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ABSTRACT

A carbon-based honeycomb monolith was prepared using dip-coating method. The carbon-
based monolith was then used to remove a cationic dye (methylene blue [MB]) from aqueous
solution. Surface chemistry studies demonstrated that acidic functionality (0.567 mmolg ")
dominated as compared to basic functionality (0.019 mmol gfl). N, adsorption/desorption
revealed a mesoporous structure. The Brunauer-Emmett-Teller surface area was approxi-
mately 352m”g ' and the mesoporous volume devoted about 67% the total pore volume.
The effects of different parameters (such as initial pH, initial dye concentration, temperature,
and contact time) on MB removal were investigated in batch mode. The maximum adsorp-
tion capacity is around 121.3mgg ' at optimum pH=10. An increase in adsorption capacity
was observed via increasing MB concentration, with equilibration time ranged between 3,200
and 4,000 min. Both the Langmuir and the Redlich-Peterson models were found to describe
well the equilibrium data. Kinetic studies showed better fitting for the pseudo-second-order
model. The intraparticle diffusion model showed multilinearity, indicating two or more steps
were involved to describe the adsorption process. Regeneration studies showed that the

adsorption capacity of the adsorbent was reduced by about 20% after six cycles.
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1. Introduction

Due to increasing of toxic pollutants in the envi-
ronment and demand for natural water, research
activities have focused on the development of new
techniques for pollutant removal from wastewater
[1,2]. Since dyes are recalcitrant organic molecules,
resistant to aerobic digestion, and stable to light and
oxidizing solutions, different techniques were applied
for treatment of dyes solutions [3,4]. Adsorption is
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one of the effective methods for wastewater treatment
as compared to other techniques in terms of initial
cost, flexibility, and simplicity of design [5-11]. Acti-
vated carbon has been traditionally known for dyes
removal in wastewater treatment [12].

Separation and regeneration are major problems of
activated carbon powder [13]. Mesoporous carbonic
materials are well known due to their ability to adsorb
large molecules, thus, much attention was focused on
preparing mesoporous carbons by sol-gel method,
carbonization, and activation of carbon precursors and
template method using surfactants [14,15]. A thin
layer of carbon can be coated on a suitable ceramic
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carrier (cordierite honeycombs), which are themselves
mechanically strong in nature. Honeycomb monolith
is used as a support due to its commercial availability,
low thermal expansion coefficient, low pressure drop,
relatively uniform porosity, easy regeneration, high
mechanical strength, and excellent thermal stability
[16,17]. Carbonic materials can be made from a variety
of materials, including natural source (wood, coconut
shell, etc.) and synthetic source (furfuryl alcohol,
phloroglucinol, resorcinol, furan resin, phenolic resin,
novolac, cellulose, and polysaccharides) [18]. Poly fur-
furyl alcohol, a thermosetting resin, gives high carbon
yield and is therefore, a suitable carbon source for
coating monolithic supports.

Methylene blue (MB) is widely used in dyeing cot-
tons, wool, hair colorant, and paper. It is thus selected
here to investigate the adsorption properties of car-
bon-coated monolith for a cationic dye [19]. Very few
studies on adsorption using mesoporous-activated car-
bon-coated monolith have been reported. In the previ-
ous work, methyl orange (an anionic dye) adsorption
on carbon-coated monolith was carried out at opti-
mum pH=6 [20]. The present work aims to examine
in detail the behavior of carbon-coated monolith as an
adsorbent for the adsorption of MB from aqueous
solution. For adsorption of large molecules, high mes-
oporosity is desired. The effects of contact time, initial
dye concentration, and pH on MB adsorption were
studied on a batch mode.

2. Experimental method
2.1. Preparation and characterization of adsorbent

Cordierite monolith (circular cross-section with
square channel) used was of 400 cells per square inch
with specifications of channel width 1.02+0.02mm,
and wall thickness 0.25+0.02mm. The cordierite
monolith is of 2.5+0.02 mm diameter and 2.5+ 0.02 mm
length. The cordierite monoliths were purchased from
Beihai Haihuang Chemical Packing Co. Ltd, China. The
chemical compositions of monolithic substrate are S5iO,
50.9+1%, Al,O3 35.2+1%, MgO 13.9 +£0.5%, and others
<1%. The mesoporous carbon was synthesized by
polymerization of furfuryl alcohol (99%), polyethylene
glycol (PEG 8000), pyrrole (99%), and nitric acid (65%).
Furfuryl alcohol as a carbon source is polymerized by
using nitric acid (HNOj3) as the catalyst. The polymeri-
zation of furfuryl alcohol produced poly furfuryl
alcohol and water. Polyethylene glycol was added as a
pore former and pyrrole as a binder [21,22].

A vpartially polymerized furfuryl alcohol mixture
was used as dip-coating liquid to obtain a polymer-
coated monolithic support. The polymerization

catalyst (nitric acid) was added stepwise every 5min,
0.25mL each time, into the mixture for 1h while tem-
perature was maintained at approximately 20°C. The
bare monolith was dried in an oven at temperature
120°C. The dried monolith was immersed in the poly-
mer solution for 20min. The excess coating solution
was removed from monolith channel by blowing pres-
surized air. This polymer was converted into carbon
by thermal treatment in an inert atmosphere. The light
brown monolith was heated at temperature 110+2°C
for 24 h. The samples were carbonized at 650°C for 2h
in flowing N, and heating rate of 10°Cmin . Activa-
tion process was performed at 400°C by flowing argon
gas with 5% oxygen for 4 h.

Surface characteristics of adsorbent, including spe-
cific surface area and pore size distribution, were mea-
sured by physical adsorption/desorption of N, gas
using a Sorptomatic V1.03 micropore analyzer. The
Brunauer-Emmett-Teller (BET) method is widely used
for the calculation of the surface area. The sample
(approximately 0.1g) was first outgassed under high
vacuum for 12h at 250°C. The sample was then cooled
to 30°C. The temperature of system was kept constant
by immersing the sample tube in a bath of liquid nitro-
gen (—195.6°C), and subjected to a range of pressures,
to generate adsorption/desorption isotherms. To iden-
tify the surface functional groups, Fourier transform
infrared (FTIR) analysis was carried out. The carbon-
coated monolith was grinded using mortar and pestle
to make fine powder. For FTIR measurement, a small
amount of sample was added to KBr powder. Infrared
spectra were obtained by scanning the prepared sam-
ple with a spectrometer (Perkin 100). Dry air was con-
tinuously purged into the spectrometer to get rid of
water vapor. The sample was scanned in the range of
4,000-400cm ™", A plot of infrared radiation intensity
vs. wave number known as the infrared spectrum was
recorded for samples. Scanning electron microscopy
(SEM) was carried out using an electron microscope
system (LEO 1450VP) for surface morphology analysis
of mesoporous carbon-coated monolith.

2.2. MB adsorption

MB (C.I. 52,015, 319.85gmol !, C;sHgN3CIS, cat-
ionic dye) was used as the pollutant without further
purification. Distillated water was used throughout all
experiments and in the preparation of solution.
A stock solution of MB concentration 1,000 ppm
(pH =3.3) was prepared by dissolving 1g dye powder
in 1L of distillated water (pH ~7). The MB
absorbance wavelength of the residual concentration
was determined by a UV-visible spectrophotometer
(Ultrospec™ 3100p) at Amax=664nm. The batch mode
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adsorption was carried out by immersing one piece of
monolith (amount of carbon 0.7g) in 250mL of dye
solution. The dye solution was continuously stirred in
a shaking bath with a speed of 150rpm at 30°C until
equilibrium was reached.

Kinetic and isotherm experiments were carried out
with initial MB concentration in the range from 50 to
480 ppm. The residual concentration of dye solution
was measured immediately to reduce errors due to
dye adsorption onto glassware. Samples of 0.1 mL dye
solution were drawn at time interval 5min for 60 min
and after that every 60 min until equilibrium. Experi-
ments were carried out twice, and the values were
reported with average error (+3%). The amount of
pollutant adsorbed at any time, g; (mgg "), was calcu-
lated by Eq. (1):

(Co—C)V

g= 1)

where Cy and C, (mgL™") are the concentrations of
dye at initial time (t=0) and at any time (), respec-
tively, V is the volume of the solution (L) and m is the
mass of carbon (g).

2.3. Determination of optimum pH, point zero charge and
surface chemistry

The effect of solution pH on the removal of MB
was investigated by varying pH from 2 to 10, with ini-
tial concentration of 100 ppm. The adsorption was per-
formed at room temperature. The pH was adjusted
using HCI (0.5N) and NaOH (0.5N). The study was
carried out by immersing one piece of monolith
(amount of carbon ~0.7g) in 250mL of dye solution,
stirred in a shaker at 150 rpm and the final concentra-
tion was recorded after 48h. The adsorption capacity
was calculated to determine the optimum pH.

The pH of zero point charge (pHp,.) of carbon-
coated monolith was determined by the solid addition
procedure [23]. The net charge of surface is zero on the
adsorbent surface at pHp,.. Therefore, no activation of
acidic or basic functional groups is detected on the
solution pH. Carbon-coated monolith (0.7g carbon)
was added to nine flasks with an individual pH (2-10),
including 100mL solution KNO; (0.01N). The initial
pH of solutions was adjusted by adding KOH (0.5N)
and HNOj; (0.5N) solutions. Each flask was immedi-
ately sealed with parafilm and shaken thoroughly at
30°C for 48 h. The amount of charge on carbon-coated
monolith was calculated by ApH (the difference
between the initial pH and the final pH). The intersec-
tion of the obtained curve with pHj axis indicated the
pHp.. value. To confirm the point of pHp,., the experi-

ments were repeated by NaCl (0.01N) with pH
adjusted using NaOH (0.5N) and HCI (0.5N).

The amount of surface acidic and basic functional
groups was determined using the Boehm titration
method [24]. The carbon samples were immersed into
50mL HCl (0.1N), NaHCO; (0.1N), Na,CO; (0.1N),
and NaOH (0.1 N) solutions and were shaken for 72 h.
The suspension was then centrifuged at 5,000 rpm for
5min. Each solution (10mL) was pipetted and the
excess of base was titrated with HCl (0.1 N). The sur-
face basic sites were calculated from the amount of
HCI that was reacted with the carbon.

2.4. Regeneration studies

Desorption was carried out in batch mode. The
carbon coated monolith (CCM) (0.7g) was initially
saturated with MB solution of 250mL with initial
concentration 400 ppm. After equilibration, the unad-
sorbed traces of MB were removed via washing several
times the adsorbent with distilled water. The desorp-
tion process was carried out using HCI solution of
0.5M. The CCM was then washed with distilled water
to remove excessive acidity. After that the CCM was
again utilized to treat MB solution. This procedure con-
tinued for several cycles.

3. Results and discussion
3.1. Characterization of adsorbents

The surface area and the pore volume were deter-
mined using N, adsorption/desorption isotherms. The
total surface area and the volume of micropores were
calculated by BET equation and t-plot in the relative
pressure P/P°=0.995. N, adsorption/desorption iso-
therm of carbon-coated monolith at 77K gives a type
IV isotherm according to the IUPAC classification,
indicating a mesoporous system. The textural parame-
ters are summarized in Table 1.

The mesoporous volume can be calculated by tak-
ing the difference of total volume and micropore vol-
ume. The BET analysis revealed that around 82% of
the total surface area is mesoporous, while 67% of the
total pore volume is in the mesoporous range. The
pore size distribution curve is shown in Fig. 1. Surface
morphology, closely related to apparent porosity of
mesoporous carbon coated is revealed in Fig. 2. The
image of a carbon-coated monolith taken at a magnifi-
cation of 20.0kX shows highly dense and irregular
surface. These irregular pores were resulted from the
decomposition of PEG in the mesoporous carbon prior
to carbonization process. Fig. 3 shows SEM image of
bare monolith, demonstrating a smooth surface.
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Table 1
Textural parameters and active sites of carbon-coated
monolith

Parameter Value
BET area (m”*g ™) 352
Mesopoures area (m”*g ™) 288
Micropore (m*g ") 64
Total pore volume (cm®g ™) 0.25
Mesopore volume (cm®g ") 0.17
Micropore volume (cm®g ™) 0.08
Carboxylic (mmolg ") 0.159
Lactonic (mmolg ") 0.008
Phenolic (mmolg ) 0.400
Acidity (mmolg™") 0.567
Basicity (mmolg ") 0.019
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Fig. 1. Pore size distribution curve of carbon-coated
monolith.
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Fig. 2. SEM image of carbon-coated monolith.

Infrared spectrum of the adsorbent was recorded
for two cases (before adsorption and after adsorption)
in the range of 4,000-400cm ' as presented in Fig. 4.
Band assignments for the spectrum of carbon-coated
monolith indicate that the carbonized carbon contains
a number of atomic groups and structures such as
OH, CH,, C=0, C-0O-C, and so on. The most signifi-
cant bands in the spectra of carbon-coated monoliths
are those at range from 1,100 to 3,400. An overlapping
of bands revealed between 800 and 1,200. A wide
band at 3,420cm ' can be ascribed to the presence of
hydroxyl groups (OH stretch) due to carboxylic, phe-
nolic, and the traces of water (not fully removed) in
the KBr pellet. The absorption bands at 2,922cm ™" is
assigned to hydrogen bonded to aliphatic carbon
(ACH,). A band at 1,620cm ™! is related with C=C
stretching bond into aromatic rings. The band
1,178 cm ™' can be described to the stretching vibration
of the C-O bond related with C-O-H alcohols and C-
O-C ether structures [25]. The spectrum of carbon-
coated monolith shows the bands associated with cor-
dierite structure such as Si-O, Mg-O, and Al-O are in
the low wave number [26,27].

The changes in the FTIR of carbon-coated monolith
were revealed by the elimination of oxygen and
hydrogen atoms and the formation of new carbon—car-
bon bonds. Carbon of adsorbent is bonded with
hydrogen atoms as attributed to vibration in alkanes
and alkyl groups at 2,280cm™'. A band was observed
at 1,620cm™ ' before adsorption. After adsorption of
MB onto carbon coated monolith, the band at
1,620cm ™" almost disappeared. This type of band is
characterized for carbonaceous materials that were
assigned to quinine-type carbonyl oxygen conjugated
with the carbon basal plane present on carbon-coated
monolith. The peaks between 1,550 and 1,680 cm !
also suggested the quinine-type carbonyl. Quinine-

HITAZHI A8 0k 1300 x35 SE 14212011

Fig. 3. SEM image of bare monolith.
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Fig. 4. FTIR patterns of carbon-coated monolith in the range of 4,000-400cm ' for (a) before adsorption, (b) after MB
adsorption (temperature =30°C, agitation speed =150 rpm, and Cy =480 ppm).

type carbonyl and phenol groups provide the active
sites for MB adsorption via electrostatic interaction.
The OH band completely disappears due to MB
adsorption. It is most likely that the hydrogen in OH
group is involved in the formation of surface complex
with intramolecular hydrogen bonding [25].

The surface chemical property of adsorbent was
characterized by the Boehm’s method. The amount of
active sites was calculated based on some assumptions.
The NaOH solution neutralizes carboxyl, lactone, and
phenolic groups, Na,COj; neutralizes carboxyl and lac-
tone, NaHCO; neutralizes carboxyl groups, and HCl
neutralizes all basic groups. The surface functional
groups (active sites) analyzed by the Boehm titration
are summarized in Table 1. The amount of acidic sites
(0.567mmolg ') is greater than that of basic sites

(0.019 mmol g '), suggesting that the majority of func-
tional groups on the adsorbent surface are acidic.

3.2. Effect of pH

The pH of dye solution is one of the important fac-
tors controlling the adsorption process. The lowest
adsorption was found to be at pH=2. The maximum
adsorption was obtained at pH=10, illustrated in
Fig. 5. Similar results of the pH effect were observed
on MB adsorption [28]. Since MB is a cationic dye that
it can be ionized in aqueous solution, it shows a posi-
tively charge chromophore. The electrostatic repulsion
is caused by the positively charged surface sites on
the adsorbent and the MB cations (MB™) at lower pH.
Thereby, the adsorption efficiency is relatively low
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Fig. 5. Effect of pH (Cy=100 ppm) and point of zero charge
(pHpzo) of carbon-coated monolith using KNO; (0.01N)
and NaCl (0.01N) at 30°C, agitation speed =150 rpm.

due to repulsion forces. At higher pH, the positively
charge MB species and the negatively charged sites of
adsorbent resulted in increasing attraction forces,
thereby increasing the MB removal. The pH,,. value
was determined by the plotted curve. The point of
intersection of the resulting curve with abscissa, at
which pH=0, gave the pHy,. as shown in Fig. 5. The
pHp.c was found to be 4.86, lower than the optimum
pH=10. Cation adsorption is favored at pH higher
than the pHp,., while anion adsorption is enhanced at
pH less than pH,,. [29].

3.3. Effect of contact time and initial concentration

Fig. 6 illustrates the adsorption of MB using differ-
ent initial concentration 50, 80, 110, 140, 200, 300, 400,
and 480 ppm at room temperature. The dye solution
pH was kept constant at 10 by adding NaOH (0.5N)
during the experiments. Carbon-coated monolith
shows moderate ability to absorb MB from the aque-
ous solution. The adsorption kinetic was determined
by analyzing the adsorptive uptake of MB aqueous
solution at the different time intervals 5min for 1h
and intervals 60 min for 5h. Due to the availability of
active sites, the adsorption was high during the initial
period of the process. The adsorption process reached
gradually to equilibrium with the decrease in adsorp-
tion sites due to occupation of MB with time. The per-
centage removal of MB decreased from 99.26 to
70.02% with an increase in initial dye concentration
from 50 to 480 ppm. As the surface area of adsorptive
sites is fixed, a high concentration of MB solution
yielded lower efficiency of adsorption.

The BET surface area of adsorbents is an important
factor in determining the adsorption capacities of the
adsorbents while pore structures show an effective

120

——50ppm —=—80ppm ——110ppm —e—140ppm
—#—200 ppm ——300ppm —+—400ppm ——480ppm

q: (mg.g?)
2

¢ o p O

1] 1000 2000 3000 4000
time(min)
Fig. 6. Effect of contact time at various initial

concentrations of MB on carbon-coated monolith, at 30°C,
agitation speed =150 rpm, and pH=10.

role in determining the adsorption capacity than the
BET surface area. The adsorption on carbon-coated
monolith may proceed through the steps, including
diffusion from the bulk phase to the interior of the
mesoporous and then to the micropores. With the
presence of mesoporous, the path length of microp-
ores for molecule migration into the carbon interior
will be shortened, leading to an improved molecule
transport. Indeed, mesoporous facilitate the access of
adsorbate to the interior micropores.

3.4. Adsorption isotherm

The equilibrium isotherm theories describe the nat-
ure of coverage of adsorbate over an adsorbent sur-
face and adsorbate-adsorbent interaction. Langmuir
[30], Freundlich [31], Redlich-Peterson [31], and
Dubinin-Radushkevich [32] isotherm models were
used to study equilibrium data as shown in Table 2.

The isotherm parameters were calculated using the
solver add-in with Microsoft’s spreadsheet by minimiz-
ing the values of error function (the sums of squares
error), and are listed in Table 2. The value of sums of
squares error (SSE) was calculated as following:

SSE = /(3 (deat = Gexp)")/N @

The experimental data of equilibrium adsorption
were compared to the isotherm models as shown in
Fig. 7.

Obviously, the Redlich-Peterson model indicated
the best fit of experimental data on the basis of the
lowest value of SSE. However, the Langmuir model
was also found to describe very well the experimental
data. The essential characteristics of the Langmuir
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equation can be expressed as a dimensionless factor
namely Ry, as follows:

1

R ——
L1 kG

(3)

The value of Ry, indicates that the type of isotherm
to be irreversible (Ry =0), favorable (0 <R <1), linear
(R.=1), and unfavorable (R; >1) [33]. The values of
Ry are found to be in the range of 0.92-0.031, thus
represent favorable adsorption. The Ry values were
found to decrease as the concentration increase, indi-
cating adsorption was more favorable to the lower
concentrations. Table 3 show a comparison of the
maximum monolayer absorption amount of MB on
some adsorbents reported in the literature. Carbon-
coated monolith prepared in this work has a moderate
adsorption capacity of 121.3mgg . As a control, the
bare monolith was found to have a very low adsorp-
tion capacity for MB (0.15mgg ™).

3.5. Kinetic studies

Selection of kinetic models depends on the nature
of adsorbent, adsorption mechanism, and type of sys-
tem. The pseudo-first-order model [35], pseudo-
second-order model [36], Elovich [37], and intraparti-
cle diffusion [38] were separately fitted to the experi-
mental data. The linearized forms of the kinetic
models are given in Table 4.

The plots of log(qe — g¢) vs. t and t/q; vs. t are pre-
sented in Figs. 8 and 9. The parameters o (adsorption
rate) and f (desorption rate) are derived from the
plots of g; vs. In(t). The adsorption rate was found to

150 -
Y
-';.9 ® qlexp)
g ------- g{Lang)
";_5 — .. — qg(Fren)
alRP)
——=q(DR)
150

Co(mgL?)

Fig. 7. Adsorption isotherm fitting to various models
(temperature =30°C, agitation speed = 150 rpm, and pH =10).

increase with increasing the initial concentration
whereas the desorption rates was found to decrease
with increasing the initial concentration.

Table 4 presented the coefficients of the pseudo-
first-order, second-order and Elovich models. The
adsorption kinetics of MB for different initial concen-
trations were found to obey the pseudo-second-order
kinetics, with high values of the correlation coefficient,
r? (>0.98). In addition, the pseudo-second-order model
showed ge ca values closer to geexp. From Table 4, it is
found that the rate constant, k,, decreased from
1x107° to 4.8x 10 °min~" for initial concentrations
of MB ranging from 50 to 480 ppm. The driving force
of diffusion is important for adsorption processes. The
driving force changes with the dye concentration in
bulk solution. An increase in the initial concentration
provides an increase in the driving force to overcome
all mass transfer resistances of the MB between the

Table 2
Isotherm models and the derived parameters of the models
Isotherms Equation

i gmkLCe
Langmuir e = %
Freundlich e = kFCé/ n
Redlich-Peterson e = mkrpCe

€ 7 1+kgpCh

Dubinin-Radushkevich

ge = gm exp(—kpr(RT In(1

Parameters Value

Im (mgg™") 120.6

kp (Lmg™") 0.219

SSE 3.977

ke (mgg N(Lmg H'” 35.68

1/n 0.260

SSE 8.938

Gm (mgg ") 84.36

kgp (Lg™") 0.401

y 0.923

SSE 2.716

+ CL))Z) Gm (mgg ™" 71.91
¢ kpgr (molkJ™2) 0.0001
SSE 29.47
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Table 3
Adsorption capacities of various adsorbents
Adsorbent pH T (°C) Maximum adsorption capacity (mgg™")
Oil palm shell [34] 6.5 30 243.9
Meranti sawdust [28] 9 30 158.7
Bamboo dust [34] 7.2 30 143.2
Cedar sawdust [34] - 20 142.3
Spent activated clay [28] 9.5 45 127.3
Carbon nanotube [20] 7 25 64.4
Luffa cylindria fibers [28] - 30 49.9
Coir pith carbon [28] 6.9 35 5.87
This work 10 30 121.3

aqueous solution and carbon-coated monolith. The k,
values indicated that the rate of adsorption was
slower at higher initial MB concentration.

The rate-limiting step of the adsorption process
was identified by using the intraparticle diffusion
model. Fig. 10 presented the plot g; vs. t'/? for differ-
ent initial MB concentrations. The parameters were

Table 4
Parameters of kinetic models for MB adsorption onto CCM

summarized in Table 4. The plots presented multilin-
earity, indicating two or more steps occurred in the
process. The flat part of plots demonstrates the grad-
ual reduction of intraparticle diffusion due to equilib-
rium stage. Values of intercept give an idea about the
thickness of boundary layer. The larger I value dem-
onstrated a larger boundary-layer diffusion effect. The

Pseudo-first-order
log(ge — gi) = log ge — 3455
log(ge — q¢) vs. t

Co (PPmM)  fexp (mgg™) ki x107* (min™")  feca (mgg™
50 17.72 64.48 24.37
80 28.11 55.27 43.45
110 38.5 69.09 94 .4
140 48.88 18.42 33.43
200 69.17 6.91 46.39
300 97.69 4.61 67.22
400 113.97 24 70.94
480 121.29 2.3 71.54

Elovich

qe = %ln(aﬁ) +%(t)

gr vs. In(t)
Co (PPM)  fexp (mgg™") 2 (mgg 'min"") S (gmg )
50 17.72 3.37 0.237
80 28.11 5.34 0.161
110 38.5 6.96 0.127
140 48.88 7.74 0.116
200 69.17 9.39 0.097
300 97.69 9.44 0.096
400 113.97 11.73 0.079
480 121.29 14.05 0.067

b)

Pseudo-second-order
t 1

a kg +ﬂie

Vst
? kyx107° (mgg 'min™")  geca (mgg ) 72
0.726 100 17.98 0.999
0781 31 29.15 0.999
0.738 30 39.37 0.999
0.728 15 50.25 0.999
0.925 7.38 67.56 0.994
0.933 4.13 90.9 0.980
0.877 4.52 101.01 0.982
0.882 4.84 109.89 0.987

Intra-particle diffusion

qt = k[tl/z + 1

g vs. /2
7 ki (mg g~ min~'/?) I(mgg™") ?
0.953  0.848 1.60 0.726
0.933  0.937 2.29 0.781
0.965 1.483 3.26 0.738
0.970  1.606 5.06 0.728
0976  1.658 12.69 0.925
0944 1714 15.38 0.933
0.935 1.943 21.96 0.877
0.953 2.457 24.27 0.882
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Fig. 8. Pseudo-first-order kinetics plot for the adsorption of
MB at various concentrations onto carbon-coated monolith
(temperature =30°C, agitation speed = 150 rpm, and pH =10).
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Fig. 9. Pseudo-second-order kinetics plot for the adsorption
of MB at various concentrations onto carbon-coated monolith
(temperature =30 °C, agitation speed =150 rpm, and pH =10).
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Fig. 10. Kinetic of MB adsorption at various concentrations
using intraparticle diffusion model (temperature=307C,
agitation speed =150 rpm, and pH =10).
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intercept value of plots increased (1.59-24.26mgg ")
with an increase in the initial concentration, indicating
that high concentrations promoted the boundary layer
diffusion effect.

3.6. Effect of temperature

The effect of temperature on the MB adsorption
was investigated in the range of 30-50°C. The results
show the amount of MB adsorbed increased from
1212 to 139.5mgg ' when temperature increased
from 30 to 50°C. The free energy of adsorption, AGy, is
determined using the equilibrium constant K (= gukr)
values [39]:
AGy = —RTInK (4)

The magnitude of AH, and AS, may be deter-
mined using the relationship as given in Eq. (5):

_ASy AH,
InK = R RT (5)

The plot of InK vs. 1/T is a straight line (Fig. 11),
in which thermodynamic parameters AH, and AS are
obtained from the slope and intercept of the plot,
respectively. The parameters are listed in Table 5. The
negative values of AG, at 30-50°C indicated that the

VT(K")
0.003 0.0032 0.0034
-1.4 T
*
S 148
*
*
-1.56

Fig. 11. Plot of InK vs. 1/T of MB adsorption onto carbon-

coated monolith at various temperature (agitation
speed =150 rpm, and pH=10).

Table 5

Thermodynamic parameters for MB adsorption
Temperature AG, K]/ AH, (J/ ASo (/

(K) mol) mol) mol)

303 —3.823

313 —3.887 4,299 15

323 —3.789
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Fig. 12. Regeneration studies of CCM.

adsorption process was spontaneous. The positive val-
ues of AS, suggest the increased randomness at the
solid /solution interface during the adsorption [40]. In
the present study, the value of adsorption enthalpy
change is less than 40kJmol ' suggesting physical
adsorption [41].

3.7. Regeneration studies

To study the reusability of carbon-coated monolith
regeneration studies was carried out by batch process.
Adsorption and desorption were repeated for six
cycles and the results are shown in Fig. 12. The
adsorption capacity of the monolith was found to
reduce by about 20% after six cycles showing that the
CCM can be reused without much loss in perfor-
mance.

4. Conclusion

This paper presented the equilibrium study on the
adsorption of MB onto carbon-coated monolith. Car-
bon-coated monolith showed high-surface area with
majority pores in the mesopouros size. The FTIR
result revealed a number of atomic groups that the
majority of active sites are acidic. Hydroxyl and car-
boxyl groups are active site (acidic) in order to facili-
tate proton transfer. The honeycomb cordierite-based
mesoporous carbons have mesopore texture with a
wide pore size distribution having an average pore
size of 4.0nm. The wide pore size distribution is bene-
ficial for the diffusion and adsorption of dyes of large
molecule size, thus enhancing the adsorption effi-
ciency of dye. The experiments data of MB adsorption
are tested using two and three parameters isotherm
models. Both Langmuir and Redlich-Peterson models
describe well the equilibrium data. The pseudo-sec-
ond-order model provided the best fitting of kinetic

data. The adsorption capacity of 121.3mgg ™' shows
that carbon-coated monolith can be considered as a
promising material for MB removal. The adsorption
capacity of the monolith was found to reduce by
about 20% after six cycles.
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Symbols

adsorption rate of Elovich, mgg ™' min ™"

B — desorption rate of Elovich, gmg ™"

y — Redlich-Peterson isotherm constant

Co — Initial concentrations of dye solution, mgL ™"

C, — concentrations of dye solution at time t, mg Lt

Ce — concentrations of dye solution at equilibrium
time, mg Lt

I — thickness of the boundary layer, mgg ™"

ki — constant rate of intraparticle diffusion,
mg g’l min*?

kq — pseudo-first-order rate constant, min "}

k> — pseudo-second-order rate constant,
mg gf1 min~?

kg — Freundlich adsorbent capacity, mg gf1
(L m g)71 /n

k., ~— Langmuir constant, Lmg '

kbr — equilibrium constant of Dubinin—-Radushkevich
model, mol? k]’2

krp — constant rate of Redlich-Peterson, L g_1

m — mass of adsorbent added to the solution, g

n — the reciprocal of reaction order

qr — adsorption capacity at time ¢, mg g’l

Je — adsorption capacity at equilibrium conditions,
mgg™

dm — maximum adsorption capacity, mg g{1

Ry, — dimensionless group

R — gas constant

t — time, min

T — temperature, ‘C

\% — volume of the dye solution, L

AGy — Gibb’s free energy of adsorption, k] mol

AHy — enthalpy of adsorption, Jmol !

AS; — entropy of adsorption, Jmol ™'
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