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a b s t r a c t

In the present work, a chemically oxidized mesoporous carbon (COMC) with excellent adsorption proper-
ties towards naphthalene-derived compound was prepared by an acid surface modification method from
ccepted 17 September 2008

eywords:
AHs
hemically oxidized mesoporous carbon
dsorption

mesoporous carbon (MC) through wet impregnation method. The structural order and textural properties
of the prepared materials were studied by XRD, SEM, and nitrogen adsorption. The presence of carboxylic
functional groups on the carbon surface was confirmed by means of FTIR analyses. Adsorption of naph-
thalene, 1-naphthol and 1,5-diaminonaphthalene on various mesoporous adsorbents such as COMC, MC
were studied from solutions of different pH. The adsorption isotherms of polycyclic aromatics hydrocar-
bons were in agreement with a Langmuir model, moreover, the uptake capacity of naphthalene followed
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angmuir isotherm the order: COMC > MC.

. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are chemical species
ith two to six fused benzene rings which are well-known toxic
azardous pollutants of highly potent carcinogens that can cause
umors in some organisms [1]. In recent years, PAHs contamination
n water systems has drawn increasing attention. PAHs originate
rom natural and anthropogenic sources. Anthropogenic sources
nclude engine exhaust, industrial processes, crude oil, urban run-
ff, domestic heating systems, incinerators and smoke. Natural
ources include terrestrial coal deposits, volcanic eruptions and
orest fires. The main sources of PAHs in surface water are atmo-
pheric deposition, runoff from contaminated soils and deposition
rom sewage discharges [2]. Most PAHs are hydrophobic with high
oiling and melting points and electrochemical stability. Therefore,
hey can exist and be accumulated in soils or water for a long time
3].

Adsorption treatment provides a simple and universal approach
o effectively removing organic pollutants from the aquatic envi-
onment. The removal of toxic pollutants from water is a problem,

articularly when they are present in low concentrations. Several
tudies have focused on the fate and transport of these pollu-
ants and the application of remedial technologies to manage
hem [4–10]. Activated carbons present an outstanding adsorption
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apacity that stems from their high surface area, pore structure
nd surface chemical properties. These materials are effective
dsorbents for priority pollutants, therefore being suitable for the
econtamination of water and wastewater. These porous carbons
re generally microporous and the preparation of carbon mate-
ials with well-ordered mesoporous structure would offer many
pplication possibilities not only in the adsorption and separa-
ion of large molecules whose molecular sizes are too large to
nter micropores but also in electrical double layer capacitors,
as separation, catalysis, water and air purification and energy
torage. Recently, Ryoo et al. prepared ordered mesoporous car-
ons (CMK-x) from mesoporous silica templates such as MCM-48,
BA-1 and SBA-15 using sucrose as the carbon source [11–14].
dsorption plays an important role in these processes. Therefore,

he interactions of such compounds with the mesoporous car-
on surface must be studied in detail. The mesoporous carbon
aterials adsorption capacity depends on quite different factors.
bviously, it depends on the mesoporous carbon’s characteristics:

exture (surface area, pore size distributions), surface chemistry
surface functional groups) [15–17]. It also depends on adsorp-
ive characteristics: molecular weight, polarity, pKa, molecular size,
nd functional groups. The influence of the texture and surface
hemistry of nanoporous carbons in the adsorption of organic com-
ounds has been studied for years, and many references on this

opic can be found in the literature. The adsorption of organic

olecules from aqueous solutions on nanoporous carbons has been
ecently reviewed [18,19], and it was shown that the specific mech-
nism by which the adsorption of many organic compounds takes
lace on this adsorbent is still ambiguous. Since the pioneer works

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:anbia@iust.ac.ir
dx.doi.org/10.1016/j.cej.2008.09.032
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f Coughlin and Ezra [20] and Mattson et al. [21] to other published
ore recently [22–25], it was found that the adsorption capacity

s significantly affected by the carbonous adsorbent surface chem-
stry.

Different studies have been done on interaction between acid
xygen-containing surface groups and the adsorption of organic
ompounds in aqueous solution. There are two types of interactions
etween the adsorbate and the carbonous adsorbent: electrostatic
nd dispersive [17–19]. The former appears when the adsorptive
s dissociated under the experimental conditions used; for the lat-
er three mechanisms are proposed: �–� dispersion interaction

echanism, the hydrogen bonding formation mechanism, and the
lectron donor–acceptor complex mechanism. The �–� dispersion
nteraction mechanism is the most widely accepted [17,18]. The
urface chemistry and solution pH are the most important factors
ontrolling the adsorption process [26]. Most of the aromatic pollu-
ants are found in water solution in the molecular state for a broad
ange of pH values. In this case, dispersive interactions are predom-
nant, mainly because of the attraction between the � orbitals on
he carbon basal planes and the electronic density in the adsorbate
romatic rings (�–� interactions). However, when the solution pH
s very high or very low, ions may be present, so electrostatic inter-
ction between them and charged functional groups on the carbon
urface could be significant [17].

In this work, the influence of the texture and surface chem-
stry of mesoporous carbon adsorbent as well as the solution pH

ere systematically studied in the adsorption of different organic
ompounds. For this purpose, mesoporous carbon was modified
y selected oxidative treatments, producing samples differing in
he surface chemistry and textural parameters, to study their influ-
nce in the adsorption process. The pH effect was evaluated doing
ests at different pH solution conditions. Interestingly, it has been
ound that the adsorption capability of chemically oxidized meso-
orous carbon for PAHs molecules is much higher compared to that
f pristine mesoporous carbon. Furthermore, Langmuir and Fre-
ndlich adsorption isotherms were studied to explain the sorption
echanism.

. Experimental

.1. Materials

The reactants used in this study were tetraethyl orthosilicate
TEOS) as a silica source, cetyltrimethylammonium bromide (CTAB)
s a surfactant, sodium hydroxide (NaOH), sodium fluoride (NaF),
eionized water for synthesis of mesoporous silica (MCM-48),
ucrose as a carbon source, sulfuric acid as a catalyst for synthesis
f mesoporous carbon, nitric acid as an oxidizer agent, naphtha-
ene, 1-naphthol, and 1,5-diaminonaphthalene. All chemicals were
f analytical grade from Merck.

.2. Synthesis of silica template and MC

MCM-48 was prepared using CTAB as a surfactant and TEOS
s a silica source, according to Shao et al. [27]. Briefly, 10 mL of
EOS was mixed with 50 mL of deionized water, and the mix-
ure was vigorously stirred for 40 min at 35 ◦C, then 0.9 g of NaOH
as added into mixture, and at the same time, 0.19 g of NaF was

dded into the mixture. After the NaF was added completely, the

equired content of sources, respectively, were added. After another
0 min of vigorously stirring, 10.61 g of CTAB was added to the mix-
ure, and stirring continued for 60 min. The mixture was heated
or 24 h at 393 K in an autoclave under static conditions, and the
esulting product was filtered, washed with distilled water, and
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ried at 373 K. The sample was calcined at 823 K for 4 h in air
o remove the surfactant completely. The product thus obtained
as referred to as MCM-48. Then 1.25 g sucrose and 0.14 g H2SO4

n 5.0 g H2O was dissolved, and this solution were added to 1 g
CM-48. The sucrose solution corresponded approximately to the
aximum amount of sucrose and sulfuric acid that could be con-

ained in the pores of 1 g MCM-48. The resultant mixture was
ried in an oven at 373 K, and subsequently, the oven tempera-
ure was increased to 433 K. After 6 h at 433 K, the MCM-48 silica
ontaining the partially carbonizing organic masses was added
ith an aqueous solution consisting of 0.75 g sucrose, 0.08 g H2SO4

nd 5.0 g H2O. The resultant mixture was dried again at 373 K,
nd subsequently the oven temperature was increased to 433 K.
he color of the sample turned very dark brown or nearly black.
his powder sample was heated to 1173 K under vacuum using a
used quartz reactor equipped with a fritted disk. The carbon-silica
omposite thus obtained was washed with 1 M NaOH solution of
0% ethanol–50% H2O twice at 363 K, in order to dissolve the sil-

ca template completely. The carbon samples obtained after the
ilica removal were filtered, washed with ethanol and dried at
93 K.

.3. Chemical oxidation of MC

To introduce oxygen-containing functional groups on the carbon
urface, MC was oxidized by nitric acid under optimal oxidation
ondition, such as nitric acid concentration, oxidation temperature
28]. 0.1 g of dried MC powder was treated with 15 mL of HNO3
olution (2 M solution) for 1 h in the 80 ◦C under refluxing. After
xidation, samples were recovered and washed thoroughly with
istilled water until the pH was close to 7.

.4. Characterization

The X-ray powder diffraction patterns were recorded on a Philips
830 diffractometer using Cu K� radiation. The diffractograms were
ecorded in the 2� range of 0.8–10 with a 2� step size of 0.01◦ and
step time of 1 s. Adsorption-desorption isotherms of the synthe-

ized samples were measured at 77 K on micromeritics model ASAP
010 sorptometer to determine an average pore diameter. Pore-
ize distributions were calculated by the Barrett–Joyner–Halenda
BJH) method, while surface area of the sample was measured by
runaure–Emmet–Teller (BET) method. SEM images were obtained
ith JEOL 6300F SEM. The Fourier transform infrared spectra for

he unmodified and modified samples were measured on a DIGI-
AB FTS 7000 instrument under attenuated total reflection (ATR)
ode using a diamond module.

.5. Adsorption studies

A stock solution of 30 mg L−1 for each PAHs was prepared by
issolving an appropriate amount of the PAHs in ultra-pure water
18 M� cm) derived from a Milli-Q plus 185 water purifier. Batch
dsorption isotherms were performed by shaking 500 mL amber
inchester bottles containing the required concentration of the

AHs in a Gallenkamp incubator shaker. The shaker was set at a
emperature of 25 ± 1 ◦C and a speed of 150 rpm. Initial solution
oncentration of 0.02–0.14 mmol L−1 was prepared by pipetting out
he required amounts of the PAHs from the stock solution. The
olume of solution in each bottle was maintained at 500 mL and

he solutions were adjusted to pH 5. About 0.01 mg of each adsor-
ent was weighed accurately on aluminum foils using a Sartorious
Model BP 201D) analytical balance. The adsorbents were trans-
erred carefully into the bottles using 50 mL solutions from the
ottles. The bottles were shaken vigorously before shaking for dif-
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Table 1
Textural parameters of the MC and COMC employed in this study.
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bon particles did not retain the spherical morphologies for the silica
template as in Fig. 3b. Also, the template synthesis did not follow
a simple replication process for the structure of the mesoporous
silica. Both the SEM images of the mesoporous carbon before and
after surface oxidation showed rod-like morphology (Fig. 3a and b).
54 M. Anbia, S.E. Moradi / Chemical E

erent time in the incubator shaker (New Brunswick Scientific C25
odel).
The amount of PAHs adsorbed was calculated by subtracting the

mount found in the supernatant liquid after adsorption from the
mount of PAHs present before addition of the adsorbent by UV–vis
pectrophotometer (UV mini 1240 Shimadzu). Absorbance was
easured at wavelength (�max) 275.5, 320 and 331 nm for deter-
ination of naphthalene, 1,5-naphthalenediamine and 1-naphthol,

espectively [29,30]. Calibration experiments were done separately
efore each set of measurements with different concentrations of
AHs solutions. Centrifugation prior to the analysis was used to
void potential interference from suspended scattering particles in
he UV–vis analysis.

The adsorption capacities were calculated based on the dif-
erences of the concentrations of solutes before and after the
xperiment according to the following equation [31]:

e = (C0 − Ce)V
W

(1)

here qe is the concentration of the adsorbed solute (mmol/g), C0
nd Ce are the initial and final (equilibrium) concentrations of the
olute in solution (mmol/L), V (mL) is the volume of the solution,
nd W (g) is the mass of the adsorbent.

.6. Adsorption kinetics of PAHs

For the measurement of the time resolved uptake of PAHs onto
dsorbents, 15 mL of distilled water was mixed with 60 mg of MC
n a 500-mL flask for about 10 min. 285 mL of PAHs solution was
uickly introduced into the flask (keeping the initial concentra-
ions of the resulting solutions at 30 ppm) and stirred continuously
t 20 ◦C. Samplings were done by fast filtration at different time
ntervals. The concentration of residual PAHs in the solution was
etermined and the adsorption amount qt was calculated according
o the following equation [32]:

t = (C0 − Ct)V
W

(2)

here qt is the adsorption amount at time t, C0 is the initial concen-
ration of PAHs solution, Ct is the concentration of PAHs solution at
ime t, and V is the volume of PAHs solution and m is the mass of

C.

. Results and discussion

.1. Characterization of the COMC and MC samples

The quality of the mesoporous carbon samples prepared in this
tudy was examined by nitrogen adsorption–desorption analysis,
-ray diffraction (XRD) techniques and SEM image.

Nitrogen physisorption is the method of choice to gain knowl-
dge about mesoporous materials. This method gives information
n the specific surface area and the pore diameter. Calculating pore
iameters of mesoporous materials using the BJH method is com-
on. Former studies show that the application of the BJH theory

ives appropriate qualitative results which allow a direct compari-
on of relative changes between different mesoporous materials.

The nitrogen sorption isotherms of the MC and COMC, have the
ypical type IV shape. Each isotherm shows a distinct hysteresis
oop, which is characteristic of mesoporous adsorbents. This phe-

omenon is associated with capillary condensation in mesopores.
ores within porous materials are classified as micropores (<2 nm),
esopores (2–50 nm), and macropores (>50 nm), in accordance
ith the classification adopted by the IUPAC. All of the pore size dis-

ribution curves suggest that mesopores are predominant, owing to

F
i
o

dsorbent d spacing (nm) ABET (m2 g−1) Vp (cm3 g−1)

C 3.4 1010.5 0.69
OMC 3.1 985.4 0.63

he presence in the pore size distribution curves of large peaks at
ore diameters greater than 2 nm. Interestingly, the pore size dis-
ributions are essentially the same as before acid oxidation. The
dsorption uptakes at relative pressure close to p/p0 = 0 are iden-
ical. However, the total uptakes are slightly different, decreasing
ith the surface modification with acid. As shown in Table 1, the
ecreases in the specific surface areas and pore volumes are 2.5 and
.5%, respectively. From the nitrogen sorption isotherms (Fig. 1) of
esoporous carbon type carbons before and after acid oxidation,

t can be seen that after oxidation the obtained carbons still have
ype IV isotherms, indicating that mesoporosity is still preserved.
owever, the oxidation leads to a decrease in the total uptake of

he oxidized carbons, which reflects the decrease of the total pore
olume resulting from acid oxidation. Interestingly, the oxidized
arbons essentially keep the bimodal pore size distribution, which
s characteristic of the parent MC. The textural parameters listed
n Table 1 clearly confirm the structural changes of oxidized MC.
specially, the variations of the surface area and pore volume are
ignificant with the increase in the acid concentration.

In order to check the structural degradation, XRD data of COMC
nd MC were obtained on Philips 1830 diffractometer using Cu K�
adiation of wavelength 0.154 nm. Fig. 2 shows the XRD peaks of
he samples. The XRD patterns of COMC showed three diffraction
eaks that can be indexed to (1 1 0), (2 1 0), and (2 2 0) in the 2�
ange from 0.8◦ to 10◦, representing well-ordered cubic pores [11].
he XRD patterns of MC carbon and COMC (in Fig. 2) show well-
esolved reflections indicating that MC carbon nicely maintains it
riginal structure even after the oxidization with 2 M nitric acid.
or COMC sample, the cubic structure of MC was maintained well;
ut, the XRD reflections become less pronounced that might be due
o the partial damage of the mesoporous (cubic) structure or due
o the decreased contrast between walls and pores because of the
leavage of the carbon species from the pore walls.

The Scanning electron microscopy showed that the porous car-
ig. 1. Adsorption–desorption isotherms of nitrogen at 77 K on MC and COMC. The
nsert shows the BJH pore size distribution calculated from the desorption branch
f the isotherm.
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Fig. 2. XRD pattern of COMC and MC.

he length of these carbon rods was a little shorter after acid treat-
ent, which was assumed to be caused by oxidation of the carbon

urface.
The FT-IR technique was used to monitor changes on the sur-
ace of the ordered mesoporous carbon and the content of the
ntroduced oxygen-containing functional surface group.

Fig. 4 shows the FT-IR spectra of MC and as treated COMC
amples. A broad band at around 3450 cm−1 was observed in all

Fig. 3. SEM photographs of: (a) MC and (b) COMC.
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Fig. 4. FT-IR spectra of MC and COMC samples.

amples. It was mainly caused by the O–H stretching vibration of
he adsorbed water molecules, which also had a bending vibration

ode corresponding to the band recorded at 1600 cm−1. Bands at
600–1745 cm−1 denoted the absorption of stretching and bending
ibration modes of –COOH on the surface of mesoporous carbon
aterials (indicated by label). In addition, the broad band that

ppeared at 1150 cm−1 was caused by the stretching vibration of
–O bonds. The relative intensity of these bands in COMC sam-
les was higher than those of the MC sample, indicating that
ore oxygen-containing functional groups were introduced when

he oxidation have been done [28,33–35]. This fact that oxidation
aused higher content of functional groups, indicated that there
ere chemical reactions on the carbon surface between the nitric

cid and C atoms, which were partially oxidized to form C–OH
nd/or –COOH. The reaction equations were proposed as follows:

−C − oxidize−−−−−→ − C − OH

−C − oxidize−−−−−→ − COOH

.2. Adsorption studies

.2.1. Effect of contact time and concentration
In order to establish equilibration time for maximum uptake

nd to know the kinetics of adsorption process, the adsorption of
aphthalene (as a one of PAHs) on mesoporous carbon adsorbent
as studied as a function of contact time and results are shown

n Fig. 5. It is seen that the rate of uptake of the PAHs is rapid in
he beginning and 50% adsorption is completed within 2 h. Fig. 5
lso indicates that the time required for equilibrium adsorption is
h. Thus, for all equilibrium adsorption studies, the equilibration
eriod was kept 8 h. The effect of concentration on the equilibra-
ion time was also investigated as a function of initial naphthalene
oncentration and the results are shown in Fig. 6 (on COMC). It was
ound that time of equilibrium as well as time required to achieve a
efinite fraction of equilibrium adsorption is independent of initial
oncentration. These results indicate that the adsorption process is
rst order.
.2.2. Effect of pH
The removal of a pollutant from an aqueous medium by adsorp-

ion is highly dependent on the solution pH, which affects the
urface charge of the adsorbent and the degree of ionization of the
dsorbate.
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Fig. 5. Effect of contact time on removal of naphthalene ([naphthalene] =
30 mg/L, agitation speed = 150 (rpm), adsorbent dosage = 0.2 g/L, room tempera-
ture = 25 + 1 ◦C).
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ig. 6. Effect of initial concentration on removal of naphthalene (agitation
peed = 150 (rpm), adsorbent dosage = 0.2 g/L, room temperature = 25 + 1 ◦C).

The effect of the pH on the adsorption of PAHs onto the COMC
nd MC was studied at constant initial concentration of 30 ppm
AHs and the amount of adsorbent (20 mg) at 150 rpm agitation

◦
peed and at 25 C. The range of the pH was adjusted between 2
nd 10. Figs. 7 and 8 show the effect of pH on the adsorption of
AHs onto the COMC and MC. The pH of solution appears to be
key factor affecting the adsorption characteristics of PAHs onto

he carbonous adsorbent. As can be seen from Figs. 7 and 8, it

ig. 7. Effect of pH on PAHs removal over MC as adsorbent: (a) 1-naphthol, (b)
,5-naphthalenediamine and (c) naphthalene (adsorbent dose = 0.2 g/L, agitation
peed = 150 rpm, room temperature = 25 + 1 ◦C).
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ig. 8. Effect of pH on PAHs removal over COMC as adsorbent: (a) 1-naphthol, (b)
,5-naphthalenediamine and (c) naphthalene (adsorbent dose = 0.2 g/L, agitation
peed = 150 rpm, room temperature = 25 + 1 ◦C).

s evident that increasing the pH of solution serves to increase
he adsorption capacity with a significant enhancement in the
dsorption process occurring as the pH increased from 2 to 6
or 1,5-naphthalenediamine and 2 to 8 for naphthalene and 1-
aphthol. These results were obtained because of deference in

unctional group between 1,5-naphthalenediamine and others.
lthough, COMC has showed more amount of absorption and more
ependent to pH effect. The pH of solutions is one of the most

mportant factors which affects on PAHs adsorption as it controls
he electrostatic interactions between the adsorbent and the adsor-
ate. The surface properties of the carbon change with an increase
f pH. The surface acidity of the mesoporous carbon might affect
he pH of the solution for the adsorption of PAHs onto the meso-
orous carbon. The amphoteric nature of carbon depends on not
nly the surface functional groups of the carbon but also the isoelec-
ric point (pHIEP) or point of zero charge (pHPZC) of the nanoporous
arbon [36]. Cationic adsorption is favored at pH > pHPZC (e.g., on
OOH groups) and anionic adsorption is favored at pH < pHPZC
e.g., on Lewis-base–type basal plane sites) [36]. The percentage
f adsorption increased as the pH of the solution was increased.
his result might show that the zero point of charge (pHPZC) for
he mesoporous carbon lies between pH 3.5 and 6.5. The total or
xternal surface charges are positive at a lower solution of pH.
hus, lower adsorption of PAHs took place at a lower solution of
H. When the pH value increased, the surface of the mesoporous
arbon was negatively charged more. Thus, the adsorption of the
AHs with positive charge was reached maximum at pH 4 and 8 for
,5-naphthalenediamine and naphthalene and 1-naphthol.

.2.3. Effect of chemical modification
In order to evaluate the efficacy of the prepared adsorbents, the

quilibrium adsorption of the PAHs was studied as a function of
quilibrium concentration. The adsorption isotherms of naphtha-
ene, 1-naphthol and 1,5-naphthalenediamine on COMC and MC are
hown in Figs. 9 and 10. It is seen that order of adsorption in terms of
mount adsorbed (mmol/g) on different adsorbents is: COMC > MC.

It is interesting to see that the amount of PAHs adsorbed
ncreases with increasing solution pH for both samples. Further,
OMC registers higher PAHs adsorption capacity (2.8, 2.3 and
.6 mmol/g for 1,5-naphthalenediamine, 1-naphthol and naph-

halene) than the untreated mesoporous carbon (1.1, 1.25 and
.36 mmol/g for 1,5-naphthalenediamine, 1-naphthol and naph-
halene). The higher adsorption capacity of COMC can be explained
y several facts. Undoubtedly, increasing in interaction as a cause
f more functional group in COMC, explained this [28,33–35]. It is
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Fig. 9. Adsorption isotherm for: (a) 1,5-naphthalenediamine, (b) 1-naphthol and
(c) naphthalene removal on COMC (contact time = 4 h, agitation speed = 150 (rpm),
adsorbent dosage = 0.2 g/L, room temperature = 25 + 1 ◦C).
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Fig. 11. Langmuir isotherm for adsorption of: (a) naphthalene, (b) 1-naphthol and
(c) 1,5-naphthalenediamine on COMC.
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ig. 10. Adsorption isotherm for: (a) naphthalene, (b) 1-naphthol and (c) 1,5-
aphthalenediamine removal on MC (contact time = 4 h, agitation speed = 150 (rpm),
dsorbent dosage = 0.2 g/L, room temperature = 25 + 1 ◦C).

lso surmised that the anchoring ability of –COOH groups located
nside and at the entrance of the mesopores might obstruct des-
rption of PAHs molecules from the pore channels of chemically
xidized mesoporous carbon, resulting in an increase in the PAHs
dsorption capacity.

.2.4. Langmuir and Freundlich isotherms
In order to indicate the sorption behavior and to estimate of

dsorption capacity, adsorption isotherms have been studied. The
dsorption processes of PAHs on COMC adsorbent were tested with

angmuir and Freundlich isotherm models. Two commonly used
mpirical adsorption models, Freundlich and Langmuir, which cor-
espond to heterogeneous and homogeneous adsorbent surfaces,
espectively, were employed in this study. The Freundlich model is

r
c

a

able 2
ongmuir and Freundlich constants for adsorption of PAHs on COMC.

nalyte Longmuir

qm (mmol/g) b (L/mmol)

aphthalene 2.32 15.39
,5-Naphthalenediamine 3.17 63.2
-Naphthol 2.98 25.85
ig. 12. Freundlich isotherm for adsorption of: (a) naphthalene, (b) 1-naphthol and
c) 1,5-naphthalenediamine on COMC.

iven by the following equation:

n qe = ln Kf +
(

1
n

)
ln Ce (3)

here kf and n are the Freundlich constants related to adsorp-
ion capacity and intensity, respectively. In the second model, the
angmuir equation assumes maximum adsorption occurs when the
urface is covered by the adsorbate, because the number of identical
ites on:

Ce

qe
=

(
1

qmb

)
+

(
1

qm

)
C (4)

here qe (mmol g−1) is the amount adsorbed at equilibrium con-
−1 −1
epresenting maximum monolayer capacity and b is the Langmuir
onstant related to energy of adsorption.

The isotherm data has linearized using the Langmuir equation
nd shown in Fig. 11. The regression constants are tabulated in

Freundlich

R2 KF (mmol/g) n (L/mmol) R2

0.996 5.91 1.60 0.982
0.999 5.81 2.99 0.965
0.997 7.23 1.89 0.955
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able 2. The high value of correlation coefficient indicated a good
greement between the parameters. The same data is also fitted by
he Freundlich equation and shown in Fig. 12 and Table 2. The value
f correlation coefficients showed that the data conform well to the
angmuir equation.

. Conclusions

Liquid-phase oxidation by nitric acid was used for the surface
odification of mesoporous carbon materials. The chemically oxi-

ized mesoporous carbon prepared in this work is suitable for
he adsorption of aqueous PAHs from industrial wastewater. The
dsorption is more effective at pH range of 5–7. It was indicated
hat the surface oxygen groups of the precursor can act as ‘active
ite’, which play an important role in the adsorption process. The
dsorption behavior of naphthalene on the OMC from aqueous solu-
ion shows promising. All adsorption isotherms are well predicted
y Langmuir model.
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