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Mesoporous carbon was synthesized for the remdval @ationic dye malachite green (MG) from aquesakition. The
studies were carried out under various experimemtadliitions such as contact time, dye concentratidsorption dose and pH to
assess the potentiality of mesoporous carbon ®removal of malachite green dye from wastewatke Jorption equilibrium
was reached within 30 min. In order to determire adsorption capacity, the sorption data were apdlysing linear form of
Langmuir and Freundlich equation. Langmuir equatsbowed higher conformity than Freundlich equatidtore than 99%
removal of MG was reached at the optimum pH valug&®. From kinetic experiments, it was concludeal the sorption process
followed the pseudo-first-order kinetic model. Thisidy. showed that mesoporous carbon can be recodedeas an excellent
adsorbent at high pH values.
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INTRODUCTION
N(CHa),

The wastewater coming out from the textile indestr
causes major hazards to the environment due tprésence
of a large number ‘of contaminants like acids, basedc
organic and inorganic compounds, dissolved solisalors.
Dyes removal from ‘wastewater is the main problem
encountered in textile industry. Most of the dyewsluding c—— N'(CHy),
malachite green, are toxic and must be removed rbefo
discharge into receiving streams. Malachite gréé&)is an
N-methylated diaminotriphenylmethane dye (Fig. 1). Fig. 1. Chemical structure of malachite green.

MG is one such dye used extensively in textileustdy for
dyeing silk, leather, cotton, wool and jute. It &so
extensively used as a bactericide, fungicide amasiticide in ~ mammalian cells and causes kidney tumors in micé an
aquaculture industries worldwide. MG ighly toxic to  reproductive problems in rabbit and fish [1]. Varsoattempts

have been made for its removal from the wastewdteese

*Corresponding author. E-mail: anbia@iust.ac.ir include photo-degradation [2,3], photo-catalyticgdelation
[4-6] and adsorption.
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Among the various treatment methods, adsorptidotisd
to be the versatile process and gives best resultthe
treatment of the colored dyestuff effluents. Modt the
investigations are based on commercial activateddocaand
activated carbon derived from various sources, dutitvated
carbons prepared by activation of biomass are foneddgally
microporous [7], which limits their adsorption cafg of
dyes since dyes are bulky molecules with sizesvef & nm
[8-10]. Therefore, carbons with mesoporous stresuare
advantageous.

In 1992, the discovery of the ordered mesoporoaterial

deionized water for synthesis of mesoporous s{lit@M-48);

sucrose as the carbon source and sulfuric acidcatadyst for
synthesis of mesoporous carbon. All chemicals \aegdytical
grade from Merck.

Synthesis of M esopor ous Silica (M CM -48)

MCM-48 was prepared according to the synthesis
procedure described by Yaofeng Shao [20]. In aasgntative
synthesis, the: MCM-48 molecular sieve was prepaasd
follows: 10 ml of tetraethyl orthosilicate (TEOS)s mixed
with 50 ml of deionized water, and the mixture wagrously

MCM-41 opened up a new research field in mesoporoustirredfor 40 min at 308 K. Afterwards, 0.9 g ocd®H and

materials that were highly desirable for applicatidn
processes that involve large molecules [11-14]. Aimys,
mesoporous carbon materials with ordered poretstreichigh
pore volume, high specific surface area, and tunagre
diameters can be prepared using the hard templatboih
[15].
properties, mesoporous carbon provides marked &alyes
over typical activated carbon in the adsorption diftlsion
process [16]. Recently, the adsorption of bulkylytahts
using mesoporous carbon was reported [17-19]. Wil
above materials have remarkable textural charatigsj with
the best of our knowledge, no study of malachiteegr
adsorption on ordered mesoporous carbon materéeben
reported until now.

In this work we report the adsorption of MG on ened
mesoporous carbon (OMC), and the results are cadpaith
mesoporous silica (MCM-48) and other adsorbentgeldeer,
the effect of the pH, contact time and initial centration on

0.19 g of NaF were added into the mixture, respelti After
another 60 .min of vigorously stirring, 10.61 g of
cetyltrimethylammonium bromide (CTAB) was addedthe
mixture, and stirring continued for 60 min. The ke was
heated for 24 h at 393 K in an autoclave undericstat

Due to its open pore structure and mesoporousonditions, and the resulting product was filtengdshed with

distilled water and dried at 373 K. The as-synthedisamples
were then calcined in air for 4 h at 823 K, inciegsthe
temperature to 823 K at 1 °C rilinf the heating rate

Synthesis of Ordered M esoporous Carbon (OMC)

OMC was prepared according to the synthesis proeed
described by Riong Ryoo [21]. In a representatiytteesis,
the OMC molecular sieve was prepared as follow25 Ig
sucrose and 0.14 g,BO, were dissolved in 5.0 gJ&, and
the solution was added to 1 g MCM-48. The resultaixture
was dried in an oven at 373 K, and subsequentby,otien
temperature was increased to 433 K. The mixture veased

the amount of MG adsorption on mesoporous carbomt this temperature for 6 h and then the resulhtigM-48

adsorbent is also reported. It was found that OM@s fairly
good adsorption for MG. Freundlich and Langmuircagson
isotherms were used to model the equilibrium adsmrplata
for MG.

EXPERIMENTAL
Materials

The reactants used in this study were malachiezrgr
tetraethyl orthosilicate (TEOS) as a silica

silica containing the partially carbonizing orgamasses was
added to an aqueous solution consisting of 0.7%i@ose,
0.08 g HSO, and 5.0 g KO. The resultant mixture was dried
again at 373 K, and subsequently the oven temperatas
increased to 433 K. The color of the sample turttedery
dark brown or nearly black. This powder sample heated to
1173 K under vacuum using a fused quartz reactoippgd
with a fritted disk. The carbon-silica compositegiobtained
was washed with 1 M NaOH solution of 50% ethand@¥%5

sourceH,0 twice at 363 K, in order to dissolve the silieanplate

cetyltrimethylammonium bromide (CTAB) as a surfatfa completely. After the silica removal, the obtainedrbon

sodium hydroxide (NaOH), sodium fluorid®&aF), and
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Characterization
The X-ray powder diffraction patterns were recarde a
Philips 1830 diffractometer using CuaKradiation. The
diffractograms were recorded in th@ range of 1-10 with a2
step size of 0.0’and a step time of 1 s.
Adsorption-desorption isotherms of

the synthesize

concentrations of MG dye, respectively. V is théuwnee of the
solution in L and W is the weight of the adsorbesed in g.

Adsorption Kineticsof MG
For the measurement of time resolved uptake of W@

dhe mesoporous carbon, 5 mg of carbon was intratiinte a

samples were measured at 77 K on micromeritics modélaSk containing 25 ml of MG solution with an it

ASAP 2010 sorptometer to determine an average po

diameter. Pore-size distributions were calculated the
Barrett-Joyner-Halenda (BJH) method [22], whileface area

of the sample was measured by Brunaure-Emmet-Telle

(BET) method. SEM images were obtained with JEQQG-
SEM.

Batch Adsorption Equilibrium Experiments

Batch adsorption experiments were conducted irerotal
evaluate the effects of the pH of the solution,ogldent dose
and MG initial concentration. In each batch, thetome of 25
ml dye solution of known pH and concentration, arikkhown
amount of mesoporous carbon was taken in 50 mipstepl
conical flask and mechanically agitated in a watgth shaker
at a constant temperature. After reaching equiliari the
mixture was filtered. The dye filtrate was thenlgmed using

r(éoncentratlon of 50.mg'land stirred continuously at 298 K.

The concentration of residual MG in the solution swa
monitored by the same spectrophotometer and theratitsn
qapacity gwas calculated by applying the following equation:

(-G
4 w

()

where qis the adsorption capacity at time t (m) gnd Gis
the concentration of the MG solution at time t (g

Reproducibility and Accuracy of the Results

All batch isotherm experiments were replicate@¢htimes
and the blanks were run in parallel to establisbhueacy,
reliability and reproducibility. Blanks were rundnorrections
applied, if necessary.

a UV spectrophotometer (UV mini 1240 shimadzu) byRESULTSAND DISCUSSION

measuring the absorbance at a‘wavelength corresmgphal
maximum absorbance, namely,, = 614 nm (experimentally
obtained by us). The effect of the pH of the soluton MG
removal was investigated over a pH range of 3-1te pH

Physical and Chemical Properties of the Adsor bents
The quality of the MCM-48 and mesoporous carbon
prepared in this study was examined by nitrogermrudi®n-

was adjusted using 0.10 ‘M HCI or 0.10 M NaOH aqgseoudesorption analysis, X-ray diffraction (XRD) technes and

solutions.

SEM image. The Nitrogen physisorption is the metlodd

The experiments were also carried out by varyihg t choice to gain knowledge about mesoporous mateffdis
amount of adsorbents (0.001-0.01 g¢/25 ml) and thenethod gives information on the specific surfaceaaand the

concentration of dye solution (10-100 mY).|For adsorption
isotherm, dye solutions of different concentrati¢h3-100 mg
Iy were shaken with a known amount of adsorbenO®d)

till the equilibrium was achieved, and then theideal MG

concentration of the solution was determined. Timewunt of
adsorbed MG per gram OMC at equilibriung,(mg g*), was
obtained by

_ (G -CV
© w

)

where G and G (mg ') are the initial and equilibrium

pore diameter. Calculating pore diameters of mesnm
materials using the BJH method is common.

Figure 2 shows nitrogen adsorption and desorption
isotherms measured at 77 K using a Micromeritic’ARS
2010 automatic analyzer. BET surface areas angdhe size
of the synthesized mesoporous sorbents (MCM-48GM()
were determined employing BJH (Barrett, Joyner,
Halenda) method via the adsorption branches ofstitberms.
The two mesoporous materials yielded a type IVheonh.
The type IV isotherm (IJUPAC classification) is tgal for
mesoporous systems. Table 1 summarizes infgortant
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Fig. 2. Adsorption-desorption isotherms of nitrogen ak7@n
(a) MCM-48 and (b) OMC.

physical properties of mesoporous sorbents. Thiaceiareas
of MCM-48 and OMC samples were 573.1, and 101G
and their average pore size were 46 and 26 A, ctisph).
This result mainly depends on the pore size angeskar the
silica and carbon materials.

In order to check the structural degradation, X&Rida of

MCM-48 and OMC were obtained on. Philips 1830

diffractometer using Cu radiation of wavelength 0.154 nm.

Table 1. Textural Parameters of the MCM-48 and OMC
Employed in this Study

d spacin A \Y
Adsorbent pacing BT s
(nm) (m~g") (cm’g’)
MCM-48 4.6 573.1 0.74
OoMC 2.6 1010.5 0.69
110
211
‘a- 220
k7 (a)
[
2 21
£
220 420 (b)
1 3 5 7
20

Fig. 3. XRD pattern of (a) OMC and (b) MCM-48.

Figure 3 shows the XRD peaks of the samples. Th® XR Adsorption Studies

patterns of MCM-48 showed two characteristic (2hhd
(220) reflections in the@range from 1to 10, indicating a
well-ordered cubic pore “[15]. Like MCM-48, the XRD
patterns of OMC showed three diffraction peaks t@at be
indexed to (110), (210) and (220) in the range from 1to
10°, representing well-ordered cubic pores. The olezbdata
from the original samples of MCM-48 and OMC aregimod
agreement with that previously reported [21].

Scanning electron microscopy images of mesoposiics
(MCM-48) sample are shown in Fig. 4a. The microgsap
clearly revealed that the resulting particles weldenost
perfectly spherical in shape.
microscopy showed that the porous carbon partieésined
the crystal morphologies for the silica templateshewn in
Fig. 4b. However, the template synthesis did ndiofo a
simple replication process for the structure of tiesoporous
silica.
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Effect of contact time and concentration. The adsorbate
concentration and contact time between adsorbertt an
adsorbate species play a significant role in thmoseal of
pollutants from water and wastewater by adsorptaina
particular temperature and pH. A rapid uptake ofiupant
(dye) and establishment of equilibrium in a shoerigd
signifies the efficiency of the adsorbent for itseuin
wastewater treatment.

In order to establish equilibration time for madim
uptake and to know the kinetics of adsorption psscehe
adsorption of malachite green on carbonaceous belsband

The Scanning electromMCM-48 was studied as a function of contact timd sesults

are shown in Fig. 5. It is clear from Fig. 5 thia¢ extent of
adsorption is rapid in the initial stages and beesmslow in
later stages till saturation is attained. Thisbsious from the
fact that a large number of surface sites are avial for
adsorption at the initial stages and after asdapf time, the
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Fig. 5. Effect of contact time on removal of malaclgteen
by adsorbents (a) OMC, (b) MCM-48 50 mg T,
adsorbent dosage = 0.2'gTl = 298 K).
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Fig/ 6. Effect of initial MG concentration on its upta&a
0.2 gl mesoporous carbon adsorbent at 298 K and
different initial concentrations:) (100 ppm, (b) 50

ppm, (c) 30 ppm.

remaining surface sites are difficult to be occdpiecause of
repulsion between the solute molecules of the satid bulk
phases. Figure 5 also indicates that the time redufor
equilibrium adsorption was 30 min. Thus, for alugidprium
adsorption studies, the equilibration period wagst Keh.

The effect of @ on the removal of MG by mesoporous
carbon adsorbent is shown in Fig. 6. From the &gut is
evident that the amount of MG adsorbed per unitsmafs
adsorbent increased with the increase jnlGvas found that
the time of equilibrium as well as time requiredaichieve a
definite fraction of equilibrium adsorption is imEndent of
initial concentration.

Effect of pH on dye adsorption. The experiments were
conducted at 50 mg'linitial dye concentration with 0.005 g
adsorbent mass at 298 K for 60 min equilibrium tikigure 7
shows the effect of pH on the adsorption of MG by
mesoporous carbon. It can be seen that dye adsorptas
unfavorable at pH < 4. The decrease in the adsorpsiith
decrease in pH may be attributed to two reasongHhef the
system decreased, the number of negatively chadsorbent
sites decreased and the number of positively cldasgeface
sites increased, which did not favor the adsorptih
positively charged dye cations due to electrostamulsion.
While, the lower adsorption of MG at acidic pH igedto the
presence of the exces$ ldns competing with dye cations for
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the adsorption sites of mesoporous carbon. It isvknthat pH o 20
can affect the structural stability of MG and caqnsently its E 248 I
color intensity [23]. It may be due to the strualuzhanges of E 246
MG molecules at high pH. Hence, the dye removaldased E 244 r
sharply over a pH range of 8-10. 5 2421
Effect of adsorbent dosage. The effect of adsorbent g' 240
dosage on the adsorptive removal of MG by mesomorou 2 238 : : : : :
carbon is shown in Fig. 8. As it can be seen, guignr of MG 0 2 4 6 8 10 12
increased with increasing the amount of mesopowgaubon pH

and remained almost constant after increasing up dertain

limit. This can be attributed to increased adsorlmnface Fig. 7. Effect.of pH on‘equilibrium uptake of malachitegn
area and availability of more adsorption sites 284, The on mesoporous carbon adsorbent. ComgitiG = 50

optimum dosage was found to be 0.005 g/25 ml, asdile mg I*, adsorbent dosage = 0.279 T = 298 K.
removal was 98.2%.

Kinetic modeling. In present study, the sorption data were
analyzed using two simplest kinetic models; finstl &econd- 100

order models that are explained as follows. —~ 995
The pseudo first-order equation is expressed @272 § 95% i
© . B
3 98}
In(g, - q,) =Inq, -kt ®) § 975}
0 d 97 |
where @ and q are amounts of dye adsorbed (Mm@ @t 96.5
equilibrium and time t (min), respectively, andik the rate 0 0.2 0.4 0.6 0.8 1
constant of pseudo firs-order adsorption (MifThe values of Adsor bent dose (g 1™

log(ge-qy) were calculated from the kinetic data of FigT@e
values of k and @ were calculated. from the slope and
intercept of the plots of logfay) vs. .t for different
concentrations. The resulting values together withrelation

Fig. 8. Effect of adsorbent dosage on the adsorption ofiyG
mesoporous carbon. Conditiong;=G0 mg ", pH =

coefficients are given in Table 2. Also, the cadtad g values 8.5, T=298K.
agree with the experimental data {g). The results indicate .
that the adsorption perfectly:complies with Psefidst-order 8-
reaction. sL
The pseudo second-order kinetic model [28,29] is: Sal

o 12 +(i)t 4) oL (®)

G kG G 1k R’=0.9906
where k is the rate constant of pseudo second-order Oo 5 1|o 1|5 20 2|5 30 3|5 4|0 4|5 50
adsorption (g (mg miff). The g and k values were L oin)
calculated from slope and intercept of thewsqt plots (Fig.  Fig. 9. Pseudo-first order kinetics plots for the remiaf
10), respectively. The (@ values did not agree with malachite green (a) 100 pph) %0 ppm by
calculated ones obtained from the plots. Thesdtseshowed mesoporous carbon. Conditions: adsorbesage =
that the adsorption of MG onto mesoporous cartsomot a 0.2 gl T=298K, pH =8.5.
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Table 2. Pseudo-First Order and Pseudo-Second Order Cas$tarthe Removal of MG by Mesoporous Carbon Adsat

Co Qe exp

(mg 1Y) (mg g% Pseudo-first order constants Pseudo-second order constants

% ca(Myg) ki(@mg' min®) R Ge.ca(Mg GY)  kz (@ Mg' min?) R
50 245 3125 1.88 x 10 0.9959 603.11 0.1315 0.9408
100 485 566 6.33 x 10 0.9906 694.22 0.0734 0.9432

0.4

1
q
o o
N W
L L
—
&
Inge
.b\kca N
T T

o1 | ™ n

0 1 1 1 1
0 20 40 60 80 100

Time (min)

3
(b) 2r
1

InC,

Fig. 10. Pseudo-second order kinetics plots for the remofval Fig. 11. Freundlich Isotherm for adsorption of MG on
malachite green (a) 100 ppm,. (b) 50mpby mesoporous carbon adsorbent¥0.6857x +
mesoporous carbon. Conditions: adsurdosage = 5.4613,%R 0.9815.
0.2¢l1, T=298K, pH =8.5.

pseudo second-order.reaction. Table 2 shows teat/his a
measure of the adsorption intensity [28]. Figurésahd 12
show the fitted equilibrium data in Freundlich drehgmuir 0.01
isotherms. | y=0.0021x + 0.0019
The fitting results,i.e. isotherm parameters and the R?=0.9919
coefficients of determination,’Rare summarized in Table 3.
It can be seen that Langmuir isotherm fits the datder than
Freundlich isotherm. This is also confirmed by kingh value
of R? in case of Langmuir (0.9919) compared to Freuhdlic
(0.9815) and this indicates that the adsorptionM& on 0
mesoporous carbon takes place as mono-layer aitsont a 0 1 2 3 4
surface that is homogeneous in adsorption affinifje Ce
mesoporous carbon adsorbent used in this work had a
relatively large adsorption capacity (476ng ¢*). This

©c o o
o o o
S © o
N R O
1 ) )

Fig. 12. Langmuir Isotherm for adsorption of MG on
mesoporous carbon adsorbent.
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Table 3. Isotherm Constants for Adsorption of MG on Adsartise

Langmuir constants Freundlich constants

Gn(mgg) b(mg) R Ke(mgg) n(img) R

OoMC 476.1 1.105 0.9919 2354 1.4583  0.9815

MCM-48 158.7 0.030 0.9980 9.78 1.7300 0.9910

Table 4. Comparison of Adsorption Capacities of Various Atiemts for Malachite Green

Adsorbent qm(mg g% (°C) Ref.
Mesoporous carbon 476.1 25 This work
MCM-48 158.7 25 This work
Activated charcoal 0.179 30 [32]
neem sawdust 4.35 25 [33]
Bentonite clay 7.72 30 [34]
Arundo donax root carbon(ADRC) 8.70 30 [35]
rattan sawdust 62.71 30 [36]
chitosan bead 93.55 30 [37]
Waste apricot 116.27 30 [38]
Rice straw char (RSC) 148.74 30 [39]
Activated carbon 149 25 [40]
Bagasse fly ash:(BFA) 170.33 301 [25]
Commercially available 222.20 301 [41]

powdered activated carbon

indicates that mesoporous carbon is effective oo MG~ where G (mg I') is the equilibrium concentration, ¢mg g*)
correlation coefficients of first-order kinetic meldare greater is the amount of dye adsorbed at equilibrium, apdnag g')
than second order kinetic. and K, (I mg?) are Langmuir constants related to adsorption
Equilibrium isotherms. Two commonly used isotherms, capacity and energy of adsorption, respectively(rdg g)(I
Langmuir [30] and Freundlich [31], were employedtile  nghin s the Freundlich adsorption constant and from
present study. The nonlinear Langmuir and Freuhdlic aqueous solutions.
isotherms are represented by Egs. (5) and (6): It is seen from Table 3 that, the order of adsormpin
terms of amount adsorbed (mg)gn different adsorbents is:

Co_ 1,1 c (5)
qi ‘(ﬁ) (q*) e OMC > MCM-48. This appears due to carbonaceous
adsorbent which has higher carbon content, moresjtgrand
Ing, = Ink, +(1)|nC (6) high surface area as compared to silica based lzefsist
e n e
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Comparison of Various Adsorbents 5]
Table 4 compares the adsorption capacity of diffetypes

of adsorbents used for removal of malachite gréée. most [6]

important parameter to compare is the Langngdirvalue,

since it is a measure of adsorption capacity ofatieorbent. [7 ]

The value ofg,, in this study is larger than those in most of

previous works. This suggests that MG could be lyasi [8]

adsorbed on mesoporous carbon. The results inditiast the

mesoporous carbon can be considered a promisirgltzdd [9 ]

for the removal of MG from aqueous solutions.

CONCLUSIONS [10]

In this work, mesoporous carbon was utilized foe t [11]
removal of a cationic dye malachite green (MG) fragueous [ [12 ]
solution that was prepared by cubic mesoporousasMCM-

48. The structural order and textural propertiesyoithesized™ [13 ]
materials were also studied by XRD, SEM and nitroge
adsorption-desorption analysis. Mesoporous carbdwwed  [14 ]
significant adsorption capacity for malachite grelye under
suitable experimental conditions and hence < can bfl5]
recommended as a useful adsorbent. The adsorptes w
independent of operating variables including solutipH,
carbon dose and initial MG concentration. The affecpH  [16]
and the optimum adsorbent dose were found to beafed

0.005 g/25 ml, respectively. The  Langmuir adsomptio [17 ]
isotherm was found to have the best fit.to the grpental [18 ]
data, suggesting monolayer adsorption on a homageno
surface. The maximum adsorption capacity of 476dlgh [19]
was calculated from. Langmuir isotherm. The adsormpti
kinetics can be predicted by the pseudo-first-omdedel. It  [20 ]
was found that for a short time period the rataddorption is
controlled by film diffusion. [21]
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