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Abstract

Among the organic pollutants, the chlorinated phenols represent an important class of compounds having a stable world market of
ca. 100 kt per year. Due to their aryl structure and presence of the chlorine atom, chlorinated phenols are exceptionally recalcitrant
toward chemical reactions aimed at their reduction. Adsorption from liquid phase has received special interest due to its flexibility
and simplicity in operation. Especially adsorption using activated carbon (AC) has been recognized by the US Environmental
Protection Agency as one of the best available control technologies due to the high surface area, large adsorption capacities and
porous structure of AC.

The purpose of this study was to investigate the adsorption mechanisms of 4-chlorophenol (4-CP) from aqueous solutions on AC-
based magnetic composites. Three different granular activated carbon materials (GAC), L27, S21 and X17, were selected based on
their chemical surface properties to prepare magnetic composites through the co-precipitation method. Two kinds of composites,
magnetic composites (M-L27, M-S21 and M-X17), and pre-oxidized magnetic composites (M-L27/HNOs, M-S21/HNOs and M-
X17/HNOs) were tested. Significant lower values of surface area were obtained in case of pre-oxidized magnetic composites due
to their higher hydrophilicity. L27-based adsorbents lead to the fastest kinetics of 4-CP adsorption, whereas S21-based adsorbents
have the highest values of adsorption capacity. The highest Fe content of 4.41% was achieved in case of M-L27 composite.
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1. Introduction

Chlorophenols (CPs) are among the most
persistent and hazardous organic compounds. Given
their strong toxicity and resistance to biodegradation,
they have been listed as persistent organic pollutants
(POP) by the Clean Water Act of the US Environment
Protection Authority and European Decision
2455/2001/EC) (Ajeel et al., 2015; Allaboun and Abu
Al-Rub, 2016; Hwang et al., 2015; Nourmoradi et al.,
2015). The major source of chlorophenol pollution is
represented by the industrial discharges from

petrochemical and pesticide industries and their
hospital and domestic use. Chlorophenols are also
generated in-situ during the chlorination process
applied for the elimination of microbes from water
(Duan et al., 2014; Lavand and Malghe, 2015). For
human consumption, the limiting levels of various
chlorophenols in water are below 0.1 mg/L (Aslam et
al., 2015). Compared to meta- and para-
chlorophenols, the ortho- substituted congeners are
known to be of lower toxicity. The former substituted
chlorines apparently shield the HO- group, thus
having the property to interact with the available
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active sites from the aquatic media (Markovic et al.,
2015). In particular, p-chlorophenol is directly
relevant for water remediation due to its solubility and
the severity of its threat to terrestrial and aquatic life
(Nguyen and Juang, 2015).

Adsorption and advanced oxidation processes
are known as highly efficient treatment methods for
the removal of organic pollutants from water
environments. Various adsorbents have been designed
and tested for the removal of organics (Aghdam et al.,
2015; Fard et al, 2017; Fard and Barkdoll, 2018).
Although the adsorption process is relatively simple
and involves mild operational conditions, its
performance towards the removal of organic
compounds is lower than that of other techniques
(Irani et al., 2015). Advanced oxidation processes
(AOPs) are based on the generation of highly reactive
species, mainly hydroxyl radicals (HO-), which have
the strongest oxidation potential, excepting fluorine
(in acidic media), and are able to mineralize almost all
organic compounds to carbon dioxide and water (Liu
et al., 2015; Nourmoradi et al., 2015). Among AOPs,
the Fenton process using a mixture of hydrogen
peroxide (H20,) as oxidant and ferrous iron (Fe?*) as
catalyst (to accelerate the degradation rate of organic
compounds) has been intensively studied for
environmental remediation (Chen et al., 2015;
Messele et al., 2015; Yao et al., 2013). It has many
advantages, such as high performance and simplicity
for the oxidation of organics, mild reaction conditions
(operated at room temperature and atmospheric
pressure), non-toxicity (H2O. can break down into
environmentally safe species like H,O and O2) and the
materials required are inexpensive (Wang M. et al.,
2016; Wang N. et al., 2016).

The Fenton process consists in a transfer of
electrons from a strong oxidizing agent (hydrogen
peroxide) towards a transitive metal in the bulk
solution, generally iron (1) (Fe?*), resulting in the
formation of hydroxyl radicals that attack further the
organic matter (Martin del Campo et al., 2014). The
chemical reaction is described by Eq. (1):

Fe?" + H;0; — Fe® + OH" + «OH (1)

AOPs can be also used in combinations termed
hybrid methods such as ultrasound assisted Fenton,
sonophotocatalysis, photo-Fenton, and
ozone/hydrogen peroxide, in order to enhance the
oxidation efficiency and overcome the limitations of
individual AOPs toward some specific pollutants
(Saharan et al., 2014). The combined system of UV
irradiation and Fenton process, namely the photo-
Fenton process, has been developed (Fard et al.,
2013). This process results in a higher degree of
mineralization due to the enhanced production of «OH
radicals. In this case, hydroxyl radicals are generated
due to both the photo-decomposition of hydrogen
peroxide and iron catalyzed decomposition (Eq. 2)
(Bel Hadjltaief et al., 2014).

H,0O, + UV —+«OH + «OH (2)
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In particular, iron oxide nanoparticles represent
a promising adsorbent due to their high reactivity;
moreover, elemental iron is non-toxic and ubiquitous
on Earth (accounting for 6% wt. of the Earth’s crust)
(Xu et al., 2013).

Considering the excellent adsorption capacity
of activated carbon, many studies have been focusing
on the development of novel adsorbents that combine
the adsorption capacity of carbon materials with the
magnetic properties of iron oxides (Istratie et al.,
2016).

In the present study, a combined adsorption
and Fenton oxidation method is proposed using
granular activated carbons as starting materials. The
ACs were modified by chemical treatment in order to
obtain supports with different surface chemistry. The
co-precipitation method was employed to prepare
iron-impregnated catalysts on different activated
carbon supports, and applied in the photo-Fenton-like
degradation process of 4-CP.

The adsorption step of the treatment process
allows 4-CP to be immobilized and concentrated on
the activated carbon surface and when Fenton
oxidation is carried out the degradation of the
adsorbate is much more efficient and effective
compared to chemical oxidative processes carried out
in the dilute solution (Kim et al., 2015).

The main objective of this study was to develop
and compare the performance of raw activated carbons
having different surface properties, magnetic and pre-
oxidized magnetic activated carbons applied further
for the removal method of 4-CP from water by
adsorption and photo-Fenton processes.

The physical and chemical properties of GAC
composites were analyzed and the catalytic
performances were assessed according to the effects
of some key parameters, such as initial value of
solution pH, phenol initial concentration, and contact
time. The reaction Kkinetics, isotherms, material
stability and degradation mechanism were evaluated.

Experimental data on the desorption of 4-CP
from GAC by NaOH and Et-OH solutions are also
presented and discussed.

2. Material and methods
2.1. Material

Activated carbon materials were acquired from
PICA-Jacobi (France). Three types of ACs, L27, S21
and X17, were employed in this study in order to
establish the influence of surface pHpzcon the
performance of the achieved Fenton-like catalysts.
Before use, the ACs were washed for 24 h with
bidistilled water to eliminate the residual acidity or
basicity, and then dried at 75°C for 24 h. The 4-CP
(>99.5%), HNO3 (65%), ferrous sulfate heptahydrate
(>99%), iron(lll) nitrate nonahydrate (>98%),
ammonium hydroxide, ethanol (97%) and hydrogen
peroxide were purchased from Sigma Aldrich and
used without further purification. All solutions were
prepared using bidistilled water.
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2.2. Preparation of acid treated Fe-amended activated
carbon

The ACs were used either as such (to prepare
magnetic GACs) or each of the adsorbents was
oxidized with concentrated HNO; (pre-oxidized
GAGCs) in an ultrasonic bath (GFL 1092) for 60 min,
washed with bidistilled water and dried. The active
metal was supported on activated carbons by co-
precipitation of FeSO4-7H,O and Fe(NOs3)3-9H.0.
The magnetic composites were prepared by contacting
3 g of raw and oxidized ACs respectively with the
solution of precursors with a calculated concentration.
The resulting mixture was sonicated for 15 min at
room temperature. 8 M ammonium hydroxide solution
was added dropwise to adjust the pH to 12 in order to
precipitate FesO4. This reaction was conducted for 1 h
at 50°C under mechanical stirring. After
impregnation, the samples were rinsed and dried at
55°C in an oven. Two types of composites were
obtained: magnetic composites and pre-oxidized
magnetic composites denoted here in further as M-
L27, M-S21, M-X17 and M-L27/HNO;, M-
S21/HNO3, M-X17/HNOj respectively.

2.3. Characterization methods

Textural characterization of the supports and
catalysts was performed by means of the N
adsorption-desorption isotherms, recorded at 77 K
using an ASAP 2020 (Micromeritics Inc., USA). The
pore size distribution was determined by the Density
Functional Theory (DFT) method (function provided
by Micromeritics software). Thermogravimetric
analyses (TG/DTG) were recorded on
Thermogravimetric analysis (TGA 92 Setaram) in the
temperature range of 21 - 1000°C. Fourier transform
infrared (FTIR) spectra of the complexes were
recorded using a Perkin Elmer Spectrum 100
spectrometer over a wavenumber range of 4000-400
cm and the conventional KBr pellet method. Total
iron content in the obtained composites and iron
leakage were determined by spectrophotometry using
phenantroline method (Clesceri et al., 1989). The
concentration of 4-CP was determined using a UV-
Vis Hitachi 5100 spectrophotometer at the maximum
specific wavelength of 223 nm.

2.4. Adsorption-desorption experiments

The adsorption experiments were performed in
batch mode with the aid of an orbital shaker. The
initial concentration was varied between 20-250 mg/L.
An adsorbent mass of 0.1 g was added to 250 mL glass
flasks filled with 250 mL of adsorbate solution of
known initial concentration and shaken for 24h. In the
kinetics tests, samples of 4 mL were systematically
taken at appropriate time intervals using a syringe.
Then, they were separated by centrifugation and then
ImL was diluted and analyzed
spectrophotometrically. The desorption runs were
carried out also in batch mode. Certain weights of

spent adsorbents were added to 50 mL bidistilled
water and samples were taken after the equilibrium
has been established.

The performance of the synthesized catalysts
was evaluated in Fenton and photo-Fenton processes
of 4-CP degradation. Catalytic degradation
experiments were carried out for 2h in conical flasks,
on a magnetic stirrer using a catalyst dosage of 0.1
9/250 mL 4-CP solution, pH of 3, H2O, concentration
of 100 mg/L. Photo-catalytic oxidation was conducted
under the irradiation of a Pen-Ray-Power Supply lamp
(UVP Products, TQ 718, and 700 W) at 312 nm and at
room temperature.4 mL of reaction mixture were
systematically sampled, separated by centrifugation
and then 1mL was diluted and analyzed by means of a
UV-Vis spectrophotometer following absorbance at
the maximum wavelength of 4-CP, 280 nm. After
analysis, the undiluted solution was added back into
the photocatalytic reactor to minimize the loss in total
volume and maintain the solid/liquid ratio.

The amount of solute adsorbed at time t, q:
(mg/g) and at equilibrium state, ge (mg/g) were
calculated according to the following equations (Egs.
3-4):

4
q: = (Co — Ct)a 3)

qe = (Co—C)~- @

where: Co is the initial concentration of the adsorbate
(mg/L); C; and C. are the concentration of 4-CP in
solution at equilibrium and at time t (mg/L); V is the
volume of the aqueous solution (L); m is the mass of
adsorbent (g).

2.5. Kinetic models

The 4-CP adsorption kinetics data were fitted
with the linearized form of the following three
adsorption models:

- pseudo-first-order kinetic model (Lagergren and
Svenska, 1898) (Eq. 5):

log(qe — q¢) = logqe —ky t (5)

- pseudo-second-order kinetic model(Ho and McKay,
1998) (Eq. 6):

t 1 t
+ — (6)
ac k203  qe

where: g, and g, are the adsorption capacities at
equilibrium and at time t, respectively (mg g%); k, is
the rate constant of pseudo-first-order adsorption (L
min1); k, is the rate constant of pseudo-second-order
adsorption (g (mg-min)™).

- intraparticle diffusion model (Weber and Morris,
1963) (Eq. 7):

qr = Kaip - t%° +1 (7
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where: Kgir is the intraparticle diffusion rate constant
(mg (g h®%?); I indicates the thickness of the
boundary layer diffusion (mg g1).

2.6. Adsorption isotherms

The experimental data on adsorption were
analyzed using Langmuir, Freundlich, and Dubinin
Radushkevich (DR) isotherm models. The theoretical
form of the Langmuir isotherm is given by the
following equation (Langmuir, 1916) (Eq. 8):

QmaxKLCe
de = 1+K).Ce (8)
where: Qmax is the maximum adsorption capacity (mg
gl); KL is a constant related to the adsorption free

energy (L mg?).
The essential characteristics of the Langmuir
isotherm can be expressed by the separation factor (a
dimensionless constant), R, which is expressed as

(Eqg. 9):

1
T 1+K..Co

©)

R,

When the R_ value is zero the adsorption
process is irreversible, if it one, the adsorption is
linear, and if R takes values between zero and one, the
adsorption is favorable.

The Freundlich isotherm is given by Eq. (10)
(Freundlich, 1906):

qe = KpCJ" (10)

where: Ke (L mg?) is Freundlich constant related to
the adsorption capacity; n is a constant related to the
adsorption intensity. When n>1, it means the
adsorption conditions for are favorable.

The third isotherm investigated within this
study was the Dubinin—Raduchkevitch (DR) isotherm
which is used to estimate the nature of the adsorption
process (physical or chemical). It is described by the
following relation (Dubinin et al., 1947) (Eqg. 11):

Inq, = Ing,, — Kads‘g2 (11)

where: e is the uptake at equilibrium(mgg?); Kags is
the adsorption energy constant (3°mol?); ¢ is the
Polanyi potential defined by (Eq. 12):

e=RTIn (1 + cie) 12)

where: R is the gas constant (8.314 J/(mol K)) and T is
the absolute temperature.

Describing the nature of the adsorption, the
value of the adsorption energy (E), which indicates
the, was determined through Eq. (13) (Barkat et al.,
2015):

1
E= (13)

A value of E less than 8 ki/mol points out a
physical adsorption, an E value between 8 and 25
kJ/mol shows a chemical ion exchange process, and if
it is higher than 25 kJ/mol it involves chemical
adsorption.

3. Results and discussion
3.1. Characterization of adsorbents

The raw ACs (L27, S21 and X17) have
different porous properties. The N, adsorption-
desorption isotherms showed that L27 and X17 were
microporous but also contained some mesopores
while S21 was microporous only, which was
confirmed by the values of its Smicro and Sex.. L27 AC
is acidic, S21, neutral and X17, basic. Table 1
summarizes the textural properties of the ACs based
on N isotherms. The N; adsorption-desorption
isotherms recorded for M-L27 (figure not shown)
showed an enlarged hysteresis loop compared to raw
L27, indicating an increased mesopore volume,
confirmed by the increased mean pore size. For the
oxidized M-L27 the adsorbed volume decreased even
more pronounced. Before each N isotherm, a
degassing step was conducted for 24 h at 250°C and 4
um Hg, and the mass loss corresponds to water
evaporation. The determined values of water loss are
shown in Table 2.

Table 1. Textural properties of the raw and magnetic GACs

AC Vmicro(Cmag'l) Lo (A) Sext (ng'l) Shmicro (ng'l) Stotal (ng'l)
L27 0.57 18.5 444 616 1060
M-L27 0.46 254 644 362 1006
M-L27/HNOs 0.38 17.2 492 442 934
S21 0.47 9.7 18 969 987
M-S21 0.06 19.5 12 62 74
M-S21/HNOs 0.30 8.3 23 723 746
X17 0.29 15.1 130 382 514
M-X17 0.28 15.0 145 373 518
M-X17/HNO3 0.26 13.7 155 380 535
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Table 2. Water loss of magnetic GACs

GAC M-L27 M-L27/HNOs

M-S21

M-S21/HNOs M-X17 M-X17/HNOs
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Fig. 1. TG and DTG curves of S21 (a) and M-S21 (b)

In case of the magnetic composites prepared on
the support S21, characterized by microporosity, a
strong decrease in the microporous volume was
observed, caused by pore-clogging due to the
impregnation with iron oxides, resulting in a decrease
of the total surface area. For X17 and M-X17 it was
observed a significant increase in the pores similar in
size to the 4-CP molecule (6.47x4.17 A). However,
the change in porous structure appears to be less
important in case of X17 in comparison with those
noticed in case of L27 and S21.

The decreased surface area of the pre-oxidized
magnetic composites may be due to the high amount
of oxygen-containing groups introduced on the AC
surface with HNOs treatment, which may block the

entry of N2 molecules inside the small pores (Chen et
al., 2015).

Thermogravimetric analysis was employed in
order to determine the main decomposition stages of
raw and composite GACs. Since all the ACs showed
similar behavior, Fig. 1 presents the TG of S21 and M-
S21 only. The shape of the thermal curves is similar
for the two types of adsorbents, which exhibit only two
decomposition stages: one up to 100°C, which
corresponds to the dry AC, while stage I, in the range
500-600°C, corresponds to a carbonized material
showing a slower deconstruction of the magnetic
composite compared to that of raw AC. The residual
weight of S21 and M-S21 points out the presence of
iron oxides in the magnetic composites.
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Total iron content was determined by using
phenanthroline  spectrophotometric method. The
results showed that the iron content in the Fe-GAC
magnetic composites decreased in the following order:
magnetic L27>S21>X17 (Fig. 2). Thus M-L27 has the
highest total iron content (4.41%) while X17 is
expected to be less suitable as a catalyst support for
Fes;04 (Bayazit and Kerkez, 2014) as it has the lowest
total iron content. However, M-GACs have proven to
have a higher total iron content than those activated
with HNOs.

Fig. 3 exemplifies the case for S21. This AC
has no surface oxygen groups. HNO; activation
increases the hydrophilicity of magnetic GACs as
emphasized by the peaks at 3423 and 3491 cm™. The
spectrum of M-S21/HNQO; shows peaks at 1510, 1710
which are characteristics of carboxylic groups.

Both the FTIR spectra and the water loss data
(after drying the GACs) point out that the pre-oxidized
carbons are more hydrophilic, suggesting that HNO3
activation increases the hydrophilicity of magnetic

GAGCs. Therefore, it is expected a relatively lower
adsorption capacity of these adsorbents.

5
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Fig. 5. Pseudo-second-order kinetic plots for adsorption of 4-CP onto magnetic AC

3.2. Effect of contact time

The time dependence for 4-CP adsorption onto
the activated carbons modified with HNO3 and iron
salts was investigated to determine the time needed to
reach the equilibrium. The experimental data are
plotted as adsorbed amounts versus contact time (Fig.
4).

As shown in Fig. 4, 4-CP adsorption was quite
fast in the first 2h, then gradually increased with the
extended contact time. After 12h of contact time, no
obvious variation in the amounts of 4-CP adsorbed
was noted. The raw and magnetic carbons had a
similar adsorption behavior toward 4-CP, the main
difference being the adsorption capacity of M-X17
which decreased slightly due to alteration of the
microporous matrix after impregnation with iron. As
regards the pre-oxidized magnetic composites, the
figures show a significant decrease in adsorption
capacity. This phenomenon was already reported by
Messele et al. (2015) who suggested that water forms
hydrogen bonds with the hydrophilic oxygenated
groups present on the carbon surface, resulting in

clusters that can block the passage of phenolic
molecules to the surface. It is worth mentioning also
that the solubility of 4-CP (26 g/L) is significantly
lower than that of phenol (76 g/L) so there is a
competition between water and 4-CP.

3.3. Kinetic models and adsorption mechanism

Generally, kinetic models are employed to
determine the rate of the adsorption process (Ahmed
and Theydan, 2013). Three kinetic models - pseudo-
first order, pseudo-second order and intraparticle
diffusion- were used to correlate the experimental
kinetic data.

Table 3 shows the values of kinetic parameters
for 4-CP adsorption onto the considered adsorbents.
There is a high deviation between the experimental
and calculated adsorption capacity for the pseudo-first
order model, which reflects the poor fitting of this
model to the experimental data. Moreover, the pseudo-
first order had low R? values, whereas for the pseudo-
second order equation the correlation of the linear plot
between t/gt and t (Fig. 5) has high R? values (Table
3).
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Table 3. Kinetic parameters for 4-CP adsorption onto raw and magnetic activated carbons

Pseudo-first-order Pseudo-second-order Intraparticle diffusion
AC oo :
(mglg) Qealc (MQ/Q) k-ll R? Qcalc (M@/Q) ke R? far 12 ! R?
(h) (g/(mg h)) (mg/(g h™))| (mg/g)

13.851 2.388 | 0.983

L27 127.60 123.18 0.027 | 0.998 127.62 0.0016 | 0.999 018 13378 | 0.770

M-L27 129.99 71.08 0.008 | 0.816 132.16 0.0004 | 0.999 10.108 3.161 | 0.965

0.209 123.09 | 0.383

M-L27/HNOs | 101.99 54.05 0.006 | 0.838 101.82 0.0004 | 0.998 >416 | -18.099] 0.909

0.122 94.184 | 0.217

17.224 | -21.388| 0.996

S21 246.54 114.69 0.002 | 0.906 252.45 6.103-10° | 0.999 5.730 107.33 | 0.965

0.962 |512.173| 0.989

17.896 | -15.472| 0.962

M-S21 242.96 104.67 0.002 | 0.813 249.08 7.533-10° | 0.998 1.427 ]194.416| 0.799

1.392 |188.229| 0.916

8.754 -9.651 | 0.983

M-S21/HNOs 179.51 138.86 0.003 | 0.956 193.03 4.089-10° | 0.998 3.954 65.209 | 0.942

0.225 169.60 | 0.272

10.197 | -25.024| 0.990

X17 201.72 131.25 0.001 | 0.798 205.76 1.074-105 | 0.967 3.923 51.543 | 0.973

0.870 | 128.222| 0.977

7.571 -6.517 | 0.994

M-X17 155.76 137.57 0.004 | 0.988 166.57 5.206-105 | 0.999 5.133 28.253 | 0.926

0.088 15148 | 0.041

M-X17/HNOs | 122.37 111.48 0.003 | 0.993 134.95 4.414-10° | 0.995 4.715 -1.966 | 0.998
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Table 4. Isotherm constants and correlation coefficients for adsorption of 4-CP onto AC

Langmuir Freundlich Dubinin-Radushkevich
AC Ke (L/ b R R? K R | Kagsx10®| d7 E R?

L Lm) | (mgrgy | R P X107 (mgig) | (ka/mol)
L27 0028 | 236.71 | 0.320| 0.981 | 23.920 | 2.360 | 0.943 | 4.810 | 79327 | 10.190 | 0.960
M-L27 0028 | 261.98 | 0.319| 0.914 | 32.633 | 2.647 | 0.982 | 3510 | 550.84 | 11.942 | 0.988
M-L27/HNO3 0.064 | 11553 | 0.120| 0.954 | 30.623 | 3.928 | 0.974 | 2.765 | 238.03 | 13.448 | 0.983
s21 1276 | 295.09 | 0.009| 0.912 | 154.83 | 6.026 | 0.957 | 1533 | 551.56 | 18.061 | 0.990
M-521 0112 | 292.00 | 0.118| 0.965 | 111.27 | 5263 | 0.847 | 2.890 | 68140 | 13.162 | 0.869
M-S21/HNOs 0157 | 214.06 | 0.089| 0.996 | 80.46 | 4.964 | 0.917 | 2530 | 463.82 | 14.058 | 0.894
X17 0200 | 194.97 | 0.069| 0.995 | 81.933 | 5486 | 0.901 | 2.500 | 439.56 | 14.146 | 0.938
M-X17 0139 | 190.15 | 0.107| 0.968 | 53.278 | 3.380 | 0.992 | 2.712 | 467.75 | 13578 | 0.994
M-X17/HNO3 0057 | 12842 | 0.218| 0.969 | 29.867 | 3.579 | 0.989 | 3.094 | 27851 | 12.713 | 0.995

The results listed in Table 3 show that the
adsorption kinetic data are better represented by the
pseudo-second order model and the calculated values
(Qcaic) agree well with the experimental ones (Qexp)-
This indicates the second-order Kinetics for 4-CP
adsorption on the studied carbons, suggesting that
adsorption depends on the adsorbate as well as the
adsorbent and involves chemical reaction as a rate
controlling parameter, in addition to physisorption
(Goscianska et al., 2015; Mohd et al., 2009).

The curve-fitting plots of the intraparticle
diffusion model are presented in Fig. 6 at 25°C. In case
of raw and magnetic X17 and L27 the adsorption
process can be divided in two regions: the first one,
sharper portion is attributed to the external surface
adsorption and the second plateau portion corresponds
to the final equilibrium process when intraparticle
diffusion starts to slow down due to extremely low
solute concentrations in the solution.

The existence of an external layer diffusion
process can be inferred because these plots do not pass
through the origin (Liu et al., 2010). Between the sharp
rise and the plateau portion, a less steep stage is
observed for the composite adsorbents based on S21.
The second region corresponds, in this case, to the
gradual adsorption stage when diffusion is restricted
mainly by the microporous structure of the ACs. The
third portion is the final equilibrium stage where
diffusion is retarded by the formerly adsorbed
molecules. The | values for all the ACs indicate that
intraparticle diffusion is not the only rate-limiting step
in the sorption process.

3.4. Equilibrium models

An adsorption isotherm is commonly depicted
by expressing graphically the unit mass of solid-phase
against the solute equilibrium concentration. Three
widely used models, Langmuir, Freundlich and
Dubinin-Radushkevich, were applied for the fitting of
the experimental data. Table 4 indicates the sorption
isotherms parameters. The adsorption of 4-CP on
magnetic L27 and X17 composites is best described
by the Dubinin-Radushkevich model, whereas that
based on S21 fits the Langmuir model better in terms
of determination coefficients. The n value obtained

from the Freundlich isotherm was more than one,
suggesting that the uptake of 4-CP was suitably
accomplished by all the adsorbents. The adsorption
energy, E, calculated from the adsorption energy
constant, ranged between 10.19 and 18.06 kJ/mol,
clearly indicating a chemical ion exchange
mechanism.

3.5. Fenton and photo-Fenton degradation of 4-CP

Several batch experiments were performed to
assess the catalytic ability of magnetic GACs toward
4-CP degradation in presence of H,O,. Among the
different catalysts used in heterogeneous Fenton-like
reactions, Fe containing carbons have shown high
catalytic activities in the oxidation of organic
compounds, with minimal iron leaching and easy
recovery. The studies showed that M-L27, beside its
highest Fe content, has the fastest adsorption kinetics
in relation to 4-CP among all the synthesized
composites.

1
0.8 24h adsorption
0.6 |. e o
53 “ﬁ. g * o » Fenton
[3) = *
0.4 L | .
photo-FentorF =
0.2
0
0 20 40 60 80 100 120
time, min

Fig. 7. Degradation and photo-degradation of 4-CP by
heterogeneous Fenton, (100 mg/L 4-CP, 0.4 g/L M-L27,
100 mg/L H202)

Therefore, before the AOP tests, M-L27
previously saturated with 4-CP was subjected to the
oxidation process. Fig. 7 shows the measured 4-CP
degradation performance by Fenton and photo-Fenton
oxidation as a function of reaction time. The results
show an increase in 4-CP concentration in the first
hour of the Fenton reaction which can be explained by
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4-CP desorption from the M-L27 surface. However,
the degradation process starts as the catalyst surface is
unloaded. UV irradiation also seems to be an
important feature for achieving higher 4-CP removal
efficiencies.

3.6. Desorption studies

The feasibility of regenerating the spent
activated carbon saturated with 4-CP was evaluated.
The effect of ultrasound and agitation on the
desorption of 4-CP from the spent magnetic ACs
using solutions of NaOH and Et-OH (ethyl alcohol)
were evaluated and compared. For this purpose, a
volume of 50 mL of ethyl alcohol or 20% NaOH
solution, respectively were added to the desorption
system in the presence of sonication for 2h, or
agitation for 24h, at room temperature.

The results presented in Fig. 8 emphasize that
4-CP desorption significantly increased in the
presence of ultrasound and ethanol solution.
According to iron leakage studies, sonication and
NaOH solutions are detrimental to magnetic
composites. Therefore, ethanol and agitation are
recommended for the desorption of 4-CP in order to
minimize the leakage of iron from the magnetic
composites.

30
25
20
15

10

4-CP conc. (mg/L)

w, W, M, ov
@0 @0 wao e
us pGe s pe

Desorption type using M-L27

Fig. 8. Effect of agitation and stripping solution type on the
desorption of 4-CP
4. Conclusions

The adsorption mechanisms and Fenton
oxidation of 4-CP from aqueous solutions on magnetic
composites were studied. Total iron content in M-
GAC was higher than in the pre-oxidized magnetic
composites. M-L27 had the highest iron content.

Adsorption experimental data showed a better
fit with the pseudo-second-order kinetic model as
indicated by higher values of the correlation
coefficient. The incorporation of iron decreased the
sorption capacity of X17 and S21 for 4-CP due to
alteration of the porous structure.

HNO; preactivation resulted in an increase in
hydrophilicity and consequently in a significant
decrease in the sorption capacity.
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Adsorption of 4-CP on the Magnetic X17
composite was best described by the Dubinin-
Radushkevich model, magnetic L27 by the Freundlich
model whereas that obtained on S21 composites was
best described by the Langmuir model.

Among all the synthetized adsorbents, only M-
L27 and M-L27/HNO; were suitable for Fenton and
photo-Fenton reactions. The optimal desorption of 4-
CP was obtained under agitation in ethanol solutions.
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