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" Activated carbon from carrot dross (AC) prepared, magnetized and used for removal of PNP.
" Magnetization of AC (MAC) was made by mixing AC with Fe3O4 sol in two mass ratios.
" Surface area of AC and MAC with two mass ratios were 447, 435, and 340 m2 g�1, respectively.
" Batch sorption for AC and MAC carried out at different pH, contact time, and concentration.
" Magnetic property of MAC facilitates the separation of solid phase much easier than AC.
a r t i c l e i n f o

Article history:
Received 7 June 2012
Received in revised form 31 July 2012
Accepted 1 August 2012
Available online 14 August 2012

Keywords:
Carrot activated carbon
Magnetic carrot activated carbon
Surface oxygen groups
Ultrasonic irradiation
P-nitrophenol
1385-8947/$ - see front matter � 2012 Published by
http://dx.doi.org/10.1016/j.cej.2012.08.011

⇑ Corresponding author. Tel./fax: +98 511 8795457
E-mail address: moh_entezari@yahoo.com (M.H. E
a b s t r a c t

Activated carbon from carrot dross (AC) was prepared, magnetized and used for the removal of p-nitro-
phenol from aqueous solution. The magnetization of AC was carried out by mixing the AC with diluted
Fe3O4 sol in two different mass ratios of Fe3O4/AC. The characterization of both magnetized and original
AC were studied by X-ray diffraction, Fourier transform infrared spectroscopy, scanning electron micros-
copy, surface area measurement, elemental analyses, zero point charge measurement, and vibrating sam-
ple magnetometer. The surface area measurement of AC and magnetic activated carbons of carrot dross
(MAC) with two mass ratios of Fe3O4/AC (1/8 and 1/5) were 447, 435, and 340 m2 g�1, respectively. Batch
sorption studies for the AC and MAC were carried out at different pH values, solid to liquid ratios, contact
times, and initial concentrations of the pollutant in the presence and absence of ultrasonic irradiation.
The sorption isotherms were obtained in the range of 50–500 mg L�1. The results for the AC and MAC
in the absence of ultrasound and for MAC in the presence of ultrasound fit well with Freundlich isotherm.
In contrast, the results for AC in the presence of ultrasonic irradiation fit well with Langmuir model. In the
case of AC, the values of intraparticle diffusion rate constant in the presence of ultrasound were greater
than conventional method. In the case of MAC, the presence of magnetite nanoparticles on the surface of
activated carbon led to a lower surface area but, the magnetic property of MAC facilitated the separation
of solid phase from aqueous solution much easier than AC.

� 2012 Published by Elsevier B.V.
1. Introduction

There has been growing concern for public health and environ-
mental safety over the last few decades. Chemical pollution of sur-
face water exhibits a threat to the aquatic environment with
hazardous effects [1,2]. P-nitrophenol (PNP) is an important chem-
ical intermediate, serving as precursors of pharmaceuticals and
pesticides [3]. The other sources for PNP are diesel fuel and gaso-
line exhaust which enter PNP into environment [3,4]. There are
many methods to remove phenolic compounds from wastewater
Elsevier B.V.
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ntezari).
stream such as advance oxidation process (AOPs) [5–7] sonolysis
[8–11] extraction [12], and adsorption [13–16]. Among these tech-
niques, adsorption is widely used which is due to easy operation,
simple design, and generation [17,18]. Adsorption processes with
biological materials, mineral oxides, activated carbons, or polymer
resins have attracted attention [19]. Production of low cost AC
from natural material is an important case. A number of paper re-
port chemical and thermal treatment of agricultural by-product as
precursors for the preparation of carbon-based adsorbents [20–23].
Chemical treatment on agricultural waste affects on the surface
properties of AC and introduces some functional groups on the
surface [24]. The adsorption of PNP onto AC was found to mainly
depend on porosity and surface chemistry of carbons. AC with
micropore size in the range of 0.74–2.21 nm strongly influenced
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the adsorption capacity [25]. The surface characteristics of AC
depend on the content of heteroatoms such as oxygen or nitrogen
which determine the charge, hydrophobicity, and electronic den-
sity of the graphene layers. Other crucial parameters are related
to the properties of adsorbate molecules, molecular size, solubility,
pKa, character of functional group attached on the aromatic rings
[26]. In addition, the adsorptive capacity of granular AC for pheno-
lic compounds may increase up to 3-fold in the presence of molec-
ular oxygen. The cocoa shell based AC was used for the removal of
PNP [25]. It was found that the main mechanism is chemisorptions
based on p–p dispersive interaction. Also, the other agricultural
wastes such as apricot stone [1], waste coke [27], sawdust [28]
were used for the removal of phenolic compound from aqueous
medium.

One of the promising methods for the removal of contaminants
is the combination of sorption process and ultrasonic irradiation.
There are many works in the literature about the use of ultrasonic
irradiation for the removal of pollutants such as heavy metals
[15,16], dyes [29,30], and phenolic compounds [31]. Ultrasound
has been proven to be a very useful tool to enhance the mass trans-
fer and in some cases to break the affinity between sorbate and
sorbent. It was found that the adsorption rate of phenol onto acti-
vated carbon and Dowex resin in mixing method with 250 rpm
was higher than ultrasonic irradiation at frequency of 1 MHz and
60 W [32]. Similar behavior was found by Wang and Cheng [33].
In the latter case the uptake of 4-(2-pyridylazo) resorcinol (PAR)
onto Amberlite XAD-2 resin showed higher effect with stirrer
method than 20 kHz ultrasonic irradiation. In comparison, Hamda-
oui and Naffrechoux [31] investigated the adsorption of p-chloro-
phenol onto activated carbon. They found that the adsorption
rate, the adsorbed amount, and the diffusion rate improved in
the presence of ultrasonic irradiation with different frequencies.

In these kinds of removal, the problem is the separation of sor-
bent like AC from aqueous solution. Magnetic filtration is emerging
as a water treatment technology which can provide rapid, efficient
removal from wastewater stream [19,34]. After sorption process,
the sorbent could be easily separated from solution using a mag-
netic separator. Different magnetic sorbents were reported such
as magnetic ion exchange resins, magnetic zeolites, magnetic
chitosan beads, magnetic silica with core shell structure, and mag-
netic nanoparticles impregnated agricultural wastes [35–39].
There are some reports about the magnetic AC in the literature
[19,40–46].

In order to obtain a novel nanocomposite, carrot dross was recy-
cled into a low cost AC and converted into magnetic AC. Then both
samples (magnetic and nonmagnetic) were used for the PNP re-
moval from aqueous solution.
2. Experimental

2.1. Chemical and equipment

Iron(III) chloride�6H2O, iron(II) chloride�4H2O, ammonia solu-
tion (25%), NaOH, HNO3, HCl, and p-nitrophenol were purchased
from Merck. NaCl and NaHCO3 were purchased from Riedel-de-
Haen Company. Na2CO3 was purchased from Fluka. Milli-Q water
was used with a resistivity not less than 18.2 MX cm�1.

The sorption processes in the presence of ultrasonic irradiation
were carried out with Sonics and Material, 750 W, 20 kHz. Ultra-
sonic irradiations were performed in a water-jacketed rosette-cell
with internal diameter 6 cm and height 11 cm. The 20 kHz wave
was emitted by titanium probe (diameter 1.1 cm) and power sup-
ply VCX 750 W, with piezoelectric lead zirconate titanate crystal
(PZT). The ultrasonic intensity of sonicator was measured through
calorimetric method [51,52] and it was 17 W cm�2.
2.2. Preparation of AC

The carrot dross was collected from local fruit juice factory. It
was dried on the heater and washed with milli-Q water to remove
impurity like dust, and then dried in oven at 100 �C overnight and
finally grinded. Then, the powder was treated by diluted nitric acid
to extract soluble organic compounds and introduce functional
groups onto the surface of raw material. After that the powder
was filtered, washed with milli-Q water several times and dried. Fi-
nally, the treated material was carbonized at 500 �C under air
atmosphere for 1 h. Once the final temperature was reached, the
furnace switched off. The as prepared sample was used for magne-
tization and adsorption processes.
2.3. Preparation of MAC

The magnetite nanoparticles were synthesized by modified
Yanhui Ao method [45]. The procedure for the synthesis was as fol-
lows: definite amount of iron(III) chloride and iron(II) chloride
with mole ratio of Fe(II)/Fe(III) equal to 1/2 were dissolved in
50 mL of milli-Q water and poured into a three necked balloon
and bubbled with Ar for 15 min. Then ammonia solution (25%)
was added drop-wise into the solution under vigorous stirring till
the pH of the solution reached to 9.0. Finally, the black magnetite
sol was obtained. The MAC was prepared as follows too: the ob-
tained magnetite sol was diluted to 350 mL by addition of milli-
Q water. Then 4 g of AC powder was added into diluted magnetic
sol. The mixture was stirred for 1 h in the Ar atmosphere
(Scheme S1). Finally, the solid phase was separated by a magnet
and then dried at room temperature.
2.4. Physical and chemical characterization

The porous structure of the synthesized sorbents was studied
by N2 adsorption at 77 K using Quantachrome surface area ana-
lyzer (model Autosorb-1). Prior to the analysis, the sample was
out-gassed at 100 �C for 12 h to a residual pressure of 10�4 torr
or less. The surface area and pore size distribution were deter-
mined using Brunauer Emmett Teller (BET) equation [47]. To inves-
tigate the surface properties, the Fourier transform infrared (FTIR)
for all samples recorded between 400 and 4000 cm�1 using Ther-
mo Nicolet, Avatar 370 FTIR. The surface morphology of AC and
MAC was examined using scanning electron microscopy (SEM)
model Hitachi S-4160. The X-ray diffraction (XRD) of the product
was recorded by Bruker, D8ADVANCE, Germany (X-ray Tube
Anode: Cu, Wavelength: 1.5406 Å (CuKa) Filter: Ni). The XRD
was used to identify the crystal structure and the average size of
the nanoparticles. The average crystallite size was calculated by
Debye–Sherrer‘s equation [48]. The magnetic property of the
magnetite nanoparticle and magnetic AC was investigated using
vibrating sample magnetometer (VSM), Leckeshore model.
2.5. Zero point charge measurement (pHpzc)

The pHpzc of AC and MAC were determined experimentally
[19,49]. The pHpzc was measured using 0.01 M NaCl aqueous solu-
tions at pH 2, 4, 6, 8, and 10. These pH values were fixed with HCl
and NaOH aqueous solution. Each prepared solutions (10 mL) were
contacted with 0.02 g of sample and the system was stirred for
48 h. The supernatant was decanted and its pH was measured.
The pHpzc value was determined from a plot of pH of the filtered
solution (pHf) as a function of initial pH value (pHi) solutions
[1,50].
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2.6. Oxygen functional groups

The oxygen-containing functional groups for both samples AC
and MAC were determined by applying the Boehm test with bases
NaHCO3, NaCO3, and NaOH and also HCl as an acid reagent. About
0.5 g sample was contacted with 50 mL of 0.05 M base or acid solu-
tion in sealed flasks. The suspension was stirred for 24 h and then
filtered. Then 10 mL of each solution was pipetted to a flask and ti-
trated with 0.05 N sodium hydroxide and/or hydrochloric acid,
depending on the original solution used. According to the Boehm
test, the free carboxyl groups are neutralized with NaHCO3, carbox-
ylic groups and carboxyl groups in lacton-like binding structure
can neutralize with Na2CO3, and phenolic hydroxyl groups on the
surface of carbon along with carboxylic and lactonic groups react
with NaOH solution. The reaction between reagents and acidic
oxygenated-functional groups on the surface is based on the differ-
ence in acid/base strength [1,50].
2.7. Liquid phase adsorption

The adsorbate in liquid-phase was PNP with molar mass of
139.11 g mol�1, water solubility of 161 g L�1 at 298 K and
pKa = 7.13. The kinetic studies of the adsorption of PNP in a batch
system were carried out at 24 ± 1 �C with pH = 4.0 ± 0.5. The tem-
perature was held constant during the sonochemical and conven-
tional processes by a water jacket in a rosette cell and a dual
wall cell, respectively.

In these experiments, a certain amount of adsorbent (AC or
MAC) was transferred to the reactor containing 50 mL of PNP
aqueous solution at different initial known concentrations. The
adsorption isotherms were determined for 0.1 g of AC or MAC
with different initial concentrations (50–500 mg L�1) of the pollu-
tant at the optimum time to reach equilibrium condition. The
kinetic studies of the adsorption of PNP in a batch system were
carried out at 25 ± 1 �C with pH = 4.0 in the presence and absence
of ultrasonic irradiation. In these experiments, a certain amount
of adsorbent (AC or MAC) was transferred to the ultrasonic
reactor containing 50 mL of PNP aqueous solution at different
initial known concentrations. Ultrasonic waves at intensity of
17 W cm�2 as measured by calorimetric method were used for
sonication. Then the results obtained under ultrasound were com-
pared with the results of stirring method. The residual concentra-
tion of the pollutant was determined by UV–vis spectroscopy
(Unico 2800) in acidic form at maximum absorbing wavelength
(k = 315 nm). The amount of PNP was measured in appropriate
pH that ensured only the presence of one of the forms of the
compound.

The adsorption of pollutant per unit gram of adsorbent, qe, was
evaluated from the following equation:

qe ¼
VðC0 � CeÞ

M
ð1Þ

where V is the volume of solution, C0 is the initial concentration
of the adsorbate in solution, Ce is the concentration of solute in
the bulk phase at equilibrium and M is the mass of the
adsorbent.

In the case of pH study, the initial pH was adjusted by HCl and
NaOH solutions. The pH was measured using pH-meter (metrohm
827).

One experiment was also run in the presence of ultrasonic
irradiation without any sorbents (AC and MAC) and the other con-
ditions were the same as experiment under sonication to deter-
mine the effect of ultrasonic irradiation alone on the degradation
of PNP.
3. Results and discussion

3.1. Characterization of AC and MAC

3.1.1. Structure and morphology
Based on the XRD pattern of magnetite nanoparticles, the XRD

peaks can be indexed to the (220), (311), (400), (511), and
(440) for the face center cubic magnetite (Fe3O4) structure in
accordance with JCPDS card of Fe3O4 (JCPDS-19-0629). The lattice
parameter a = 8.361(02) Å and V(a3) = 69.906655(4404) (Å3).
(Fig. S1. Supporting information). In the case of MAC (Supplemen-
tary data, Fig. S1b), the pattern shows one peak centered at about
2h = 24� which corresponds to the (002) reflexes of crystalline
graphite and also confirms the presence of magnetite nanoparticles
in MAC sample. The mean size of the single crystallite can also be
determined from the full-width at half-maximum of corresponding
X-ray diffraction peaks by using Scherrer‘s formula D ¼ kk

b cos h [53],
where k is the wavelength of the X-ray radiation, k is the Scherrer
constant (k = 0.9), h is the characteristic X-ray radiation and b is the
full-width at half maximum of the peaks. The estimated nanocrys-
tallite size of Fe3O4 sample was 11.7 nm.

The SEM micrographs of AC and MAC with two mass ratios of
Fe3O4/AC equal to 1/8 and 1/5 are shown in Fig. 1. A porous spongy
texture in the case of AC can be shown in Fig. 1a and b. The micro-
graphs in Fig. 1c–f show the morphological changes due to iron
oxide impregnation on the surface of carbon matrix with mass ra-
tios of 1/8 and 1/5, respectively. After iron oxide impregnation, the
surface texture shows more spongy structure especially in ratio 1/5
than AC. It is suggested that the formation of well-dispersed iron
oxide nanoparticles covering AC led to such structure. Also, the
surface of carbon matrix shows more defects after impregnation.
3.1.2. Magnetic properties
The graph of magnetization versus applied magnetic field at

room temperature was shown in Fig. 2 for Fe3O4 and MAC in two
different ratios (Fe3O4/AC, 1/8 and 1/5).

According to the results, the magnetic parameters such as satu-
ration magnetization (Ms) for iron oxide, MAC (1/5) and MAC (1/8)
were 70, 2.22, and 1.22 emug�1, respectively. Both samples present
the superparamagnetic behavior. Therefore, they can be separated
easily in a suspended system. Moreover, the particles can be re-dis-
persed after they are separated by an external magnetic field which
is due to its superparamagnetic behavior. In MAC, the magnetic
saturation decreases for both mass ratios. This is attributed to
the low contribution of the mass of the nonmagnetic particles to
the total sample mass. The inset of Fig. 2 shows the illustration
about magnetic separation of sample 1:8 with 0.4 T magnet. The
separation was occurred in 7 min.
3.1.3. Surface measurements
The plots of pore volume versus pore diameter show that both

AC and MAC possess mainly micropores structures (Fig. S2. Sup-
porting information). Furthermore, there are no significant differ-
ences between AC and MAC in view of porosity structure and
pores diameter. The total pore volume (VT) for AC and MAC (1/8)
is 0.24 cm3 g�1 and for MAC (1/5) is 0.18 cm3 g�1. The N2 adsorp-
tion–desorption isotherms of AC and MAC (1/8 and 1/5) in Fig. 3
present the isotherm of type (I) with denoting micropore solid
[19,54], but the isotherm shows a hysteresis of H4 type [55]. Actu-
ally, the type H4 loop is often associated with narrow slit-like
pores, but in this case the type (I) isotherm character is indicative
of microporosity [55].

The relative high microporosity of the carbon from carrot dross
can be partly attributed to the higher cellulose content of the raw
materials [1].



Fig. 1. (a and b) SEM micrograph of AC, (c and d) MAC with Fe3O4/AC mass ratio of 1:8, and (e and f) MAC with Fe3O4/AC mass ratio of 1:5.
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Microporosity volume is smaller for MAC (1/5) than the two
other samples. Based on Table 1, surface area measurement (SBET)
and W0 (micropore volume, Dubinin–Radushkevich equation) are
447 m2 g�1 and 0.23 cm3 g�1 for AC, 435 m2 g�1 and 0.22 cm3 g�1

for MAC (1/8), 340 m2 g�1 and 0.17 cm3 g�1 for MAC (1/5), respec-
tively. The smaller surface area and pore volume of MAC samples
can be attributed to the covering of AC surface by iron oxide nano-
particles which confirmed by the SEM results. Therefore, the study
was focused on the MAC with ratio 1/8 which has a higher surface
area with magnetic properties.

3.1.4. Surface functional groups
The identification and quantification of the oxygen groups of AC

and MAC (1/8) is shown in Table 2. According to the Boehm test, the
amount of acidic groups (carboxylic, lactonic, and phenolic hydro-
xyl groups) was higher than basic groups. This should be related to
the treatment of the sample by nitric acid which led to the acidic
groups on the surface. It is seen that the order of the amount of
acidic and basic groups for AC and MAC (1/8) are as follows:

AC: phenolic hydroxyl > carboxyl > lactonic > basic groups.
MAC: phenolic hydroxyl > lactonic > carboxyl > basic groups.

It is suggested that the interaction of Fe3O4 nanoparticles with
the surface of AC led to reduction of functional groups. Further-
more, the amount of lactonic groups was higher than carboxylic
groups for the MAC. It is assumed that during the impregnation
process in alkali media, the carbonyl groups which are in close
neighborhood of hydroxyl and carbonyl groups condense to lacton
groups [50].

3.1.5. Point of zero charge (pHpzc)
The pHpzc value for AC and MAC (1/8) are given in Table 3. The

pHpzc is defined as the pH where the net surface charge is zero. The
higher the surface acidity led to lower pHpzc. AC shows basic or
acidic pH value in aqueous dispersion. A good correlation has been
found between pH and oxygen content of the AC. The higher con-
tent of oxygen groups led to more acidic properties of the surface.
They showed acidic and hydrophilic properties and adsorbed bases
[50]. The pHpzc was 2.2 for AC and 6.1 for MAC (1/8). The Boehm
test confirms this result and shows more oxygen functional groups
in the case of AC. Surface functional groups may cover a small frac-
tion of the AC surface, but significantly influence the adsorption
properties and reactivity of the AC.

3.1.6. Infrared spectroscopy analysis
The FTIR spectroscopy analysis was used to obtain information

about the characteristic of sorbent and the interactions of sorbent–
sorbate. To study the nature of sorbent, the FTIR spectrum of Fe3O4

nanoparticles, AC and MAC are shown in Fig. 4. The AC shows some



Fig. 2. Magnetization versus applied magnetic field for (a) magnetite nanoparticles
and (b) MAC with Fe3O4/AC mass ratios of 1:5 and 1:8.

Fig. 3. BET isotherm plot of AC and MAC with mass ratios of 1:5 and 1:8.

Table 1
Surface area measurements of the AC and MAC with mass ratio of 1:5 and 1:8.

Samples SBET (m2 g�1) W0 (cm3 g�1) VT (cm3 g�1) Average pore
diameter (Å)

AC 447 0.23 0.24 21.41
MAC (1:8) 435 0.22 0.24 22.10
MAC (1:5) 340 0.17 0.18 22.33

SBET (specific surface area, BET equation), W0 (micropore volume, Dubinin–Rad-
ushkevich equation), VT (total pore volume).

Table 2
Quantification of oxygen groups on AC and MAC surface (mmol g�1).

Samples Carboxyl Lactonic Hydroxyl
phenolic

Total
acidic
groups

Total
basic
groups

AC 0.604 0.499 0.712 1.815 0.192
MAC (1:8) 0.252 0.389 0.707 1.348 0.143

Table 3
Determination of point of zero charge (pHpzc) for AC and MAC (1:8).

AC MAC (1:8)

pH(initial) pH(final) pH(initial) pH(final)

2.15 2.20* 2.15 2.35
4.15 2.20 4.15 5.11
5.63 2.66 5.63 6.10*

8.66 2.38 8.66 6.77
10.10 6.94 10.10 7.36

* Point of zero charge.
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peaks around 3440, 2960, 1620 with a small shoulder at 1760,
1250, and 1120 cm�1 due to m OH, C–H, C@O, and C–O groups,
respectively. The peaks at 1620 and 1760 cm�1 assigned to
carbonyl groups. In the case of MAC, the broad peak at 3440, and
1580 cm�1 related to m (O–H) and C@O. Also, a broad peak centered
at 1223 cm�1 is seen. It is suggested that the coating of magnetite
nanoparticles on the surface of AC led to this peak. This broad peak
is obtained from combination of peaks which exist in this region.
Also, the FTIR spectrum of Fe3O4 nanoparticles shows a peak at
552 cm�1 due to M–O band. Thus, the small peak at 570 cm�1 in
MAC spectrum could be assigned to the iron oxide (Fe3O4) nano-
particles on the surface.

The spectrums of pure PNP, AC and MAC after sorption process
in the presence and absence of ultrasonic irradiation were obtained
to study the nature of sorbent–sorbate interaction (Fig. S3a–c). The
O–H bond appears at 3440 cm�1 and shifted to lower frequency in
both cases (sono-sorption and conventional methods). In the case
of PNP, it is seen a double bond at 1620 cm�1 and 1600 cm�1 and
a bond at 1510 cm�1 due to C@C bond of phenyl group which
shifted to lower frequency at 1610 cm�1 with a shoulder at
1590 cm�1 and a peak around 1418 cm�1 (red shift, increased
wavelength) are due to phenyl group of adsorbed PNP on the sur-
face of AC (after sono-sorption). The adsorption of PNP on the sur-
face of AC led to weaker binding in PNP and red shift. Furthermore,
the peaks at 1350, 1290, 1220, and 1170 cm�1 in pure PNP shifted
to 1290, 1240, 1190, and 1120 cm�1 attributed to adsorption of
phenyl groups and N@O group on the surface of AC.

In the case of adsorption process using stirrer method, AC
shows a broad peak around 600–1585 cm�1 due to combination
of peaks at this region. This broad peak confirms the adsorption
of PNP on the surface of carbon active. But, the interaction of sor-
bent–sorbate is significantly different in stirring than ultrasonic
method. It is suggested that the adsorption process without ultra-
sonic irradiation might be multilayer or there are different adsorp-
tion sites with different energies. But, ultrasonic irradiation led to a
monolayer adsorption with uniform adsorption sites.



Fig. 4. FTIR spectrums of Fe3O4 nanoparticles, AC and MAC (1:8).

Fig. 5. Effect of initial pH on the sorption of PNP using AC and MAC (1:8)
concentration = 50 mg L�1, mass of sorbent = 0.2 g, t = 24 ± 1 �C).
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The FTIR spectrum of MAC after adsorption in the presence and
absence of ultrasonic irradiation shows in Fig. S3c. As it is seen, the
interaction of sorbent–sorbate is not significantly different be-
tween ultrasonic and conventional method. The O–H bond at
3400 cm�1 in MAC shifted to 3433, and 3423 cm�1 after sorption
process by ultrasonic irradiation and conventional method, respec-
tively. In addition, the center of broad peaks at 1580 and
1223 cm�1 shifted to 1590 and 1210 cm�1 for ultrasonic method
and 1570 and 1150 cm�1 in the case of stirrer method. The red
shifts especially in the case of stirrer method confirms the strong
adsorption between PNP and MAC surface which led to weaker
binding in PNP molecules and red shift.

3.2. Sorption study

3.2.1. Effect of initial pH
The effect of initial pH was studied on the adsorption of PNP

onto AC and MAC (1/8) in the presence and absence of ultrasonic
irradiation (Fig. 5 and Table S1. Supporting information). The pH
of the solution is one of the crucial parameters influencing the
adsorption capacity of sorbates such as phenolic compounds. To
evaluate the effect of pH on the PNP sorption in 10 min, different
experiments were conducted at 24 ± 1 �C in the pH range of
1.92–9.60 using 0.2 g of AC or MAC (1/8) with 50 mL of 50 mg L�1

adsorbate solution. The pH of medium affects the solubility of PNP
as well as the ionization state of functional groups on the surface of
AC and MAC. The PNP is a water-soluble solid that is moderately
acidic in water (pKa = 7.15). When pH of the solution is lower than
pHpzc, the surface of AC or MAC is positive and the surfaces are neg-
ative when the pH is higher than pHpzc. The pHpzc for AC and MAC
is 2.22 and 6.10, respectively and the PNP is in the molecular form
when the pH is less than its pKa. At higher pH, the PNP molecules
gradually ionized into PNP anions. According to the Fig. 5, the re-
moval efficiency is more than 98% in the applied range of pH ex-
cept at pH > 8.0 where the MAC and AC show marginally
decrease in the presence and absence of ultrasonic irradiation. It
is claimed that the adsorption capacity of phenolic compounds
can be significantly decreased in alkali media and in pH > pHpzc.
It was found that under this condition the net charge of AC is neg-
ative and the PNP molecules are as anion form. Therefore, the elec-
trostatic repulsion played an important role in the interaction
between the surface of AC and PNP anions [1,56].

Fortunately, the final pH of solution in our case after 10 min de-
creased to acidic pH (Table S1). Therefore, the most of PNP mole-
cules present in molecular structure forms and the repulsion is
not predominant. This behavior is due to the surface properties
of the synthesized sorbent. As it was mentioned before, the oxygen
in the presence and absence of ultrasonic irradiation (time = 10 min, initial
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containing groups on the surface of AC led to hydrophilic sites and
acidic properties of the surface. The acidic properties of the AC sur-
face decrease the pH of solution during the adsorption process and
the electrostatic interaction between protonated functional groups
of carbon surface and sorbate led to high removal efficiency in all
pH range.
Fig. 7. Effect of initial concentration for the removal of PNP by AC and MAC (1:8) in
the presence and absence of ultrasonic irradiation (pH = 4.0 ± 0.5, t = 24 ± 1 �C, mass
of sorbent = 0.2 g, time = 20 min).
3.2.2. Effect of contact time and mass of sorbent
Fig. 6 shows the effect of contact time on the removal of PNP at

two different masses of AC and MAC (0.1 and 0.2 g) over a time of
3–20 min by using 50 mL of 50 mg L�1 PNP at pH = 4.0 ± 0.5 and
temp. 24 ± 1 �C in the presence and absence of ultrasonic irradia-
tion. The removal efficiencies were 98%, 96.26%, 96.10%, and 96%
for the AC under ultrasonic irradiation and stirrer method and
MAC at these conditions, respectively (3 min and 0.2 g of sorbent).
The rapid increase of removal efficiency in the initial stages indi-
cated that there are plenty of readily accessible sites. Adsorption
rate of PNP on AC and MAC was found to be relatively much faster
than the other sorbents. The rate of adsorption was marginally
higher in the presence of ultrasound for AC at low concentration
of pollutant but, at higher concentrations (Fig. 7), the rate of re-
moval was much higher in the presence of ultrasound. This means
that, the sorbent has high available sorbent sites. At low concentra-
tions of pollutant, there is a marginal different between the sorp-
tion in the presence and absence of ultrasound. By increasing the
concentration of the pollutant the availability of the adsorption
sites reduces and in this situation ultrasound has a positive effect
Fig. 6. Effect of contact time and mass of sorbent for the removal of PNP using AC
and MAC (1:8) in the presence and absence of ultrasonic irradiation (a) 0.1 g, and
(b) 0.2 g of sorbents (pH = 4.0 ± 0.5, t = 24 ± 1 �C).
on the adsorption. In the case of MAC, the behavior is reversed
and this might be related to the lower interaction of pollutant
and the surface due to the presence of magnetic nanoparticles on
the AC. With lower interaction, ultrasound can facilitate the
desorption process. In heterogeneous system, the bubbles collapse
asymmetrically and producing a high-speed jet of liquid, which
passes through the interior of the cavitation bubble and toward
the solid surface, called a microjet [57,58]. It has been reported
that the speed of the liquid jet may reach to more than
100 m s�1 [57]. This type of microjet is responsible for erosion of
the solid surface and particle breakage [31]. Therefore, the accessi-
ble surface sites increased and led to higher adsorption rate espe-
cially at higher concentrations of pollutant for AC. In the case of
MAC, the surface of activated carbon was changed by coating of
magnetite nanoparticles. Some accessible sites were covered by
Fe3O4 nanoparticles and sorption rate decreased.

To determine the effect of ultrasonic irradiation on the degrada-
tion of PNP, one experiment was run without any sorbent (AC and
MAC) under ultrasound. According to the results there was no deg-
radation after 1 h soniation.

3.2.3. Effect of initial concentration
Fig. 7 presents the removal of PNP at various initial concentra-

tions (50–1200 mg L�1) in 20 min using 0.2 g of sorbent (AC or
MAC) at pH = 4.0 ± 0.5 and temp 24 ± 1 �C in the presence and ab-
sence of ultrasonic irradiation. The results show that the removal
efficiency decreased by increasing the initial concentration. The
high removal efficiency in the applied range of concentrations in
a short time confirms the presence of plenty accessible active sites
on the surface of sorbent. Maximum adsorption capacity and re-
moval efficiency were found for the AC in the presence of ultra-
sonic irradiation at high concentrations of the pollutant but not
at low concentration. The higher adsorption rate by sonication
might be attributed to the extreme conditions generated during
the violent collapse of the cavitation bubbles. The asymmetric col-
lapse of bubbles in a heterogeneous system produces micro-jets
with high velocity. Furthermore, collapses generate shockwaves,
which cause extremely turbulent flow at the liquid–solid interface,
increasing the rate of mass transfer near the solid surface.

3.2.4. Adsorption isotherm model
As PNP molecules were mostly accommodated onto micropores

[2], hence the lower micropore volume in the case of MAC (Table 1)



Table 4
Isotherm parameters of Langmuir and Freundlich model for the adsorption of PNP onto AC and MAC (1:8) in the presence and absence of ultrasonic irradiation.

Sample Langmuir model Freundlich model

qm (mg g�1) b (L mg�1) R2 RL KF n R2

AC (US method) 125 0.22 0.99 0.0090 26.66 3.52 0.91
AC (stirrer method) 91 0.19 0.95 0.0104 22.43 3.43 0.98
MAC (US method) 84 0.12 0.98 0.0163 17.7 2.82 0.99
MAC (stirrer method) 85 0.18 0.96 0.0109 20.32 3.33 0.98

Table 5
Kinetic parameters for the adsorption of PNP onto AC and MAC (1:8) in the presence
and absence of ultrasonic irradiation.

Sample Pseudo-second order

k2

(g(mg min)�1)
qe,cal

(mg g�1)
R2 qe,exp

(mg g�1)

AC (US method) 0.180 23.40 0.9999 26
AC (stirrer method) 0.125 22.87 0.9999 24.37
MAC (US method) 0.124 22.80 0.9999 23.50
MAC (stirrer method) 0.140 23.10 0.9999 24

Table 6
Intraparticle diffusion rate constants (ki and c) and mode of diffusion parameters at
different.

Sample ki (mg g�1 min�0.5) c R2 km n

AC (US method) 1.218 18.52 0.98 0.770 0.0495
AC (stirrer method) 0.531 20.19 0.98 0.729 0.0856
MAC (US method) 0.472 20.43 0.99 0.752 0.086
MAC (stirrer method) 0.691 19.84 0.98 0.750 0.082
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can cause a decrease of adsorption capacity (Fig. S4). These results
indicate that the sorption process dependent upon surface are,
porosity, and possibility the surface functional groups.

The results were analyzed with the well-known models of Lang-
muir and Freundlich. The linear form of Langmuir isotherm is given
by the following equation:

1
qe
¼ 1

qm
þ 1

bqmCe
ð2Þ

where Ce (mg L�1) is the equilibrium concentration of the adsorbate,
qe (mg g�1) is the amount of adsorbed per unit mass of adsorbent,
qm (mg g�1) and b are Langmuir constants.

The linear form of Fruendlich isotherm is:

log qe ¼ log KF þ
1
n

log Ce ð3Þ

where KF is roughly an indicator of the adsorption capacity and (1/
n) of the adsorption intensity. Value of n > 1 represent a favorable
adsorption condition [28]. The data about the Langmuir and Fre-
undlich isotherms are given in Table 4.

Furthermore, the Freundlich constant is lower in the case of PNP
adsorption onto MAC in the presence of ultrasonic irradiation
which indicate that the low adsorption capacity.

As shown in Table 4, the data for adsorption of PNP onto AC un-
der ultrasonic irradiation was well fitted with Langmuir model but
under the other conditions the data were not well fitted with Lang-
muir and consistent with Freundlich isotherm, indicating the sur-
face energies is not uniform. Some of the sites were highly
energetic and bound the adsorbed PNP strongly, whereas some
were much less energetic and bound PNP weakly, which resulted
in the possibility of more than just one monomolecular layer of
coverage on the AC or MAC surfaces. Thus, the adsorption of PNP
in multimolecular layers was indicated in view of experimental
data. The uniform and monomolecular adsorption on the AC under
ultrasonic irradiation was due to the extreme conditions generated
during the violent collapse of cavitation bubbles. The asymmetric
collapse of bubbles in a heterogeneous system produces micro-jets
with high velocity led to uniform energy distribution of adsorption
sites on the surface of AC. In the case of MAC in the presence of
ultrasonic irradiation, the isotherm was fitted with both Langmuir
and Freundlich isotherms but fitted better with Freundlich model.
The presence of iron oxide on the surface of carbon active causes
different energy sites on the surface. The FTIR results confirm the
differences between adsorption on the surface of AC. Under ultra-
sonic irradiation a monomolecular layer of adsorption and in the
absence of ultrasonic irradiation a multimolecular adsorption or
different adsorption sites can be observed.

3.2.5. Adsorption kinetic models
The experiments were conducted with 50 mL solution

(50 mg L�1) at 24 ± 1 �C, pH = 4.0 ± 0.5, and 0.1 g of sorbent. To ana-
lyze the adsorption kinetic models, Lagergren‘s pseudo-first order
and McKay and Ho‘s pseudo-second order [59,60] models were ap-
plied to the experiment data and the experimental results well-de-
fined to pseudo-second order equation.
The pseudo-second order equation expressed as;

t
qt
¼ 1

k2q2
e
þ t

qe
ð4Þ

where k2 is the rate constant of second order adsorption. The slope
and intercept of plots of t

qt
versus t (figures not shown) were used to

calculate the second rate constant k2. The pseudo-second order rate
constant (k2), correlation coefficients (R2) along with the experi-
mental and calculated uptake capacity (qe) are presented in Table 5.

3.2.6. Adsorption mechanism
Adsorption is a multi-steps process involving transport of ingo-

ing adsorbate to external surface of the adsorbent (film diffusion),
transport of the adsorbate within the pores of the adsorbent, and
adsorption of ingoing adsorbate on the interior surface of the
adsorbent [56]. The adsorption processes may be controlled either
by one or more steps. The intraparticle diffusion rate equation is gi-
ven by [61]:

qt ¼ kit0:5 þ c ð5Þ

where ki is the intraparticle diffusion rate constant and c is the
intercept. The ki value can be calculated from the linear plots of qt

versus t0.5. The values of c give information about the thickness of
the boundary layer, i.e., the larger the intercept, the greater the
boundary layer effect [25]. The multi-linearity of the plot indicating
that more than one step influences the sorption process (Fig. S5.
Supporting information). It is assumed that an external mass trans-
fer followed by a gradual adsorption stage with intraparticle diffu-
sion dominating. Based on Fig. S5 in Supplementary data, the plot of
the amount of PNP adsorbed at time t versus the square root of time
using AC and MAC (1:8) in the presence and absence of ultrasonic
irradiation showed a rapid diffusion in the first stage. This can be
attributed to the diffusion of PNP through the external surface of
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the sorbent. This was followed by intraparticle diffusion of PNP
molecules to the sites on the surface. The intraparticle diffusion rate
constants obtained from the slope of the second portion of Fig. S5
are shown in Table 6. Since the second portion of the curve did
not pass through the origin, it is assumed that the intraparticle dif-
fusion was not the only rate controlling step and that boundary
layer diffusion controls the sorption process to some degree [53].
As Table 6, it is observed that the intraparticle diffusion rate is high-
er for the adsorption of PNP on the surface of AC in the presence of
ultrasonic irradiation than conventional method. Furthermore, the
value of c is lower for the AC (US method) than AC (stirrer method).
Many studies have shown that boundary layer diffusion is domi-
nant during the initial adsorbate uptake. Then, the adsorption rate
gradually becomes controlled by intraparticle diffusion [31]. It is
suggested that the higher value of diffusion rate constant and smal-
ler value of c as thickness of boundary layer in the presence of ultra-
sound indicate that ultrasound enhances the mass transport in the
pores and reduces the boundary layer thickness.

In the case of MAC (1:8), the diffusion rate constant (ki) is lower
and boundary layer thickness (c) is higher in the presence of ultra-
sonic irradiation. As discussed before, it is assumed that this
behavior is related to the breaking of sorbent–sorbate affinity by
ultrasonic irradiation. Since, presence of iron oxide changed the
surface properties of activated carbon and led to higher boundary
layer resistance.

To know the mode of diffusion, the transport number was com-
puted from the following equation [62]:

log
qt

qe
¼ log km þ n log t ð6Þ

where km is the adsorbate–adsorbent interaction coefficient and n is
the transport number. In order to calculate n and km, log qt

qe
was plot-

ted versus log t. The values of km and n are shown in Table 6. The
value of n indicates the type of transport mechanism. A value of
n = 0.5 represent the Fickian mechanism and n = 1 indicates the
non-Fickian mechanism. The constant km depends on the character-
istic of the adsorbents in addition to its interaction with PNP mole-
cules. The value of n was found to be less than 0.5 (Table 6),
indicating the Fickian diffusion of PNP with the surface interaction
of PNP molecules on the adsorbent surface.

In addition, the surface property of carbons strongly influences
the adsorption of organic molecules from aqueous phase. The car-
bon surface properties are influenced to a large extent by the for-
eign elements fixed on the surface, in particular by oxygen.
Several parameters have been proposed to contribute for the phe-
nolic compound adsorption on the carbonaceous materials:

– Adsorbate molecular size and pore size of the adsorbent: the
increase of adsorption is expected when the diameter of adsor-
bate molecule is twice smaller than the micropore size [23]. The
size of PNP molecules is estimated to be 0.75 nm. In our case, AC
and MAC with mean micropore size about 2.2 nm present suit-
able surfaces for the adsorption of PNP molecules.

– Type of interactions between carbonaceous materials and phe-
nolic compounds: the adsorption mechanisms include (1) p–p
dispersion interactions between AC basal planes and the pheno-
lic ring, (2) electrostatic attraction and repulsion forces, (3)
hydrogen-bonding between adsorbate and carbon surface func-
tions, and (4) donor–acceptor complex formation. It seems that
the main mechanism of interactions of sorbate molecular forms
with carbon surface is the dispersion interactions between the
p electrons of carbon graphene layers and solute aromatic ring.
But, the treatment of carbonaceous materials with nitric acid
produced oxygen functional groups on the surface of AC. These
functional groups reduced the surface hydrophobicity and the
electron density of graphene layers [24]. However, –NO2 group
on the PNP molecules has strongly electron-withdrawing prop-
erties which decreases the electron density and dispersive
interaction. Therefore, the dominant interaction of PNP on the
surface of AC and MAC should be the hydrogen bonding interac-
tions between –COOH and –OH surface functions with the oxy-
gen of nitro groups in PNP. In addition, the electrostatic
interaction of polar surface groups with PNP should be
considered.

4. Conclusion

AC and MAC were prepared, characterized and used success-
fully for the PNP remediation from aqueous media. The surface
area obtained for AC was 447 m2 g�1 versus 435 and 340 m2 g�1

for MAC with different mass ratio of (1:8) and (1:5), respectively.
Adsorption of PNP onto AC and MAC was carried out without and
with assistance of ultrasound. Adsorption of PNP onto activated
carbons does not significantly change with different initial pH
solution. The adsorption capacity and removal efficiency reduced
with increasing of magnetic nanoparticle content on the surface
of activated carbon.

Two isotherm models, Freundlich and Langmuir, were tested for
all samples. All of them were fit well by Freundlich model except
adsorption of PNP molecules on the surface of AC under ultrasonic
irradiation which fitted with Langmuir model. The PNP adsorption
rate fits with pseudo-second order kinetic model where the rate-
limiting step is assumed to be chemical sorption between the
adsorbate and the adsorbent. Comparison of the data between
ultrasonic and conventional method, both the adsorption rate
and the adsorbed amount were significantly enhanced in the pres-
ence of ultrasonic irradiation for AC at high concentrations of pol-
lutant. In the case of AC, the value of the intraparticle diffusion rate
constant obtained in the presence of ultrasound was greater than
those obtained in conventional method. Hydrodynamic effects in-
duced by ultrasound promote a significant increase of the mass
transfer across the boundary layer. The MAC particles can readily
be recovered from the solution using permanent magnet. In addi-
tion, it is easily re-dispersed in the solution upon removing the
magnetic field. This work improved an effective low cost MAC
exhibiting a reasonably high surface area with high efficiency for
the removal PNP compound. MAC was easily manipulated by a
low strength external magnetic field and permitting an easy recov-
ery from aqueous media.
Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.cej.2012.08.011.
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