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KEYWORDS Abstract Herein, an ordered mesoporous carbon (OMC) material was prepared using a metal and
Ordered Mesoporous Car- halogen free method, and its adsorptive potential for the cationic dye, ‘Methylene Blue’ (MB), was
bon; investigated. Batch studies were carried out to determine the influence of pH, dye concentration,
Adsorption; adsorbent quantity, and contact time on adsorption behaviour. Adsorption models based on Lang-
Film-diffusion; muir, Freundlich, Temkin and Dubinin-Radunkevich isotherms were validated and the thermody-
Pseudo-second order reac- namic variables governing the nature and feasibility of reaction were evaluated. Values of the
o0 adsorption uptake at equilibrium (q.) decreased as the temperature was increased, suggesting
Fixed-bed thereby that the adsorption process involved was exothermic. Kinetic studies indicated that adsorp-
tion obeyed pseudo-second order behaviour and operated via a ‘film-diffusion’ mechanism. When
attempts were made to carry out bulk removal of MB using a fixed bed adsorption column, 99.5%
saturation could be achieved. Desorption of MB from the used column was performed and dye
recovery was almost 100% in the first cycle and on 5th cycle 99% of dye was obtained. This pattern
clearly indicates that for the cationic dye MB, OMC acts as a highly efficient and robust adsorbent.
© 2021 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
* Coljresponding authors. o In recent years ordered mesoporous carbons (OMCs) have become of
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porous structure, high thermal stability, oxidation resistance, along
with good electrical and thermal conductivity, are some important

il properties of the OMC materials. Because of these fascinating proper-
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fields and their performance has been found to be superior to other
carbon-based porous materials, such as activated carbon (Inagaki
et al., 2016; Kado et al., 2014; Inagaki et al., 2014). Amongst the nota-
ble potential applications of these materials are components for elec-
trochemical energy storage and conversion, electrochemical sensing,
catalysis, gas sensing, optics, and photovoltaics (Eftekhari and Fan,
2017; Ndamanisha and Guo, 2012; Eftekhari, 2017). Lately, the
adsorption characteristics of these materials have also been assessed,
specifically for removing metal ions, dyes and even gaseous pollutants
from wastewater (Liu et al., 2019b; Liu et al., 2019a; An et al., 2020;
Tahir et al.,, 2020; Bhatti et al., 2017; Shoukat et al., 2017
Abdelrahman et al., 2019; Yada et al., 2018).

Many methods have been suggested for the preparation of OMCs
(Liang et al., 2008). In one approach, a rather complex multi-step pro-
cedure is used in which a carbon precursor is impregnated into a meso-
porous template, typically of silica. The precursor is then decomposed
and the tepmate dissolved to give the OMC. OMCs may also be pre-
pared directly by the polymerisation — in the presence of an ordered
array of self-assembled micelle structures - of organic precursors using
inorganic catalysts, such as HCI and Na,COj3. The first approach, as
well as being complex experimentally, often leads to an impure product
since it is often impossible to entirely remove the silica. The second,
direct method offers a simpler route, but the polymerisation catalysts
typically employed can be retained in the product and may be detri-
mental to the ultimate function of the OMC material.

Recently, the authors developed a method by which they were able
to synthesize a series of OMC materials with highly ordered two-
dimensional hexagonal pore structures by polymerization of resorcinol
and formaldehyde in the presence of ordered assemblies of surfactant
micelles. Importantly, this was done with oxalic acid and NH4OH as
the polymerisation catalysts to avoid retention of any metal or halide
ion impurity in the OMC products (Sakina and Baker, 2019). The
OMC thus prepared was highly ordered and possessed high specific
surface areas (typically 600 m?/g) and large specific pore volumes
(~0.6 cm3/g), and pore diameters of around 7 nm. This OMC has been
prepared at up to ~ 20 g scale. The simplicity of the method employed
and the relatively inexpensive reagents used suggest that scale-up to
industrial quantities should not meet any serious problems. The mate-
rial compared favourably with materials prepared by conventional
methods (Lu et al., 2008; Ma et al., 2013). Evaluation of the activity
of catalysts prepared using this OMC as support also gave encouraging
results, and is described elsewhere (Sakina et al., 2020).

In the past two decades adsorption has been established as one of
the most reliable techniques for water treatment (Lin, 1993;
Cheremisinoff and Angelo, 1980; Bansal et al., 1988; Gorgievski
et al., 2013; Bozi et al., 2013; Liu et al., 2021; Kovalakova et al.,
2020; Hao et al., 2021). The authors have successfully utilized several
novel adsorbents for removal of various environmental pollutants
including metal ions and dyes (Mittal et al., 2015; Anastopoulos
et al., 2018; Kumar et al., 2020; Mittal et al., 2016; Mittal et al.,
2016; Mittal et al., 2016). Adsorption is reliable, versatile and its han-
dling procedures are easy and convenient. The process has the ability
to remove both small and bulky organic and inorganic, toxic and
non-toxic molecules from their solutions without generating any inter-
mediate products or fragmenting the molecule. In addition, a subse-
quent desorption process can recover the costly solute molecule
without disturbing its structure or affecting its characteristics. For
these reasons, adsorption methods have been widely employed for
the eradication of a large number of organic and inorganic pollutants
and considered better than other physicochemical water purification
and wastewater treatment processes such as coagulation, photocat-
alytic degradation, biochemical degradation etc. (Ruthven, 1984).
Since the effectiveness of adsorption depends entirely upon the nature
of the adsorbent, researchers are always searching for a material which
can prove to be both efficient and economic. It is now well established
that reusability of the adsorbent is the prime factor affecting the

viability of the adsorption process (Nayebi et al., 2019). Thus a robust
material, which can be used for many adsorption/desorption cycles
and remains unaffected even after long-term use, is always desired.

The high specific surface areas and large pore volumes, the uni-
form, nanoscale pores and the excellent thermal and mechanical stabil-
ity of OMC make it a very interesting candidate for water treatment by
adsorption. OMC prepared free from any metal or halide impurity,
using the method of Sakina and Baker (2019) and Sakina et al.
(2020)), might be expected to exhibit excellent adsorption ability.
The present research paper evaluates this material for the adsorption
of a representative cationic dye, namely, Methylene Blue (MB), in both
batch as well as continuous processes. The dye under study is a well-
known toxic colorant and is reported to cause severe health problems
in humans, including elevated heart rate, nausea and vomiting, shock,
cyanosis, jaundice, quadriplegia, and necrosis of tissue, on acute expo-
sure (Mokhlesi et al., 2003; Harvey and Keitt, 1983; Gillman, 2006).

As far as novelties of the present research paper is concerned, metal
and halide free OMC is a recently synthesized material (at one of our
research centres) and batch and fixed-bed adsorption of MB over this
material is being presented for the first time. Moreover, it is pertinent
to note that this is the first reported attempt of adsorption/desorption
of MB over fixed-bed adsorber containing any type of mesoporous
carbon.

2. Material and methods

2.1. Preparation of the OMC

The synthesis of the OMC is described in detail elsewhere
(Sakina and Baker, 2019). Briefly, resorcinol and formalde-
hyde were reacted together in catalysed, staged polymerisation
reactions. This was done in the presence of an ordered array of
self-assembled micelles comprised of the block co-polymer,
Pluronic F127. One novel aspect of the process was the use
of the metal- and halogen-free catalysts, NH4;OH, and oxalic
acid in the polymerisation steps. The resulting polymer gel
was dried overnight, cured at 80 °C for 24 h and then calcined
under flowing under N, at 400 °C for 3 h to yield the OMC.

2.2. Characterisation of the OMC

The OMC product was characterised using Small Angle (typ-
ically 2@ = 0.5 — 5°) X-ray Diffraction (SAXRD), gas
physisorption and Transmission Electron Microscopy
(TEM). SAXRD diffractograms were obtained by using Cu
Ka radiation in a PANalytical Empyrean instrument (M/s
Malvern Panalytical, UK) operating in reflectance geometry.
Gas physisorption isotherms were recorded at liquid N, tem-
perature using a Micrometrics TriStar II 3020 instrument
(M/s Micromeritics, USA). Degassing of the samples was car-
ried out at 120 °C under vacuum for 12 h or more. The Barrett,
Joyner, and Halenda (BJH) pore size distributions were
derived from the physisorption data using software suppled
with the instrument. Solid-state '3C NMR spectra were
recorded on an Avance III spectrometer (M/s Bruker, Ger-
many) equipped with a 9.4 T wide-bore superconducting mag-
net ("*)C Larmor frequency of 100.6 MHz). Samples were
packed into 4 mm zirconia rotors and spun at the magic angle
at a rate of 12.5 kHz. Spectra were recorded with cross polar-
isation (CP) from 'H using a spin-lock pulse (ramped for 'H)
of 3.5 ms. Signal averaging was carried out for between 1024
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and 10,240 transients with a recycle interval of 5 s. High-power
(v ~ 100 kHz) "H TPPM-15 decoupling was applied during
acquisition. The FT-IR analysis was performed using a
IRAffinity-1S instrument (M/s Shimadzu, Japan) with
LabSolutions IR software. A background spectrum was taken
before each measurement. For TEM, a suspension of the
OMC powder in acetone was prepared by ultrasonication
and a holey-carbon coated 300 mesh Cu grid was swiped
through this using tweezers. Grids were dried overnight under
a halogen lamp before examination in the TEM instrument
(2011 model, M/s JEOL, Japan) which was equipped with a
LaB¢ filament and a digital camera (Multiscan model, M/s
Gatan, UK) and operated at 200 kV. Image capture and anal-
ysis was performed using the Digital Micrograph software.

2.3. Adsorption studies

The TUPAC name of MB (I) is [7-(dimethylamino)phenothia
zin-3-ylidene]-dimethylazanium chloride (C;sH;3CIN3S) and
it has a molecular mass of 319.85. It was purchased from Mer-
ck, India and was used as received.

N cr
~ ll\l/\/\s* l\‘l/

0]

A stock solution (1 x 10 M) of MB was made in aqueous
medium and all working solutions were obtained by diluting
this with doubly distilled water. Analytical grade reagents,
HCIl and NaOH were used and these were purchased from
M/s Merck, India. To monitor the concentration of dye in
batch as well as column adsorption studies a UV-Vis Spec-
trometer (Model: EI-3375, M/s Electronic India, India) was
used. The pH was measured using a computerised pH meter
(Model: ESICO-101, M/s ESICO International, India).

2.3.1. Batch studies

In order to perform batch studies, solutions with concentra-
tions of the MB dye of 1 x 10> M to 10 x 10~ M were chosen.
20 ml solution of the known concentration of dye was placed
in a 100 ml conical flask with a known quantity of adsorbent
and agitated with a mechanical shaker (Model: REMI RSB-
12, M/s Remi Sales & Engineering Ltd., India) for a known
length of time at an agitation speed of 150 oscillations per min-
ute and at a fixed temperature (30, 40 or 50 °‘C). The mixture
was then separated using a centrifuge (Model: REMI 8C, M/
s Remi Sales & Engineering Ltd., India) and the supernatant
liquid was decanted. The absorbance of the supernatant was
recorded spectrophotometrically at the An.x of MB 664 nm
and the dye uptake was measured.

2.3.2. Column studies

For the continuous removal of the bulk amount of dye the
fixed bed adsorber method suggested by Johnston (1972) was
used. A slurry of the OMC was prepared (1 g adsorbent in
1000 ml of doubly distilled water) and allowed to stand over-
night. It was then slowly fed into a glass column of 30 cm
height and 0.5 cm internal diameter using glass wool as a sup-

port. In order to prevent air entrapment, distilled water was
run through the glass column before the slurry was added.
Thus, the OMC particles settled slowly in the column by pro-
gressively displacing the water and a fixed bed of adsorbent
was obtained.

Once the uniform fixed bed column was prepared, a solu-
tion of known concentration of dye was gradually fed through
the adsorbent bed. 10 ml aliquots were collected from the exit
of the column and the dye concentration in each sample was
measured spectrophotometrically. The concentration of dye
in the collected samples increased progressively and dye feed-
ing was stopped when it became equal to the concentration
of the dye as initially added.

Retrieval of the adsorbed dye was carried out to test the
reusability of the column after complete exhaustion. Dilute
HCI was used as the eluent and was passed down the column
at a flow rate of 0.5 ml/min. Aliquots were drawn continuously
until the dye concentration in the collected aliquots reached
zero. At this stage all dye was assumed to have been removed
from the column and the desorption procedure was stopped.
To examine the column efficiency, the column was reloaded
with dye of the same concentration and several adsorption—
desorption cycles were carried out.

3. Results and discussion

3.1. Characterization of the OMC adsorbent

Although the carbonaceous material of the OMC itself is
essentially amorphous (since it was calcined at only 400 °C)
(Sakina and Baker, 2019), the mesopore structure is ordered
enough to give X-ray diffraction peaks at small angles, 20.
The SAXRD pattern of the OMC sample in Fig. 1a shows
three clear reflections that can be assigned to the 100, 200
and 210 Miller planes of the pore structure, which consists
of a 2-D hexagonal arrangement of parallel cylindrical pores.
That is, long, parallel pores, or channels, exist in an arrange-
ment which is hexagonal when these are viewed ‘end-on’.
The unit cell dimension, a, of this 2D hexagonal pore structure
can be estimated using trigonometry from the interplanar spac-
ing of the 100 planes, dygg, (from a = dyg9/c0s30°) and dyg was
obtained using Bragg’s Law from the position of the corre-
sponding peak in the SAXRD pattern. The value of a was thus
found to be 13 nm. The N, adsorption and desorption iso-
therms are presented in Fig. 1b and are indicative of Type
IV behaviour in which a sharp capillary condensation step is
seen at relative pressure, 0.4-0.8, and with H1 type hysteresis
indicating that the mesopores are cylindrical. The specific sur-
face area and specific pore volume derived from these data
were 608 m’g ™" and 0.63 cm®g ™!, respectively. The physisorp-
tion isotherm data can also be used to determine the pore size
distribution and this is presented in Fig. 1c. The sharp, well-
defined single peak implies a narrow pore size distribution -
that is, that the pore diameters in this sample are very uniform
- and that they are centred at a value of 7.0 nm. The '*C cross-
polarization magic angle spinning (CP-MAS) NMR spectrum
of the as-prepared OMC material is given in Fig. 2a. Peaks in
the figure are labelled and assigned to the various carbon envi-
ronments shown in the schematic chemical structure of a gen-
eric resol unit which is inset in the figure. There is no evidence
of retention of the F127 surfactant. Fig. 2b shows the FT-IR
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Fig. 1 Physical characterisation of the as-prepared OMC

material: (a) Small angle XRD pattern with Miller indices of
main planes indicated; (b) Nitrogen physisorption isotherm; and
(c) Pore size distribution derived from the physisorption data.

spectrum of the as-prepared OMC material. The bands
between 1300 and 1000 cm ™! are assigned to the in-plane bend-
ing of the aromatic ring C-H bonds and those at 1609 and
1445 cm™" are due to C-C stretching in the aromatic rings.

Bands around 1100 em™' and at 2868 cm™! correspond,
respectively, to the C-O and C-H stretches in the phenolic resin
and a weak, broad band around 3468 cm ™! indicates the pres-
ence of the OH group. The IR and NMR results indicate that
the pore walls of the OMC material would contain aromatic
rings, as well as C-H and C-OH functional groups and ether
linkages.

Fig. 3 presents typical TEM images at increasing magnifica-
tion and confirms the findings of the SAXRD and physisorp-
tion measurements. Fig. 2a shows the presence of long,
parallel cylindrical pores with long-range order. The carbona-
ceous matrix appears dark and the pores themselves are white.
All OMC particles were found to have this structure in TEM.
Individual parallel pores are viewed in more detail at higher
magnification and ‘side-on’ in Fig. 3b. In Fig. 3¢ the hexagonal
arrangement of the pores is very clear when these are viewed
‘end-on’. By performing a Fourier Transform of this image a
Digital Diffraction Pattern (DDP) may be obtained and this
is inset in Fig. 3c. The spots in this DDP are labelled with
the Miller indices of the corresponding planes of the pore
structure. The clarity of this pattern and the sharpness and rel-
ative positions of the spots confirms the highly regular, hexag-
onal arrangement of the mesopores. In the high magnification
image in Fig. 1d the hexagonal arrangement of the mesopores
is again seen along with the amorphous carbonaceous material
forming the pore walls.

3.2. Adsorption studies

3.2.1. Effect of pH of solution

In order to assess the influence of pH on the uptake of dye by
the adsorbent, studies were performed by varying the pH of
the solution from 3 to 10 and results are presented in Fig. 4.
Fig. 4 clearly indicates that from pH 3.0 to 7.0 the percentage
of dye adsorbed increased from 86 to 100% and then a
decrease to 96% was observed at pH 10.0. Since the highest
degree of dye removal was recorded at pH 7, all subsequent
experiments were performed at this pH only.

The point of zero charge (pHpzc) of the adsorbent OMC, as
calculated by the salt addition method, was found to be 6.0.
Thus it can be safely interpreted that in environments with
pH below 6.0 (pHpzc), i.e. in the acidic media, the surface of
the OMC was positively charged (pH < pHpzc) due to which
the extent of adsorption of the cationic dye MB was low. How-
ever, above the pHpzc, in the neutral and mildly alkaline
media, more adsorption was observed due to establishment
of negative charge over the adsorbent surface, increasing
thereby the attraction towards the cationic dye and resulting
into a higher degree of adsorption of MB. A marginal decrease
in adsorption percentage in the more alkaline region (pH 10)
may be due to saturation of the available sites on the OMC,
and thereby repulsion of MB in solution by the already
adsorbed dye molecules. Similar behaviour has also been
observed in earlier studies (Mittal, 2006; Zhong et al., 2020;
Zhu et al., 2020; Wang et al., 2019).

The presence of hydroxyl groups on the surface of the
OMC was confirmed from both FT-IR and *C cross-
polarization magic angle spinning (CP-MAS) NMR spectra
(Fig. 2a & b). MB being a triphenyl thiazine dye can interact
with the OMC in the following three ways: (1) electrostatic
interaction between the resonating positive charge on the
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Fig. 2 13-C MAS NMR (a) and FT-IR (b) spectra of the as-prepared OMC material.

N-atom of MB and the deprotonated hydroxyl group; (2)
hydrogen-bonding interactions, and (3) n-n stacking interac-
tions between the aromatic rings on the OMC (as confirmed
by FT-IR) and that of MB. In neutral and alkaline environ-
ments, the electrostatic attraction might be the dominant
mechanism due to the oppositely charged adsorbate and
adsorbent surface.

3.2.2. Effect of amount of adsorbent

The selection of the appropriate amount of adsorbent for
obtaining maximum adsorption is an important parameter
for the batch studies. For this, the extent of adsorption was
observed whilst increasing the amount of adsorbent material
from 5 to 10 mg in the dye solutions. Dye solutions of the same
initial concentration, pH and volume were placed in six differ-
ent conical flasks and in each flask, a different amount of
OMC was added. It was found that as the quantity of the

adsorbent material was increased, the adsorption of the dye —
that is, the percentage of dye removal from solution - increased
from 82 to 100% (Fig. 5). This increased dye uptake can be
explained as being due to the accessibility of more surface sites
as the amount of the adsorbent particles was increased. Consid-
ering the fact that 10 mg of adsorbent material adsorbs almost
100% of the dye, this amount of adsorbent was used to carry
out all further studies.

3.2.3. Effect of initial dye concentration

Solutions with the concentration of dye between 1 x 10° M
and 1 x 10* M and each containing 10 mg of OMC were
placed in 10 different stoppered conical flasks with other pro-
cess variables fixed (pH = 7.0; contact time = 2 h; agitation
speed = 150 oscillations per minute). Each flask was allowed
to shake for a predetermined time interval using a mechanical
shaker and dye uptake was recorded. The results obtained are
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presented in Fig. 6. Fig. 6 shows that the adsorption of the dye
on the adsorbent increased from 98 to 100% as dye concentra-
tion was increased from 1 x 10 M up to 5 x 10 M and then
slightly decreased to remain almost constant to 10 x 10> M.
Increase in adsorption with increasing dye concentration is
attributed to the increase in the mass driving force between
adsorbent particles and adsorbate molecules. It appears that,
once the available sites are saturated at 5 x 10> M dye concen-
tration, the adsorption of more dye becomes difficult, therefore
a plateau is reached. Thus, an MB concentration of 5 x 10° M
was chosen for use in all other studies.

3.2.4. Effect of contact time

The time required to attain equilibrium in the ongoing adsorp-
tion process was evaluated by shaking the dye — adsorbent
mixture for different time intervals, keeping the pH of the solu-
tion, the amount of adsorbent and the dye concentration fixed.
The results obtained are given in Fig. 7. It was found that on
increasing contact time from 15 min. to 105 min. the adsorp-
tion of dye increases from 93% to almost 100%, that after
105 min., equilibrium appears to be established, and that there
is then no noteworthy increase in the adsorption of the dye
(Fig. 7). Fig. 7 also shows that initially, up to 45 min., the rate
of adsorption is quite high and beyond this time for the next
hour (till 105 min) uptake of the dye is slower. It can be under-
stood that, during the initial period of adsorption, the dye
molecules easily occupy vacant surface sites of the adsorbent
resulting in a faster rate of adsorption. However, as adsorption
progresses, the number of vacant sites on the adsorbent
becomes limiting due to the presence of adsorbate molecules
over its surface and once all sites are occupied, adsorption
stops and the dye uptake attains a constant value.

3.2.5. Adsorption isotherm models

For any adsorption process, the testing of various isothermal
adsorption models is an essential component of the methodol-
ogy as it helps in designing an efficient sorption system. For
the present studies, four models, namely the Langmuir,

Freundlich, Temkin and Dubinin-Radunkevich (D-R) adsorp-
tion models, were selected and tested against the data. The the-
ory and applications of each of these models have been
explained in several books and research publications
(Langmuir, 1918; Adamson and Gast, 1997; Masel, 1996).

The Langmuir adsorption model is based on the hypothesis
that the uptake of the adsorbate takes place on a homogenous
surface by the process of monolayer adsorption, and that there
is no interaction between adsorbate ions. The model can be
mathematically summarised in the following equation:
11 N 1
4. 9o bgeCe
where, q. is the quantity of dye adsorbed (mol.g™"), q, is the
maximum adsorption capacity per unit mass of adsorbent
(mol.g™ 1), b is the energy of adsorption (J.mol™') and C, is
the equilibrium molar concentration of the dye (mol.L™").

Based on Eq. (1), typical Langmuir adsorption isotherm
graphs were plotted for experimental temperatures of 30, 40
and 50 °C and these are presented in Fig. 8. It is clear that,
at each temperature, a linear trend with a regression coefficient
close to a value of unity was obtained. This clearly indicates
that, at each temperature, adsorption of MB over the OMC
followed the Langmuir adsorption isotherm and, therefore,
formation of a monolayer of MB with no interaction between
its molecules can be inferred. The values of the constants b and
g, obtained from the intercepts and slopes of the straight lines
are given in Table 1.

A further analysis of the MB-OMC adsorption system was
made by employing the Freundlich adsorption model, where it
is postulated that the affinities of binding of the adsorbate on
the surface of the adsorbent are affected by the interactions
between the adsorbed molecules. As a consequence, the sites
with the stronger affinities are occupied first. The model helps
in diagnosing non-ideal adsorption on heterogeneous surfaces
as well as multilayer adsorption. The following mathematical

(1)

98
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% Dye removal
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Fig. 7  Effect of Contact Time on the Uptake of Methylene Blue
by OMC at 30 °C (Dye Concentration = 5 x 107 M, pH = 7.0,
Adsorbent Dose = 10 mg/20 ml, Agitation Speed = 150 oscil-
lations per minute).
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Fig. 8 Langmuir Adsorption Isotherm for Methylene Blue
(pH = 7)— OMC (10 mg/20 ml) System at Different Temperatures
(°0O).

expression for the Freundlich adsorption isotherm model was
applied:
logq, = logKp + (%) log C. (2)
Where . and C. denote the equilibrium concentration and
amount adsorbed, respectively, as mentioned above, and Kg
and n represent the Freundlich constants corresponding to
the adsorption capacity and adsorption intensity of the specific
adsorbate — adsorbent system, respectively.

The graphs of log q. against log C, at temperatures of 30,
40 and 50 °C are presented in Fig. 9 and linear plots with high
regression coefficients were obtained. This clarifies that, after
the dye monolayer is homogeneously spread over the adsor-
bent, adsorption of the dye continues resulting in multilayer
formation over the OMC. The values for constants Ki and n

Table 1

Fig. 9 Freundlich Adsorption Isotherm for Methylene Blue
(pH = 7) — OMC (10 mg/20 ml) System at the Temperatures
Indicated (°C).

were determined from the equations of the linear plots and
are given in Table 1.

In order to test for the presence of indirect interactions
between adsorbate species, the Temkin model was also tested.
The linear form of the Temkin isotherm equation is given as:

q. = kiInk, + k1 InC, (3)

where, k; is heat of adsorption and equal to RT/b, R (8.314 J.
K 'mol™") and T (in K) have their conventional meanings, and
k, (g™ Y is the equilibrium binding constant. Graphs of q. ver-
sus InC, were plotted at all three temperatures of interest and
these are shown in Fig. 10. The linear fits to all three lines have
low regression coefficient values. Therefore, the adsorption
cannot be considered to obey the Temkin adsorption isotherm
model. Nevertheless, the values of Temkin constants are pre-
sented in Table 1.

In a further attempt, the DR adsorption model was applied
to the experimental data. This is used to obtain an estimate of

Values of Various Adsorption Isotherm Constants for the uptake of Methylene Blue by OMC at Different Temperatures.

Langmuir Constants

qo (mmol.g’l)

b x 10* (.mol 1)

30 °C 40 °C 50 °C 30 °C 40 °C 50 °C
0.31 0.24 0.21 2.77 4.18 591
Freundlich Constants

n K¢

30 °C 40 °C 50 °C 30 °C 40 °C 50 °C
1.17 1.19 1.15 1.18 1.10 1.86
Temkin Constants

k; (Lmol™ ') x 10°° ky x 10°

30 °C 40 °C 50 °C 30 °C 40 °C 50 °C
4.00 4.00 4.00 2.68 2.68 2.68
D-R Constants

X,n (mmol.g™Y) B x 10°° (mol®> J~2)

30 °C 40 °C 50 °C 30 °C 40 °C 50 °C
7.02 6.65 8.51 6.00 5.00 5.00
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Fig. 10 Temkin Adsorption Isotherm for Methylene Blue
(pH = 7) — OMC (10 mg/20 ml) System at the Temperatures
Indicated (°C).

the porosity of the adsorbent and the free energy of the
adsorption process by use of the relation:

Ing, = InX,, — f€ (4)

where, . is the quantity of dye adsorbed per unit mass of
adsorbent (in mol.g™"), X,, is the maximum adsorption capac-
ity (mol.g™"), B is the activity coefficient (mol>.J~2) linked to
the mean adsorption energy and € is the Polanyi potential,
which is given by:

¢ = RT(I +Ci) (5)

where, R (J.mol 'K~ ") and T (K) have their normal meanings
and C. is the concentration of adsorbate at equilibrium (mol.
L™"). Graphs of In q. versus € were plotted at 30, 40 and
50 °C and slopes and intercepts were obtained from each
straight line (Fig. 11). The values of slope () were further used

e?x 108
7.5 8.5 9.5 10.5 115
9 —
9.5
]
o 10
£
-10.5
-11 ®30degC R2=0.9676
40degC R%?=0.9917
50degC R*=0.9822
-115
Fig. 11  D-R Adsorption Isotherm for Methylene Blue (pH = 7)

— OMC (10 mg/20 ml) System at the Temperatures Indicated (°C).

to calculate mean sorption energy (E = 1/4/-2p). Table 1 pre-
sents all the constants obtained from these straight lines.

Interestingly, the DR adsorption isotherm works as a diag-
nostic tool to distinguish between physisorption and
chemisorption processes. It has been postulated that any
adsorption system with an ‘E’ value estimated as being less
than 8 kJ.mol~' follows physisorption, while an ‘E’ value of
8-16 kJ.mol~! confirms chemisorption to be the governing fac-
tor of the controlling process (Hutson and Yang, 1997). In the
present case, on the basis of the above expressions, values of E
were calculated as 9.1, 10 and 10 kJ.mol " at 30, 40 and 50 °C,
respectively, indicating thereby the involvement of
chemisorption.

3.2.6. Evaluation of thermodynamic parameters

One of the important uses of the Langmuir adsorption iso-
therm model is to calculate various important thermodynamic
parameters. The Langmuir constant, b, refers to energy of
adsorption and can be directly used to evaluate the thermody-
namic variables relating to the adsorption process such as
AG®, AH® and AS° by following the well-known relations
(Adamson and Gast, 1997; Masel, 1996):

AG" = —RTInb (6)
T2 T| b2
AH' = —R(m) x In (b_l) (7)
~ (AH’ - AG")
AS’ = e (8)

where, b, b; and b, are the Langmuir constants (l.mol’l) at
different temperatures (K) and R has its normal meaning (J.-
mol~".K™").

By using Egs. (6), (7) and (8), AG®, AH® and AS° values
were determined and these are presented in Table 2. Negative
values of AG® at all three experimental temperatures indicate
the spontaneity and feasibility of the adsorption process.
Negative values of AH® at all three temperatures show that
the MB — OMC adsorption process is exothermic. The
exothermic nature of the ongoing process can be further veri-
fied by observing the decrease in the amount of MB adsorbed
at equilibrium with increasing temperature. In addition, the
value of AG® decreased with increasing temperature, indicating
a greater driving force for adsorption at lower temperatures
and this fact is further confirmed by the exothermic nature
of the process. The positive values of entropy change, AS°,
reflect an increased degree of disorder during adsorption at
the solution-solid interface and no significant change in the
internal structure of the adsorbent.

Further, as described by Weber and Chakravorti, determin-
ing the separation factor (r) using the expression,

1
"T1E0G,

©)

where b is the Langmuir constant (L.mol™") derived from Eq.
(1) and C, is the initial dye concentration (mol.L™"), the
favourability of the process can be determined (Adamson
and Gast, 1997). Forr > 1, r = 1, and r = 0, the process is
said to be unfavourable, linear or irreversible, respectively.
Thus the condition 0 < r < 1 refers to a favourable process.
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Table 2 Values of Different Thermodynamic Variables for the uptake of Methylene Blue by OMC at the Temperatures Indicated.

Temperature (°C) —AG® (kJ.mol ™) —~AH° (kJ.mol 1) AS° (JK'mol 1) r values
30 25.77 32.39 21.83 0.42
40 27.69 31.79 13.08 0.32
50 29.51 30.77 3.92 0.25

In the present case, values of ‘r’ as given in Table 2 clearly refer
to a favourable process.

3.2.7. Kinetic studies

The purpose of kinetic adsorption studies is to determine the
effect of various experimental parameters on the rate of
adsorption as well as to identify the rate determining step
and to ascertain the adsorption mechanism. In the present
case, the amount of dye adsorbed on the surface of the adsor-
bent was monitored at time intervals of 15 min. The kinetic
data obtained were fitted to both Lagergren’s rate expression
(Eq. (10)) and a pseudo-second order rate expression (Eq.
(11)) (Ho and McKay, 1999a). It was found that the t/q, vs.
time plot at all the three temperatures gave best-fit linear plots
with regression coefficients equal to unity (Fig. 12); confirma-
tion of the pseudo-second order rate kinetics for the MB —
OMC adsorption. The gradient and intercept of the straight
lines obtained gave values of adsorption rate constants of
2.373 x 103, 2.658 x 10° and 3.617 x 10° g.mol'min~' at
30, 40 and 50 °C, respectively. Accordingly, half-lives at 30,
40 and 50 °C were calculated to be 4.212, 3.762 and
2.765 min. This clearly indicates that with rising temperature
the rate constant increased and the half-life of the adsorption
reaction decreased.

(10)

k
log (g, — q,) ZIOg%—me

1
q, kq’ q,

(11)

The kinetic data were further analysed by the intra-particle
diffusion model proposed by Weber and Morris and given by
the following expression:

q, = Kt + C; (12)

where Kjq (mol.g~'.min~'/?) is the intra-particle diffusion con-

stant and C; is the constant whose value is proportional to the
thickness of the boundary layer. As seen in Fig. 13, the non-
linear plots of q, versus t*° at all temperatures did not pass
through the origin, thereby indicating that intra-particle diffu-
sion was not the rate-determining step in the adsorption of MB
onto the OMC (Unuabonah et al., 2007).

3.2.8. Elucidation of mechanism of adsorption

The kinetic data obtained was also used to investigate the rate-
determining step of adsorption of MB on OMC by using a
conventional mathematical approach proposed by Boyd
et al. (1947)) and by Reichenberg (1953). If an adsorption pro-
cess, involving a dye and a porous adsorbent, is minutely
observed then three consecutive stages are possible: (1) diffu-
sion of dye molecules from the solution to the adsorbent sur-
face (termed film diffusion); (2) internal diffusion of dye
molecules within the pores of the adsorbent (known as particle

diffusion); (3) adsorption of dye molecules on the internal sur-
face of the adsorbent. Crank (1956) explained that stage (3)
occurs so fast that it cannot be called a rate-determining step.
Hence, in the adsorption system under study, the rate of the
process would be limited by either the film diffusion or particle
diffusion mechanism and there would only then be three pos-
sibilities: (a) rate of external transport < rate of internal trans-
port (particle diffusion), (b) rate of external transport > rate
of internal transport (film diffusion), or (c) rate of external
transport &~ rate of internal transport. Case (c) refers to the
formation of a liquid film on the solution-solid interface with
a concentration gradient sufficient to prevent the transport
of adsorbate from the solution to the solid surface at a signif-
icant rate.

The sorption dynamics was quantitatively treated using
proper boundary conditions and the following formulae were
proposed by Reichenberg (195):

0,
=2 3
F R (13)

F=1- f; (i)<> (14)

2
n‘—?i = Time constant (15)
(r5)
where, Q, and Q., are quantities adsorbed after time, t,
and after infinite time, respectively, F is the fractional
degree of attainment of equilibrium at time, t, and n is
Freundlich constant, B, is the time constant, D; is the effec-
tive diffusion coefficient within the adsorbent phase (cm?.
s~") and r, radius of the adsorbent particle, which is taken
to be spherical.

To diagnose the film and particle diffusion mechanism, for
each F-value, a B, value was obtained from Reichenberg’s
table (Reichenberg, 1953) and By vs. time is plotted. If linear
plots passing through the origin are obtained, the mechanism
is said to be particle diffusion, otherwise film diffusion is
assigned (Reichenberg, 1953). In the present case, Fig. 14
clearly indicates that the straight lines obtained at each tem-
perature do not pass through the origin hence the film diffu-
sion mechanism was operative.

Furthermore, the slope of the B, vs. time plot gives the val-
ues of the effective diffusion coefficient (D;) of the adsorbate at
different temperatures (Table 3) and these D; values increase
with increasing temperature, indicating the increased mobility
of dye molecules at higher temperatures. The corresponding
graph of In Dj vs. inverse temperature was plotted at all three
temperatures and, by using the following expressions, values of
D,, energy of activation (E,) and entropy change (AS¥) were
evaluated (Table 3):

B, =

D; = Dyel~7) (16)



Efficient batch and fixed-bed sequestration of a basic dye using a novel variant of ordered mesoporous carbon as adsorbent 11

1000000 - 30°C
900000 -
800000 -
700000 -
600000 -
500000 -
400000 -
300000 -
200000 -
100000 -

0 T T T T T T 1
0 15 30 45 60 75 90 105

y=9777.6x + 40271
R2=1

t/q,

1000000 - 40°C

900000 4
200000 4 Y= 9741.2814 ;— 35699
700000 -

600000 - &
500000 - o
400000 -
300000 -
200000 | ¢
100000 -

0 T T T T T T 1
0 15 30 45 60 75 90 105

t/q,
<

3

1000000 ~ 50 °C
900000 -
800000 -
700000 -
600000 -
500000 -
400000 -
300000 -
200000 -
100000 -

0 T T T T T T 1
0 15 30 45 60 75 90 105

y = 9834.1x + 26740
R2=1

t/q,

Fig. 12 Plot of t/q, versus Time (mins) for Methylene Blue
(pH = 7.0) — OMC (Dose = 10 mg/20 ml) System at Different
Temperatures.
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Fig. 14 Plot of B; versus Time for Methylene Blue — OMC
Adsorption at Different Temperatures (°C).

2
Dy = (2‘7221 kT) M (17)

where, D; is the diffusion constant (cmz/s), D, is the maximum
diffusion constant (cm?/s), E, is the activation energy (kJ.-
mol’l), R and T have their conventional meanings, d is the
average separation distance (cm) of two neighbouring sites
on the adsorbent, k is the Boltzmann constant (1.38 x 1072
JSK™Y), and h is Planck’s constant (6.62 x 107>* Jss).

Table 3 confirms that D; increased with increasing temper-
ature. This phenomenon indicates faster diffusion of MB over
the surface of OMC at higher temperatures, which may be due
to an increase in the mobility of the adsorbing ions over the
surface of the OMC. Moreover, with increasing temperature
a gradual decrease in the retarding force, acting on the diffus-
ing ions, may also in turn increase the value of D;.
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Table 3  Effective Diffusion Coefficient (D;), Pre-Exponential Constant (D,), Activation Energy (E,) and Entropy of Activation (AS")

for the Diffusion of Methylene Blue over OMC.

D; (m?/min) Dy (m*/min) E, (J mol™ ) AS* (JK~! mol ™)
30 °C 40 °C 50 °C
2.80 x 107 3.58 x 1072 3.67 x 107 1.0011 4.988 x 107 186.616
5 » e
The low activation energy obtained (4.988 x 107 J.mol™})
. . ) . e 45
indicates the rapid nature of the adsorption, while positive val-
ues of AS* once again confirm increased disorder at the 4
solution-solid interface. =
The results obtained in the mass-transfer studies were fur- > 331
ther verified by applying the mathematical model as proposed w 3
by Ho and McKay (1999a) and Ho and McKay (1999b) and = 5
graphs of time vs log(1-F) were plotted. At all three tempera- : S
tures, straight lines were obtained which once again confirms £ 2
the predominance of film diffusion in the adsorption process. g s
= 1.5
-5
3.2.9. Column studies % 1A
Though the results obtained above undoubtedly explain the © 0.5 1
excellent scavenging capacity of OMC, batch processes have
0 : T T

limited practical applicability and continuous fixed bed col-
umn operations are considered superior. The latter are faster,
easier and are able to remove the majority of the adsorbate
from the solution. During column operation, the concentra-
tion of the adsorbate solution poured into the column remains
constant throughout the process, which gives rise to a larger
concentration gradient at the adsorbate — adsorbent interface
zone. Hence adsorbents exhibit higher exhaustion capacity,
resulting in Dbetter efficiency than in batch operation
(Johnston, 1972).

In the present case, an adsorbent column of 1 g of adsor-
bent was prepared and dye solution of concentration
6.5 x 10* M (45.738 mg of dye) of pH 7.0 was allowed to tra-
vel through the bed at a flow rate of 0.5 ml/min. Aliquots of
10 ml volume of eluted dye were collected and their dye con-
centrations were measured. Once the concentration of dye in
the aliquots reached 6.5 x 10 M, the column was assumed
to be exhausted and operation was stopped.

The graph of exit concentration of the dye solution versus
collected volume of aliquots was plotted and an S-shaped
breakthrough curve was obtained (Fig. 15), which can be used
to find the adsorption capacity of the prepared column in
terms of percentage saturation. In Fig. 15 it can be seen that
the exiting eluted solution showed negligible to very small
dye concentrations till 6 aliquots (60 ml volume collected)
had been taken and after that the dye concentration continu-
ously increased till a plateau was reached at 210 ml of eluent
solution collected. This indicates that the maximum rate of
adsorption of the dye was attained during the initial stages
of operation and that the adsorbent located near the top of
the column is saturated first. Thus, a section of uniformly sat-
urated adsorbent bed - i.e. a primary adsorption zone - is
formed and this migrates down through the entire adsorbent
bed to reach the bottom and after recovering 210 ml the MB
concentration in the exiting solution is equal to that of the feed
solution, indicating exhaustion of the column. The break-
through curve (Fig. 15) was analysed to determine various

0 25 50 75 100 125 150 175 200 225

Volume (ml)

Fig. 15 Breakthrough Curve for Adsorption of Methylene Blue
over OMC in Column Operations.

parameters by using the following equations (Ho and
McKay, 1999b; Michaels, 1952):

Vi
— X 1
=E (18)
Vi -V
ot ts _ (Vx — Vp) (20)
D t—t t+t(f—1) Vy+£f(Vy—Vy)
tf Ms
f=1-t=_ > 21
AN U
D+o(f—1
Percentage saturation = % x 100 (22)

Where, 6 is length (cm) of the primary adsorption zone, t is
total time (min) employed to establish the primary adsorption
zone, t5 is the time (min) taken by the primary adsorption zone
to percolate its length, t; is the time (min) taken for initial
adsorption zone formation, V, is the volume (ml) correspond-
ing to concentration Cy i.e the exhaustion point, Vy, is the vol-
ume (ml) corresponding to the breakthrough point, F,, is the
mass flow rate (ml/min) of the adsorbent, and f is the fractional
capacity of the column.

The column parameters calculated using these expressions
are presented in Tables 4 and 5. It has been observed that,
out of 45.738 mg of eluted MB, 31.477 mg was adsorbed over
the OMC and the remaining 14.261 mg was collected in eluent
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Table 4 Calculations of Methylene Blue - OMC Fixed Bed Adsorber Parameters.

C, Cx Cy V, (mL) Vi (Vx- V) (mL) F, (mg/cm’) D
M) ) (M) (mL) (cm)
6.5 x 10™ 6.5 x 10 2.7 x 10 210 60 150 0.00529 1

Table 5 Values of Parameters of Methylene Blue - OMC Fixed Bed Adsorber.

ty ts (min) t; (min) f o (cm) Percentage Saturation
(min)
39,645 28,318 200 0.9929 0.718 99.49
14 the time needed for the primary adsorption zone to transit
down the length of the column (tz) was 28318 min. The time
12 required for initial formation of the primary adsorption zone
- (tp) was found to be 100 min. On the basis of these parameters,
% 10 | the degree of saturation of the column was determined to be
P 99.49%, which once again testifies to the excellent adsorption
: ] capacity of the OMC in a neutral medium.
=
'g 6 | 3.2.10. Column regeneration and dye recovery
= In order to regenerate the used column and to recover the
2 4 adsorbed MB, dilute HCI with pH 6.0 was passed through
8 the column at a flow rate of 0.5 ml/min. 10 ml aliquots were
5 ] collected and analysed spectrophotometrically. The graph of
collected volume versus dye concentration is presented in
Fig. 16. The graph clearly shows that a total of 150 ml of
0 0 5‘0 160 1204 200 HCI was used to recover 31.4764 (99.999%) of the dye, which,

Volume (ml)

Fig. 16
of OMC.

Desorption of Methylene Blue from Exhausted Column

1 2 3 4 5

Number of Cycles

1

% Dye recovery
53 w - o = ] 3 b3 =3
= = > = =] < = = =

-
=

Fig. 17 Plot of Percentage Dye Recovery versus Number of
Adsorption-Desorption Cycles of MB onto OMC.

aliquots. The time needed to establish the primary adsorption
zone (t,) was calculated and found to be 39646 min., whereas

of course, is close to 100% recovery. The graph also indicates
that, during addition of the first 50 ml of HCl, almost 55% of
the dye was recovered, while 100 ml of HCI gave 93% dye
recovery. This essentially complete dye recovery illustrates
the excellent desorption ability of the adsorbent.

3.2.11. Determination of column efficiency

Efficiency of the column was determined by performing several
cycles of adsorption and desorption. In each cycle, the column
was loaded with the dye solution of the same concentration
and pH (6.5 x 10 M, pH 7.0) and adsorption proceeded till
complete exhaustion. To recover the adsorbed dye, dilute
HCI was eluted through the exhausted column. To assess the
efficiency of the column, a total of five cycles of adsorption
and desorption were carried out. It was found that the dye
recovery decreased only marginally, and 99% of adsorbed
dye could be recovered in the 5th cycle. In the first, second,
third, fourth and fifth cycles the recoveries were found to be
100, 100, 99.8, 99.5 and 99.0%, respectively (Fig. 17). The neg-
ligible amount of unrecovered dye indicates that the OMC
exhibits an excellent adsorption/desorption ability in a neutral
medium and can be safely described as a very robust and rever-
sible adsorbent.

4. Conclusions

A highly ordered mesoporous carbon of high specific surface area and
pore volume was prepared by the polymerization of resorcinol and
formaldehyde. Its chemical composition was elucidated using
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MAS-NMR and FT-IR methods. Unlike other mesoporous carbons,
the OMC thus prepared is free from metal and halide impurities. It
exhibited excellent adsorption/desorption performance, specifically
for the removal of MB dye from aqueous solution. At pH 7.0, 100%
dye adsorption was achieved when 5 x 107> M dye remained in contact
with 10 mg of OMC for 105 min.. The adsorption of MB over the
OMC followed both Langmuir and Freundlich adsorption models.
On the basis of the DR adsorption isotherm it was confirmed that
the ongoing process involves chemisorption. The thermodynamic vari-
ables, AG®, AH® and AS°®, of the adsorption system were calculated at
three different temperatures and found to be in accordance with exist-
ing laws. Adsorption obeyed pseudo-second order rate kinetics and
exhibited values of rate constant of 2.373 x 10°, 2.658 x 10° and
3.617 x 10° gmole'min~! at 30, 40 and 50 °C, respectively. On the
basis of models proposed by Reichenberg as well as Ho and McKay,
the film diffusion mechanism was seen to be operative in the present
case. Bulk removal of the dye was performed in column-based exper-
iments and 99.49% saturation of the column was achieved, while dur-
ing desorption of the exhausted column almost 100% of the dye was
recovered, which demonstrated the excellent adsorption/desorption
capacity of the OMC in a neutral medium. The efficiency of the col-
umn was also monitored by repeated adsorption/desorption cycles
and after the Sth cycle 99% of the adsorbed dye could be recovered.
Thus, it can be safely concluded that OMC is an excellent, highly effi-
cient and robust adsorbent for the dye, MB.
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