.

Adsorption Isotherms. The adsorption of aqueous DY-12 to
CMK-3 and commercial PAC were conducted using batch
adsorption tests. In this approach, a series of Teflon capped glass
tubes containing 0.01 g of adsorbent and 25 cm?® of DY-12
solution with initial concentrations ranging from (15 to 400)
mg-dm~3 were shaken at a temperature. To reach equilibrium,
the adsorption was permitted for a time of 24 h for CMK-3 and
96 h for PAC. The adsorbent particles were removed by filtration
using a 0.45 um filter membrane and the residual DY-12
concentration measured with a UV—visible spectrometer at a
wavelength of 400 nm. The equilibrium adsorption was
determined from:

q. = (G, — CYVIM ey

where ¢. is the equilibrium adsorption amount, C, the initial
DY-12 concentration, C, the equilibrium concentration, V the
volume of DY-12 solution, and M the mass of adsorbent.

To verify the pores available for DY-12, samples with known
DY-12 concentrations were prepared for N, adsorption char-
acterization. In this work, 500 cm® of DY-12 solution with
known initial concentrations were added into a flask containing
200 mg of adsorbent, which was isothermally shaken at 25 °C
for a time of 24 h for CMK-3 and 96 h for PAC. DY-12 loaded
adsorbent was recovered by filtration followed by drying at a
temperature of 50 °C for a time of 24 h and the residual DY-12
concentration in the filtrates determined spectraphotometrically.
The quantity of DY-12 was estimated from eq 1. The resulting
materials are referred to as CMK-3-X and PAC-X, respectively,
where X denotes the quantity of DY-12.

DY-12 adsorption kinetics over CMK-3 and PAC was
evaluated at three DY-12 loading levels. The initial DY-12
concentrations for adsorption kinetics over CMK-3 and PAC
were calculated on the basis of corresponding adsorption
isotherms to achieve approximately comparable equilibrium
adsorption amounts for different adsorbents. For a typical run,
50 cm?® of distilled water was first mixed with 200 mg of
adsorbent in a 500 cm? flask for about 600 s. To this was added
450 cm? of DY-12 with a known initial concentration, and the
mixture was stirred in an isothermal incubator at a temperature
of 25 °C. Aliquots of a volume of about 2 cm? were acquired
from the fluid as a function of time to spectroscopically
determine the DY-12 concentration determined from:

q; = (CO - Cz)V/M (2)

where ¢, is the adsorption at time ¢ and C, the DY-12
concentration at time f.

Results and Discussion

Material Characterization. Figure 2 shows the small-angle
XRD patterns of SBA-15, CMK-3, and DY-12 loaded CMK-3.
The XRD pattern of SBA-15 displayed three distinct diffraction
peaks with 26 at (0.96, 1.66, and 1.90) deg indexed as (100),
(110), and (200) reflections of p6 mm hexagonal symmetry,
clearly reflecting the ordered mesoporous structure of SBA-15.'8°
In parallel, the XRD pattern of CMK-3 also showed the strong
(100) reflection peak as well as the weak (110) and (200)
reflection peaks (see CMK-3+5 in Figure 2) characteristic of
the p6 mm hexagonal symmetry, suggesting that the resultant
CMK-3 is an inverse replica of SBA-15.""?""*> The structural
parameters of SBA-15 and CMK-3 were calculated, and the
results are listed in Table 1. The cell parameters (ay) of SBA-
15 and CMK-3 were found to be (10.6 and 9.4) nm, respectively,
suggesting a slightly higher cell dimension of SBA-15 compared
to that of CMK-3. The small cell parameter of CMK-3 compared



Journal of Chemical & Engineering Data, Vol. 54, No. 11, 2009 3045

SBA-15

WMK-axs

CMK-3

\/L,“‘;CMK'&SO?'G

0.7 14 2.1 2.8 3.5 4.2
20/°

Figure 2. Small angle XRD patterns of SBA-15, CMK-3, and DY-12 loaded
CMK-3.
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Table 1. Structural Parameters of CMK-3 and PAC Samples

aOa D, mpb D, a(‘ SBET Vmicro Vmeso Vld
sample nm nm nm m’-g!' cmig! cmi-g! cmieg!
SBA-15 10.6
CMK-3 94 375 43 9012 0.02° O.95f 0.97
CMK-3-307.6 94 4.16 34 559.6 0.0° 0.48 0.48
PAC 3.3 1090.7  0.45% 0.46" 0.91
PAC-161.3 24 6059  0.23°% 0.13" 0.36

“Unit cell, calculated from ay = 2d,00/(3)"2. * Most probable pore
diameter, calculated using the BJH method. © Average pore diameter,
calculated from 4 V/Sggr. ¢ Total pore volume, at P/P, = 0.97.
¢ Micropore volume, calculated by Vi — Vieo. ¢ Mesopore volume,
calculated using the BJH method. ® Micropore volume, calculated using
the H—K method. ” Mesopore volume, calculated by Vi — Viicro.

(a) (b)
Figure 3. TEM of (a) SBA-15 and (b) CMK-3.

with its template SBA-15 mainly results from the structural
shrinkage of the silica template during the replication of
SBA-15.%** For the DY-12 loaded CMK-3 sample, the (100)
reflection as well as (110) and (200) reflections were still visible,
while the reflection peak intensities substantially decreased upon
DY-12 adsorption. Hartmann et al.>* studied vitamin E adsorp-
tion on mesoporous carbons and attributed the decreased
reflection peak intensity to an increased contrast in density
between the carbon wall and the adsorbed vitamin E. Similarly,
Liu et al.? studied the adsorption of nonylphenol ethoxylates
over CMK-3 and ascribed the decreased reflection peak intensity
to the filling of nonylphenol ethoxylates in the pores instead of
the decreased structural order of the adsorbent. DY-12 loaded
CMK-3 can be regenerated by washing using ethanol, and the
regenerated CMK-3 has a similar XRD pattern to that of fresh
CMK-3 (data not shown) that is indicative of the structural
stability of CMK-3 during DY-12 adsorption. TEM images of
SAB-15 and CMK-3 samples are compared in Figure 3.
As shown in Figure 3, the ordered structures of SBA-15 and
CMK-3 samples with hexagonal symmetry and uniform pore
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Figure 4. (a) N, adsorption—desorption isotherms: 4 and <&, CMK-3; A
and A, CMK-3-307.6. (b) Pore size distributions: ¢, CMK-3; A, CMK-3-
307.6. Filled symbols denote adsorption data, and open symbols denote
desorption data.

dimension were clearly observed, also suggesting that CMK-3
is a true replica of SBA-15.

N, adsorption isotherms of CMK-3 and PAC are shown in
Figures 4 and 5, respectively. For CMK-3, the mesopore volume
(Vineso) and pore size distribution were calculated using the
Barrett—Joyner—Halenda (BJH) method.>” The micropore vol-
ume (Viicero) and pore size distribution of PAC were evaluated
using the Horvath—Kawazoe (H—K) model.”® As shown in
Figure 4a, CMK-3 and CMK-3-307.6 exhibited the type IV
isotherm bearing an HI hysteresis loop with the capillary
condensation in the adsorption branch at pressures relative to
po between 0.40 and 0.66, indicative of the presence of
mesopores. In comparison with CMK-3, the capillary condensa-
tion in the N, adsorption isotherm of CMK-3-307.6 was
considerably attenuated, implying the decreased mesopore
volume after DY-12 adsorption. Similar trends were also
observed from the pore size distributions of CMK-3 and CMK-
3-307.6. For CMK-3, a narrow pore size distribution was
observed, and the most probable pore diameter (Dy,,) calculated
using the BJH method was found to be 3.75 nm. In the case of
CMK-307.6, Dy, was determined to be 4.16 nm, approximately
identical to that of CMK-3, while DY-12 adsorption leads to
substantial decreases in the differential pore volumes, suggesting
that DY-12 are adsorbed in the mesopores of CMK-3 and the
mesopores of CMK-3 are fully accessible for DY-12 molecules.
The results are further supported by the structural parameters
of CMK-3 and CMK-3-307.6. As shown in Table 1, the
micropore and mesopore volumes of CMK-3 are (0.02 and 0.95)
cm?-g~!, respectively, suggesting that CMK-3 predominantly
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Figure 6. DY-12 adsorption isotherms over CMK-3 at: B, 7 = 318.15 K;
&, 7=298.15K; A, T = 288.15K; and over PAC at: O, T'= 298.15 K.
Solid lines represent the fitting curves using the Langmuir adsorption model.

Table 2. Parameters of DY-12 Adsorption Isotherms over CMK-3
and PAC Using the Langmuir Model

T Ge b
sample K mg-g! dm?®+mg~! R?
CMK-3 288.15 243.9 1.41 0.99
CMK-3 298.15 303.0 1.57 0.98
CMK-3 318.15 370.4 1.93 0.99
PAC 298.15 161.3 0.45 0.99

consists of mesopores. The adsorption of 307.6 mg+g~! of DY-

Table 3. Thermodynamic Parameters for DY-12 Adsorption onto
CMK-3

T AG AH AS

K kJ+mol™! kJ+mol™! J-K 'emol™! R?
288.15 —32.8
298.15 —34.2 8.0 141.6 0.99
318.15 —37.1

12 leads to the decrease of mesopore volume from (0.95 to 0.48)
cm?®+g~!, clearly indicating the occupation of CMK-3 mesopores
by DY-12.

N, adsorption isotherms of PAC and DY-12 loaded PAC are
shown in Figure 5. For PAC, as the relative pressure increased,
N, adsorption amount in PAC increased steeply when the
pressure was below 0.01¢p, and then increased smoothly
afterward, suggesting that mesopores are present in PAC. In
contrast to PAC, DY-12 loaded PAC exhibited a much milder
augment of N, adsorption amount at both low and high p/p,,
probably due to the occupation of both micropores and
mesopores by DY-12. This speculation can be further verified
by the pore size distributions of PAC and PAC-161.3 as shown
in Figure 5b. For PAC, a broad pore size distribution was
observed. In comparison with PAC, DY-12 adsorption leads to
marked decreases of differential pore volumes with a pore
diameter above 0.77 nm, whereas the differential pore volumes
with a pore diameter below 0.77 nm are similar to those of
PAC, suggesting that the pores larger than 0.77 nm are
accessible for DY-12 molecules. Furthermore, the micropore
and mesopore volumes of PAC are (0.45 and 0.46) cm3-g™!,
respectively, suggesting that PAC consists of both micropores
and mesopores (see Table 1). Upon DY-12 adsorption, the
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Figure 7. Time-resolved DY-12 adsorption at 7= 298.15 K onto (a) CMK-3
with initial concentrations of A, Co=17.7 mg-g™'; ®, Co =443 mg-g"";
M, C, = 145 mg-g'; and (b) PAC with initial concentrations of <, Cy =
17.7 mg-g™'s A, Co =446 mg-g '; 0, Co =339 mg-g .
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Figure 8. Simulation of DY-12 adsorption using pseudofirst-order kinetics
over (a) CMK-3 with initial concentrations of A, Co=17.7 mg-g"'; ®, C,
= 443 mg-g’'; W, C, = 145 mg-g™'; and (b) PAC with initial
concentrations of A, Cp = 17.7 mg-g™!; O, Cy = 44.6 mg~g’1; O, Gy =
339 mg-g L.

micropore and mesopore volumes are (0.23 and 0.13) cm3+g~!,
indicating that both micropores and mesopores are occupied by
DY-12 molecules.

Adsorption Isotherms. The adsorption isotherms of DY-12
over CMK-3 and PAC are compared in Figure 6. DY-12
adsorption over both CMK-3 and PAC displays typical L-
type adsorption isotherms. At a temperature of 25 °C, the
maximum adsorption amounts of DY-12 were found to be
approximately (300 and 160) mg-g~! for CMK-3 and PAC,
respectively, indicative of a substantially higher adsorption
capacity of CMK-3 compared to that of PAC for DY-12. It is
noteworthy that the pore volumes of CMK-3 and PAC are found
to be (0.97 and 0.91) cm3-g~!, while CMK-3 mainly consists
of mesopores and PAC consists of both micropores and
mesopores. Therefore, the much higher DY-12 adsorption
amount of CMK-3 than that of PAC suggests the preferential
adsorption of DY-12 in the mesopores.

To clearly verify the DY-12 adsorption mechanism, the
adsorption isotherms were fitted using Langmuir and Freundlich
adsorption models. Simulation results showed that DY-12 ad-
sorption on CMK-3 and PAC could be well-described using
Langmuir adsorption isotherm:*’

9. = 4.bCJ(1 + bC,) 3)

where ¢.. is the maximum adsorption amount and b is the
Langmuir adsorption constant, respectively.

The fitting parameters of DY-12 adsorption on PAC and
CMK-3 are listed in Table 2. At a temperature of 25 °C, DY-
12 maximum adsorption amounts were 303.0 mg-g~!' for
CMK-3 and 161.3 mg-g~! for PAC, suggesting a higher
adsorption capacity of CMK-3 than that of PAC. N, adsorption
results show that CMK-3 mainly consists of mesopores with
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Figure 9. Simulation of DY-12 adsorption using pseudosecond-order
kinetics over (a) CMK-3 with initial concentrations of A, C; = 17.7 mg-g™!;
@, Co =443 mg-g’'; M, Cy = 145 mg-g'; and (b) PAC with initial
concentrations of A, Cy = 17.7 mg g '; A, Co =44.6 mg-g”; O, Cy =
339 mg-g L.

the most probable pore diameter of 3.75 nm, which are fully
accessible for DY-12. Therefore, the maximum adsorption
amount is only dependent on adsorption thermodynamics.
However, PAC consists of both micropores and mesopores with
a broad pore size distribution. Considering that the molecular
size of DY-121s 0.57 x 0.8 x 2.94 nm?, it is rationally expected
that DY-12 adsorption in the micropores with pore diameters
below 0.8 nm is sterically prohibited owing to size exclusion,
as evident from the pore size distribution of PAC-161.3 with
pore diameters below 0.77 nm, which are similar to that of PAC.
Therefore, the markedly higher maximum adsorption amount
of CMK-3 for DY-12 can be attributed to its higher accessible
pore volume than that of PAC, although both adsorbents contain
almost identical total pore volumes.

It is interesting to note that Langmuir adsorption constants b
are 1.57 and 0.45 for DY-12 adsorption over CMK-3 and PAC
(see Table 2), respectively. In principle, the Langmuir adsorption
constant is characteristic of the affinity of DY-12 to the
adsorbent. The substantially larger Langmuir adsorption constant
reflects a stronger adsorption of DY-12 on CMK-3 compared
to that on PAC. Long et al.*® studied the adsorption of reactive
dyes on polymeric adsorbents and concluded that the optimum
ratio of the pore diameter to sorbate molecular diameter is about
2 to 6 for effective adsorption. For CMK-3, the most probable
pore diameter is 3.75 nm, which is about five times larger than
the width of the DY-12 molecule. In addition, CMK-3 pore
structure is constructed via an ordered array of long carbon rods
to form mesoporous channels with p6 mm hexagonal symmetry,
which is especially suitable for hosting sorbate molecules with
a large aspect ratio. In contrast, PAC pores are characteristic of
a broad pore size distribution. N, adsorption analysis further



3048 Journal of Chemical & Engineering Data, Vol. 54, No. 11, 2009

Table 4. Fitting Parameters of DY-12 Adsorption onto CMK-3 and PAC Using Pseudofirst-Order and Pseudosecond-Order Kinetic Models

pseudofirst-order kinetic model

pseudosecond-order kinetic model

4e (Xp.) 4e (cal) k107 e (exp) ge (cal) ko (107
sample mg-g! mg-g”! 5! R? mg-g! mg-g! g-mg les7! R?
CMK-3 429 1.4 1.92 0.10 429 42.6 2820 1.00
CMK-3 105.8 13.3 3.84 0.63 105.8 105.3 443 1.00
CMK-3 187.7 49.6 3.46 0.76 187.7 185.2 97.7 0.99
PAC 42.8 9.9 3.07 0.47 42.8 424 178 1.00
PAC 106.0 71.5 1.92 0.99 106.0 107.5 9.8 0.99
PAC 173.2 98.4 1.53 0.65 173.2 175.4 6.7 0.99
Table 5. Kinetic Parameters Obtained Using Weber—Morris Model
Co kai intercept /; ka intercept I, ka3 intercept /3
sample mg-dm? mg-g s mg-g! R? mg-g s mg-g! R? mg-g s mg-g”! R?
CMK-3 17.7 1.30 3.6 0.99 0.28 30.4 0.96
CMK-3 443 2.14 18.0 0.97 0.52 67.4 0.97
CMK-3 145 2.50 55.0 0.98 0.56 119.4 0.99
PAC 17.7 0.30 9.3 0.98 0.06 32.1 0.93
PAC 44.6 0.45 11.3 0.98 0.19 32.1 0.99 0.05 80.7 0.94
PAC 339 0.59 16.4 0.98 0.22 73.4 0.99 0.02 158.7 0.85

shows that DY-12 molecules occupy the pores with pore
diameter above 0.77 nm, eventually leading to a substantially
lower adsorption affinity compared to CMK-3.

The thermodynamic parameters of DY-12 adsorption onto
CMK-3, such as the change in Gibbs function AG, enthalpy
AH, and entropy AS of adsorption, can also be obtained from

adsorption isotherms from following equations:*'-*
AG = —RTInb @)
Inb = AS/R — AH/RT (@)

where T is the temperature and R (taken in this work to be 8.314
J-K~!'~mol™") is the gas constant, respectively. The values of
AH and AS were calculated from the slope and intercept from
eq 5. The resultant parameters are listed in Table 3. The negative
values of AG indicate that DY-12 adsorption on CMK-3 is
spontaneous and thermodynamically favorable at all tempera-
tures tested.”® The positive value of AH reveals that DY-12
adsorption over CMK-3 is endothermic, similar to most activated
carbon involved adsorption processes.>*>> In addition, the small
AH value suggests that DY-12 adsorption on CMK-3 is a
physical adsorption process. The positive value of AS is
characteristic of the replacement of solvent molecules on CMK-3
surface by sorbate molecules.**’

Adsorption Kinetics. The time-resolved adsorption profiles
of DY-12 over CMK-3 and PAC with varied initial concentra-
tions are compared in Figure 7. For CMK-3, DY-12 adsorption
reached the equilibrium after approximately (2682, 9060, and
43 890) s with the initial concentrations of (17.7, 44.3, and
145.0) mg+dm 3, respectively, reflecting a higher initial con-
centration (adsorption amount) and longer adsorption time
required to reach the adsorption equilibrium. In the case of PAC,
it required (25.014, 176.44, and 298.45) ks to reach the
adsorption equilibrium for DY-12 with the initial concentrations
of (17.7, 44.6, and 339.0) mg-dm>. It should be pointed out
that in comparison with CMK-3 the adsorption of DY-12 over
PAC is substantially slow. DY-12 adsorption to PAC occurs in
both mesopores and micropores. In contrast, DY-12 molecules
are mainly adsorbed in the mesopores of CMK-3. Therefore,
the considerably low adsorption rate can be tentatively attributed
to the considerably large diffusion resistance in the micropores.

To further elucidate DY-12 adsorption kinetics over CMK-3
and PAC, pseudofirst-order and pseudosecond-order kinetic
models were applied to follow the mass transfer during the DY-

12 adsorption process. For pseudofirst-order Kkinetics, the
adsorption process can be described using Lagergren’s rate
equation:*®

log(g. — q,) = log(gq,) — k,1/2.303

where k; is the pseudofirst-order rate constant.
The pseudosecond-order kinetics based on adsorption capacity
can be expressed as follows:*

(6)

tlq, = 1/(kyqy) + tlq, )

where k, is the pseudosecond-order rate constant.

The plots of log(g. — g,) versus time ¢ based on pseudofirst-
order kinetics and #/q, versus ¢ based on the pseudosecond-order
kinetics are compared in Figures 8 and 9, and the fitting
parameters are listed in Table 4. The plot of log(g. — ¢,) versus
t (see Figure 8) are not linear. However, linear plots of DY-12
adsorption with R? values higher than 0.99 were obtained for
the fitting using pseudosecond-order kinetic model, suggesting
that DY-12 adsorption can be well-described by pseudosecond-
order kinetics. In addition, DY-12 adsorption amounts from
experimental data are close to those from fitting results, further
confirming that the adsorption of aqueous DY-12 onto CMK-3
and PAC obeys the pseudosecond-order kinetic model. As
shown in Table 4, the rate constants of DY-12 adsorption over
CMK-3 were found to be (2.82-107%,4.43-1075, and 9.77-107%)
g+mg~'+s™! at initial DY-12 concentrations of (17.7, 44.3, and
145) mg-dm>, respectively, indicative of a much slower
adsorption process at higher DY-12 adsorption amount. This is
probably because at low initial DY-12 concentrations (low DY-
12 adsorption amounts) DY-12 molecules quickly reach the
adsorption sites located in the pore mouth region or the sites
adjoining the pore mouth. At high initial concentrations (high
adsorption amounts), DY-12 adsorption results in the full
occupation of the adsorption sites in the pore mouth region or
the sites adjoining the pore mouth, and DY-12 is adsorbed in
the sites deep in the pores by penetrating through a relatively
long diffusion path, eventually giving rise to a low adsorption
rate. A similar trend was also observed for DY-12 adsorption
over PAC.

To further verify the controlling mechanism involved in the
adsorption process, the intraparticle diffusion is evaluated using
Weber—Morris model:*0~*?
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q, = kg + 1 (8)

where kjq is the intraparticle diffusion constant and / the intercept
reflecting the diffusion boundary layer thickness.

The plots of g, versus > with varied initial concentrations
are compared in Figure 10. In general, the ¢,—¢"* relations are
of multilinearity in nature, suggesting multiple adsorption steps
involved in the adsorption processes.*>** The plots were fitted
using the linear regression method, and the resultant parameters
are listed in Table 5. According to Weber—Morris model, the
adsorption process is controlled solely by the intraparticle
diffusion provided the linear plot passes through the origin.
Alternatively, the external diffusion as well as the intraparticle
diffusion contributes to the global adsorption process if the
straight line deviates from the origin. As shown in Figure 10a,
the ¢g,—1"? plots consist of two linear portions for DY-12
adsorption to CMK-3 with varied initial concentrations, and the
extrapolation of the first linear portions does not pass through
the origin, suggesting the involvement of external mass transfer.
The first linear portion can be attributed to DY-12 diffusion
in the mesopores of CMK-3, and the second portion is
characteristic of the final equilibrium step in which intraparticle
diffusion gradually slows down because of the much lower
concentration difference as well as diffusion driving force. As
shown in Table 5, DY-12 adsorption with a higher initial
concentration results in a larger intercept of the first linear
portion, attributed to the larger external mass transfer resistance
during diffusion across the liquid film surrounding the adsorbent
particle.*” In parallel, increasing the initial concentration leads
to the increase of the diffusion constant (kq;), mainly resulting
from the increased concentration gradient as well as the
increased diffusion driving force.

For DY-12 adsorption to PAC, the g,—t"? plots also consist
of a multilinearity, and the first linear portions deviate from
the origin, reflecting the presence of external diffusion resistance.
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Figure 10. Intraparticle diffusion plots for DY-12 adsorption onto (a)
CMK-3 with initial concentrations of A, Co = 17.7 mg-g~'; ®, C, = 44.3
mg-g~'; B, Cy = 145 mg-g'; and (b) PAC with initial concentrations of
A, Co=177mg g, A, Co =446 mg-g~'; 0, Co =339 mg-g ™.

Similarly, increasing initial DY-12 concentrations leads to the
increased intercept and slope, characteristic of the increased
external diffusion resistance and enhanced diffusion rate result-
ing from the increased concentration gradient and diffusion
driving force, respectively. As for DY-12 adsorption to PAC
with an initial concentration of 17.7 mg+dm™3, the ¢,—#" plot
presents two linear portions. The first linear portion is indicative
of DY-12 diffusion into the pores of PAC, and the second one
is attributed to the final equilibrium step. At initial DY-12
concentrations of (44.6 and 339) mg+dm™>, three linear portions
are clearly observed in the g,—"? plots. Similarly, the third
portion is ascribed to the final equilibrium step. The first and
second linear portions are probably associated with DY-12
diffusion into the micropores and mesopores of PAC. It is
noteworthy that the kq; values of CMK-3 at different initial
concentrations are higher than those of PAC, indicating mark-
edly higher diffusion rates of DY-12 over CMK-3 compared to
those over PAC.

Conclusions

Ordered mesoporous carbon CMK-3 was prepared using
SBA-15 as the template, and DY-12 adsorption to CMK-3 and
PAC was investigated in this study. DY-12 adsorption isotherms
over CMK-3 and PAC can be well-described using Langmuir
adsorption model. Although CMK-3 and PAC have comparable
pore volumes, the considerably higher adsorption capacity and
adsorption affinity of CMK-3 for DY-12 can be attributed to
the higher mesopore fraction in CMK-3 compared to PAC.
Furthermore, the mesopores of CMK-3 can be occupied by DY-
12, whereas for PAC the pores with a pore diameter larger than
0.77 nm are accessible for DY-12 molecules. Adsorption kinetic
results show that DY-12 adsorption over CMK-3 and PAC obeys
pseudosecond-order kinetics. At similar DY-12 adsorption
amounts, however, substantially larger adsorption rates are
observed for DY-12 adsorption to CMK-3 than those to PAC.
In terms of a diffusion mechanism, DY-12 adsorption to CMK-3
and PAC is controlled by both external mass transfer and
diffusion in the pores irrespective of initial DY-12 concentration.
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