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Recently,magnetic adsorbents have aroused a significant attention because of their excellent adsorption capacity.
AnAlgerian palygorskite/magnetic iron oxidewas prepared by chemical co-precipitation and characterized using
infrared spectroscopy, X-ray diffraction and X-ray fluorescence. The results prove the formation of a red brick
powder, with magnetic character, showing a high percentage of iron oxide on palygorskite. To verify the ability
of the magnetic palygorskite for retaining organic pollutants, three different samples were evaluated for the
adsorption of the fungicide fenarimol from aqueous samples: sifted palygorskite, purified palygorskite and
Fe2O3/palygorskite. The effects of different variables were assessed: adsorbent mass, reaction time, initial pesti-
cide concentration and desorption stability. Fenarimol adsorption kinetics followed a pseudo-second order
model. The adsorption rates were 11%, 50% and 70%, for sifted, purified and Fe2O3/palygorskite, respectively.
Both Langmuir and Freundlich models could be used to describe fenarimol adsorption on sifted and purified
palygorskites. However only the Freundlich model could fit the adsorption data on Fe2O3/palygorskite, probably
due to the adsorbent heterogeneity. Stability of fenarimol desorption from the three samples, where the fungi-
cide had been previously preadsorbed, showed that the extent of desorbed fenarimol from Fe2O3/palygorskite
remained constant along the studied period (15 days).

© 2015 Published by Elsevier B.V.
1. Introduction

Pesticides are organic substances intended to protect crops. For
more than half a century these compounds have been considerably
used by intensive agriculture leading to an important environmental
pollution (water, air, soil and food) that can negatively affect public
human health.

Fenarimol is a systemic fungicidewith protectant, curative and erad-
icating properties belonging to the substituted pyrimidines. It is applied
against powderymildew and black spot in fields and greenhouses of or-
namental plants and horticultural crops such as strawberries, vineyards,
tomatoes, peppers and eggplants (Tomlin, 2003; Cabizza et al., 2012). Its
use in horticultural production poses an environmental risk because
residues of this pesticide can be found in plants (Peña et al., 2014), in
soil or move from the soil by leaching or runoff to surface or groundwa-
ter (Wightwick et al., 2012; Rodríguez-Liébana et al., 2014a,b). The
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presence of pesticides inwater bodies requires therefore specific actions
for their removal, implying a major environmental concern.

The removal of pesticides from water has been approached by ad-
sorption on different substrates. Fenarimol, together with imazaquin
and oxadiazon, was retained on inorganic materials derived from
zeolites, diatomaceous earths and fired clays (Wehtje et al., 2000) and
different pesticides or pharmaceuticals on activated carbon (Hameed
et al., 2009; Shaarani and Hameed, 2010), on various natural clay min-
erals (Fernandes de Oliveira et al., 2005; Li et al., 2006; Azejjel et al.,
2009; Peng et al., 2009; Rivagli et al., 2014) and organoclays (Azejjel
et al., 2009; Saha et al., 2013). Fenarimol is known to have androgenic
effects on some vertebrates and mollusks (Watermann et al., 2013)
and may possibly alter normal reproductive function of offspring's in
humans and wildlife (Park et al., 2011). However, it has been classified
as slightly hazardous (Class III) according to theWHO pesticide classifi-
cation (World Health Organization, 2009) based on acute oral LD50

values, set for this fungicide as 2500 mg kg−1.
An innovative system to retain pesticides present inwater can be the

use of Algerian palygorskite (Pal) before and after modification with
magnetic iron oxides. These nanoparticles have been developed by
co-precipitation, the most common and productive method in terms
of powder quantity. The protocol of this method has been done by
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Fig. 1. Chemical structure of the fungicide fenarimol.

68 A. Ouali et al. / Applied Clay Science 115 (2015) 67–75
Massart (1982) and adapted by Mornet et al. (2000) and a few others
(Grasset et al., 2001, 2002; Daou et al., 2006; Fu et al., 2011). This proto-
col allows obtaining the nanoparticles in great quantity with a good re-
production of size and structure (Fauconnier, 1996; Lefebvre, 1996).

Palygorskite, called attapulgite in trade circles, has an ideal formula
of (Mg,Al)5Si8O20(OH)2(H2O)4·4H2O. It is a magnesium aluminum
non-planar hydrous 2:1 phyllosilicate with modulated structure, show-
ing a fibrous morphology resulting from the 180° inversion occurring
every four silicon tetrahedra, which produces a structure of chains
aligned parallel to the “a” axis, each of which has a 2:1 type structure,
with exchangeable cations and reactive Si–OH groups on its surface
(Bradley, 1940; Serratosa, 1978; Suarez Barrios et al., 1995) that may
be involved in interactions with many different compounds. The
alternation of these building blocks creates structural cavities (zeolitic
channels) that lead palygorskite to have great internal surface (Casal
et al., 2001). The width of the block structure is 0.64 to 0.37 nm
(Fernández-Saavedra et al., 2004).

The objective of the present study was a) to characterize raw and
modified Pal, b) to assess the ability of raw andmodified Pal for remov-
ing fenarimol from aqueous solutions and c) to optimize the conditions
for its adsorption. The equilibrium and kinetics of adsorption, the
thermodynamic parameters and the stability of desorption were also
investigated. Various mathematical models were used to fit the experi-
mental data.
Fig. 2. X-ray diffraction patterns of Sif P
2. Materials and methods

2.1. Chemicals and reagents

In East Algeria, near the city of El Ghoufi, some Tertiary sediments in-
cludepalygorskite. Two sampleswere used: thefirst one (Sif Pal), rich in
dolomite (Belaroui et al., 2014), was ground and sieved to 90 μm mesh
size, and the second one (Pur Pal) was chemically treated according to
the protocol of Dali Youcef (2012) with HCl 4 N at room temperature.

A standard of the fungicide fenarimol [(±)-2,4′-dichloro-
α(pyrimidin-5-yl)benzhydryl alcohol] (Dr. Ehrenstorfer, Germany,
purity ≥98%) was used without further purification (Fig. 1). Its
octanol/water partition coefficient (log Kow) is 3.69, and its solubility
in water is 13.7 mg L−1 (Tomlin, 2003). Stock standard solutions of
fenarimol were prepared at 1 g L−1 in acetonitrile and diluted with
high purity MilliQ water (Millipore, Bedford, MA).

Hexahydrate ferrite chloride (FeCl3·6H2O), ferrous chloride
tetrahydrate (FeCl2·4H2O), ammonium hydroxide (NH4OH, 34% of
ammonia), hydrochloric acid (HCl, 37%), nitric acid (HNO3, 66%) and ac-
etone are reagents of analytic quality received from Prolabo® (France)
and used without any further purification. HPLC grade acetonitrile
(Prolabo) was also used.

2.2. Synthesis of Fe2O3-Pal nanoparticles

The nanoparticles were prepared by dissolving iron (II) and iron (III)
chlorides in hydrochloric acid (1N) at a 3/10 ratio, thenmixing for a few
minutes. The mixture was co-precipitated by the addition, under vigor-
ous shaking, of 10 mL of ammonia at room temperature; afterwards
18.3 mL of nitric acid was added. Distilled water was then added to
remove the acids and bases in excess. The red magnetic iron oxide
was added to 1% mass dispersion of Pur Pal, maintaining the mixture
under vigorous shaking for a few hours. The nanoparticles, dried up at
80 °C, are called Fe2O3-Pal.

2.3. Characterization of the nanoparticles

Infrared spectroscopic measurements were done on an Alpha-
Bruker spectrophotometer using the KBr pellet method (1 mg per
150 mg sample), with a scan interval from 4000 to 400 cm−1.
al, Pur Pal and Fe2O3 Pal samples.



Table 1
Properties of raw and modified Algerian palygorskites.

Sif Pal Pur Pal Fe2O3 Pal

pH 8.42 4.56 2.80
CEC (meq+/100 g) 18.4 20.8 8.3
Total C (%) 3.4 0.2 1.2
Total S (%) 0.3 0.1 0.05
Organic C (%) 0.16 0.15 0.53
SiO2 (g/100 g) 40.3 55.8 13.6
Al2O3 (g/100 g) 8.9 11.5 2.8
MgO (g/100 g) 8.9 8.0 1.8
Fe2O3 (g/100 g) 3.3 3.8 39.0
CaO (g/100 g) 9.7 0.11 0.25
MnO (g/100 g) 0.1 0.04 0.03
Na2O (g/100 g) 0.2 0.03 0.1
K2O (g/100 g) 0.9 1.1 0.4
TiO2 (g/100 g) 0.4 0.6 0.2
P2O5 (g/100 g) 0.1 0.03 0.01
Cl (g/100 g) b0.1 0.2 6.7
LOI 26.6 18.7 36.4

Fig. 3. IR spectra of Sif Pal, Pur Pal and Fe2O3 Pal samples.
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The X-ray Powder Diffraction (XRPD) pattern of the sample was
obtained by using a PANalytical X-Pert Pro diffractometer with Cu Kα
radiation (45 kV, 40 mA), Ni filter, RTMS X'Celerator detector, 4°–70°
scan range, 0.0084° step size, 10.150 s counting time, for a total of
7898 points and 11 min/sample.

Chemical sample analysis was performed with dispersive X-ray
fluorescence (SpectraPLUS, S4 Pioneer, BRUKER) equipped with an Rh
anode X-ray tube (60 kV, 150 mA).

pH (Eutech Instruments Cyberscan pH 2100, Singapore) and electri-
cal conductivity (EC) (XS Instruments COND 510, Italy) were measured
in sample/deionized water dispersion 1/2.5 (w/v).

To determine cation exchange capacity (CEC) clay powders (1 g)
were dispersed in 25 mL tetramethylammonium bromide (1 M) aque-
ous solution, in order to displace their constituent cations. Dispersions
were shaken overnight at 50 rpm in water bath at 25 ± 1 °C and then
filtered. Cations in solutionwere individually assayed by atomic absorp-
tion (Na+, Ca2+, Mg2+) or atomic emission (K+) spectroscopy
(PerkinElmer spectrophotometer 5100) and CEC was calculated as the
sum of exchangeable cations, expressed in meq+/100 g dry clay. Total
C and S were analyzed by a carbon/sulfur analyzer (EMIA 920 V2,
Horiba). Organic C (OC) was determined by a modified Walkley and
Black method (Mingorance et al., 2007).

2.4. Adsorption kinetics

Pesticide adsorption kinetics was carried out using the batch
equilibration system by mixing, in an end-over-end shaker (20 °C
and natural clay pH), 20 mL of an aqueous solution of fenarimol at
a constant concentration (5 mg L−1) with 0.2 g adsorbent from 5 to
1320 min. Samples were centrifuged at 2800 rpm for 2 min and an
aliquot of the corresponding supernatants was analyzed for pesticide
concentration.

Pseudo-first, pseudo-second order and intraparticle diffusion
kinetic equations were employed for the fitting of the experimental
data. The pseudo-first-order model (Lagergren, 1898) was established
for the liquid phase adsorption and is applicable only during the first
minutes of the adsorption phenomenon. In this model the adsorp-
tion rate at time t is proportional to the difference between the
adsorbed amount at equilibrium (Xe) and at time t (Xt), and can be
expressed as:

∂Xt

∂t
¼ k1 Xe−Xtð Þ ð1Þ
where Xt and Xe are the adsorbed amounts (μg g−1) at time t (min)
and at equilibrium, respectively and k1 is the rate constant of the
pseudo-first-order process (min−1).

The pseudo-second order model is generally used to describe
adsorption phenomena such as chemisorption (Ho et al., 1996; Ho
and McKay, 2000). It allows characterizing the adsorption kinetics
taking into account both the case of rapid attachment of solutes on the
most reactive sites and slow binding to the low energy sites (Travis
and Entier, 1981). It is represented by the following equation:

∂Xt

∂t
¼ k2 Xe−Xtð Þ2→ ∂Xt

Xe−Xtð Þ2
¼ k2∂t ð2Þ

where k2 is the kinetic rate constant of the pseudo-second-order model
(g μg−1 min−1).

The intraparticle diffusionmodel (Weber andMorris, 1963)was also
tested according to the following equation to evaluate the contribution
of intra-particle diffusion mechanism:

Xt ¼ CI þ kp � t
1=2 ð3Þ

where CI (μg g−1) is a constant proportional to the boundary layer
thickness and kp is the intraparticle rate constant (μg g−1 min1/2).



Fig. 4. Effect of adsorbent mass on fenarimol adsorption on Sif Pal, Pur Pal and Fe2O3 Pal.
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2.5. Adsorption experiments

2.5.1. Effect of initial Pal mass
The batch equilibration method was also used for the isotherms.

Samples (0.01–1.0 g) were weighed per duplicate into 30 mL Pyrex
centrifuge tubes to which 20 mL of an aqueous pesticide solution at a
concentration of 5 mg L−1 was added. After 24 h end-over-end shaking
(20 ± 1 °C) the samples were treated as described for the kinetic
studies.
2.5.2. Effect of initial pesticide concentration
Samples (0.2 g)wereweighed per duplicate into 30mLPyrex centri-

fuge tubes to which 20 mL of an aqueous pesticide solution at concen-
trations ranging from 0.5 to 10 mg L−1 was added. After shaking in an
end-over-end shaker (20 ± 1 °C) for 360 min (Sif Pal and Fe2O3 Pal)
and for 960min (Pur Pal), a sufficient time according to the preliminary
kinetic studies, the samples were treated as described above. In all cases
a blank without adsorbent was run to rule out possible pesticide losses
due to degradation, volatilization or adsorption on tube walls. The 0.5%
acetonitrile content should not have any effect on pesticide adsorption
(Kibbey and Hayes, 1993).
Fig. 5. Adsorption kinetics of fenarimo
2.5.3. Fitting to different mathematical models
To describe the adsorption equilibria, two commonly used mathe-

matical expressions were applied to the experimental data, the
Freundlich and Langmuir isotherm models. The Langmuir model
(Langmuir, 1918) was originally developed to explain chemisorption
on well-defined localized adsorption sites with identical adsorption
energies. This model also assumes that adsorption is independent
from the surface coverage and interaction between adsorbedmolecules
does not occur. Maximum adsorption is achieved when the surface of
the adsorbent is covered with a monolayer of adsorbate. The Langmuir
isotherm is expressed as follows:

Xe ¼ Xmax � KL � Ce

1þ KL � Ce
ð4Þ

where Xe represents the amount of fenarimol adsorbed per unit adsor-
bent (μg g−1), Xmax is the maximum adsorbed amount (μg g−1), Ce is
the equilibrium concentration of fenarimol in solution (mg L−1) and
KL (L mg−1) is the Langmuir constant which is related to equilibrium
constant of adsorption. A dimensionless constant, the separation factor
(RL), calculated as

RL ¼ 1
1þ KL � C0

ð5Þ

is used as an indication that adsorption is either unfavorable (RL N 1),
linear (RL = 1), favorable (0 b RL b 1) or irreversible (RL = 0).

The Freundlich adsorption isotherm (Freundlich, 1906) gives an
empirical expression encompassing an exponential distribution of
active sites. The model considers either monolayer or multilayer
adsorption, irrespective of the adsorbate concentration, and assumes
that the adsorbent surface is energetically heterogeneous. The
Freundlich isotherm is expressed as follows:

X ¼ Kf � C1=n
e ð6Þ

where X and Ce are as indicated in the Langmuir isotherm, Kf is the
Freundlich adsorption coefficient (mg1 − 1/n mL1/n kg−1) and reflects
the adsorption capacity, and 1/n is a dimensionless constant related to
the energetic heterogeneity of adsorption sites.
l on Sif Pal, Pur Pal and Fe2O3 Pal.



Table 2
Parameters for thefitting to pseudo-first order, pseudo-second order and intraparticle dif-
fusion kineticmodels of fenarimol adsorption on raw andmodified Algerian palygorskites.

Clays

Sif Pal Pur Pal Fe2O3 Pal

Xmax exp (μg g−1) 55.7 ± 0.3 251 ± 1 344 ± 3

Pseudo-first order model:
Xmax (μg g−1) 14 ± 5 189 ± 11 95 ± 29
k1 × 103 (min−1) 9.5 ± 2.4 5.0 ± 0.3 3.9 ± 0.2
R2 0.785 0.975 0.484

Pseudo-second order model:
Xmax (μg g−1) 59.6 ± 0.5 259 ± 14 348 ± 3
k2 × 105 (g μg−1 min−1) 435 ± 144 6.5 ± 2.3 33 ± 16
R2 0.999 0.982 0.999

Intraparticle model:
CI (μg g−1) 28 76 22
kpI (μg g−1 min−1/2) 3.9 6.6 26.1
R2 0.796 0.989 0.938
CII (μg g−1) 60 243 332
kpII (μg g−1 min−1/2) −0.13 0.24 0.43
R2 0.769 1 0.834
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2.6. Thermodynamic studies

The studies concerning the effect of temperature on the adsorption
of fenarimol on the different samples are given by the Van't Hoff equa-
tion, where ΔH (kJ mol−1), ΔS (kJ mol−1 K−1) and ΔG (kJ mol−1) are
the enthalpy, entropy and the Gibbs free energy, respectively.

2.7. Adsorbent fortification and desorption stability

Adsorbent samples were fortified as in Rodríguez-Liébana et al.
(2014b) by adding 0.5 mL of a fenarimol solution at 1 g L−1 in acetoni-
trile to 1.5 g of sample to give a nominal initial pesticide concentration
of 0.33 mg g−1 (dry weight). Fortified samples were transferred to
glass bottles and homogenized by shaking for one day at 20 °C in the
darkness (Hernández-Soriano et al., 2012). Afterwards, samples were
stored (4 °C) for subsequent analysis.

The stability of pesticide desorption was assessed during two weeks
by batch double tests. An aliquot of 0.1 g of pesticide-fortified samples
was placed in a 30mL Pyrex centrifuge glass tube towhich 10mLMilliQ
water was added. After 24 h shaking at 20 °C, the supernatants were
centrifuged at 2500 rpm for 2 min and analyzed by HPLC.

2.8. Pesticide analysis

The concentration of fenarimol in the supernatants was determined
by HPLC-DAD (LaChrom Ultra, Hitachi). A 20-μL sample, after filtration
by PVDF filters (0.45 μm), was injected into a Zorbax Eclipse XDB-C18
column (Agilent, 2.1 × 150 mm, 5 μm ∅), protected by a precolumn
(Vici, 0.115″ diam. × 0.028″, 0.5 μm ∅) at a flow rate 0.2 mL min−1,
themobile phase consisting of a 50:50 (v:v)mixture of acetonitrile/MilliQ
water and wavelength detection at 220 nm. Calibration was performed
Table 3
Parameters of the fitting to Langmuir and Freundlich equations for the adsorption of fenarimo

Clays Langmuir

KL

(L mg−1)
Xmax

(μg g−1)
RL R2

Sif Pal 0.16 ± 0.06 70 ± 12 0.93 0.937
Pur Pal 0.59 ± 0.18 66 ± 6 0.77 0.887
Fe2O3 Pal non

Kd is the distribution coefficient calculated for a Ce of 5 mg L−1.
non: The data do not fit the corresponding mathematical model.
by triplicate injection of standard fenarimol solutions between 0.1 and
10 mg L−1 (R2 = 0.998). Under these conditions the retention time of
fenarimol was 6.8 min.

2.9. Statistical analysis

The equation that best fitted the experimental data was obtained by
using non-linear regression with the Marquardt algorithm, which
minimizes the sum of the squared differences between the observed
and predicted values. The values of the determination coefficient (R2)
and of the standard error of the estimate were used to establish the
goodness of fit. The relationship between variables was performed by
correlation analysis. SPSS 17.0 software package was used.

3. Results and discussion

3.1. Characterization of the adsorbents

The XRD patterns of Sif Pal, Pur Pal and Fe2O3 Pal, and the main re-
flections of the different identified phases are shown in Fig. 2. Sample
Sif Pal is mainly made up of palygorskite (69%) and dolomite (19%);
lesser amounts of calcite (6%), quartz (3%), illite (3%) and traces of
cristobalite have also been found. Sample Pur Pal is made up of
palygorskite (91%), illite (5%), quartz (4%) and traces of critobalite. In
sample Fe2O3 Pal, besides the cited minerals, magnetite and/or
maghemite have also been identified (both minerals have similar
diffraction patterns).

The IR spectrum of the Pur Pal showed the band at 3666 cm−1 cor-
responding to Mg–OH vibration and the band at 3507 cm−1 assigned
to the vibrations of water coordinated to the Mg2+ ions located at the
edges of the structural blocks (Fig. 3). As shown in Fig. 3, the bands at
3666 and 3501 cm−1 disappeared after the iron oxide coating process.
They were replaced by a broad band at 3490 cm−1 which corresponds
to the coordination of water. This result shows that Mg2+ cations
were removed losing the water and hydroxyl group coordinated to
them during the oxide coating process. This corresponds to the Mg2+

cations located at the edges of the octahedral layers. The increase in in-
tensity of the hydroxyl vibration of the zeolitic water (1647 cm−1) indi-
cates that the iron oxide particles have not replaced the zeolitic water
(Fig. 3). The bands at 1204 and 1015 cm−1 form as a result of the Si–O
vibrations. Noticeable changes were also detected for bands in the
region between 850 and 400 cm−1, after the iron oxide coating process.
These changes result in the conversion of several strips in one
broadband.

The chemical composition of the samples is shown in Table 1. Sif Pal
shows a strongmagnesic–calcic character (8.9% of MgO and 9.7 of CaO)
as a consequence of the presence of dolomite and calcite (Fig. 2). When
these two minerals are eliminated in Pur Pal, SiO2 and Al2O3 contents
consequently increase. The treatmentwith the Fe2+ and Fe3+ nanopar-
ticles resulted in an increase of Fe2O3 oxides in Fe2O3 Pal (Table 1), as
expected.

The CEC ranged between approximately 8 meq+ 100 g−1 for Fe2O3

Pal and 21 meq+ 100 g−1 for Pur Pal. The CEC measured in pure Fe2O3

is 3.8 meq+ 100 g−1.
l on raw and modified Algerian palygorskites.

Freundlich

Kf

(μg1 − n mLn g−1)
1/n Kd

(mL g−1)
R2

11 ± 2 0.62 ± 0.09 5.9 0.904
30 ± 4 0.37 ± 0.08 10.8 0.772
9 ± 1 1.69 ± 0.06 27.8 0.994



Fig. 6. Intraparticle diffusion plot for the adsorption of fenarimol on Sif Pal, Pur Pal and Fe2O3 Pal.
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3.2. Adsorption kinetics and adsorption isotherms

3.2.1. Effect of adsorbent mass
Adsorbent dosage indicates the adsorption capacity of the different

adsorbents for a given initial concentration and shaking time. The ad-
sorption of fenarimol achieves a maximum with 500 mg of sample
(Fig. 4), above which adsorption plateau is reached. However, due to
the adsorbent availability and because the errors associated with
weighing a sample mass ≤100 mg were too big, the adsorbent mass
employed in the rest of experiments was 200 mg.

3.2.2. Adsorption kinetics
Adsorption kinetics for fenarimol in the three samples can be de-

scribed by the same pattern (Fig. 5): an initially rapid process, reaching
equilibrium in the first hours of contact, followed by a slower adsorp-
tion, which corresponds to less accessible sites (Table 2 and Fig. 5).
The results from the kinetic study show that the maximum retained
pesticide (Xmax) corresponds to Fe2O3 Pal, then to Pur Pal, followed at
a greater distance by Sif Pal.

The determination coefficients obtained from thefitting to a pseudo-
first order kinetic model were not satisfactory (R2 as low as 0.484) and
the calculated Xmax values differed greatly from the experimental values
(Table 3). Experimental data were better fitted to a pseudo-second
order kinetic equation (R2 ≥ 0.982, in all cases) and the difference
between experimental and calculated Xmax values ranged between 1.1
and 6.5%, reflecting a closer agreement, and in accordancewith previous
results concerning adsorption kinetics of pesticides or other organic
compounds (Chen and Zhao, 2009; Saha et al., 2013). Furthermore an
inverse relationship was found (r = −0.930) between adsorption
kinetic rates and maximum pesticide adsorbed, in line with previous
reported results (Fernández-Bayo et al., 2008; Villaverde et al., 2009).

In order to gain insight into the mechanisms controlling adsorption,
the data from fenarimol kinetics were also fitted to the Weber's
intraparticle diffusion (Weber and Morris, 1963). If the fitting to the
Table 4
Thermodynamic parameters for the interaction of fenarimol with raw and modified Algerian p

Clays ΔG (kJ mol−1)

283 K 288 K 293 K

Sif Pal −7.48 −5.79 −4.79
Pur Pal −9.61 −8.09 −6.59
Fe2O3 Pal −12.05 −10.41 −7.22
Weber equation is linear and passes through the origin, the intraparticle
diffusion is the sole rate-limiting step. However, very frequently, the
plot of X versus t1/2 is multi-linear, pointing to the existence of several
steps in the adsorption process (El Bakouri et al., 2009). Two different
stages were identified (Fig. 6): In the first one (I) the adsorbate
molecules rapidly enter transporting pores (macropores and wider
mesopores) and then penetrate more slowly in smaller pores (second
stage, II).

In the first part of the plot the adsorption rates (kpI) were ranged as
Fe2O3 Pal≫ Pur Pal ≥ Sif Pal (Table 3). The values of CI indicate that the
boundary layer diffusion effect is lower for Fe2O3 Pal and Sif Pal than for
Pur Pal (Table 2). Adsorption rates in the second stage (kpII) weremuch
lower in all cases showing that diffusion into micropores is the rate-
limiting process. Fig. 6 indicates that for Sif Pal and Fe2O3 Pal a rapid
diffusion occurs, followed by a slowdown in the adsorption process cor-
responding to the diminution of pesticide concentration in the solution.
On the contrary for Pur Pal the diffusion step is slower and the plateau is
reached much later than with the other two samples. The existence of
several steps in the adsorption of various pesticides on different
adsorbents has been previously reported (El Bakouri et al., 2009;
Hameed et al., 2009).
3.2.3. Effect of initial fenarimol concentration
Experimental fenarimol adsorption values on the three samples

were fitted to various adsorption equations (Table 3).
The Langmuir equation assumes that there is no interaction between

the adsorbate molecules and that the adsorption is localized in a mono-
layer. Therefore, once the pesticide occupies themonolayer, a saturation
value is reached beyondwhichno further adsorption can take place. The
fitting to the Langmuir equationwas found to be appropriate for Pur Pal
and for Sif Pal, with a plateau indicating that saturationwas reached and
with determination coefficients ranging from 0.887 to 0.937. The KL

values showed that adsorption of fenarimol on Pur Pal was more than
alygorskites at four temperatures.

ΔH
(kJ mol−1)

ΔS
(kJ mol−1 K−1)

R2

298 K

−2.98 −92.79 −0.301 0.985
−4.84 −102.77 −0.329 0.996
−6.60 −128.41 −0.411 0.964



Fig. 7. Effect of initial fenarimol concentration on adsorption rates. The experimental
values (symbols) are fitted to the Langmuir (dotted lines) and to the Freundlich (straight
lines) equations.

73A. Ouali et al. / Applied Clay Science 115 (2015) 67–75
3-fold higher than that of Sif Pal (Fig. 7) and the RL values confirm that
adsorption was favorable for both samples.

However the fitting to this model for the adsorption data from Fe2O3

Pal was not acceptable because the confidence intervals of Xmax and KL

included negative values. Similar results have been previously reported
with different pesticides on various adsorbates (De Wilde et al., 2009;
Rojas et al., 2014) indicating that this model failed to describe fenarimol
adsorption on this modified Pal (Table 3), either because this adsorbent
exhibits a chemical heterogeneity or because monolayer adsorption
was not a valid assumption for this substrate.

The Freundlich equation, which assumes a multi-layer adsorption
process, fitted the experimental fenarimol adsorption data with R2 =
0.904 for Sif Pal and 0.773 for Pur Pal and increased to 0.994 for Fe2O3

Pal.
According to this model, Pur Pal and Sif Pal would follow an L

isotherm in accordance with the classification of Giles et al. (1960),
with 1/n value b1, which indicates a decrease in specific adsorption
sites with concentration as the adsorptive sites become occupied. For
Fe2O3 Pal the isotherm is of an S type, with 1/n N 1, implying that ad-
sorption increases with adsorbate concentration. This type of isotherm
suggests cooperative adsorption in whichweak pesticide–adsorbent in-
teractions are presumed to occur at low aqueous concentrations,
whereas at higher aqueous concentrations the adsorbed pesticide
promotes further adsorption, possibly due to the creation of additional
Fig. 8. Evolution with time of fenarimol desorption from the three adsorbents.
adsorptive sites through a better alignment of clay mineral platelets
and/or condensation of organic compounds in clay mineral interlayer
space (Li et al., 2006). However, the lower R2 values and the higher
standard errors of the estimates (not shown) for Sif and Pur Pal are an
indication that for these two samples the Langmuir model better
predicts the observed adsorption.

The adsorption Freundlich coefficients (Kf) suggested that the
highest fenarimol adsorption corresponded to Pur Pal, but this only oc-
curred at low pesticide concentration (Fig. 7), because of the different
values of the 1/n coefficients (Table 3). Other reports have established
that comparison of Kf values is not possible when the 1/n values of the
isotherms differ greatly (Delgado-Moreno et al., 2010). Therefore a dis-
tribution coefficient for a Ce = 5 mg L−1 was calculated (Table 3). The
values of Kd were ranged as Fe2O3 Pal N Pur Pal N Sif Pal, in accordance
with the observed values (Fig. 7). Though fenarimol is a neutral
molecule, it possesses a dipole moment (2.97 D), because it contains
both negatively- and positively-charged regions (Fig. 1) (Wehtje et al.,
2000). Therefore polar interactions, such as hydrogen bonding or π–π
interactions, may be significant in the adsorption of fenarimol on the
outer adsorbent surfaces. Additionally, due to the molecular fenarimol
dimension (0.89 × 0.97 × 1.01 nm) its access to the nanotube would
be restricted or even excluded, pointing to a surface phenomenon.

3.3. Thermodynamics of adsorption

The thermodynamic parameters for the adsorption of fenarimol
onto the three samples of Pal were determined at various temperatures
(283, 288, 293 and 298 K) (Table 4).

Negative values of ΔG at all temperatures tested suggest that
fenarimol adsorption was thermodynamically favorable or a spontane-
ous process (Memon et al., 2008; Hameed et al., 2009).ΔG less negative
values at higher temperatures imply higher driving forces of adsorption
at low than at high temperature. The more negative values of ΔG for
Fe2O3 Pal are an indication that fenarimol adsorption is more favorable
in this sample (Cestari et al., 2007). It may be deduced from thenegative
values of the enthalpy (ΔH) for the three materials that the adsorption
process is exothermic in nature (Memon et al., 2008) supported by
the fact that fenarimol adsorption decreased with increasing tempera-
ture. Typically ΔH for chemical adsorption ranges between −40
and −400 kJ mol−1. Consequently, fenarimol adsorption on the three
adsorbents can be considered as chemical in nature. The values of the
entropy (ΔS) are all negative for the interaction of fenarimol, which
confirms that randomness decreased at the solid–solution interface
during pesticide fixation on the adsorbent surfaces.

3.4. Desorption stability

As it may be deduced from the desorption behavior (Fig. 8), the ini-
tial relative amount of desorbed fenarimolwas inversely relatedwith its
adsorption on each sample, higher for Sif Pal, followed by Pur Pal and fi-
nally by Fe2O3 Pal. Desorbed fenarimol from Sif Pal and from Fe2O3 Pal
remained fairly constant during the studied period, reflecting the stabil-
ity of both adsorbents for retaining the pesticide. However, for Pur Pal
the amount of desorbed fenarimol increased with time, an indication
that the pesticide became more available with time. Therefore, though
the Pur Pal was able to retain the pesticide to a remarkable extent
(Fig. 8) the high retentionwas only shown to be stable for Fe2O3 Pal dur-
ing the studied period.

4. Conclusions

The present study shows that the fungicide fenarimol can be
selectively adsorbed by Fe2O3 Pal that greatly increased the fenarimol
retention capacity (70%) when compared to Sif Pal (11%) and Pur Pal
(50%). The adsorption equilibrium data were analyzed using two
adsorption models, and the results show that the adsorption behavior
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of fenarimol by Sif Pal and Pur Pal could be described by both Langmuir
and Freundlich models, providing high R2 values while adsorption on
Fe2O3 Pal could be only explained by the Freundlich approach. The ad-
sorption kinetics was rapid, being the equilibrium reached in all cases
in several hours. Faster diffusion of the pesticide into Fe2O3 Pal was
found, being the adsorption rates limited in all cases by diffusion into
micropores. In addition the adsorption capacity of fenarimol remained
stable for at least two weeks, showing that this material could be used
to provide a safe and sustained fenarimol removal. Once the pesticide
is adsorbed on Fe2O3 Pal, the polluted material could be selectively
removed by using a magnet.

Symbol abbreviations

1/n Freundlich constant
C constant of intraparticle diffusion (μg g−1)
Ce equilibrium concentration (mg L−1)
CEC cation exchange capacity meq+/100 g
Fe2O3 Pal Algerian palygorskite coated with magnetic iron oxide
k1 rate constant for the first-order kinetics (min−1)
k2 rate constant for the pseudo second-order kinetics

(g μg−1 min−1)
Kf Freundlich constant (mg1 − 1/n mL1/n kg−1)
KL Langmuir constant (L mg−1)
kp intraparticle diffusion rate constant (μg g−1 min−1/2)
Pur Pal purified Algerian palygorskite
RL dimensionless separation factor
Sif Pal raw Algerian palygorskite rich in dolomite
Xe amount adsorbed at equilibrium (μg g−1)
Xmax maximum adsorbed amount (μg g−1)
Xt adsorbed amount at time t (μg g−1)
ΔG Gibbs free energy (kJ mol−1)
ΔH enthalpy (kJ mol−1)
ΔS entropy (kJ mol−1 K−1)
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