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a b s t r a c t

Carbonaceous material obtained from the pyrolysis of sewage sludge, activated carbon (AC), a com-
posite CM(Fe-Cu) (carbonaceous material/nanoparticles of Fe-Cu) and nanoparticles N(Fe-Cu) were 
used to evaluate and compare their abilities to remove phenol from aqueous solutions by adsorp-
tion followed by oxidation. The adsorbents were characterized by scanning electron microscopy, 
transmittance electron microscopy, Brunauer–Emmett–Teller (BET) surface area, X-ray diffraction 
and Infrared (IR) spectroscopy. The presence of Fe-Cu nanoparticles was confirmed by the TEM 
technique. Sorption kinetics and isotherms were determined in the presence and absence of hydro-
gen peroxide. The experimental kinetic data of the activated carbon and the carbonaceous material 
were treated with Lagergren, Elovich and Ho models. The results show that both materials are best 
fit to the second order model indicating a chemisorption mechanism. The adsorption equilibrium 
of phenol by the different adsorption materials was observed in 24 h. The adsorption capacity of 
CM(Fe-Cu) for phenol was not affected by the pH, and the adsorption capacities for CM and AC 
decreased as the pH increased. The isotherms were lineal in all cases. N(Fe-Cu) was the most effi-
cient material for the removal of phenol from aqueous solutions. The adsorption capacities decreased 
as the doses increased and the adsorption capacities of the materials were not affected by the tem-
perature when it was between 30 and 50°C; only the composite CM(Fe-Cu)in the presence of hydro-
gen peroxide showed an endothermic behavior. The highest adsorption capacities were for N(Fe-Cu) 
in the presence and absence of hydrogen peroxide. 
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1. Introduction

In the past many adsorbents for organic and inorganic 
pollutants have been investigated, and the search for low-
cost adsorbents has been intensified. Sewage sludge pro-
duced from wastewater treatment is a serious problem 
[1], because of its composition. The sludge could contain 
inorganic and organic contaminants, including some per-
sistent contaminants [2]. Therefore, it would be beneficial 
to use these waste materials by turning them into resources. 

Recently, sewage sludge has been used to produce carbona-
ceous materials [3].

Phenol is one of the pollutants that seriously dam-
ages ecosystems and is considered as a priority pollutant 
by USEPA, with a maximum limit of 0.5 mg/g [4]. Mexi-
can regulations establish a limit of tolerance for phenol in 
drinking water of 0.001 mg/L [5].

The presence of phenolic compounds in wastewater 
is a growing concern because the presence of high con-
centrations is a serious potential risk to human health and 
aquatic life [6–10]. It is therefore important to develop 
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effective techniques to remove phenol from wastewater. 
In general, organic pollutants are removed by chemical 
treatments like acid-base neutralization, precipitation, 
adsorption and oxidation-reduction [10–13]. The adsorp-
tion process is an important method because it is efficient 
to remove phenolic compounds and derivative pollutants, 
even at low concentrations and it makes possible an attrac-
tive technology when the adsorbent is cheap and easy to 
use [14,15].

Several adsorbents have been evaluated, such as silica 
gel, alumina, zeolites, activated charcoal, sawdust, peat, lig-
nite and red mud [16]. Activated carbon is the sorbent most 
widely used to remove organic contaminants from water 
due to its porous structure, high surface area, high removal 
efficiency and feasibility for large-scale use [15]. However, 
it presents certain problems due to its high cost and regen-
eration [17].

The most common advanced oxidation processes 
include: Fenton processes (H2O2/Fe2+), ultraviolet (UV)/
H2O2, UV/O3, O3/H2O2, and photocatalytic degradation 
with TiO2/UV. Fenton and Fenton-like processes are effec-
tive at degrading organic pollutants in wastewater [3,6,9, 
10,12,18–20].

In the Fenton process, H2O2 in the presence of a catalysts 
such as iron enhances oxidation by generating HO· radicals 
that react with the organic matter [9,10,12,13,20–23].

Fenton reactions can be of two types: homogeneous, 
also called a conventional reaction, and heterogeneous. In 
the homogenous reaction, diluted H2O2 reacts with Fe2+ in 
a solution, producing the radical OH· at pH values near 3. 
However, it is impractical to use the homogeneous process 
because large amounts of iron hydroxide sludge are formed 
as a byproduct [8,22,24,25].

Several solid catalysts, including activated carbon 
impregnated with iron and copper, have been used to 
degrade recalcitrant organic compounds by the Fenton 
reaction [18]. However, these catalysts require UV radia-
tion to accelerate the reduction. Catalysts have been devel-
oped with nanoparticles with a high surface area which 
can accelerate the Fenton reaction without UV radiation. 
These nanocatalysts are very reactive because their active 
sites are on the surface. They have a low diffusion resis-
tance, and are easily accessible to substrate molecules 
[10,18,19,26].

Iron nanoparticles have special catalytic and photo-
chemical properties for degradation of organic pollutants 
[11]. Nanoparticles of Fe/Cu have been synthesized to 
improve the efficiency of pollutant degradation [20,27].
The results for the removal of 4-chlorophenol from aque-
ous solutions by modified zeolitic material with hexadecyl 
trimethyl ammonium bromide, using batch and (column) 
systems showed that the mechanism was chemisorption 
and the isotherm was linear [28].

Vinita et al. [29] investigated the degradation of 2,4,6-tri-
chlorophenol with Fe nanoparticles, the degradation was 
86% at pH-3. Ninety percent of p-nitrophenol was degraded 
after 10 h with 1.5 g / L Fe3O4 and pH 7.0 using nano-mag-
netite [24]. FeO and CuO materials have been used for the 
degradation of nitrobenzene [20].

The aim of this study was twofold, first to obtain car-
bonaceous material from sewage sludge and a compos-
ite CM(Fe-Cu) (carbonaceous material/nanoparticles of 

Fe-Cu); the second was to determine their removal prop-
erties of phenol from aqueous solutions and compare their 
efficiencies with those of nanoparticles N(Fe-Cu). The 
removal of phenol has been reported by the adsorption or 
oxidation process by different materials. The novelty of this 
paper is that new materials were used to remove phenol 
from aqueous solutions, and both adsorption and then oxi-
dation of phenol by Fenton-type reactions were applied in 
the same process.

2. Experimental 

2.1. Materials and methods

A phenol stock solution was prepared using deionized 
water and analytical grade phenol. Phenol concentrations 
in solutions were determined by using a UV/Vis Perkin 
Elmer Lambda 10 spectrophotometer, with a wavelength of 
270 nm. A 30% H2O2 solution (analytical grade) was used.

2.2. Carbonaceous material (CM)

Sewage sludge was obtained from an industrial sewage 
treatment plant (Reciclagua, Lerma, Mexico). It was dried 
at 20°C and pyrolysis of the sludge was performed at 600°C 
for 1 h in stainless steel reactor and nitrogen atmosphere. 
After the treatment, it was triturated and the grains of sizes 
between 0.42 mm and 0.84 mm were selected. 

The carbonaceous material obtained (CM) was treated 
with an 18% hydrochloric acid solution at 20°C for 4 h to 
activate the carbonaceous material and remove any metals 
that could be present in the sample, then it was washed 5 
times with distilled water and dried at 60°C for 5 h. Addi-
tionally, a commercial activated carbon (AC) which was 
prepared from wood,was obtained from Clarimex®.

2.3. Nanoparticles N(Fe-Cu) and composite carbonaceous 
 material/nanoparticles N(Fe-Cu) (CM(Fe-Cu)

Nanoparticles of Fe-Cu and composite CM(Fe-Cu) 
(75/25% wt% ratio) were synthesized by chemical reduc-
tion. Nanoparticles were prepared as follows: 0.01 M 
solutions of FeSO4·7H2O and CuSO4·5H2O were mixed 
and left stirring for 24 h, then a 0.01 M NaBH4 solution 
was added to reduce the metals. The composite was pre-
pared as above; carbonaceous material was added before 
reduction with an NaBH4 solution. The resulting mix-
tures were vacuum filtered; the materials obtained were 
washed with distilled water and alcohol, and then finally 
air-dried for 24 h.

2.4. Characterization

2.4.1. Scanning electron microscopy

For scanning electron microscopy (SEM) observations, 
the materials before and after phenol adsorption were 
mounted directly on the holders and then observed at 10 
kV in a JEOL JSM-5900-LD electron microscope. The micro-
analysis was done with an energy X-ray dispersive spec-
troscopy (EDS) system.
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2.4.2. IR spectroscopy

The IR spectra of adsorbents before and after adsorption 
of phenol were obtained at room temperature in the wave-
length range of 4000–800 cm−1 using a Shimadzu Prestige- 
21 FTIR.

2.4.3. X-ray diffraction (XRD)

Powder diffractograms were obtained by using a Sie-
mens D500 diffractometer coupled to a copper anode X-ray 
tube. The conventional diffractograms were compared 
with the Joint Committee on Powder Diffraction Standards 
(JCPDS).

2.4.4. TEM observations

Nanoparticles and composite CM(Fe-Cu) were sus-
pended in 2-propanol using an ultrasonic instrument. TEM 
samples were prepared by placing a drop of the alcoholic 
suspension on carbon-coated copper grids. TEM obser-
vations were performed by using a transmission electron 
microscope JEOL-2010, operated at an accelerating voltage 
of 200 kV and equipped with a LaB6 filament.

2.4.5. Specific surface areas(BET)

The BET specific surface areas were determined by 
standard multipoint techniques of nitrogen adsorption, by 
using a Micromeritics Gemini 2360 instrument. The sam-
ples were heated at 200°C for 2 h before specific surface 
areas were measured.

2.5. Sorption kinetics

Kinetic removal of phenol by the adsorbent materials 
(carbonaceous material (CM), activated carbon (AC), com-
posite (CM(Fe-Cu)) and nanoparticles (N(Fe-Cu)) was per-
formed as follows: 100 mg of each adsorbent and 10 mL 
aliquots of a 10 mg/L solution of phenol were placed in 
centrifuge tubes and shaken for different periods of time at 
120 rpm and 20°C, then the samples were centrifuged and 
decanted. All adsorption experiments were performed in 
duplicate.

CM(Fe-Cu) and N(Fe-Cu) were used for the Fenton pro-
cess; 3 mL of a 30% H2O2 solution were placed in 7 mL of 
the phenol solution (10 mg/L) at pH 3 and 100 mg of the 
adsorbent were added.

2.6. Sorption isotherms

One hundred milligram samples of each material were 
put into contact with 10 mL of different concentrations of 
phenol solutions (from 1 to 120 mg/L) for 72 h at 20°C. 
Later, the samples were centrifuged and decanted. Phenol 
concentrations were determined in the remaining liquid 
phases by using a UV /Vis spectrophotometer.

CM(Fe-Cu) and N(Fe-Cu) were used for the Fenton pro-
cess; 3 mL of 30% H2O2 solution were placed in 7 mL of phe-
nol solution (from 1 to 120 mg/L) at pH 3, and 100 mg of the 
solid materials were added.

2.7. Effect of pH

In order to determine the effect of pH on phenol adsorp-
tion processes, experiments were carried out using 10 mL of 
a 10 mg/L solution of phenol and 100 mg of adsorbent. The 
initial pH values were adjusted by adding HCl or NaOH 
solutions; the pH values of the solutions were 3, 4, 5, 8 and 
11. The pH of each solution was measured periodically and 
was kept constant until it reached equilibrium; the exper-
iments were performed in duplicate. Subsequently the 
phases were separated, and phenol concentrations were 
determined in the remaining solutions by UV/Vis spec-
trometry.

2.9. Effect of the adsorbent dosage

Experiments were carried out using different amounts 
of adsorbent (1, 3, 5, 7, 9, 11, 13, 15, 17 and 20 mg) and 
10 mL of a phenol solution (10 mg/L) at pH 3. The mix-
tures were shaken 72 h; subsequently the phases were 
separated, and the concentration of phenol in the remain-
ing solutions was determined by UV/Vis spectrometry. 
CM(Fe-Cu) and N(Fe-Cu) were used for the Fenton pro-
cess; 3 mL of 30% H2O2 solution were placed in 7 mL of 
phenol solution (10 mg/L) at pH 3, together with 100 mg 
of the solid materials.

2.10. Effect of temperature 

The experiments were performed using 100 mg of each 
adsorbent material and 10 mL of a phenol solution (10 
mg/L) of pH 3 and the mixtures were shaken at 120 rpm for 
72 h. The experiments were carried out at 30, 40 and 50°C. 
Thereafter the phases were separated and the concentration 
of phenol in the solution was determined by UV/Vis spec-
trometry. CM(Fe-Cu) and N(Fe-Cu) were used for the Fent 
on process; 3 mL of a 30% H2O2 solution were added to 7 mL 
of phenol solution of 10 mg/L of pH 3. 

3. Results and discussion

3.1. Characterization

3.1.1. Scanning electron microscopy

Figs. 1a and 1b show images of raw carbonaceous 
material and the same material after being in contact with 
phenol, respectively. The materials show irregular mor-
phologies and cavities of different sizes which confers 
porosity on the materials; similar observation shave been 
reported elsewhere [30]. Figs. 2a, 2b and 3a, 3b show images 
of CM(Fe-Cu), N(Fe-Cu) and the same after being treated 
with phenol respectively; the morphology of the materials 
shows porosity on their surfaces.

Chemical composition of the adsorbents before and 
after adsorption of phenol is shown in Table 1; the elemental 
composition of the materials before and after adsorption of 
phenol was similar. The carbon content was 82%, 62% and 
59% for AC, CM and CM(Fe-Cu) respectively. Other ele-
ments found were calcium and sulfur; calcium was found 
in CM(Fe-Cu) (2.37%) and CM (1.24%). Sulfur concentra-
tions of 1.00, 1.33 and 0.49% were present in C(Fe-Cu), CM 
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a) b) 

Fig. 1. Scanning-electron micrographs of carbonaceous material CM (a) and carbonaceous material treated with phenol CM-F(b). 

a) b) 

Fig. 2. Scanning-electron micrograph of a) composite CM(Fe-Cu) and b) material treated with phenol.

Table 1
Elemental composition of AC, CM, C(Fe-Cu) y N(Fe-Cu) before and after adsorption of phenol

Element AC % 
weight

CM % 
weight

CM(Fe-Cu) 
% weight

N(Fe-Cu)  
% weight

AC-phenol 
% weight

CM-phenol 
% weight

CM(Fe-Cu)/
Fenton phenol 
% weight

N(Fe-Cu)/
Fenton phenol 
% weight

C 82.2 ± 1.3 59.41 ± 1.67 62.03 ± 6.31 _ 87.50 ± 3.89 56.00 ± 4.02 59.82 ± 3.29 9.53 ± 1.71
O 12.3 ± 1.1 22.75 ± 1.38 17.54 ± 3.10 22.41 ± 7.79 8.53 ± 3.13 24.11 ± 3.17 23.55 ± 3.45 22.54 ± 6.08
Na 0.6 ± 0.1 0.37 ± 0.09 0.42 ± 0.22 _ _ 0.36 ± 0.09 0.21 ± 0.05 _
Mg 0.2 ± 0.0 0.19 ± 0.14 0.26 ± 0.04 _ 0.35 ± 0.13 0.21 ± 0.06 0.32 ± 0.20 _
Al _ 0.97 ± 0.12 1.05 ± 0.42 _ _ 1.13 ± 0.15 1.56 ± 0.50 0.36 ± 0.07
Si 0.3 ± 0.1 11.43 ± 0.97 11.70 ± 5.29 0.41 ± 0.08 0.60 ± 0.28 12.91 ± 1.45 8.48 ± 0.85 0.51 ± 0.16
P 4.0 ± 0.3 _ 0.28 ± 0.01 _ 2.98 ± 1.03 _ 0.15 ± 0.02 _
S _ 1.33 ± 0.35 1.00 ± 0.09 0.49 ± 0.23 _ 1.25 ± 0.19 0.75 ± 0.19 _
Cl _ 0.73 ± 0.47 0.69 ± 0.88 _ _ 0.58 ± 0.12 0.39 ± 0.15 0.14 ± 0.00
K _ 0.31 ± 0.05 0.33 ± 0.14 _ _ 0.28 ± 0.06 0.34 ± 0.08 _
Ca _ 1.24 ± 0.68 2.37 ± 1.43 _ _ 1.81 ± 0.40 1.82 ± 0.53 _
Fe 0.4 ± 0.1 0.94 ± 0.40 1.87 ± 0.59 51.62 ± 14.14 0.31 ± 09.11 0.94 ± 0.27 1.83 ± 0.29 52.49 ± 6.66
Cu _ _ 0.25 ± 0.08 25.15 ± 20.25 _ _ 0.50 ± 0.20 14.52 ± 2.99
Ti _ 0.45 ± 0.16 0.43 ± 0.26 _ _ 0.42 ± 0.07 0.37 ± 0.07 _

Cr _ _ 0.26 ± 0.10 _ _ _ 0.21 ± 0.00 _
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and N(Fe-Cu), respectively. Aluminum, silicon and chlorine 
were found in trace quantities.

3.1.2. Transmittance electron microscopy (TEM)

TEM analysis of raw N(Fe-Cu) and the same material 
after being treated with phenol in the presence of H2O2 are 
shown in Fig. 4a and 4b, respectively. Their morphologies 
show mainly laminar particles, iron and copper oxides are 
observed, and they have a core-shell structure.

3.1.3. IR spectroscopy

The IR spectra of CM (Fig. 5a), CM(Fe-Cu) (Fig. 5b) and 
N(Fe-Cu) (Fig. 5c) before and after phenol adsorption were 
similar. The only change observed was a decrease in the 
intensity of bands. The main adsorption bands observed at 
3500 cm–1 correspond to OH groups. The band from 2850 
to 2750 cm–1 corresponds to aromatic and aliphatic groups 
CH2 and CH3. The band at around 1600 cm–1 corresponds 
to C=C bonds of aromatic groups; bands at 1500 and 1350 

cm–1 can be attributed to CH2 and S=O groups. Finally, 
the bands at 1600–1000 cm–1 correspond to C–C and C–O 
groups.

3.1.4. X-ray diffraction

The diffractograms of the adsorbent materials did not 
show any significant change after the treatments; only the 
intensities of some diffraction peaks changed.

Quartz (JCPDS 01 086 1629) and albite (JCPDS 01 
083 1658) were found in the carbonaceous material, and 
CM(Fe-Cu) showed similar composition. FeO (JCPDS 01 
080 2186), FeOOH (JCPDS 01 073 2326) and Cu2O (JCPDS 03 
065 3288) were found in N(Fe-Cu).

3.1.5. Specific surface areas

Table 2 shows the specific surface areas, total pore vol-
umes and mean pore diameters of AC, CM(Fe-Cu) and 
N(Fe-Cu). Activated carbon has the highest specific surface 

a) b) 

Fig. 3. Scanning-electron micrograph of a) N(Fe-Cu) and b) N(Fe-Cu) treated with phenol.

a) b) 

Fig. 4. a) TEM of N(Fe-Cu) and b) N(Fe-Cu)treated with phenol in presence of hydrogen peroxide.
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area and N(Fe-CU) has the highest total pore volume and 
pore diameter.

3.2. Adsorption kinetics

Fig. 6 shows the kinetic adsorption behavior of phenol 
by CM, AC, CM(Fe-Cu), N(Fe-Cu), and in the presence of 
H2O2 by CM(Fe-Cu) and N(Fe-Cu).The equilibrium time was 
reached in 24 h, the adsorption capacities of phenol at equi-
librium were 0.54 ± 0.05, 0.58 ± 0.12, 0.37 ± 0.02, 0.20 ± 0.24, 
1.85 ± 0.64 and 4.44 ± 0.05 mg/g for AC, CM, CM(Fe-Cu), 
N(Fe-Cu) and in the presence of H2O2, CM(Fe-Cu) and 
N(Fe-Cu) respectively.

The adsorption capacities for phenol are similar for the 
activated carbon, carbonaceous material and composite 
CM(Fe-Cu), with the latter in the presence and absence of 
hydrogen peroxide.

The adsorption rate was the highest at the beginning of 
the process and then diminished up until equilibrium was 
reached. N(Fe-Cu) in the presence and absence of hydro-
gen peroxide showed the highest adsorption capacities. It 
is most likely that the oxidation of phenol took place when 
hydrogen peroxide was present because the removal of 
phenol increased.

The experimental data were fitted to the kinetic models 
of Lagergren, Elovich and Ho. The kinetic parameters were 
determined by fitting the experimental data to these models 
with the help of Origin® version 8.

3.2.1. Pseudo-first order model (Lagergren)

In this model, the sorption rate is proportional to the 
solute concentration, and it is commonly used for homoge-
neous sorbents and physical sorption. If the sorption behav-

ior is of the first order then the experimental results could 
be adjusted to the following equation:

q qt e
K tL= −( )1 e  (1)

where qt and qe are the adsorbed amounts of phenol (mg/g) 
at time t (h) and at equilibrium, respectively, and KL (h

–1) is 
the sorption constant of Lagergren [31].

3.2.2. Second order model (Elovich)

This model has been used in chemisorptions on highly 
heterogeneous materials [28], and it is represented by the 
following equation:

q bIn ab bIn tt = ( ) + ( )  (2)

where qt is the amount of adsorbed phenol at time t, a is the 
sorption constant of phenol (mg/g) and b is the desorption 
constant (mg/g) [32].

3.2.3. Pseudo-second order model

The pseudo-second order model [31] is based on the 
assumption that the rate limiting step may be chemisorp-
tion involving valence forces through sharing or exchange 
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Fig. 5. a) IR spectrum of carbonaceous material and carbonaceous material treated with phenol, b) IR spectrum of composite CM(Fe-
Cu) and the composite treated with phenol and c) IR spectrum IR of N(Fe-Cu) and N(Fe-Cu) treated with phenol.
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Fig. 6. Kinetic adsorption behavior of phenol by CM, AC, CM(Fe-
Cu), N(Fe-Cu), and in the presence of hydrogen peroxide for the 
last two materials.

Table 2
Specific surface areas, total pore volumes and mean pore 
diameters of AC, CM(Fe-Cu) and N(Fe-Cu)

Adsorbent Specific surface 
area (m2/g)

Total pore 
volume (m3/g)

Pore diameter 
nm

AC 104.29 0.1681 6.44
CM(Fe-Cu) 75.16 0.1745 9.28
N(Fe-Cu) 62.76 0.3625 23.101
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of electrons between adsorbent and adsorbate. This model 
can be represented in the following form:

q
q kt

q ktt
e

e

=
+

2

1
 (3)

where qt and qe are the amounts of adsorbed phenol at time 
t and at equilibrium (mg/g), respectively; k is the pseu-
do-second order rate constant for the sorption process (g/
mg h). 

The experimental kinetic data were adjusted to these 
kinetic models, but only the data of AC and CM could 
be adjusted to these models, and the kinetic parameters 
obtained are shown in Table 3. Fig. 7 shows the kinetic 
adsorption behavior of phenol by carbonaceous mate-
rial and activated carbon fitted to the models. The results 
show that the experimental data of both materials were 
best adjusted to second order model, indicating that the 
adsorption mechanism is chemisorption [31]. The adsorp-
tion of phenol is stronger than the desorption process in the 
case of the activated carbon, and an opposite behavior was 
observed for the carbonaceous material.

3.3. Adsorption isotherms

Fig. 8 shows the adsorption isotherms of phenol by the 
materials at 30°C, all isotherms are linear and this behav-

ior is characteristic of the partition mechanism [33,34]. The 
mechanism considers that phenol is retained on the exter-
nal surface of the adsorbents. The distribution coefficient 
(Kd) is the slope of the obtained isotherm. The distribution 
and the determination (R2) coefficients for each material 
are shown in Table 4. A similar behavior was reported 
by Cortés-Martínez et al. (2007) [33] for the adsorption of 
4-chloride phenol by a surfactant modified zeolitic tuff. Lin-
ear isotherms indicate that adsorption capacities increase 
proportionally as the quantities of solutes increase in the 
adsorption systems.
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Table 3
Kinetic parameters calculated by fitting the experimental data to models

Material Kinetic models

Pseudo-first order Second order Pseudo-second order

qe 

(mg/g)
KL 

(h-1)
R2 a 

(mg/g)
b 
(mg/g)

R2 qe 

(mg/g)
K 
(g/mgh)

R2

AC 0.47 140.46 0.6875 183118.31 37.01 0.9050 0.50 293.26 0.7435
CM 0.54 0.33 0.8950 0.99 10.54 0.9530 0.58 0.95 0.9418
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Fig. 8. Adsorption isotherms of phenol at 30oC.
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Phenol showed a higher affinity for N(Fe-Cu) in the 
absence and presence of H2O2 than the other materials. The 
values of Kd for N(Fe-Cu) in the absence and presence of 
H2O2 were ten times higher than the values found for AC, 
CM and CM (Fe-Cu).

3.4. Effect of pH 

pH is an important parameter in sorption due to poten-
tial ionization of the contaminants, functional groups of 
adsorbent surface and composition of solutions. Fig. 9 shows 
the phenol sorption capacities at various pH values for CM, 
AC, CM(Fe-Cu) and N(Fe-Cu) in the presence of H2O2.

The adsorption capacity of CM(Fe-Cu) for phenol was 
not affected by the pH. This behavior indicates that neither 
the chemical species in solution nor the effects of pH on 
the material are important parameters in the sorption pro-
cess of phenol. The adsorption capacities for CM and AC 
decreased as the pH increased which could suggest that the 
neutral species of phenol are retained by these materials, 
and this behavior could indicate a partition mechanism. 
Cortes et al. [33] found that the adsorption of 4 chloro phe-
nol by a surfactant modified zeolitic material was similar in 
the pH range between 5 and 9.5.

The adsorption capacity of N(Fe-Cu) was similar in the 
pH range from 4 to 10. ElShafei et al. [20] reported that the 
degradation of nitro-benzene by oxides of Fe and Cu was 
best accomplished at pH of 7. Babuponnusami and Muthu-
kumar [9] reported the removal of phenol by electro photo 
Fenton using nanoparticles of iron, and they found that the 
pH is a very important parameter in the process. It has been 
found that oxidation is better accomplished at pH of 3. Shi-
mizu et al. [12] found that the best pH for the removal of 
phenol is 3, using iron in the presence of dissolved oxygen.

3.5. Effect of the adsorbent dosage

Fig. 10 shows the adsorption capacities of AC, MC, 
CM(Fe-Cu), N(Fe-Cu), CM(Fe-Cu)PF and N(Fe-Cu)PF 
vs. adsorbent dosage. The sorption capacities for phenol 
decreased with an increase in the adsorbent dosage from 1 to 
20 mg of adsorbent; this behavior could be attributed to the 
adsorption sites remaining unsaturated during the adsorp-
tion reaction [3]. Similar results were reported by Dehghani 
et al. [15] for the adsorption of 2,4-dichlorophenolyxacetic 
acid (2,4-D) herbicide by granular activated carbon. A deg-
radation mechanism of phenol using ferric ions and Fe/Cu 
bimetallic catalysis has been proposed elsewhere [8,35].

3.6. Effect of temperature

The effect of temperature on the adsorption of phenol 
was determined at 30 (Fig. 8), 40 and 50°C for CM, AC, 
CM(Fe-Cu) and N(Fe-Cu), the last two in both the absence 
and presence of H2O2. In general, the adsorption capacities 
for all materials were similar at the different temperatures.
Fig. 11 shows the adsorption isotherms of phenol by the 
materials at 50°C; only CM(Fe-Cu) in the absence and pres-
ence of H2O2 showed that the adsorption increased with the 
temperature increase from 40 to 50°C. This behavior may 
indicate that at 50°C, the oxidation of phenol may take 
place or that the adsorption process is endothermic. The 
thermodynamic parameters of these processes could not 
be calculated because the adsorption systems showed sim-
ilar behaviors in this temperature range. Wang et al. [10]
reported the catalytic degradation of phenol by the Fenton 
process, and they found that the degradation increased as 
the temperature increased from 40°C to 50°C.

The results show that carbonaceous material obtained 
from the pyrolysis of sewage sludge (CM), composite 
CM(Fe-Cu) and nanoparticles N(Fe-Cu) may be alternative 
adsorbents for the removal of phenol. These new adsor-
bents have economic advantages because of their low cost, 
and adsorption properties. It would be interesting to inves-
tigate their adsorption properties in larger scale (technical 
and economic aspects).

Table 4
Parameters of the lineal adsorption isotherms

Material Kd R2

AC 0.0957 0.9998
CM 0.0982 0.9998
CM(Fe-Cu) 0.0987 0.9987
CM(Fe-Cu)PF 0.0973 0.9999
N(Fe-Cu) 0.9755 0.9994
N(Fe-Cu)PF 0.9616 0.9988 0
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mediante el proceso Fenton heterogéneo usando Fe2O3 sopor-
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nation, 299 (2012) 1–15.

[24] S.P. Sun, A.T. Lemley, p-Nitrophenol degradation by a hetero-
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mization, kinetics, and degradation pathways, J. Mol. Catal. A: 
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4. Conclusions

Different carbonaceous materials and Fe-Cu nanoparti-
cles were characterized by BET, infrared spectroscopy, X-ray 
diffraction and SEM-EDS; the presence of Fe-Cu nanoparti-
cles was confirmed by the TEM technique. The experimental 
kinetic data of the activated carbon and the carbonaceous 
material were treated with Lagergren, Elovich and Ho mod-
els. The results show that both materials are best fit to the sec-
ond order model indicating a chemisorption mechanism. The 
adsorption equilibrium of phenol by the different adsorption 
materials was observed in 24 h. The adsorption capacity of 
CM(Fe-Cu) for phenol was not affected by the pH, and the 
adsorption capacities for CM and AC decreased as the pH 
increased. The presence of hydrogen peroxide in the compos-
ite was important for the removal of phenol from the aque-
ous solutions. The composite (carbonaceous material Fe-Cu) 
showed higher efficiency for the removal of phenol than the 
carbonaceous material; therefore, the first one could be used 
as an alternative material for treating residual industrial 
water. The highest adsorption capacities were for N(Fe-Cu) 
in the presence and absence of hydrogen peroxide. The 
adsorption capacities decreased as the doses increased and 
the adsorption capacities of the materials were not affected 
by the temperature when it was between 30 and 50°C.
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