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Abstract: The present investigation deals with the utilization of Bagasse fly ash
(BFA), a sugar industry waste, and a zeolitic material (MZBFA) synthesized
from BFA by a combined conventiona and microwave reflux method as
adsorbents for the extraction of acephate (ACP), an organophosphorus pesti-
cide, from agueous solution. The synthesized adsorbents were characterized
using various techniques, such as Fourier-transform infrared (FTIR) spectros-
copy, powder X-ray diffraction (PXRD) analysis and scanning electron mic-
roscopy (SEM). The effects of various experimental parameters were inves-
tigated using a batch adsorption technique for the extraction of ACP. The
extent of removal increased with decreasing initidl ACP concentration and
particle size of the adsorbent. The adsorption was fast and equilibrium was
established within 90 min. Pseudo-first-order, pseudo-second-order, Bangham
and intra-particle diffusion models were used to fit the experimental data. The
pseudo-second-order rate equation was able to provide a realistic description of
the adsorption kinetics. Equilibrium isotherms were analyzed by the Freund-
lich, Langmuir, Dubinin—Radushkevich and Tempkin isotherm Equations. The
Langmuir Equation was found to represent the equilibrium data the best. A
thermodynamic study showed that the adsorption of ACP on MZBFA was
higher than that on BFA. The results indicate that such Zeolitic materials could
be employed as low cost aternatives to BFA in wastewater treatment for the
removal of pesticides.
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INTRODUCTION

In recent years, the application of organophosphorus pesticides to agricul-
tural crops and other land areas has increased manifold. India is the largest con-
sumer of pesticides of the South Asian countries with 44.5 % consumption of the
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1056 SHAH, SHAH and JADAV

total pesticides for cotton crops alone.l Substantive application of pesticides may
cause accumulation in the hydrological systems? and in food crops.34 The leach-
ing runoff from agricultural and forest lands, deposition from aerial applications,
and discharge of industrial wastewater are responsible for water contamination.®

Pesticides are considered to be potential chemical mutagens and potential
chronic health hazards.® Considerable evidence has been accumulated indicating
contamination of natural water resources globally, including India.” The Poison
information Center in National School of Occupational Health (NIOH), Ahma-
dabad, India, reported that organophosphorus compounds are responsible for
maximum number of poisoning (73 %) among all agricultural pesticides.” Pati-
ents of acute organophosphorus poisoning have been reported to suffer from
problems such as vomiting, nausea, miosis, excessive salivation, blurred vision,
headache, giddiness and disturbance in consciousness.8

Acephate, N-(methoxy-methylsulfanylphosphoryl)acetamide, is one of the
ten most important organophosphorus insecticides in terms of sales volume. It
has been extensively used in cotton crop cultivation. Surface and ground water
contamination have been observed due to the presence of acephate. For evalu-
ation of environmental waters and water resources for preparation of drinking
water, highly sensitive methods for the determination of organophosphorus pesti-
cidesin surface water, ground water and drinking water are required. In the Euro-
pean Union, a maximum allowable concentration of 0.1 pug L~ for each indivi-
dua (organophosphorus) pesticide in drinking water is in force. In the Nether-
lands, for aquatic ecosystems, the maximum allowable risk level for organophos-
phorus pesticides varies from 0.0007 to 23 pg L—1.9 Therefore, effective methods
of pesticide removal from water are urgently needed. However, the wide ranges
of pesticides, insecticides and herbicides in use make research extremely difficult
for producing a single method for their removal. Several methods, either inde-
pendent or in conjunction with others, have been used for the removal of pesti-
cides, and these include chemical oxidation with ozone,8 photodegradation,10 UV
irradiation,!! biological degradation! and adsorption.12-20 Adsorption on acti-
vated carbon is the most widely spread technology used for water treatment.21
However, the commercially available carbon is not economically feasible on the
large scale due to its high cost. For this reason, many industrial, agricultural,
natural, and synthetic materials, such as bagasse fly ash (BFA), carbon cloth,
porous polymeric adsorbents, wheat-residue black carbon, resin, lignin, wood
charcoal, waste tire rubber granules, etc., have been converted into inexpensive
activated carbons for this purpose.2l

Despite many studies on the chemical maodification of cellulose, only a few
investigated the modification of bagasse fly ash. In view of al these facts,
attempts were made to convert bagasse fly ash, a waste material of the sugar
industry, into an inexpensive and effective adsorbent, such as zeolite. BFA is cur-

Available online at www.shd.org.rs/JSCS/

Copyright (C)2013 SCS




ACEPHATE SORPTION ON ZEOLITIC MATERIAL 1057

rently used as a filler in building materials. It was used previously for chemical
oxygen demand (COD) reduction of sugar mill and paper mill effluents.22 Vari-
ous researchers utilized it for the adsorptive extraction of phenolic compounds,23
metals24.25 and dyes.26 However, from the survey of the literature, no informa-
tion for the adsorptive removal of ACP pesticide by BFA and a zeolitic material
(MZBFA) synthesized from BFA could be found.

The main objective of this paper were: i) to study the feasibility of using
BFA and MZBFA as adsorbents for the removal of ACP pesticide, ii) to deter-
mine the physicochemical characteristics and therma stability of BFA and
MZBFA, iii) to determine the various parameters affecting the sorption, such as
pH, adsorbent dose, initial concentration, contact time and temperature, iv) to eva
luate the usefulness of various kinetic models, viz. pseudo-first-order, pseudo-se-
cond-order, Bangham and intra-particle diffusion models and v) to determine the
applicability of linear and non-linear forms for various isotherm models (i.e., the
Freundlich,27 Langmuir,28 Dubinin-Radushkevich?9 and Tempkin models39).

EXPERIMENTAL
Preparation of adsorbents

In the present investigation, BFA was collected from a local sugar mill, Shree Khedut
Sahkari Khand Udhyog Mandali Ltd., located at Bardoli, Gujarat, India. All of the reagents
used in these investigations were supplied by Merck and Rankem as analytical grade reagents.
Initially, the raw BFA obtained from the sugar mill was washed thoroughly with double dis-
tilled water to avoid the presence of foreign impurities and dried in sunlight for 8 and then 4 h
in hot air oven at 35315 K. The washed and dried material was sieved through a 200-um mesh
sieve to eliminate the larger particles. The dried BFA material, sieved through 200 pm mesh
sieve was suspended into 3 M NaOH solution (8:1 liquid:solid ratio) for partial microwave
irradiation at the earlier stages (15 min) followed by conventional heating (165 min) in a
round bottom flask equipped with a reflux condenser and stirrer at a reaction temperature of
373t5 K. Microwave experiments were realized using a microwave oven (Q-ProM, Ger-
many). After the hydrothermal reaction, the treated BFA was alowed to cool to room tempe-
rature. The resultant zeolite was washed with distilled water to remove excess sodium hyd-
roxide, filtered and dried at 373+10 K in a hot air oven. The zeolization of bagasse fly ash by
microwave heating was reported to be useful for shortening the reaction time (from hours or
days down to minutes).

Instrumental techniques

A UV-Visible spectrophotometer (UV-1601, Shimadzu, Japan) was used to detect ACP.
The pH measurements were made using a pH meter (PICO*, Labindia pH meter, India). The
Fourier-transform infrared (FTIR) spectra of the samples were recorded on a FTIR spectro-
photometer (Thermo Nicolet 1S10, Thermo Scientific Ltd., Switzerland). The specific surface
area and pore volume of the adsorbents were determined using the Brunauer—Emmett—Teller
(BET)3! and Barret—Joyner—Halenda (BJH)32 nitrogen adsorption and desorption methods at
77 K using a Micromeritics automatic surface area analyzer (Gemini 2360, Shimadzu, Japan).
The chemical composition of each adsorbent was examined by the X-ray fluorescence method
(X-ray XDL-B, Fischer scope, Japan). The moisture contents of the adsorbents were deter-
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mined using a Karl-Fischer (1204R of VMHI, Metrohm Ltd., USA) instrument. The powder
X-ray diffraction (PXRD) patterns of the adsorbents were obtained using a Panalyticals X-Pert
Pro instrument employing nickel filtered Cu K, (1 = 1.54060 A) radiation. The density of the
adsorbent was determined by pycnometery. The point of zero charge was calculated by the
mass titration method.33

Adsorbate

High purity (99.1 %) ACP pesticide (obtained from United Phosphorous Ltd., India) was
used as the adsorbate in the present study. The characteristics of ACP pesticide are listed in
Table I. ACP is white crystalline powder with a strong mercaptan-like odor. Since ACP is
hygroscopic, it was preserved in a dry atmosphere. An accurately weighed quantity of ACP
was dissolved in distilled water to prepare stock solutions. The ACP solution was alowed to
stand for some time until the absorbance of the solutions remained unchanged. Experimental
solutions of desired pesticide concentration were obtained by successive dilutions.

TABLE |. The physical and chemical characteristics of ACP

Pesticide Abbreviation IUPAC Name Amax ~ Empirical Molecular_l

name nm formula  mass, g mol

Acephate ACP N-(methoxy-methylsulfanyl- 214 C4H1gNO3PS 183.17
phosphoryl)acetamide

Analytical measurements

The UV—-Vis spectrum of a standard solution ACP was recorded to determine its maxi-
mum absorbance (Amax), Which was found to be at 214 nm. A calibration curve for ACP was
plotted between the absorbance 214 nm and the concentration of standard ACP solutions. The
ACP concentrations were cal culated from the calibration curve.

Batch experimental studies

To study the effect of important parameters on the adsorptive removal of ACP, batch
experiments were conducted. For each experimental run, 50 mL of ACP of known concen-
tration, pH and the known amount of the BFA and MZBFA were taken in a 100 mL brown
colored glass bottle. The mixture was agitated in an incubator shaker at a constant speed of
150 revolutions per min. Samples were withdrawn at appropriate time intervals and the with-
drawn samples were filtered and spectrophotometrically analyzed for the residual ACP con-
centration. Experiments were performed at initial pH values ranging from 2—10; controlled by
the addition of 1 M HCl or 1 M NaOH solutions. For optimum amount of adsorbents per unit
mass adsorbate, a 50 mL ACP solution was contacted with different amounts of adsorbents
(1-6 g LY until equilibrium was attained. Kinetics of adsorption was determined by anal-
yzing adsorptive uptake of the ACP from the aqueous solution at different time intervals. For
adsorption isotherms, ACP solutions of different concentrations (50-200 mg L-1) were agi-
tated with known amount of adsorbents until equilibrium was achieved. The residual ACP
concentration was then determined. Blank runs, with only the adsorbentsin 50 mL of distilled
water were conducted simultaneously under similar conditions to account for any adsorption
by either the container or the filter material. Each experiment was repeated three times and the
mean values were taken.
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RESULTS AND DISCUSSION
Characterization of adsorbents

Characteristics of adsorbents were determined by proximate analysis and
physicochemical properties. Results are presented in Table 1. The formation
mechanism of zeolitic material from BFA was previously proposed as follows:
dissolution of SiO» and Al>O3, particularly from the glass phase, into the alkaline
solution, decompoasition of aluminosilicate gel as zeolite precursor, and crystalli-
zation of zeolite. In present study, mechanism of zeolization is mainly separated
into three terms. The first step is dissolution of SiO» and Al>O3 into the alkaline
solution at 0—15 min. After 15 min, an intermediate aluminosilicate gel forms by
the deposition of dissolved Si and Al species, which is the prematerial of zeolite
crystals covering the external surface of BFA particles. The intermediate gel
begins to change into zeolite via a dissolution—reprecipitation process at 40 min
and the capture of sodium ions to neutralize the negative charge on the aluminate
in the zeolite structure when zeolite crystal growth occurred. Zeolization was
enhanced by partial microwave irradiation in the early stages of reaction because
microwave can rapidly heat up an agueous solution. Another reason may be
assigned to active water generated by the break up of hydrogen bonds under mic-
rowave irradiation. The active water molecules, isolated HoO molecules, should
freely attack Si—O and AI-O bonds so to enhance the dissolution of the glass
phase on the fly ash particles. The particle size of synthesized MZBFA and
native BFA were determined by a Mastersizer 2000 particle size analyzer. The
particle size distributions specify that majority of particles lies below 58.55 um
(95 %) in case of MZBFA, while in BFA majority of particles lies below 150.62
pum (95 %). The surface area of BFA and MZBFA were determined by the BET
nitrogen adsorption method. The specific surface area obtained by the instrument
for BFA and MZBFA were 99.14 and 328.30 m2 g1 respectively. This indicates
that the surface area of zeolitic adsorbent had been increased significantly during
treatment. The mass titration results for BFA and MZBFA are shown in Fig. 1.
The pHpzc values obtained by mass titration method were 8.18 and 9.09 pH for
BFA and MZBFA, respectively.

TABLE Il. Physicochemical properties of BFA and MZBFA

Characteristics Obtained values
BFA MZBFA
Proximate analysis, mass %
Lossondrying 11.95+0.2 13.74+0.2
Moisture content 10.36x0.3 12.25+0.3
Ash content 72.8510.2 67.74+0.2
Physical properties
Specific density 1.888+0.02 2.036x0.02
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TABLE Il. Continued

Characteristics Obtained values
BFA MZBFA
Physical properties
Bulk density, g mL-1 1.725+0.02 1.983+0.02
Dry density, gmL-1 1.081+0.02 1.225+0.02
Void ratio 0.747 0.662
Porosity, fraction 0.428 0.398
PHpzc 8.18+0.05 9.09+0.05
BET Surface area 99.14 328.30
Composition, mass %
SiOo, 46.35 4354
Al,O3 19.99 18.90
Fe,03 5.89 2.99
Ca0 4.97 3.17
MgO 4.83 4.12
Na,O 4.17 7.24
K,0 3.74 2.35
12
10 pszc= 9.09
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8
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=6 ——3pH
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4 MZBFA ——11pH
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Fig. 1. Masstitration curves of BFA and MZBFA.
FT-IR Analysis

FT-IR spectra of the adsorbents, shown in Fig. 2, exhibit a broad band at

about 3400 cm1 indicating the presence of both free and hydrogen bonded OH
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groups on the adsorbent surface; the stretching is due to both silanol groups
(Si—OH) and adsorbed water on the surface of adsorbents. The 1033.97, 676.67
and 475.33 cm1 bands are due to the asymmetric stretching vibration of the
internal tetrahedra, the symmetric stretching vibration and the bending vibration
modes of T-O bonds in the TO4 tetrahedra (where T = Si or Al), respectively.
The band at 1097.31 cm! of BFA was shifted to 1033.97 cm1 in MZBFA, con-
firming the tetrahedral coordination of aluminum in the zeolite skeleton. In
MZBFA, the shift of the symmetric stretching band at 797.53 to 792.61 cm1 of
the interna tetrahedral (TO4) of the amorphous aluminosilicates formed by the
reaction of dissolved Si4* and Al3* confirmed the formation of zeolite phases.34:35
The amount of improved tetrahedral sites of the aluminosilicate skeleton of the
zeolite can be seen by the decreased frequency of the asymmetric stretching
vibration of the tetrahedral. The band at about 1646.21 and 1456.34 cm! are
ascribed to deformation of the —OH vibration of absorbed water and the bending
vibration of interstitial water.34
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Fig. 2. FTIR Spectra of BFA and MZBFA.
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PXRD Analysis

The identification of corresponding crystalline and mineralogical charac-
teristics of adsorbents were made from powder X-ray diffraction patterns by
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comparing the diffraction data against a database provided by “Joint Committee
on Powder Diffraction Standards’.36 The low hump at lower diffraction angle in
the BFA diffraction patterns shown in Fig. 3 indicates the presence of a glass
phase.37 BFA exhibited the presence of a-quartz as the major part and other
amorphous materials.36 The PXRD pattern of MZBFA showed that the hump at
lower diffraction angle was suppressed. The newly observed intense pesks at 26
26.54 and 43.09° can be ascribed to the formation of zeolites in MZBFA. The
X-ray diffraction patterns of MZBFA confirmed the presence of zeolite P (Phil-
lipsite, JCPDS 39-0219) and zeolite X (JCPDS 28-1036) as the magjor minerals as
indicated from their high intensities as seen in Fig. 3. Anacime (JCPDS 76-
-0901), zeolite A (JCPDS 14-90), chabazite (JCPDS 12-0194) and ZSM 12 (JCPDS
15-274) were present as minor minerals.
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Fig. 3. PXRD Patterns of BFA and MZBFA. (P = phillipsite, X = zeolite X, A = analcime,
L = zeolite A, Z = ZSM-12, C = chabazite and Q = a-quartz).
Mor phology of the adsorbents

The SEM photomicrographs of both the adsorbents at 5.00 KX magnifica-
tions are presented in Fig. 4. The SEM image of BFA before hydrothermal reac-
tion mostly contains non-crystalline glass, with aloose structure and posses smocth

Available online at www.shd.org.rs/JSCS/

Copyright (C)2013 SCS




ACEPHATE SORPTION ON ZEOLITIC MATERIAL 1063

surface particle with no pits because the surface is covered by an aluminosilicate
glass phase. The particles of MZBFA appeared to be more fluffy and porous. The
SEM photomicrograph of MZBFA shows clear crystalline forms with compact
structures and honeycomb aperture and holes. The MZBFA image shows the
development of extended folded strands with deeper pits; with interior voids. The
SEM photomicrograph of the pesticide loaded adsorbents shown in Fig. 4 reveals
that the layered strands become diminished, showing that the adsorption of the
pesticide created a more compact nature and spherical beads fill up the surface
showing very intense pesticide adsorption on the surface throughout. In the case
of MZBFA, agglomeration of particles forming clusters could be expected due to
its softer porous texture.

Fig. 4. SEM Micrographs of a) BFA, b) MZBFA, c) ACP-loaded BFA and d) ACP-loaded
MZBFA at 5000x magnification.

Effect of pH

The adsorption of ACP by BFA and MZBFA was studied over a pH range of
2-10 at 298 K for 6 h. The initial ACP concentration was 125 mg L1 and the
adsorbent doses were kept at 0.15 g 50 mL—1. The effects of pH on the adsorptive
remova of ACP by the adsorbents are shown in Fig. 5. The pK5 of ACP is 8.35
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and ACP exists in molecular form below this pH. The pHpzc of the MZBFA
increased to 9.09 from 8.18 in case of BFA, due to the akaline hydrothermal
treatment, which enables the utilization of MZBFA over a wide pH range, suit-
able for the adsorption of pesticides. At acidic pH values, the adsorption affinities
of the adsorbents toward ACP are high due to dispersive interactions that are
promoted in solutions of pH below the pHpzc of the adsorbents. The percentage
remova of ACP was maximum at acidic pH (pH 2), decreased with further increase
in pH (up to pH 6) for both adsorbents and after pH 6 a trivial increase was
observed up to 10 pH. At pH < pHp,c, the negatively charged silica sites of the
adsorbent are neutralized by H*, thereby reducing hindrance to the diffusion of
ACP ions. For the pH below 4, a significantly high electrostatic attraction exists
between the positively charged surface of the adsorbent and appreciably ionized
ACP. At pH 6, the partially charged ACP exhibits minimum adsorption on both
adsorbents. As the pH of the system increases, the negative charge of adsorbent
increases which results in high electrostatic repulsion between the solute mole-
cules and between the solute and adsorbent surface. The percentage removal of
ACP by BFA and MZBFA were 23+1 % and 33+1 %, respectively, at pH 2 after
6 h. The higher adsorption capacity of MZBFA compared to BFA in acidic
solutions was due to the microporous structure of MZBFA, where ACP can be
intensively adsorbed by the micropore-filling mechanism.38
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Fig. 5. Effect of pH (conc. =125 mg L1, dose =3 g L1, pH = 2-10, temperature = 298 K,
time = 6 h) on the adsorption of ACP by BFA and MZBFA.

Effect of adsorbent dosage and acephate concentration

Initially, the rate of removal of ACP was found to be rapid, after which it
slowed down as the dose concentration was increased, as shown in Fig. 6. The
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remova efficiency became almost constant and no significant change was
observed in the removal of ACP above 0.2 g 50 mL~1 in the solution. Thus, the
results obtained from this section of the experiments indicated 37+1 and 561 %
removal of ACP was observed by BFA and MZBFA, respectively, at a dose of 4
g L-1. At higher doses, the remaining ACP concentration in the solution was
expected to be very low, so it experiences high resistance to mass transfer.
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Fig. 6. a) Effect of adsorbent dosage (¢ = 125 mg L1, dose = 1-6 g L1, pH 2, temperature,

298 K, time, 5 h) and b) acephate concentration (c = 50200 mg L1, dose=3 gL, pH 2,
temperature, 298 K, time, 5 h) on the adsorption of ACP by BFA and MZBFA.
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A given mass of adsorbent can adsorb only a fixed amount of adsorbate.
Thus, the initial concentration of adsorbate solution is very important. The effect
of the initial pesticide concentration on the removal by both the adsorbents is
shown in Fig. 6. However, the amount of pesticide adsorbed per unit adsorbent
mass increased with decreasing initial pesticide concentration due to the decrease
in resistance to the uptake of solute from the pesticide solution. The curves indi-
cate that the uptake efficiency of ACP by MZBFA was higher compared to that
of BFA.

Effect of contact time

The effect of contact time on the adsorption of ACP by the adsorbents was
studied for a period of 24 h for an initial pesticide concentration of 125 ppm at
298 K and pH 2. ACP solutions were kept in contact with the adsorbents for 24 h
although no significant variation in the residual ACP concentration was detected
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after a contact time of 5 h. Thus, after 5 h contact time, a steady-state approxi-
mation was assumed. The effect of the contact time on the adsorption of ACP is
presented in Fig. 7. The contact time curve shows that the pesticide remova was
rapid in the first 90 min. An early and rapid uptake of pollutant and the estab-
lishment of equilibrium in a short period signify the efficacy of an adsorbent for
its use in wastewater treatment. The curves indicate possible monolayer coverage
of the surface of adsorbents by the pesticide. In between these two uptake stages,
the rate of adsorption was found to be nearly constant. This is understandable
from the fact that a large number of vacant surface sites were available for ad-
sorption during the initial stages, and after a lapse of time, the remaining vacant
surface sites were difficult to occupy due to repulsive forces between the solute
molecules on the solid and in the bulk phases. Saturation of BFA occurred at
251 % adsorption, while for MZBFA, it occurred at 53+1 % adsorption. The
resulting data shows that MZBFA has a greater potential to adsorb ACP than
BFA. This may be due to the higher surface area and larger pore volume of
MZBFA as compared to BFA.
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Fig. 7. Effect of contact time (¢ =125 mg L1, dose = 3 g L1, pH 2, temperature, 298 K, time,
24 h) on the adsorption of ACP by BFA and MZBFA.

Effect of temperature and thermodynamic parameters

The adsorption of ACP on both the adsorbents was investigated at five
different temperatures (293, 303, 313, 323 and 333 K). The uptake of ACP
increased with increasing temperature, indicating the process is endothermic in
nature.
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Thermodynamic parameters were evaluated from Van't Hoff plots (not
shown) for the adsorption of ACP onto BFA and MZBFA. The results are sum-
marized in Table I1l. The change in enthalpy, AHO, and change in entropy, AS,
were evaluated from the slope and intercept, respectively, of the equation:

_ 0 0
Rand=AT—G=ASO—% (1)

where, Kq is the distribution coefficient; AHO is the enthal py change, kJ mol-1;
AS isthe entropy change, J K—1 mol—1; Ris the gas constant, 8.314 J mol-1 K-1
and T isthe temperature, K.

The spontaneity of the adsorption process was ensured by the decrease in the
Gibbs free energy, AGO, of the systems. The negative values of AGO indicate that
the adsorption process becomes more spontaneous with increasing temperature,
which favors the adsorption process. The positive values of AHO were in the range
of 6.04-7.40 kJ mol-1, i.e., lower than 20 kJ mol—L, confirming the endothermic
nature of the overall adsorption process and also the adsorption to be physical
rather than chemical linking through weak attraction forces.3940 The positive
value of AS corresponds to an increase in the degree of freedom of the adsorbed
species, signifying weak interaction between ACP and the adsorbents40
However, if the adsorption process is influenced by cylindrical and convective
diffusion, the adsorption capacity will increase with temperature.#1 Furthermore, it
may be due to an increase in the equilibrium constant with increasing tempe-
rature.

TABLE IIl. Thermodynamic parameters for the adsorption of ACP on BFA and MZBFA
-AGY/ kJmol?

AHO AS
Pesticide
T/K kdmolt  JImol-l K1
293 303 313 323 333
BFA 7.199 7.811 8.309 8.660 9.028 6.035 45.48
MZBFA 9.217 9.698 10.24 10.94 11.43 7.403 56.58

Adsor ption equilibrium studies

To optimize the design of an adsorption system for the adsorption of ACP, it
is important to establish the most appropriate correlation for the equilibrium
curves. Various linear and non-linear isotherm equations have been used to des-
cribe the equilibrium nature of adsorption. Some of these equations are the Freund-
lich,27 Langmuir,28 Dubinin-Radushkevich?® and Tempkin30 Equations. The
models for characterization of the equilibrium distribution relate the quantity of
solute adsorbed at equilibrium per unit weight of adsorbate, (ge, mg g—1) and the
concentration of the solute remaining in the solution at equilibrium (ce, mg L—1).
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1068 SHAH, SHAH and JADAV

The Freundlich isotherm27 is derived by assuming a heterogeneous surface
with a non-uniform distribution of heat of adsorption over the surface. The
Freundlich isotherm was tested using the following linear equation:2?

log ge =log K¢ +1/ nlogc, 2

where Qe is the amount adsorbed (mg g1), ce is the equilibrium concentration of
the adsorbate (mg L—1), and K; and n are the Freundlich constants related to
adsorption capacity and adsorption intensity, respectively. The values of R2 for
this model, Table IV, show that the Freundlich Equation presents the poorest fit
of the experimental data compared to the other isotherm equations. Values of the
heterogeneity factor n > 1 would indicate conformity of the data to the formation
of amultilayer at the adsorbent surface. The reported data of adsorption of ACP
on soil shows Ks = 0.21 and n = 0.55 which indicates multilayer formation is not
possible in soil.42 The value of n for the adsorption of ACP was higher for
MZBFA (4.48) than for BFA (3.38).
The Langmuir Equation28 can be used in following linearized form:

1/ gm=1/ Q+1/ QBce 3

where g, is the amount adsorbed (mg g—1), ce is the equilibrium concentration of
the adsorbate (mg L-1), and Qp and B are the Langmuir constants related to
maximum adsorption capacity and energy of adsorption, respectively.

TABLE V. Isotherm parameters for the adsorption of ACP on BFA and MZBFA

Parameter values

|sotherms Adsorbent Mg gl B/ dme mgl R =)
Langmuir BFA 13.699 0.044 0.155 0.990
MZBFA 22.727 0.122 0.062 0.996

Freundlich K¢/ dm3 g1 n - R?
BFA 10.328 3.38 - 0.875
MZBFA 106.170 4.48 — 0.855

D-R X/ mggl B/mol2J2  E/kJmoll R?
BFA 8.166 5.1x10 0.313 0.933
MZBFA 15.975 1.5x104 0.572 0.988

Tempkin Kt/ dm3mg? B; - R?
BFA 0.541 2.738 - 0.891
MZBFA 3.107 3.677 — 0.860

Table 1V indicates that the Langmuir model gave high quality fitting with
correlation coefficient values R2 0.990 to 0.996, i.e., closer to unity than the other
isotherms for the adsorption of ACP on BFA and MZBFA, indicating that the
adsorption data better fits to the Langmuir isotherm model. Using the Langmuir
model, the monolayer capacity of the adsorbents follows the order: MZBFA
(22.73 mg g 1) > BFA (13.70 mg g1). An essential characteristic of the Lang-
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muir isotherm is that can be expressed in terms of a dimensionless separation
factor, R_, that was less than unity for both absorbents, which evidences that the
adsorptions were favorable under the applied conditions. The relatively smaller
value of R_ for adsorption by MZBFA than by BFA indicates that the adsorption
was more feasible in the former case.

The Dubinin-Radushkevich (D-R) isotherm model2® assumes that the mecha-
nism of adsorption in micropores is pore-filling in nature, rather than layer-by-
layer formation of a film on the walls of the pores. In order to appreciate the
nature — physical or chemical — of the adsorption process, the isotherms data
were analyzed by the (D-R) model, expressed by the following equation:2°

In ge =In Xy — B2 (4)

where ge is the amount adsorbed (mg g1), Xi, is the D-R monolayer capacity,
B isthe activity coefficient related to mean sorption energy, and ¢ is the Polanyi
Potential, which is given by:

e=RT In(1/ c) 5

where R is the gas constant (kJ mol—1 K-1), T is temperature (K), and cg is the
equilibrium concentration of the adsorbate (mg L-1). When In ge is plotted
against €2, a straight line is obtained. The slope of the plot gives the value of
f and the intercept yields the value of the sorption capacity, Xp (8.17—15.97 mg
g1), as shown in Table IV. The value of S is related to sorption energy, E, via
the following relationship:

E=—= ©)
[-28
The magnitude of the adsorption energy, E, is related to the reaction
mechanism. If E isin the range of 8-16 kJ mol~1, the adsorption is governed by
ion exchange. In the case of E < 8 kJ mol—2, physical forces may affect the sorp-
tion mechanism. The calculated values E for the systems examined in the present
study were found to be < 8 kJ mol—1 (Table V), which indicates that the adsorp-
tion of ACP in the studied adsorbate—adsorbent systems was physical in nature.
The Tempkin isotherm30 contains a factor that explicitly takes into account
adsorbate species—adsorbent interactions. This isotherm assumes that: i) the heat
of adsorption of all the molecules in the layer decreases linearly with coverage
due to adsorbate species—adsorbent interactions and ii) the sorption is characte-
rized by a uniform distribution of binding energies, up to some maximum bind-
ing energy. Thus:

Oe=BiInKy +ByInce (7)

where B; = RT b1 and Ky are constants. Kt is the equilibrium binding constant
(L mol-1) corresponding to maximum binding energy and constant By is related
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to the heat of sorption. A plot of ge vs. In ce enables the determination of the
isotherm constants Kt and Bs.

The values of Kt and B obtained from the Tempkin plots of ge vs. In ce are
presented in Table 1V. The R2 value obtained for MZBFA is very close to its
value for the Freundlich isotherm. This indicates that the heat of sorption of al
the molecules in the layer decreases linearly with coverage due to adsorbent—
adsorbate interactions. Thus, the adsorption of ACP on MZBFA could be charac-
terized by a uniform distribution of the binding energies, up to some maximum
binding energy.

The non-linear fitting of all four isotherms for the BFA and MZBFA adsorb-
ents are presented in Fig. 8. The non-linear curves of the isotherms also indicate

BFA _—

o0
o0
£
~ 64
4 K
s 1 @  Experimental
4 Langmuir
= === Freundlich
= = Temkin
2/ D-R
op—TTT T T T T
0 20 40 60 80 100 120 140 160 180
Ce/mgL’"
24
20
16
Ton
on 124
E 7
s, 1/
s 8—" @ Experimental
I Langmuir
T == <= Freundlich
4 = = Temkin
.......... D-R ) .
Fig. 8. Isotherms obtained
o+ - - o O O O o O - . using the non-linear method
0 20 40 60 80 100 120 140 for the sorption of ACP onto
Ce/mgL’" BFA and MZBFA.
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that of al four isotherms, the Langmuir Isotherm best fitted the experimental
data. No matter what type of error distribution compromised the data; non-linear
regression always produced accurate and efficient estimates of the parameters.43
The adsorption equilibrium data of ACP onto both the adsorbents followed the
order Langmuir > D—R > Tempkin > Freundlich.

Adsor ption kinetics

In order to investigate the adsorption process of ACP onto the adsorbents,
four kinetic models were used, i.e.,, the Lagergren pseudo-first-order,44 the
pseudo-second-order,45 the Bangham?® and the intra-particle diffusion?’ models.
The pseudo-first-order kinetics model assumes that the rate of change of adsor-
bate uptake with time is directly proportional to the difference in the saturation
concentration and the amount of solute uptake with time. The Lagergren Equa
tion is given by:44

ks
log(de — o) =log ge [ 2'303} (8)
where, ¢t and ge (Mg g1) are the amounts of ACP adsorbed at time t (min) and at
equilibrium, respectively, and k; is the pseudo-first-order rate constant (min-1) of
the reaction.

A plot of log (ge — ) Vvs. t, was drawn to express the Lagergren first order
kinetics modd (Fig. 9). The kinetic parameters calculated from the slope and
intercept are given in Table V. These values indicate that the adsorption rate was
very fast at the beginning of the adsorption for both adsorbents. The values of the
equilibrium adsorption capacity, qge, were well below the monolayer capacities
found by the Langmuir equilibrium isotherm model. The e values suggested that
the adsorption process was not atrue first order reaction.

The rate of pseudo-second-order reaction is expressed by the following
equation:4°

t 1 1

—_—= + _
G (ksG8) Ce
where ks is the rate constant of pseudo-second-order adsorption (g mg—1 min-1)
and ksgé = h can be regarded as the initial sorption rate (mg g= min-1). The
initial sorption rate, h; the equilibrium adsorption capacity, ge; and the pseudo-
second-order constant, ks, can be determined experimentally from the slope and
intercept of aplot of t/g; vs. t (Fig. 9). The kinetic parameters along with the cor-
relation coefficients for the pseudo-second-order kinetic model are listed in Table
V. The obtained results revealed that the initial adsorption rate, h was fast and
that the adsorption mechanism was somewhat complex and not a single step pro-
cess. The correlation coefficients are closer to unity for the pseudo-second-order

(9)
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kinetics than those for the pseudo-first-order kinetic model. Therefore, the
adsorption of ACP by BFA and MZBFA could be approximated more appropri-
ately by the pseudo-second-order kinetic model than by the pseudo-first-order

kinetic model.
35 o
=
30 - 5 0.4
-1
2 00
25 -
0.4
(
= 20 -
-
15 -
10 4
® BFA
A MZBFA
5
o+~
0 50 100 150 200 250 300 350 400

t/ min

Fig. 9. @) Pseudo-second-order kinetic model (t/q; vs. time) and b) pseudo-first-order kinetic
model (log (0. — g Vs. time) on the adsorption of ACP by BFA and MZBFA (c=125mg LY,

dose = 3 g L1, temperature, 298 K).

TABLE V. Kinetic parameters for the removal of ACP by BFA and MZBFA

Pseudo-first order

Adsorbent ¢/ mgg? kex10% / minl R2
BFA 3.236 4.606 0.897
MZBFA 7.447 6.909 0.950
Pseudo-second order
Adsorbent ¢/ mgg? ks x10%/ g mgt mint h/mgglmint R?
BFA 11111 5.364 0.060 0.999
MZBFA 23.810 2.227 0.053 0.999
Bangham
Adsorbent a ko/g R?
BFA 0.165 0.577 0.903
MZBFA 0.216 1.141 0.909
Intraparticle diffusion
Adsorbent  kig; /mgglmin¥2  1;/mgg! R® kgo/mgglmin¥? 1,/mgg! R?
BFA 0.582 4.017 0.974 0.114 8.465 0.888
MZBFA 1.367 7.290 0.972 0.290 17.120 0.947
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ACEPHATE SORPTION ON ZEOLITIC MATERIAL 1073

The kinetic data were further employed to gain insight into the slow step
occurring in the present adsorption system and to check whether the adsorption
process was diffusion controlled by using the Bangham Equation:46:48

%, Kom/
loglog| ———— |=log| ——— |+« logt 10
0 g(co' ’m’J g(z.sosvj @109 (10

where cg’ is the initial concentration of adsorbate in solution (mmol L-1), Visthe
volume of the solution (mL), 7 is the weight of the adsorbent (g L—1), ¢ is the
amount of adsorbate retained at time t (mmol g1), and a and kg are constants.
The values of constants a (<1) and kg are given in Table V. The double loga-
rithmic plot (Fig. 10) according to above equation did not yield perfect linear
curves (RZ2 = 0.903 and 0.909 for removal of ACP by BFA and MZBFA,
respectively, because the diffusion of adsorbate into the pores of the sorbents was
not the only rate controlling step.

” o A A —

20 (a)
] ® BFA
= =4 A  MZBFA
o 15
M
E - /’H.—._.—.—._.
a" 4

0 T T y T T T T T y T ¥ T T T T T
4 6 8 10 12 14 16 18 20

rI.fZ! minl.’!

(b) A
el ® BFA

A A MZBFA

s
(-]
L

log log (C, (C, - gm)")

®
15 18 24 24 27
log ¢
Fig. 10. a) Intra-particle diffusion plots and b) Bangham plots on the adsorption of ACP by
BFA and MZBFA (c =125 mg L1, dose = 3 g L1, temperature, 298 K).

The possibility of intra-particle diffusion resistance affecting adsorption was
explored by use of the intra-particle diffusion model.#’ Intra-particle diffusion
was characterized using the relationship between specific sorption (g;) and the
square root of time (tY/2). Thisrelation is expressed as follows:47

G =kgqtY?+1 (11)
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where ¢ is the quantity of ACP adsorbed at time t (mg g1) and kiq is the intra-
particle diffusion rate constant (g mg—1 min=Y2): a plot of g vs. t¥2 should be a
straight line with a slope kig and intercept | when the adsorption mechanism
follows an intra-particle diffusion process. The value of the intercept gives an
idea about the thickness of boundary layer, i.e, the larger the intercept, the
greater is the boundary layer affect.4 Plots of mass of ACP pesticide adsorbed
per unit mass of adsorbent, ¢, versus tY2 are presented in Fig. 10. The deviations
of the straight lines from the origin may be due to differences in rate of mass
transfer in the initial and final stages of adsorption.>0 Furthermore, such devi-
ations of the straight lines from the origin indicate that pore diffusion is not the
sole rate-controlling step,®! as was deduced earlier by the Bangham Equation.
From Fig. 10, it may be seen that there are two separate regions — the first straight
portion is attributed to macropore diffusion (phase 1) and the second linear
portion to micropore diffusion (phase 11).52 These show only the pore diffusion
data. Phase | is attributed to the instantaneous utilization of the most readily
available adsorption sites on the adsorbent surface. Phase || may be attributed to
the very dlow diffusion of the adsorbate from the surface film into the micro-
pores, which are the least accessible adsorption sites. This also stimulates a very
slow rate of migration of adsorbate from the liquid phase on to the surface of the
adsorbents. That the values of kiq 2 are lower than those of kiq 1 implies that ACP
diffuses into the pores of the adsorbents. As the diffusion resistance increases
with time, the diffusion rate decreases. Thus, the adsorption is a multi-step pro-
cess involving transport of ACP to the surface of the adsorbents followed by its
diffusion into the interior of the pores.

CONCLUSIONS

MZBFA was formed by the hydrothermal alkaline treatment of BFA. The
microwave irradiation of the reaction solution was effective in enhancing the
zeolitization. This was assign to the stimulated dissolution of SiO; and Al>O3
from BFA by the rapid heating rate and probably by the strong attack of the glass
phase by the active water molecules. On the other hand, microwave heating in
the middle stage significantly retarded the formation of zeolite. This was caused
by impeded nucleation in the intermediate aluminosilicate gel. Therefore, early-
stage microwave heating followed by conventional heating was effective in
enhancing the zeolization from Bagasse fly ash. The microwave heating was a
very effective method of modifying the porosity and the surface chemistry of
BFA. In addition, after microwave treatment, the surface of MZBFA remained in
amore reactive state and thus exhibited a higher adsorption capacity. The adsorb-
ents were characterized by the FTIR, PXRD and SEM techniques and possessed
improved morphological and adsorption properties. The PXRD analysis data con-
firmed the formation of zeolites P and X asthe major minerals.
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Batch experiments revealed that solute removal was favored at lower solute
concentrations, increased contact time, increased adsorbent dose and higher tem-
perature at the acidic pH of 2. Equilibrium was attained in 240 min for a dose of
3 g L1 and an ACP concentration of 125 mg L-1. A thermodynamics study
proved that the adsorption process was endothermic and spontaneous. The kine-
tics of the adsorption process was found to follow the pseudo-second-order kine-
tic model. The Langmuir isotherm fitted the batch experimental data, indicating
monolayer coverage of the outer surface of the adsorbents by ACP molecules.
MZBFA showed a higher adsorption capacity for ACP than the native BFA. The
mass transfer and rate expression studies confirmed that the rate of adsorption
was associated with mass transfer from the bulk liquid to the external surface of
the particles and intra-particle diffusion from the adsorbent surfaces.

The results demonstrated that BFA, which has a very low economic value,
might be effectively used for the synthesis of zeolitic materials that exhibited
extractive efficacy for ACP from agueous solutions.

H3BOI

E®UKACHOCT EKCTPAKIHJE AHEQATA MUKPOTAJTACHO CUHTETHCAHHUM
3EOJIMTUMA: PABHOTEXA U KHHETHKA

BHAVNA A. SHAH', AJAY V. SHAH u PIYUSH Y. JADAV'
! Department of Chemistry, Veer Narmad South Gujarat University, Surat-395007, Gujarat, India u

2ZScience and Humanity Department, Polytechnic, Vidyabharti trust, Umrakh, Bardoli-394345,
Gujarat, India

[TpukasaHo je UCTpakuBamwe nmpuMmeHe Bagasse nereher nemnena (Bagasse fly ash, BFA),
OJNafIHOT MaTepHjana y UHOYCTPHUjU Jodujama mehepa u3 mehepHe Tpcke, Kao ¥ 3€0IUTHOT
matepujana (MZBFA), cuaTetrcaHor U3 BFA koMOMHOBamkeM KOHBEHIIMOHAIIHOT U MUKPOTA-
nacHor pedurykc meToza, Kao apcopdeHTa 3a ekcrpakuujy anedarta — ACP (opranodocdop-
HOT TEeCTUIU/A) U3 BOZeHUX pacTtBopa. CHHTETHCAHU afCcOpOeHT je KapaKTephucaH Pasinyu-
TUM MeTojama, kao wro cy FTIR, PXRD u SEM. VYTuuaj excnepruMeHTalHUX Napamerapa
UCTPAKUBAH je TPUMEHOM LIAP)KHUX aJICOPILHUOHUX TeXHUKA 32 ekcTpakuujy ACP. TTokaszaHo
je ma ce cTeneH excTpakuuje noehasa ca cMamemeM NMoyeTHe koHLeHTpauuje ACP, xao u ca
CMamEHeM BeIHUYMHE yecTHla agcopbenTa. IIpouec je dp3 M paBHOTEXa Ce yCIOCTaBba y
BpeMany on 90 min. ExciepuMeHTanHu mojanu cy (GUTOBAaHU MOZETUMA MCEyLO-TPBOT U
nceyno-ipyror pena, Bangham-oBUM MOJIEJIOM, Kao M MOAEIOM HHTpa-yecTHuHe Judysuje.
Mogenom nceyno-gpyror pena je moryh peanaH onuc KMHETHKe Ipoleca agcopnuuje. On
BUILE NPOMEHBEHUX MOJE/Ia, PABHOTEKHE NofaTke HajOosse onucyje Jlenrmuposa (Langmuir)
usotepma. TepmopgMHaMUUKa aHanM3a Nokasyje fga je agcopnuja ACP seha Ha MZBFA Hero
Ha BFA. Moxe ce 3aK/by4HWTH @ je CHHTETHCAHH 3e0oNnuT jedTHHA M MOrojHa aJTepHaTHBA
Bagasse nerehem neneny kao afopdeHTy 3a yK/amame NecTUlIU/ia U3 OTIaJHUX BOJa.

(TTpumisero 30. maja, peBupupaHo 23. HoBembpa 2012)

REFERENCES

1. N. P. Agnihotri, Pesticide: Safety Evaluation and Monitoring, All India Coordinated
Project (AICRP) on Pesticide Residues; Indian Agricultural Research Institute, New
Delhi, India, 1999, p. 132

Available online at www.shd.org.rs/JSCS/

Copyright (C)2013 SCS



1076 SHAH, SHAH and JADAV

S

© 0N

10.

11
12.
13.
14.

15.

16.
17.
18.

19.
20.
21.
22.

23.

24,
25.
26.
217.
28.
29.
30.
3L
32.
33.

35.
36.

M. T. Meyer, E. Thurman, in Herbicide Metabolites in Surface Water and Groundwater,
M. T. Meyer, E. Thurman, Eds., ACS Symp. Ser. 630 (1996) 1

A. Adeyeye, O. Osibanjo, Sci. Total Environ. 231 (1999) 227

C. Hura, M. Leanca, L. Rusu, B. A. Hura, Toxical Lett. 107 (1999) 103

K. James, W. D. Guenzi, Pesticides in Soil and Water, Soil Science Society of America,
Madison, WI, 1986

C. Bolognesi, G. Morasso, Trends Food Sci. Technol. 11 (2000) 182

I. Ali, C. K. Jain, Curr. Sci. 75 (1998) 123

F. J. Beltrén, J. F. Garcia-Araya, B. Acedo, Water Res. 28 (1994) 2153
Milieukwaliteitsnormen bodem, water, lucht, in (Inter)national normen stoffen, Ministerie
van Volkshuisvesting, Ruimtelijke Ordening en Milieu (Ministry of Housing, Spatial
Planning and the Environment), VROM, 1997 (in Dutch)

A. Topaov, B. Abramovic, D. Monlar-Gabor, J. Csanadi, O. Arcson, J. Photochem.
Photobioal., A 140 (2001) 249

C. Zwiener, L. Well, R. Niessner, Int. J. Anal. Chem. 58 (1995) 247

J. B. Weber, H. D. Coble, J. Agric. Food Chem. 16 (1968) 475

M. A. El-bid, O. A. Aly, Water Res. 11 (1977) 611

V. K. Gupta, I. Ali, in Adsorbents for water treatment: Low cost alternatives to carbon, in
Encyclopedia of Surface and Colloid Science, A. Hubbard, Ed., Marcel Dekker, New
York, 2002, p. 136

H. Jan-Ying, A. Takako, O. Yutaka, M. Takeshi, M. Yasumoto, Water Res. 32 (1998)
2593

V. K. Gupta, I. Ali, Water Res. 35 (2001) 33

V. K. Gupta, I. Ali, S. Suhas, V. K. Saini, J. Colloid Interface ci. 299 (2006) 556

V. F. Domingues, G. Priolo, A. C. Alves, M. F. Cabral, C. Delerue-Matos, J. Environ.
Sci. Health, B 42 (2007) 649

J. Boucher, L. Steiner, I. W. Marison, Water Res. 41 (2007) 3209

M. Akhtar, S. M. Hasany, M. |. Bhanger, S. Igbal, Chemosphere 66 (2007) 1829

[. Ali, V. K. Gupta, Nat. Protoc. 1 (2006) 2661

V. C. Srivastava, M. Tech. Dissertation, Indian Institute of Technology Roorkee, India,
2003

I. D. Mall, S. Tewari, N. Singh, I. M. Mishra, in Proceeding of the eighteenth inter-
national conference on solid waste technology and management, Philadelphia, PA, USA,
2003, p. 23

V. K. Gupta, C. K. Jain, I. Ali, M. Sharma, V. K. Saini, Water Res. 37 (2003) 4038

V. K. Gupta, I. Ali, Sep. Purif. Technol. 18 (2000) 131

B. A. Shah, A. V. Shah, H. D. Patel, Environ. Prog. Sustain. Energy 30 (2011) 549

H. Freundlich, Z. Phys. Chem. 57 (1906) 384

I. Langmuir, J. Am. Chem. Soc. 40 (1918) 1361

M. M. Dubinin, E. D. Zaverina, L. V. Radushkevich, Zh. Fiz. Khim. 21 (1947) 1351

M. J. Temkin, V. Pyzhev, Acta Physicochim. URSS 12 (1940) 217

S. Brunauer, P. H. Emmett, E. Teller, J. Am. Chem. Soc. 60 (1938) 309

E. P. Barrett, L. G. Joyner, P. P. Halenda, J. Am. Chem. Soc. 73 (1951) 373

J. S. Noh, J. A. Schwarz, Carbon 28 (1990) 675

D. Vucinic, I. Miljanovic, A. Rosic, P. Lazic, J. Serb. Chem. Soc. 68 (2003) 471

Y. Wang, Y. Guo, Z. Yang, H. Cai, Q. Xavier, <i. China, D 46 (2003) 967

Joint committee on powder diffraction standards, Index Inorganic to the powder diffrac-
tion file, Publication PDIS-211, Newton Square, PA, 1971

Available online at www.shd.org.rs/JSCS/

Copyright (C)2013 SCS



37.
38.

39.

41.

42.

SHRB

47.

49.
50.
51.
52.

ACEPHATE SORPTION ON ZEOLITIC MATERIAL 1077

M. Inada, H. Tsujimoto, Y. Eguchi, N. Enomoto, J. Hojo, Fuel 84 (2005) 1482
B. Pan, W. Du, W. Zhang, X. Zhang, Q. Zhang, B. Pan, L. Lv, Q. Zhange, J. Chen,
Environ. Sci. Technol. 41 (2007) 5057
A. Bhatnagar, J. Hazard. Mater. 139 (2007) 93
E. Tutem, R. Apak, C. F. Unal, Water Res. 32 (1998) 2315
I.D. Mal, V. C. Srivastava, M. M. Swamy, B. Prasad, |. M. Mishra, Colloids Surf., A 272
(2006) 89
Pesticide Properties Database, http://sitem.herts.ac.uk/aeru/footprint/en (September
2011)
Y. S. Ho, G. F. Maash, M. |. El-Khaiary, Desalination 257 (2010) 93
S. Lagergren, Kungl. Svenska Vetenskapsakad. Handl. 24 (1898) 1
Y. S. Ho, G. McKay, Process Biochem. 34 (1999) 451
E. Tutem, R. Ape, C. F. Unal, Water Res. 32 (1998) 2315
W. J. Weber Jr., J. C. Morris, J. Sanit. Eng. Div. Proceed. Am. Soc. Civil Eng. 89 (1963)
31
A. Shah, A. V. Shah, R. R. Singh, N. B. Patel, J. Environ. Sci. Health, A 44 (2009) 880
Kannan, M. M. Sundaram, Dyes Pigm. 51 (2001) 25
K. Panday, G. Prasad, V. N. Singh, Environ. Technol. Lett. 50 (1986) 547
V. J
S.J

Poots, G. McKay, J. J. Healy, J. Water Pollut. Control Fed. 50 (1978) 926

B.
K.
K.

. J. Allen, G. McKay, Y. H. Khader, Environ Pollut. 56 (1989) 39.

Available online at www.shd.org.rs/JSCS/

Copyright (C)2013 SCS




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




