¢| Desalination and Water Treatment
www.deswater.com

0 doi: 10.5004/dwt.2018.21935

103 (2018) 270-279
January

Acid modified natural clay as a judicious solution for the successive

treatment of ametryn

S.EA. Shattar, N.A. Zakaria, KY. Foo*

River Engineering and Urban Drainage Research Centre (REDAC), Engineering Campus, Universiti Sains Malaysia, Seri Ampangan
14300 Nibong Tebal, Penang, Malaysia, Tel. +6045996539, Fax +6045996926, email: k.y.foo@usm.my (K.Y. Foo)

Received 10 January 2017; Accepted 20 January 2018

ABSTRACT

In this study, a locally sourced clay was harnessed and modified as a renewable and low cost adsor-
bent. The modified clay (ANC) was subjected to the evaluation of morphological structure, detection
of surface functional groups, and nitrogen adsorption-desorption test. The adsorptive potential was
examined for the effective treatment of ametryn. Equilibrium data were simulated using the Lang-
muir, Freundlich, Temkin and Redlich-Peterson isotherms models. Adsorption kinetic was fitted
to the pseudo-first order, pseudo-second order and Elovich kinetic equations, while the adsorption
mechanism was established by the intraparticle diffusion model. The newly prepared ANC demon-
strated the high specific surface area, Langmuir surface area and total pore volume of 43.34 m?/g,
55.80 m?/g, and 0.120 cm?/g, respectively, verified by the Scanning Electron Micrograph and Fourier
Transform Infrared Spectroscopy. The adsorption data was satisfactory described by the Langmuir
isotherm model, with a monolayer adsorption capacity for ametryn of 85.16 mg/g. The adsorption
kinetic was best confronted to the pseudo-second order model, suggesting chemisorption is the rate
limiting step. The findings supported the viability of ANC as a promising and economical solution

for the successive remediation of pesticide contaminated agricultural runoff.

Keywords: Acid modification; Adsorption; Ametryn; Natural clay; Pesticide

1. Introduction

Concern about environmental preservation has
increased over the years from a global view point. Today,
the indiscriminate discharge of organo-pesticide, spe-
cifically ametryn into surface water and marine coastal
environment is dictated to be a primary agenda by the
environmental practitioners. Ametryn is a herbicide of the
triazine family, with a chemical structure of the aromatic
hexamer ring. The annual application of active ametryn is
380,000 libs. Dormant seasonal application of ametryn in
conjuction with frequent rainfall may result in the genera-
tion of contaminated runoff and offsite environmental risks.
A typical mechanism for the ametryn pollution is driven
by the agricultural run-off during the storm events. Schiff
and Sutula [1] have reported that during the rain events,
the pesticide transport to the receiving waterways may
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enhance the flow from < 0.03 to > 283.2 m?/s. According
to Bucheli et al. [2], the average concentration for the sin-
gle rain events and total loads for triazines was 903 ng/L
and 13,900 ng/m?y, respectively. This transient movement
however, is highly dependent on the soil type and retention
by the solid organo-mineral phase [3,4]. In the perspective,
a critical approach to retard the migration of ametryn is by
the adsorption of ametryn onto the clay minerals.

Clays are hydrous aluminosilicates that make up the
colloidal fraction (<2 pm) of soils, sediments, rocks and
water, and may be composed of the mixtures of fine grained
minerals, crystals of quartz, carbonate and metal oxides [5].
Due to their abundant availability in nature, clays have
found wide applications in the manufacture of pottery
and ceramics, and serve as the medicinal and therapeutic
agents, among which Bolus Armenus (a red clay from Cap-
padocia) and terra sigillata (a kaolinite-riched material from
the island of Lemnos) are well known for their efficacy in
curing festering wounds, skin afflictions, and snake bites
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[6-8]. Likewise, Sudanese villagers along the Nile have tra-
ditionally applied local bentonite against the viruses and
bacteria of river water [9,10]. These practical applications
rely primarily on the ability of these minerals to adsorb and
retain harmful and undesirable substances from the natural
environment, and the adsorptive capability of natural clays
is related to their particle size, specific surface area, layer
structure, and charge characteristics. The vast literature on
the interactions of clay minerals, with the small and poly-
meric organic molecules has periodically been reviewed
[11-14].

The prominent cations and anions found on the clay sur-
face are Ca*, Mg*, H*, K, NH*,, Na* and SO*,, CI', PO*,,
and NO-,, which could be exchanged with other ions easily
without affecting the mineral structure. Both Bronsted and
Lewis type of acidity would boost the adsorption capacity
of clay minerals to a great extent [15]. The Bronsted acidity,
arises from the H* ions are formed by the dissociation of
water molecules of hydrated exchangeable metal cations on
the surface derived as:

[MH,O)x]* - [M(OH)(H,0)_,]*V*+H* (1)

It may also arise from the net negative charge of the
clay structure, mainly ascribed to the substitution of Si**
by AI** in some of the tetrahedral positions, and the resul-
tant charge is balanced by the H,O* cations. The Lewis
acidity may derive from the exposure to trivalent cations,
mostly AI** at the edges, AI** from the rupture of Si-O-Al
bonds, or through dehydroxylation of some Bronsted acid
sites. The edges and the faces of these clay particles could
adsorb anions, cations, non-ionic and polar contaminants in
the natural water via the processes of ion exchange, coor-
dination, and ion-dipole moments, or H-bonding, van der
Waals and hydrophobic interactions. The strength of these
interactions is determined by various structural behaviour
and other unique features of the clay minerals. van Olphen
[16] has cited several types of active sites in clays, viz., (i)
Bronsted acid or proton donor sites, created by the interac-
tions of adsorbed or interlayer water molecules, (ii) Lewis
acid or electron acceptor sites due to dehydroxylation, (iii)
oxidizing sites, due to the presence of some cations in octa-
hedral positions, or due to the adsorbed oxygen on the sur-
faces, (iv) reducing sites due to the presence of Fe** ions,
and (v) surface hydroxyl groups, mostly found in the edges,
bounded to Si, Al or other octahedral cations [17]. The inter-
action to retain harmful and undesirable substances from
their immediate environment has surged to a variety of
applications [18]. Although the reactivity of these minerals
might be expected to extent to a broad range of anthropo-
genic and industrial pollutants, these clay minerals have
shown limited applications in their natural state [19-21].

In this sense, the presence research was carried out
to investigate the potential of natural clay, abundantly
available from the plantation area as a suitable substitute
to commercial adsorbents for the innovative treatment of
ametryn, a highly hazardous pesticide from the aqueous
solution in a batch mode study. The initial raw precursor
was treated by acid leaching with sulphuric acid to reduce
the clay crystalinity. Structural, functional, and surface
chemistry of the newly prepared clay based adsorbent
were evaluated by Fourier transform infrared (FTIR) spec-

troscopy, scanning electron microscopy (SEM), nitrogen
adsorption-desorption curve and zero point of charge. The
experimental parameters, initial concentration, contact
time, and solution pH on the adsorption behaviour were
examined. The adsorption data were analyzed on the basis
of the Langmuir, Freundlich, Temkin and Redlich-Peterson
isotherm models, while the kinetic equilibrium, adsorption
mechanism and thermodynamics analysis were elucidated.

2. Materials and methods
2.1. Materials

The natural clay (NC) acquired from a paddy field, was
chosen as the initial raw precursor in this work. The clay
sample was stirred vigorously at 90°C in 6% of hydrogen
peroxide solution or 2 N of acetic acid solution for the elim-
ination of organic and carbonaceous impurities [25]. The
resulting sample was washed thoroughly with distilled
water, and dried at 105°C. The dried sample was crushed,
ground, and sieved to the particle size of 2045 pm. Ame-
tryn, with a chemical formula of C;H,,N.S, and molecular
weight of 227.33 g/mole, was applied as the model adsor-
bate. All the reagents used in this study were of analytical
grade. Deionized water was used to prepare all the solu-
tions and reagents.

2.2. Preparation of adsorbent

The preparation of clay-based adsorbent was performed
by the immersion of 10 g of clay micro-powder in 40 mL of
sulphuric acid solution (9 M) under mechanical stirring at
200 rpm and 75°C for 3 h. The resulting sample was rinsed
with hot distilled water until pH 6-7 was achieved in the
washing solution. The obtained adsorbent (ANC) was dried
at 60°C for 24 h and stored in a sealed container prior to be
used.

2.3. Batch adsorption studies

The batch adsorption experiments were undertaken in a
set of 250 mL Erlenmeyer flasks containing 0.20 g of adsor-
bent and 200 mL of ametryn solutions within the concen-
tration range of 25-150 mg/L. The mixture was agitated at
120 rpm in an isothermal water-bath shaker until the equi-
librium was reached. For the kinetic study, the ametryn con-
centrations in the supernatant solutions were withdrawn at
pre-determined period, and measured using a double beam
UV-vis spectrophotometer (UV-1800 Shimadzu, Japan) at
224 nm. All samples were filtered prior to analysis. Each
experiment was duplicated under identical conditions. The
adsorptive uptake of ametryn at time ¢, g, (mg/g) and equi-
librium, g_ (mg/g), was calculated by:

g = &=V @)
W
= GGy -

where C, C, and C, (mg/L) are the liquid-phase concentra-
tions of ametryn solution at initial, time ¢ (min) and equilib-
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rium, respectively. V (L) is the volume of the solution, and
W (g) is the mass of adsorbent.

The effect of solution pH on the ametryn removal was
examined by regulating the solution pH from 2 to 12, with
an initial ametryn concentration of 100 mg/L, ANC dos-
age of 0.20 g/200 mL and adsorption temperature of 30°C.
The initial pH of the ametryn solution was adjusted by the
addition of 0.10 M of hydrochloric acid (HCI) or sodium
hydroxide (NaOH) solution. The pH was measured using a
pH meter (Accumet XL200, Fischer Scientific).

2.4. Physical and chemical characterization

The surface morphology was examined using the Zeiss
Supra 35VP scanning electron microscope with an accel-
erating voltage of 15 kV and a vacuum of 10~ Pa. During
the operation, the samples were coated with a thin layer of
gold, placed into the chamber, and transferred to the path of
electron beam prior to the scanning process. Fourier Trans-
form Infrared (FTIR) Spectroscopy was carried out using
the FTIR spectrometer Vertex 80v equipped by DTGS detec-
tor and KBr beam-splitter (Bruker, Ettlingen, Germany).
The samples were prepared as pressed KBr-pellets, which
0.5 mg of clay samples were dispersed in 200 mg of KBr.
The mixture was placed in a 13 mm pellet disk and pressed
in vacuum. The adsorption spectra were recorded in the
wavelength range from 4000-400 cm™ with 256 scans, and a
resolution of 4 cm™. Baseline correction was performed by
Concave Rubberband method, with 64 baseline points and
10 iterations.

The pore structural characteristics were determined
by nitrogen adsorption-desorption curve at 77 K using an
automatic Micromeritics ASAP-2020 volumetric adsorption
analyzer. The specific surface area was calculated by the
Brunauer-Emmett-Teller (BET) equation; the total pore vol-
ume was evaluated by converting the adsorption volume of
nitrogen at relative pressure of 0.95 to equivalent liquid vol-
ume of the adsorbate, while the micropore volume, micro-
pore surface area and external surface area were obtained
using the t-plot method.

2.5. Zero point of charge (pH_, )

The determination of zero point of charge (pH ) was
performed by adjusting the pH of 50 mL of the 0.01 M
sodium chloride (NaCl) solution from 2 to 12. 0.15 g of ANC
was added into the flasks, and the suspensions were mixed
for 48 h. The final solution pH (pH) was measured, and the
pH,, of the tested adsorbent was obtained by plotting pH,
versus pH,. The pH at which the final pH (pH) curve cuts
the initial pH (pH,) line was denoted as the pH

3. Results and discussion
3.1. Batch adsorption studies

The effect of initial concentration and contact time on
the adsorptive uptake of ametryn onto ANC is displayed in
Fig. 1a. Initial concentration provides an important driving
force for alleviating mass transfer resistance between the
aqueous phase and the solid medium [26]. Increasing initial

concentration from 25 to 150 mg/L showed an enhancement
of the adsorption uptake of ametryn from 12.49 to 50.12
mg/g, mainly ascribed to the higher concentration gradient
which governs the adsorption process. The time profile of
ametryn uptake is a single, smooth and continuous curve
leading to saturation, suggesting possible monolayer cov-
erage of ametryn onto the surface of ANC. Additionally,
the adsorptive uptake and removal of ametryn increased
with prolonging the contact time. The adsorption process
increased sharply at the initial stage, indicating the avail-
ability of readily accessible sites. The process was gradually
slowed down as the equilibrium approached [27]. Similar
result was obtained for the adsorption of cationic dye by
clay [28] and the adsorption of malachite green onto mont-
morillonite [29].

Solution pH has a significant effect on the adsorptive
uptake of the adsorbate, since it determines the surface
charge, and the degree of ionization and speciation of
the adsorbate in the aqueous solution [30]. The effect of
solution pH was investigated by varying the pH of ame-
tryn solutions from 2 to 12, with an initial concentration
of 100 mg/L, as shown in Fig. 1b. Decreasing solution
pH exerted a significant enhancement on the adsorptive
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Fig. 1. Effect of (a) initial concentration and contact time and (b) so-
lution pH on the adsorptive uptake of ametryn onto ANC at 30°C.
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uptake of ametryn from 11.28 to 74.10 mg/g. High adsorp-
tion uptake at strong acidic pH is due to the protonation
of the ametryn molecules. Similar observation was illus-
trated by the adsorption of s-triazines onto montmoril-
lonite. Weber [31] has related the molecular structure of
s-triazine to their adsorption capacity at the pH range of
1-10. The maximum adsorption occurred at the solution
pH near to the pK of the adsorbate. In another study con-
ducted by Ahmad et al. [32], the adsorption of ametryn
showed a greater capacity at the solution pH below 6, with
the k, values ranging between 20.45-47.62. At the pH val-
ues near to the pK, of ametryn (4.0), decreasing pH would
induce the protonation of ametryn, and the resulting cat-
ions would be adsorbed to the negatively charged soil col-
loid [33]. This protonated ametryn held on the negatively
charged clay minerals to resist the desorption process.
Yamane and Green [34] also found that, the adsorption
of ametryn onto montmorillonite was attributed to the
degree of protonation at low solution pH, and polariz-
ability property at the highly basic medium. Due to the
protonation of isopropylamine and ethylamine groups at
the lower solution pH, ametryn molecules would present
predominantly in positively charged (cationic) at the solu-
tion pH < 4.1, and in the molecular form at the solution
pH > 4.1 [35]. Comparative study for the adsorption of tri-
azine onto montmorillonite has demonstrated that higher
adsorption was found as the solution pH approaches to
the pK_ of the solute compound [36,37], with the formation
of cation at pH < pK , and at the pH > pK , ametryn was in
the molecular (neutral) form.

Moreover, the pHPZC of ANC has been identified to be
3.71. Generally, the main contribution to the surface charge
of ANC is the permanent negative charge on the basal
planes due to the isomorphic substitutions [38]. The neg-
ative charge associated with cation replacement in the tet-
rahedral sheet (AI’** for Si**) may result in localized charge
distribution, with larger diffuse negative charge from the
cation replacement in the octahedral sheets (Mg** for Al*")
[39]. This excess of negative lattice charge is compensated
by the exchangeable cations in the diffuse part of the dom-
inant electric double layer on faces. Additional polarity,
mainly octahedral Al-OH and tetrahedral Si-OH groups,
are situated at the broken edges of the clay minerals. These
amphoteric sites are conditionally charged, and could be
developed at the edges by H* or OH- transfer from the
aqueous phase.

Therefore, at the acidic pH, the surface of ANC would
be protonated and turned into positively charged to form
a dominant and hidden electric double layer around the
ANC lamellae. This positive charge could be developed
only on the Al-OH sites of edges at the pHs below 3.71. At
the pH equal to the pH_, the surface of ANC was essen-
tially neutral, to induce weakening of the surface interac-
tion with the ametryn molecules, and reduced the degree
of adsorption onto the functionalized adsorbent. Con-
versely, the unique surface heterogeneity of ANC lamellae
could disappear, if the pH of the suspensions is well above
the pszc’ mainly ascribed to the deprotonation of Si-OH,
resulting in the repulsive interaction between ANC and
ametryn molecules [40].

3.2. Adsorption isotherm

Adsorption equilibrium is established when an adsor-
bate-containing phase has been contacted with the adsor-
bent for sufficient time, and the adsorbate concentration in
the bulk solution is in a dynamic balance with the interface
concentration [41]. An adsorption isotherm describes the
interaction between the adsorbates molecules with the solid
adsorbents. The Langmuir [42], Freundlich [43], Temkin
[44] and Redlich-Peterson [45] isotherm models are among
the simplest, and most commonly applied isotherm models
to represent the adsorption of adsorbate molecules from the
liquid phase onto a solid adsorbent, derived as:

g, = QOKLCE (4)
° 1+K.C,
qe = KFC;M (5)
RT
9. = b_lnATCc (6)
T
k.C
= 4 7
=17 a,C? @)

where Q, (mg/g) and K (L/g) are the Langmuir iso-
therm constants related to adsorption capacity and rate of
adsorption, whereas K, (mg/g)-(L/mg)'/" is the Freundlich
isotherm constant related to the distribution coefficient
representing the quantity of ametryn adsorbed per unit of
equilibrium concentration, and # provides an indication on
the favourably of the adsorption process. B = RT/b,, where
b, A, Rand T are the Temkin isotherm constants related to
the heat of adsorption (J/mole), equilibrium binding con-
stant (L/g), universal gas constant (8.314 J/mole K) and
absolute temperature (K), while k, (1/g), a, (1/mmol) and 8
are the Redlich-Peterson isotherm constants. The equation
may reduce to a linear isotherm at low surface coverage,
and in according to Langmuir isotherm model when p =
1. The detailed parameters of these different forms of iso-
therm equations are listed in Table 1.

The applicability of the isotherm models was carried
out by judging the correlation coefficient, R* values and
further justified by the root-mean squared errors (RMSE),
a commonly used statistical tool measuring the predictive
power of a model derived as:

- 2
(qe,meas - q@,CﬂIC)

R*=
z (qe,meas - qe,mk )2 + (qe,meas - qe,calc )2

®)

n

> (0o =1,) )

RMSE = -1
N,, -1

whereq,, . q,. and g, . arethe measured, calculated and
average mean of equilibrium uptake (mg/g), respectively,
which g, (mg/g) and ¢, (mg/g) are the experimental and
theoretical adsorption capacity, respectively, and N is the
number of experimental data points.

As provided in Table 1, Langmuir isotherm model was

found satisfactory to describe the adsorption equilibrium,
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Table 1
Adsorption isotherm parameters for the adsorption of ametryn
onto ANC at 30°C

Table 2
Comparison adsorption capacity for ametryn onto different
adsorbents

Isotherm models Isotherm constants

Langmuir Q. (mg/g) K, (L/mg) R? RMSE
85.159 0.014 0.998 0.342
Freundlich K, (mg/g). n R? RMSE
(L/mg)l/n
3.224 1.665 0986 2.745
Temkin A (L/g) B R*>  RMSE
0.147 18.092 0.990 1.956
Redlich-Peterson k, a, B R? RMSE
1.199 0.014 0.997 0.998 0.195

with the R? values higher than 0.995, as compared to the
other models. The validity of the models to fit the data was
support by the lowest RMSE value of 0.342. The result was
further justified by the  value of the Redlich-Peterson iso-
therm model, which approaching to the unity, indicating a
Langmuir isotherm model. The findings suggested that the
adsorption of ametryn onto ANC is monolayered, and the
adsorption energy is distributed homogeneously through-
out the surface. The results also demonstrated that each
molecule poses equal enthalpies and activation energy with
no transmigration of ametryn in the plane of the neigh-
bouring surface. Table 2 lists a comparison of monolayer
adsorption capacity for ametryn onto different adsorbents
[46-50]. It can be concluded that the ANC prepared in this
work showed relatively high monolayer adsorption capac-
ity of 85.16 mg/g as compared to the literature. The current
findings indicated the capability of ANC assisted adsorp-
tion process for the successive treatment of ametryn from
the aqueous solution.

3.3. Kinetic modelling

Adsorption kinetic provides an insight into the con-
trolling mechanism of the adsorption process, which in turn
governs mass transfer and the residence time [51]. In this
work, three simplified kinetic models were adopted. The
pseudo-first order kinetic model [52], popularly known as
the Lagergren rate expression, is represented by

ln(—q" ]z—kl t
q. =4 2.303
where k (1/h) is the pseudo-first order kinetic rate con-
stant. Contrary to the pseudo-first order kinetic equation,
pseudo-second order kinetic equation [53] predicts the
behaviour over the whole range of adsorption. For the
boundary conditions of g, =0 att =0 and q, = g, at t = t, the
Ho’s kinetic model is derived as:

11
(qe_ql) qe

where k, (g/mg h) is the adsorption rate constant of pseu-
do-second order kinetic equation. Elovich kinetic equation

(10)

+k,t (11)

Precursor Modification Monolayer Reference
agent adsorption
capacity (mg/g)
Natural clay H,SO, 85.16 Present
study

Soil Organic matter 0.05-0.13 [46]
Chalk - 1.55 [47]
Kaolin - 1.82 [48]
Nano-carbon  — 105.20 [49]
Nanocomposite Fe,O,/graphene 54.80 [50]

[54] is one of the most useful models describing chemisorp-
tion process given by:

g, = %ln(ab) + %lnt (12)

where a (mg/g h) is the initial sorption rate, and b (g/mg)
is related to the extent of surface coverage and activation
energy for the chemisorption process.

The experimental data for the adsorption of ametryn
onto ANC at different time intervals were simulated by
the pseudo-first order, pseudo-second order and Elovich
kinetic models, using the plots In (g,— q,) against ¢, t/gq, ver-
sus t, and g, against In t, respectively. The corresponding
results are tabulated in Table 3. The suitability of the kinetic
model to describe the adsorption process was ascertained
by the value of correlation coefficient, R* and the normal-
ized standard deviation, Ag (%) derived as:

2

Z|(qe/exp - qe,culc) / qt’,exp
n-1

(13)

ch%)=1ooJ

where 1 is the number of data points, g4, (mg/g) and
q,.c (mg/g) are the experimental and calculated adsorp-
tion capacities, respectively. The correlation coefficients
obtained for the pseudo-first order and Elovich kinetic
models were relatively low, and the experimental g, val-
ues did not agree satisfactory with the calculated values.
Good agreement was shown between the experimental data
with the pseudo-second order kinetic model, with the R* >
0.99 and the lowest normalized standard deviation, Ag (%)
values, which ranged between 2.64 to 14.01%. This result
suggested that the adsorption system followed the pseu-
do-second order kinetic model, based on the assumption
that the rate-limiting step may be chemisorption process.

3.4. Adsorption mechanism

To gain further insight into the mechanism and rate-con-
trolling steps affecting the adsorption process, the intra-par-
ticle diffusion model [55] has been elucidated as:

g, =kut"*+C, (14)
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Table 3

275

Adsorption kinetic parameters for the adsorption of ametryn onto ANC at 30°C

C Pseudo-first order

qe,cxp

Pseudo-second order

Elovich

0
(mg/L) (M&/8) o kR A% g, K
(mg/g) (1/h)

(mg/g)

2
(g/mgh)

R? Aq (%) G, a b R? Ag (%)

(mg/g) (mg/gh) (g/mg)

25
50
75
100
125
150

12.49
23.22
32.66
38.89
4477
50.12

7.80 1.676
16.86 2.116
23.68 2133
27.63 1.849
29.66 1.638
34.03 1.761

0.687
0.972
0.957
0.956
0.899
0.920

37.55
27.39
2748
28.95
33.75
3211

12.82
24.69
33.90
40.00
46.30
5714

0.167
0.097
0.078
0.061
0.044
0.029

0.995
0.995
0.998
0.991
0.997
0.990

2.64
6.33
3.80
2.85
3.42
14.01

8.64 53.82 0.327
17.64 11691 0.172
24.56 130.15 0.106
2826 192.39 0.106
31.14 189.29 0.092
3543 193.16 0.076

0.993
0.991
0.995
0.986
0.995
0.989

30.83
24.03
24.80
27.33
30.44
29.31

where k_ is the intra particle diffusion rate constant
(mg/ g~h‘n/ %), and C, is the intercept of stage i, which can
be evaluated from the intercept and slope of the plot of
g, versus t'/2. Generally, the adsorption process is consid-
ered to involve three major steps: (i) mass transfer across
the external boundary layer film of liquid surrounding
the outside of the particle; (ii) adsorption onto the adsor-
bent surface (internal or external); and (iii) diffusion of the
adsorbate molecules into the adsorption sites either by a
pore diffusion process through the liquid filled pores or by
a solid surface diffusion mechanism [56]. The first, sharper
portion was attributed to the diffusion of ametryn from the
aqueous solution to the external surface of adsorbent, or
the boundary layer diffusion of the solute molecules. The
second portion represents the gradual adsorption stage,
where intraparticle diffusion was rate limiting step. The last
portion was the final equilibrium stage which intraparticle
diffusion started to slow down due to the extremely low
ametryn concentration left in the solution.

From Fig. 2, the plots presents multi-linearity steps,
implying that more than one steps has affected the adsorp-
tion mechanism. According to the model, if the intraparticle
diffusion was the sole rate-controlling step, the plot would
pass through the origin. The values of the intra-particle dif-
fusion rate constant (Table 4) were determined by fitting
the experimental data with the intra particle equation. The
first stage can be referred to the diffusion of ametryn to the
external surface of ANC, a process known as boundary
layer diffusion. The high k , value, 9.02-35.78 mg/g h'/? of
the first stage indicates that the adsorption rate was high
when time tended towards zero [57]. The second stage
demonstrated gradual adsorption, whereby intra-particle
diffusion was the rate-limiting step, due to the lower values
of k , of 3.71-11.69 mg /g h'/% During this stage, the ametryn
molecules would gradually occupy the external surface of
ANC and the driving force ceased to maintain the exter-
nal mass transfer. At the last stage, almost all pores in the
adsorbent were occupied by ametryn molecules, external
mass transfer would drastically decrease, and there were
virtually no film or intra-particle diffusions. This represents
the dynamic equilibrium of the adsorption process, which
the k , values are at a minimum value. Meanwhile it is
worth noting that the second- and third-stage lines passed
away from the origin, indicating that the rate-limiting step
of the adsorption process was not solely governed by the
intra-particle diffusion mechanism [58].
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Fig. 2. Plots of intraparticle diffusion model for the adsorption
of ametryn onto ANC at 30°C.

3.5. Adsorption thermodynamic

For clarification on the dominating mechanism of
the adsorption process, it is important to take into the
account about the thermodynamic behaviour of the lig-
uid-solid system. Adsorption thermodynamic allows a
better understanding on the adsorption phenomenon,
and the design of the adsorption system [59]. The dis-
tribution coefficients, K, is defined as C,, the amount
adsorbed on solid phase at equilibrium (mg/L) divided
by C, the concentration in the liquid phase (mg/L), and
the free Gibbs energy, AG° (kJ/mole) of the adsorption
process is derived as:

(15)

AG°=-RTInK, (16)

The values of AH® and AS° were deduced from the slope
and intercept of the van’t Hoff plot of In K, vs. 1/T, using
the expression given by:

AH®
R RT

InkK, = 17)
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Table 4

S.F.A. Shattar et al. / Desalination and Water Treatment 103 (2018) 270-279

Intraparticle diffusion model parameters for the adsorption of ametryn onto ANC at 30°C

C Intraparticle diffusion model

0

me/L) Tk, (mg/gh  k,(mg/gh’)  k, (mg/gh’) C, c, R} Ry R
25 9.021 3.711 - 0 5.481 12.488 0.9902 0.8205 -

50 18.173 5.563 - 0 12.441 23.216 0.9930 0.9099 -

75 25.908 7.692 - 0 17.596 32.661 0.9916 0.9282 -

100 29.621 9.986 - 0 18.864 38.879 0.9920 0.9635 -

125 31.947 11.763 0.256 0 20.381 44.125 0.9969 0.9701 0.3459
150 35.784 11.686 1.595 0 25.784 46.098 0.9918 0.9701 0.6718

Table 5

Thermodynamic parameters for the adsorption of ametryn onto
ANC

AG° (KJ/mole) AH® AS°
30°C 40°C 50°C (kJ/mole) (J/mole K)
-90.692 -16.528 66901 2477 8.305

where AS° and AH® are denoted as the standard entropy
change and enthalpy change, respectively. The calculated
thermodynamic parameters at the operating temperatures
of 30, 40, and 50°C, respectively are listed in Table 5. The
negative value of AH® indicated that the adsorption pro-
cess was exothermic in nature. The positive values of AS®
showed the high affinity of ANC for ametryn, and the
increasing randomness at the solid-solution interface, with
some structural changes in the adsorbates and adsorbents
during the adsorption process.

The negative values of AG® indicated spontaneous
nature of the adsorption process at the temperature range
being studied, while the rising value of AG® showed that
the given process was less favourable at the higher sorption
temperatures of 40 and 50°C. The increasing positivity of
AG?® is related to the surface tension of the adsorbent min-
imizing their respective surface area. Increasing tempera-
ture led to the decrease of ametryn uptake, due to higher
repulsive forces between the active sites of ANC and the
ametryn species, and between the adjacent ametryn mole-
cules. Higher operating temperatures may enhance the sol-
ubility of the ametryn molecules, and the desorption rate in
the adsorption mechanism. Therefore, the solute molecules
were more difficult to be adsorbed. As a result, an extra sur-
face free energy is required to extend the surface area by
stretching, or distorting their respective surface. The find-
ing was consistent with the experimental data recorded by
Yamane and Green [34], which reported that the adsorptive
uptake of ametryn increased with decreasing the operating
temperature from 25 to 15°C. The phenomenon has also
been observed in the adsorption of carbofuron onto maize
cob at the high operating temperature of 50°C [60].

3.6. Textural, functional and surface characterizations

Scanning electron microscopy (SEM) has been a pri-
mary tool to examine the surface morphology and funda-

EHT= 500KV
Date 6 Sep 2016

Signal A= SE2
Time 12:41.00

WD=50mm EHT= 500 kv

Date 6 Sep 2016

Signal A = SE2
Time :12:44:18

Mag= 5.00 K X

1 pm
k=

Fig. 3. Scanning electron micrographs of (a) NC and (b) ANC.

mental physical properties of the adsorbents. It is useful
for the determination of the particle shape, porosity and
appropriate pore size distribution of the functionalized
adsorbents. SEM measures the surface morphology of con-
ducting and non-conducting materials by analyzing the
back scattered electron (BSE) and secondary electron (SE).
The SEM images of the raw natural clay (NC) and ANC are
depicted in Fig. 3. NC demonstrated a dense structure with
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the presence of humps and platy flakes around the surface
[61]. However, ANC displayed a highly compact morphol-
ogy, with a variety of macro and meso porosities surround-
ing the surface.

The FTIR analysis was carried out for the identification
of surface functional groups present on the adsorbent sur-
face. The FTIR spectra of the natural clay (NC), acid treated
natural clay (ANC) and ametryn loaded ANC is illus-
trated in Fig. 4. The broad peak at 3600-3200 cm™ can be
assigned to the stretching mode of hydroxyl groups with
hydrogen bonding. The bands at 1646-1634, 1031-1007,
912, 796-749, 695694, 535, and 472-470 cm™, respectively
may be attributed to the -OH bending, Si-OH stretching,
Al-OH-Al, Al-Mg-OH, -OH, Si-O-Al deformation and
Si-O-Si functionalities.

Generally, acid treatment is related to the penetration
of protons and dihydroxylation reaction connected with the
successive dissolution of the central atoms and the alter-
ation of absorption bands [62]. A slight shift of the wave-
numbers showed a higher asymmetry of ANC, favouring
the formation of cationic defects on the bulk structure (dis-
solution of carbonates and feldspars, removal of cations
from the interlayer spacing, leaching of the octahedral cat-
ions and the complete destruction of the clay structure). In
the O-H stretching region, the untreated and treated clays
showed two predominant bands at 3697 cm™ and 3621 cm™
corresponding to the inner hydroxyl groups, lying between
the tetrahedral and octahedral sheets. A lower structural
hydroxyl vibration band for ANC verified the successive
leaching of the AI** cations from the octahedral layer during
the modification process [63]. The strong band in the 1120-
1000 cm™ region is due to Si-O stretching in the natural
clay, that has been altered in shape and position after acid
treatment, due to the structural modification in the tetra-
hedral cations. A lower intensity of the absorption bands
at 912 and 749 cm™ for ANC suggested the partial reduc-
tion of AI’** and Fe* from the clay structure. The presence
of a new peak at 795-802 cm™ is mainly due to the forma-
tion of free amorphous silica during the destruction of the
tetrahedral sheets [64]. According to Krupskaya et al. [65],
the protonation of Al bond pairs in the octahedron sheets
may transform the tetrahedral sheets from 4-coordination
to 6-coordination, with the alteration of the layer stacking
and formation of mesoporous structure. In contrast, the
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Fig. 4. FTIR spectra of natural clay (NC), ANC and ametryn
loaded ANC.

presence of an intensive peak at 1646 cm™ in the ametryn
loaded ANC may be ascribed to the adsorption of ametryn
onto the ANC surface through hydrogen bondings. Similar
result has been reported by Davies and Jabeen [4] on the
adsorption of atrazine onto the clay minerals and soils.

The interactions of low polarity vapours with soil col-
loids and clay minerals are governed to a large extent by
the porosities of the solid adsorbents, which are reflected by
the surface physical properties evaluated using an inert gas
[66]. Table 6 summarizes the surface physical parameters
of NC and ANC. The BET surface area, Langmuir surface
area, total pore volume and average pore size of the raw NC
were identifieed to be 32.31 m?/g, 41.50 m?/g, 0.112 cm®/g,
and 148.93 A, respectively. However, ANC demonstrated
the BET surface area, Langmuir surface area, total pore vol-
ume and average pore size of 43.34 m?/g, 55.80 m*/g, 0.120
cm?/g and 102.95 A, respectively, implying pore develop-
ment during the modification stage. The chemical modifica-
tion for the dissolution of metal components could be best
represented by the reaction:

ALO, -25i0, - 2H,0 + 3H,S0, — AL(SO,), +25i0, +5H,0  (18)

According to Hassan and El-Shall [67], acid treatment
would induce leaching of octahedral sheets, with the
structural rearrangement and development of mesopores
throughout the surface. The rising surface area could be
related to the channel cleansing, but more likely, due to
the elimination of aggregates impurities from the octahe-
dral cations of the clay minerals [68]. From the nitrogen
adsorption isotherm analysis (Fig. 5), it was inferred that
the isotherm of ANC belong to type IV isotherm as defined
by the International Union of Pure and Applied Chemis-
try (IUPAC) classification. This type of isotherm is usually
exhibited by the presence of mesoporous structure. Mean-
while, the desorption branch presents a hysteresis loop at
high relative pressures, pointing to a considerable develop-
ment of mesoporosity [69,70].

4. Conclusion

The preparation of a low cost and eco-friendly function-
alized adsorbent from the natural clay has been presented.
Acid modification has altered the octahedral sheets, and
improved the specific surface area, reflected by the for-

Table 6

Surface physical parameters of ANC
Properties NC ANC
BET surface area (m?/g) 32.31 43.34
Micropore surface area (m?/g) 3.33 4.01
External surface area (m?/g) 28.98 39.34
Langmuir surface area (m?/g) 41.50 55.80
Total pore volume, (cm?®/g) 0.112 0.120
Micropore volume (cm?/g) 0.002 0.001
Mesopore volume (cm?®/g) 0.110 0.119
Average pore size (A) 148.93 102.95
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Fig. 5. Nitrogen adsorption-desorption curve of ANC.

mation of new pores, and corroborated well with the SEM
findings. The FTIR spectra verified the new development
of surface functionalities. The adsorptive behaviour for the
remediation of ametryn has been examined. The adsorp-
tion data were best represented by the Langmuir isotherm
model, and the adsorption kinetic was fitted closely to the
pseudo-second order kinetic model, with a monolayer
adsorption capacity for ametryn of 85.16 mg/g. The adsorp-
tion process was found to be dependent on the solution pH,
favouring the adsorption uptake of ametryn onto ANC at
the acidic conditions. The negative AH® illustrated exother-
mic nature of the adsorption interaction, while positive AS°®
verified the increased randomness at the solid-solution
interface. The findings ascertained the potential of ANC as
a viable solution for the adsorptive treatment of ametryn
contaminated agricultural runoff.
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