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ABSTRACT

In this study, a well-studied synthetic faujasite X (FAU-X) zeolite and a recently discovered natural zeolite material from Kenya
(NZ-K) were compared for their efficiency in removal of clomazone, a herbicide and water contaminant, from aqueous solution.
The adsorption kinetics, isotherms and thermodynamics parameters were investigated. Equilibrium sorption data were
describable by both the Langmuir and Freundlich models. The adsorption kinetics obeyed the pseudo-second-order kinetic law
while pore diffusion was not the sole operating rate determining step. The derived thermodynamic parameters, namely AG and
AH, indicated the adsorption process was feasible, spontaneous and exothermic for the natural zeolite and non-spontaneous
for the synthetic zeolite via a physical and chemical process, respectively. The natural zeolite proved to be a suitable low-cost
adsorbent for clomazone removal with removal efficiency above 70 %, five-fold more efficient than faujasite X.
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1. Introduction

Clomazone, (2-[(2-chlorophenyl)methyl]-4,4-di- methyl-3-iso-
xazolidinone), Fig. 1,is a widely used herbicide to control annual
broadleaf weeds in the cultivation of rice, sugar cane and diversity
of vegetable crops'. Environmentally, clomazone has been
frequently detected in ground and surface waters as a persistent
pollutant hence water contamination by clomazone is of great
environmental concern”. In addition, exposure to clomazone
has been proven to be detrimental to both land and aquatic
lives®. Since conventional wastewater treatment technology
that employs a sequence of both adsorption process onto
adsorbents such as activated carbon and biological treatment
such as active sludge method has been demonstrated to be insuf-
ficient for removal of most organic micropollutants’®, alternative
strategies for pesticides removal are still needed. Photocatalysis
using TiO,, so far proves to be an especially efficacious method
for denaturing clomazone in water’. However, photodegradation
always result in formation of intermediates that can be environ-
mentally hazardous as the parent molecule’; hence other envi-
ronmentally friendly and low-cost alternatives that would elimi-
nate both the pesticides and their breakdown products still need
to be evaluated. Recently, zeolites have found applications in
environmental remediation. Zeolites are crystalline aluminosili-
cate minerals with specific microporous structures of cavities
and pore dimensions with physicochemical characteristics such
as sorption, cation exchange molecular sieving and catalysis®*".
Unlike their synthetic counterparts, natural zeolites which
commonly occur in volcanic active areas are highly varied in
chemical composition". Both synthetic and natural zeolites have
widely been separately used as adsorbents and molecular sieves
for pesticide remediation from wastewaters*”"°. Several workers
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Figure 1 Structure of clomazone.

have reported the differences between the two types of zeolites.
Specifically, in analyzing South African natural zeolites which
had similar properties as that of NZ-K in this study, Diale et al."
found that the BET surface area ranged from 65.5 to 33.22 m* g™
while the pore size ranged from 3 to 10 nm and pore diameters of
10 to 18 nm for the natural zeolites. Total cation exchange ranged
between 0.37 and 0.41 (meq g™). In contrast, the NaX has a
specific surface area of 360-451 (m® g') and pore volume of
0.226-0.33 (cm’ g™') while the pore diameters are between 2 and
8 nm. In this work, the adsorption kinetics and thermodynamics
of synthetic faujasite X (FAU-X) and a natural zeolite from Kenya
(NZ-K) for removal of clomazone from water are for the first
time, reported.

2. Materials and Methods
2.1. Procedure

2.1.1. Preparation of Adsorbent
The Faujasite X (Si/Al = 1.5 and 0.2 um in particle size) which
was obtained from Sigma-Aldrich Chemical company, (St Louis,

Cllrogea0)
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MO, USA) was first activated under 200 mmHg vacuum. The
preparation procedure was as described in our previous work’.
For activation, 50 g of FAU-X was weighed in a flask that was
then evacuated for 30 min at room temperature. The contents
were then heated at 343 K and continuous heating was done by
raising the temperature by 30 K every 30 min up to 403 K. Finally,
the temperature was then raised to 423 K and heating main-
tained for 105 min. The flask was allowed to cool at room temper-
ature and the contents transferred to a sealed glass bottle for
later use.

The NZ-K was obtained from near Naivasha city (36.50°E,
0.90°S) in Kenya. The material was chunky and was then crushed
and homogenized for the adsorption experiments. The material
was sieved through 1 mm sieve for uniform particle size. The
sorbent was then washed thrice in ultrapure water to remove
impurities. Finally, the material was activated under similar
protocol to that of FAU-X above.

2.1.2. Sorption Kinetics

For purposes of comparison, the adsorption kinetics experi-
ments were performed under batch mode separately for FAU-X
and NZ-K zeolites””. Here, a mass of 0.1 g of each adsorbent was
independently, in triplicate, dispersed into 50 mL of 500 ug L™ of
clomazone at 293 K and stirred at 300 rpm for 6 h. At predeter-
mined intervals (0.25, 0.5, 1, 2, 3, 4, 5, 6 h) residual pesticide in
solution was analyzed. Clomazone was detected by HPLC-DAD
at 212 nm. The mobile phase was a mixture of acetonitrile
(obtained from Mallinckrodt, NJ, USA) and water (60:40 v/v)
adjusted to pH 3 using phosphoric acid supplied by Merck
(Brazil) (1:1 v/v), with a flow rate of 0.8 mL min™. The injection
volume was 20 uL'. The amount adsorbed at time t, was obtained
by the mass balance equation:

g.=G" Gy )

m

To generate the kinetics parameters, the kinetic data were then
fitted to the pseudo-first-order”, pseudo-second-order and
intraparticle diffusion” equations below. The equations can be
expressed as:

Pseudo-first-order model: log(g, —g,) =logg, — K t 2
' 2.303
Pseudo-second-order model: L ! oRa L 3)
% k2 qe qc
Intraparticle diffusion: ¢, = k,t"* +C 4

2.1.3. Adsorption Isotherm Studies

In obtaining the adsorption isotherm parameters, 0.1 g of the
adsorbent materials were individually, in triplicate vessels,
dispersed into Erlenmeyer flasks containing 50 mL of various
separate doses of clomazone (100-1000 ug L™) and magnetically
stirred at 300 rpm and 293 K. After equilibration, the solutions
were decanted and the supernatant filtered through 0.2 um
filters for residual clomazone analysis as above. The per cent
adsorbed (%) was obtained by:

¢, -C
% adsorbed = % %100 (5)
0
The equilibrium adsorption capacity, g,, at different adsorbate
concentration levels was obtained by the equation:
V(C,-C,
g =) ©

m

Three adsorption isotherm equations, namely Langmuir',
Freundlich” and Temkin' were applied to fit the experimental
data. The linear forms of these equations are given by:
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Langmuir isotherm: 1 = 1 + ! 7)
9. QO QOKI.C(’
Freundlich isotherm: logg, = logK; + %logct, ®)
Temkin isotherm: g, = %lnAT + Iz—TlnCe )
T T

2.1.4. Thermodynamic Studies

The method by Moussavi et al."” was adopted. Here, too, 0.1 g of
adsorbents was separately dispersed into 50 mL of 500 ug L™ of
clomazone and stirred at 300 rpm at 293, 303, 313 and 323 K also
in triplicate. After equilibration, 1.0 mL aliquots were withdrawn
from the flask and transferred into sealed glass vials for residual
pesticide analysis as above.

2.1.5. Instrumentation

For instrumentation, water purifier Milli-Q system UV3 Direct
(18.2 MQ cm resistivity) from Millipore (Bedford, MA, USA),
analytical balance accurate model APX 200 (Denver Instrument,
USA), Ultrasound bath Bandelin Sonorex RK 510 (Walldorf,
Germany), Vacuum Pump Tecnal TE-058 (Piracicaba, SE, Brazil),
Liquid Chromatograph Varian (Palo Alto, CA, USA), equipped
with pump model 210, diode array detector (DAD) Pro Star 335,
data acquisition system Star Workstation 6.0, analytical column
Gemini 5u C18 (250 X 4.6 mm id; 5 um) and guard column (20 X
1 mm) of the same material, both containing octadecylsilane-
modified silica (Phenomenex, Torrance, CA, USA), X-ray Brucker
diffractometer (D8 Advance) with copper radiation (Ka = 1.5406)
and Perkin Elmer (400 FT-IR spectrometer) with ATR (attenuated
total reflection) attached were used.

3. Results and Discussion

3.1. Characterization of the Zeolite

The zeolites were characterized by X-ray diffraction and FT-IR.
The XRD instrument settings were 40KV, 30 mA, step size of 0.02°
(20) and a scan rate of 20 min™ for 5° < (26) < 50°. The chemical
composition and vibrational identity of NZ-Kis shown in Table 1
and Fig. 3, respectively. The NZ-K contained several cations,
including Ca**, Mg**,Na*,K*, Mn** and Fe** in decreasing order
by weight (Table 1). Also, the ratio of SiO, to AL,O, was around 5.

Comparing the XRD peak intensities (Fig. 2) pattern of NZ-K
with that of standard clinoptilolite, the natural zeolite (NZ-K)
from Kenya is likely to be majorly composed of Clinoptilo-
lite***. Clinoptilolite is one of the most common and abundant
naturally occurring zeolites™. The FT-IR spectrum in Fig. 3 was
also used in characterizing the NZ-K. The frequency peak at 3500
(Fig. 3) was attributed to OH group indicating hydration by
water molecules associated with cations in the cages and
channels of the zeolite framework. The band centred at 1000 cm™
refers to asymmetric stretching vibration modes of internal T-O
bonds in TO, tetrahedra (T = Si and Al) while the band near
800 cm™ and that proximal to 500 cm™ were assigned to the
stretching vibration modes of O-T-O groups and the bending

Table 1 Chemical composition (wt %).

Si0, 62.2 %

ALO, 133 %

CaO 12.00 %
MgO 1.64 %
Na,O 3.09 %
K0 0.17 %
MnO 020 %
Fe,O, 483 %
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Figure 2 X-ray diffractogram of NZ-K (duplicate).
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Figure 3 FT-IR spectrum from 4504000 cm™ for the NZ-K (duplicate).

vibrations of T-O bonds, respectively. These are typical
clinoptilolite vibration bands and are consistent with results by
Mansouri et al..

3.2. Adsorption Kinetics

The pH values of all the solutions were found to be in the range
of 8.0-9.0 for all tests. The amount of clomazone uptaken by both
zeolites increased rapidly within 1 h followed by a slower phase
up to the second hour when maximum adsorption was reported
after which it levelled-off indicating pseudo-equilibrium was
achieved (Fig. 4a). The initial faster uptake of the pesticide is
attributed to the large number of vacant binding sites at the

beginning. In this regard, the capacity of NZ-K is unexpectedly
determined to be about four times higher than that of FAU-X
while both indicated a pseudo-equilibrium time of 2 h. Conven-
tionally, the sodium-type FAU-X (Na-X; because it is Na* ions
exchanged zeolite X) with larger surface area' is expected to
possess higher uptake rates. However, the higher rates posted
by the NZ-K relative to FAU-X is a phenomenon hitherto unex-
plained but may partly be attributed to the presence of different
exchangeable cations (Table 1) that would act variously and
possibly synergistically with the pesticide. Each exchanged
cation would offer specific surface chemical properties in the
wider pore diameter of NZ-K hence plays dominant role over
surface area effects®. Such different cations are expected to offer
varied attractive surface energies to the adsorbent. Moreover,
the rapidity of adsorption rates are desirable characteristics for
any adsorbent for wastewater purification regimes. Earlier,
Alver and Metin”* had made a similar observation in their study
of anionic dye removal using modified zeolites where equilibrium
was established within 2 h.

The kinetic data were fitted for both pseudo-first-order and
pseudo-second-order kinetics. A large correlation coefficient
(R*> 0.99) depicted that the adsorption of clomazone onto both
zeolite materials followed pseudo-second-order kinetics
(Fig. 4b). The second-order kinetics, in this case, is therefore
consistent with both the number of adsorption sites and the
number of pesticide molecules participating in the rate deter-
mining step.

Additional kinetic parameters of the initial adsorption rate
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Figure 4 (a) Variation of clomazone amount adsorbed with contact time (triplicate). (b) Pseudo-second-order kinetics model for clomazone adsorp-

tion on FAU-X and NZ-K (triplicate).
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(S,..) and adsorption half-life (f, ;) were obtained from the regres-
sion plot using Eqs. 10 and 11, respectively. The results are
included in Table 2.

Smte = k2 qez (10)
1
b= L (11)
A 2 qe

The half-life (t,;) of sorption process of 0.1177 and 0.0566
for FAU-X and NZ-K, respectively (Table 2), indicate a faster
adsorption rate of clomazone onto the NZ-K than the FAU-X
zeolite. The observed faster rate of adsorption is expected as it is
consistent with high adsorption capacity for NZ-K depicted in
Fig. 4a.

The migration mechanism of the adsorbate from the bulk solu-
tion to the adsorbent surface is documented to occur in several
steps and the rate may be controlled by one or more steps such
as; external surface diffusion, pore diffusion and adsorption on
the pore surface.

To quantify the process, the kinetic data were fitted to
intraparticle diffusion model (Eq. 4) in order to investigate the
adsorption mechanism and the rate controlling step. From the
model, when the regression of g, versus *° is multi-linear, then
two or more processes influence the sorption behaviour®. How-
ever, when the line passes through the origin, then intraparticle
diffusionis the only rate-limiting step. Clomazone was adsorbed
in two (I and II) main phases (Fig. 5). The initial instantaneous
adsorption (phase I) was attributed to external surface adsorp-
tion followed by a slow increase in adsorption tending to maxi-

Table 2 Pseudo-second-order kinetic parameters for removal of cloma-
zone.

Adsorbent Initial sorption rate  Adsorption half-life ~ Calculated R*
/ug g min™ /h /a.u

FAU-X 8.33 0.1177 0.97

NZ-K 55.56 0.0566 0.99

mum adsorption value at 2 h attributed to possible pore diffu-
sion and heterogeneity of the adsorbent surfaces and the
attempt of the pesticide molecules to reptate into the smaller
zeolitic channels, pores and cavities. Finally the last phase (II) is
indicative of complete coverage of the active binding sites and
subsequent desorption due to agitation, implying a pseudo-
equilibrium conditions. The attainment of the pseudo-equilibrium
situation is observable in Fig. 4a as well. Finally, the plot did not
pass through the origin. This is consistent with the pore diffu-
sion not being the only rate-controlling step, but other rate
controlling processes may be involved”*.

3.3. Adsorption Isotherm Modelling

When the initial clomazone concentration was increased from
100 to 1000 ug L™, the equilibrium adsorption capacity linearly
increased from 19.1 to 178.3 ug g™ (Fig. 6) for natural zeolite and
from 4 to 63 ug g for synthetic FAU-X. According to Jalil and
co-workers?, the observation is consistent with mass transfer
functioning as the driving force for the transport of clomazone
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Figure 5 Intraparticle diffusion model graph for clomazone adsorption onto FAU-X and NZ-K (triplicate).
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Figure 6 Variation of amount of clomazone adsorbed onto NZ-K and FAU-X as function of initial concentration (triplicate).
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molecules from the solution to the zeolite surface due to increased
mass gradient.

The adsorption process was evaluated by fitting the data to
three adsorption isotherms; the Langmuir, Freundlich and
Temkin isotherms. The calculated isotherm parameters and
regression coefficients are listed in Table 3. Both the Langmuir
and Freundlich isotherm models equally best fitted the experi-
mental sorption data with R* closest to unity for both the
adsorbents. The conformity to both Langmuir and Freundlich
models is a testament of the heterogeneous nature of the zeolite
surfaces and supports the earlier suggested multi-linear nature
of clomazone adsorption process.

The Langmuir monolayer (Q,) maximum capacity parameter
(500 ug g™') suggests that clomazone may have attained the satu-
ration point of the active binding sites and any further reactions
could only take place on new energetically unfavourable sur-
faces. This phenomenon was earlier exhibited by the maximum
adsorption and equilibrium attainment within 2 h (Fig. 4). Both
the Langmuir separation constant (R, = 0.3675) and Freundlich
constant (n = 1.1416) indicate that the sorption process is favour-
able for the natural zeolite. The value of 1/n is between 0 and 1
and confirms the hitherto reported heterogeneous nature of
zeolite surfaces®”. However, clomazone adsorption onto
synthetic FAU-X was unfavourable. Moreover, the negative
values of the Langmuir isotherm constants (Q,, and K;) depict
the inadequacy of the implicit assumptions of this model to
explain clomazone adsorption process onto FAU-X. Similar
phenomenon was reported for removal of boron by adsorption

Table 3 Experimentally obtained adsorption isotherm equations param-
eters (triplicate).

Isotherm model Calculated parameters

for NZ-K

Calculated parameters
for FAU-X

Langmuir Q, (ugg™) =500 Q,(ngg") = -58.82
K, (L g") = 0.0017 K, (Lg')=-8.0410*
R, = 0.3675 R* = 0.999
R® = 0.999
Freundlich K, = 1.2246 Kj =4.168 x10°®
n = 11416 n = 0.6901
R?=0.999 R?=0.977
Temkin B =-1.366 B = 66.14
Ap =197 x 107 Ap=0.132
R?> =0.949 R* = 0.946
6000
5000
4000
=
s
b
Z 3000 -
Z
=
2000
1000
0

on Al,0,based materials® and also for adsorption of phenol onto
activated carbon® The unfavourable adsorption onto FAU-X
was attributed to the structural limitations of clomazone as
discussed below.

3.4. Site and Mechanism of Adsorption

The site and mechanism of adsorption studies were limited to
FAU-X because X-ray diffraction (XRD) and Infrared (IR) studies
for FAU-X are well documented while for NZ-Kis yet to be docu-
mented. X-Ray Diffraction analysis was performed to monitor
cationic migrations from the FAU-X framework. Such migrations
indicate participation of the Na* ions in the adsorption process.
In sodium-type faujasite X, cationic migrations are characterized
by intensity changes for 9.9° (20) and 11.6° (20) diffractograms™.
XRD analysis of FAU-X exposed to clomazone; Fau cloma 5-45
(Fig. 7) indicated changes on the relative intensities of the
diffractogram at 9.9° (20) from 1238.055 to 1345.988 a.u and the
diffractogram at 11.6° (20) from 2575.391 to 2307.855 a.u. The
diffractograms for FAU-X with clomazone were right shifted by
0.6° (20) for clarity.

These changes suggest that the cations participate in the
adsorption process consistent with chemisorption mechanism.
Such subtle changes in the XRD intensities, which depict species
movements, have recently been noted by Romero et al.*. Thus
the cations possibly act as point charges that attract the chlorine
atoms in clomazone molecule (Fig. 1). Such changes are consis-
tent with the adsorbate somewhat interacting with inner parts of
the zeolite framework, a phenomenon consistent with earlier
assertion that intraparticle diffusion is not the only rate deter-
mining step. The position of the chlorine atom on the substituted
benzene ring of clomazone seems also to influence the low
extent of adsorption observed. This may be attributed to the
ortho position of chlorine atom in clomazone hence difficult
accessibility to the positive charges on the FAU-X rendering
steric hindrance to the binding site and increased repulsion
between adsorbed molecules as well. This is in contrast to the
high adsorption of tebuconazole by FAU-X via cation-chlorine
interactions where the chlorine atom is in the para position’.
Therefore, the presence of several active cations in NZ-K could
explain its high adsorption property.

In the FT-IR spectrum of free faujasite X, particularly worth
considering were the band around 760 + 2 cm™ resulting from
the FAU-X single-four-ring (S4R) vibrations®*. The FAU-X
exposed to clomazone showed a red shift of the S4R from
ca. 756 em™ to ca. 742 cm™ (Fig. 8) confirming that clomazone

FauNoP 5 -45

Fauclamo 5 - 45

_J . I]l n JI ‘ I bt

O 10 20

30 40 50

2 8 degrees

Figure 7 The XRD spectra for FAU-X in clomazone where Fau NoP = FAU-X without pesticide, Fau cloma = FAU-X with clomazone (duplicate).
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Figure 8 FT-IR spectra of FAU-X with clomazone.

molecules were adsorbed at the single-four-rings of the zeolite
framework. These results strongly suggest that clomazone
molecules did not reptate much into the internal cavities of the
zeolite framework but were mostly adsorbed at the heteroge-
neous FAU-X surfaces. This observation is consistent with the
adsorption isotherms fitting into both Langmuir and Freundlich
models. This implication of surface effects by FT-IR in combina-
tion with the not wholly a surface effect by XRD support the
intraparticle diffusion graph that concluded pore diffusion was
not the sole mechanism of the adsoption processs.

3.5. Adsorption Thermodynamics

The effect of temperature changes on the adsorption was
studied in the range 293-323 K to determine the relative thermo-
dynamic feasibility of the adsorption process onto the two
zeolites. As the temperature was varied from 293 K to 323 K,
the percentage removal of clomazone by natural zeolite
decreased from 71.3 to 59.8 % (Table 4) and by half from 12.9 to
6.5 % for FAU-X, an indication of an exothermic process. This
percentage decrease in removal efficiency is attributable to the
concomitant weakening of binding forces between the zeolite
framework and clomazone molecules and increased clomazone
solubility in the water when the temperature rises thus lowering
the molecules’ affinity for the adsorbent surface™. This decrease
also confirms that the adsorption process is not only controlled
by the intraparticle transport-pore diffusion as earlier inferred. It
is worthy to note that, the pesticide removal efficiency by the

7800 1600 1400 1200 {000 800 650

natural zeolite for clomazone is at least five-fold superior to
FAU-X.

The thermodynamic parameter AG (Table 4) was estimated
using the following equations™:

AG =-RTInK,

°C

where K. is the equilibrium constant, C, is the equilibrium
concentration in the solution (ug L™) and C. is the equilibrium
solid phase concentration (ug L™). The changes in enthalpy (AH)
and entropy (AS) were obtained from slope and intercept of the
Van't Hoff plot, respectively.
AS__AH 1 (14)
R 2303RT

Thermodynamically, spontaneous and non-spontaneous
processes are indicated by negative and positive AG changes,
respectively. Therefore, the AG values confirm that clomazone
adsorption onto the natural zeolite is spontaneous but non-
spontaneous for FAU-X though exothermic for both adsorbents.
However, the magnitudes of AH and AS (Table 4) indicate that
the adsorption of clomazone onto FAU-X is entropically driven
and that the system, therefore, draws energy from its surround-
ing. Sapawe et al* and Laifu et al.”” had earlier experienced
similar findings. Generally, the magnitude of AH value ranges
from 40-120 kJ mol™ for chemisorption mechanisms®. In the

(12)

(13)

InK, =

Table 4 Thermodynamic parameters for removal of clomazone by FAU-X and NZ-K (triplicate).

Zeolite Temperature % Removal AG AH AS
/] mol™ /K] mol™ /Jmol ' K™
NZ-K 293 71.3 —2221.1 -28.6 -35.5
303 62.7 -1306.4
313 61.5 -1293.8
323 59.8 -1071.2
FAU-X 293 12.9 4635.9 —44.9 -82.7
303 9.4 5719.6
313 7.8 6390.9
323 6.5 7155.4
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present investigation, the AH values indicate a physisorption
(-28.6 k] mol™) and chemisorptions (—44.9 k] mol™) process for
the natural and synthetic zeolite, respectively. The negative AS
value implies less randomness at the solid/solution interfaces,
consistent with an adsorption process of clomazone onto both
NZ-K and FAU-X has indeed taken place.

4. Conclusion

This work established that the natural zeolite from Kenya
(NZ-K) is an efficient adsorbent for removal of clomazone from
aqueous solution, approximately five-fold superior to synthetic
faujasite X zeolite (FAU-X). The equilibrium sorption data were
well represented by both Langmuir and Freundlich models indi-
cating a multi-mechanistic adsorption process. The adsorption
processes were found to follow pseudo-second-order kinetics
with a pseudo-equilibrium time of 2 h. The thermodynamic
calculations indicated that the adsorption process is feasible,
spontaneous and exothermic for the NZ-K and non-spontaneous
for FAU-X via a physical and chemical process, respectively.
From the findings, the natural zeolite can be an efficient and
cost-effective alternative adsorbent for clomazone removal from
aquatic ecosystems.
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