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ABSTRACT

The aim of this study was to evaluate the removal of astrazon blue (AB) dye from aqueous
solution by adsorption on an otherwise despoiling and useless mineral waste obtained from
coal mining (MWCM) and how this was affected by calcination. The solid waste, as charac-
terized by elemental and thermogravimetric analyses, X-ray diffraction, infrared spec-
troscopy, specific surface area measurements and Boehm titrations, was found to be
composed primarily of calcite, dolomite, and gypsum. Experiments investigated how
adsorption was affected particularly by the conditions of pre-calcination of the waste, and
also by the contact time, initial AB dye concentration, pH, and temperature of the aqueous
medium. Optimum performance was achieved with waste that had been pre-calcinated at
400°C, MWCM400. The kinetics, equilibrium, and thermodynamics of adsorption for
MWCMA400 were investigated in detail with results that could be satisfactorily rationalized
by a pseudo-second-order kinetic model together with a Langmuir isotherm. On the basis
of this model, the maximum adsorption capacities were 74.24, 71.63, and 97.18 mg g_1 at 25,
45, and 65°C, respectively. The thermodynamic parameters indicated an endothermic pro-
cess, AHy, = +64 k] mol !, driven by an increasing degree of freedom accompanying the
adsorption process, AS; = +186 J K~' mol™". The activation energy, E, = +9.5 k] mol™', was
consistent with adsorbate-adsorbent interactions of a predominantly physical type. The
results revealed that MWCM400 is a potential low-cost adsorbent for cationic dye removal
from residual waters.
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1. Introduction

Inadequate disposal of effluents from dyeing pro-
cesses in the textile industry is liable to result in envi-
ronmental problems due to the large amounts of
suspended solids, the intense coloration, and raised
temperature levels. The direct disposal of these dye-
containing effluents to the aquatic environment is
highly visible and may, even in low concentration,
reduce the penetration of solar light to the extent of
affecting photosynthetic processes of aquatic organ-
isms and the balance of the aquatic ecosystem [1-4].
The dyes may also be carcinogenic and mutagenic,
causing severe damage to the human body should
they be ingested from drinking water that is not prop-
erly treated. The hazards and waste could be avoided
were clean water to be recoverable from such efflu-
ents, an issue made more acute as the rising popula-
tion increases the demand for water, suggesting the
likelihood of severe competition for safe drinking
water in the near future.

Several methods have been developed for dye
removal from residual waters. These include floccula-
tion and coagulation [5], membrane separation pro-
cesses [6], electrochemical techniques [7], reverse
osmosis, and aerobic and anaerobic microbial degra-
dation [8]. Most methods are not very effective and
are also expensive. In addition, synthetic dyes may be
resistant to biodegradation, photodegradation, and
oxidation. The adsorption method has been estab-
lished as an effective and attractive process for dye
removal [9-13], being considered an economically real-
istic option. The adsorbent most widely used for dye
removal is granular or powdered activated carbon.
This is expensive, however, and needs to be regener-
ated after use [2—4,14]. There is a problem, too, with
the sourcing of the activated carbon which may not
come solely from good forest stewardship. An alterna-
tive approach is to employ local adsorbents, such as
clays, agricultural wastes, ashes, and so on.

Coal extraction from mines in Treviso city, Santa
Catarina state, Brazil, generates a kind of mineral
waste the discarding of which demands increasing
space for storage and causes, through its improper
disposal, major pollution problems. This despoiling
waste, derived mainly from natural sedimentary strata
covering the coal layer about 50 m below the surface,
is formed of several compacted minerals. Huge
amounts of the waste are produced daily. The mani-
fest problems associated with its accumulation could
be reduced if it had any application. That it, or a frac-
tion of it, might be used as an effective alternative to
other adsorbents [14] in the treatment of residual
waters invites investigation since the textile industry
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plays an important part in the economy of Santa
Catarina state.

The present paper reports a study seeking to eval-
uate the adsorption capacity of a fraction of this Min-
eral Waste from Coal Mines (MWCM) for Astrazon
Blue (AB) used extensively in the textile industry for
dyeing acrylic fibers, with particular reference to the
effects of pre-calcination of the adsorbent. Various
physical techniques were deployed to characterize the
solid samples. Batch adsorption experiments were
then carried out to investigate potentially important
influences on the adsorption process and to determine
the relevant equilibrium, kinetic, and thermodynamic
parameters for the adsorbent showing optimum
properties.

2. Materials and methods
2.1. Materials

Samples of MWCM (Fig. 1) were obtained at
Esperanga Mine (Carbonifera Metropolitana—Treviso,
Santa Catarina state, Brazil).

The adsorbate AB FGRL dye, obtained from Qui-
misa (Brusque, Brazil), was used as received without
further purification, being in fact a mixture of two
dyes (Fig. 2): C.I. Basic Blue 159 and C.I. Basic Blue 3
(with a mass ratio of 5:1, respectively) [15], both of
them cationic dyes with an absorption peak in the vis-
ible region centered at Amn.x = 600 nm. The close simi-
larity of these absorption properties necessitated the
treatment of AB in effect as a single dye for the pur-
poses of the following adsorption studies. Other chem-
icals, all of analytical grade, were used without
further purification.

2.2. Preparation of MWCM and calcinated MWCM

Firstly, MWCM was ground and sieved (ASTM
sieves) in order to select particles with sizes in the

Fig. 1. Mineral waste from coal mining (MWCM).
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Fig. 2. Chemical structures of (a) C.I. Basic Blue 159 and
(b) C.I. Basic Blue 3.

range from 105 to 125 ym. The selected material was
washed with distilled water, then dried in a stove at
80°C for 24 h, and stored in sealed flasks for further
analysis. This was MWCMatyral-

Separate samples of MWCM,tural (5.0 g) were each
calcinated for 4h in a muffle at 80°C (MWCMS80),
200°C  (MWCM200), 400°C (MWCM400), 600°C
(MWCM600), and 800°C (MWCMS800), and stored.
Although similar untreated MWCM,atura1 had already
been used as an adsorbent for basic dyes [11], a major
purpose of the present studies was to determine the
effects of calcination of the material at five different
temperatures on the adsorption of the AB dye.

2.3. Preparation of solutions

A stock solution of AB dye (2,000 mgL™") was
prepared by dissolving an accurately weighed quan-
tity of dye in distilled water. Working solutions at
concentrations of 200, 400, 600, 800, 1,000, 1,200, 1,400,
1,600, and 1,800 mg L' were prepared by diluting
the stock solution with suitable volumes of distilled
water.

Buffered AB dye solutions were prepared at pH
3.0 (KCgH504 0.1 mol L™ + HCl 0.1 mol L™"), pH 6.0
(KCgH504 0.1 mol L™ + NaOH 0.1 molL™"), pH 8.0
(KH,PO, 0.1 mol L™' + NaOH 0.1 molL™"), and pH
11.0 (Na,CO5; 0.1 mol L' + HCl 0.1 mol L™"). Unbuf-
fered AB dye solutions used extensively in our
adsorption experiments exhibited initially a pH of 5.5.
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2.4. Equipment and characterization

The AB dye concentration was measured using a
UV-vis spectrophotometer (Varian Cary 50 spec-
trophotometer, USA) with a 1-cm path-length cell to
monitor the absorbance at Apax = 600 nm correspond-
ing to the maximum absorbance of the two cationic
dyes. pH measurements were made using a C535
Multi-Parameter Analyzer, Consort. The batch adsorp-
tion experiments were carried out on a stirrer having
five stirrer shafts (AMBE), where five solutions were
simultaneously stirred in separate glass flasks the tem-
perature of which was maintained by a circulating
water bath with a hydraulic thermostat controller
(521/3D—Nova Etica).

Elemental analysis of MWCM,atura1 samples was
carried out by energy-dispersive X-ray spectroscopy
(EDS) using an electron microscope, low vacuum,
Hitachi High Tech TM-3000 coupled to EDS SwiftED-
3000, with a tungsten filament and operating at 15 kV.

The different MWCM samples, before and after
calcination, were submitted to X-ray diffraction (XRD)
analysis on a D2 Phaser Bruker instrument with Cu
Ka radiation (1 = 1.5418 A), 30 kV applied voltage and
a current of 10 mA, the diffraction pattern spanning
the range 10-70° (20) with a step size of 0.05°, and a
scan speed of 1.00° min~'. Mineral phases were identi-
fied by the search-match method using the ICDD-
PDF2 2009 data base and EVA software.

Fourier transform infrared (FT-IR) spectra for
MWCM samples were obtained with a Bruker FTIR
spectrometric analyzer, Vertex 70V model, for samples
in the form of KBr disks (ca. 1.0 wt.%), with 4 cm ™!
resolution, 64 scans being averaged over the scan
range 4,000-400 cm ™.

The MWCM samples were characterized by
thermogravimetric analysis with a Thermogravimet-
ric/Differential Thermal Analyzer (TG-TA instruments
Q-50); this covered the temperature range from 25 to
1,000°C at a heating rate of 10°C min~' under an N,
atmosphere.

The specific surface areas of the MWCM samples
were measured using the Brunauer-Emmet-Teller
(BET) method. Results were obtained by means of
pure liquid N, adsorption at 77 K using an ASAP
2020 analyzer, with P/P, between 0.05 and 0.03. All
samples were degassed under vacuum at 105°C for
12 h prior to analysis.

The total surface acidity and basicity of the
MWCM samples were determined by the Boehm
method [16]. Suspensions of each sample were pre-
pared by mixing 0.15 g of the adsorbent with 50.0 mL
of 0.1 molL™" NaOH or 0.01 molL™" HCI standard
solutions. The suspensions were stirred for 24 h at
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25°C; the samples were then filtered and aliquots of
the supernatant solution collected. The excess of acid
or base was back-titrated with 0.01 mol L' NaOH (to-
tal basic groups) and 0.01 mol L™" HCI solutions (total
acidic groups), respectively. Each titration was
repeated twice.

2.5. Methods

The batch adsorption experiments were carried out
in a set of 80-mL glass cells each containing 1.0 g of
MWCM and 50.0 mL of AB dye solution. Each sample
was stirred at 450 rpm in a thermostated environment
provided by an outer circulating-water bath. Aliquots
of 0.1 mL of the AB dye solutions were withdrawn at
regular time intervals, and then diluted and cen-
trifuged (Centribio 80-2B) for 10 min at 2,000 rpm. The
absorbance values of the supernatant liquids were
then monitored by UV-vis measurements. For each
stirred solution, aliquots were collected at appropriate
time intervals to follow the rate of color fading by ref-
erence to the relevant absorbance values. The concen-
trations of the solutions were found from the linear
regression equation obtained by plotting a calibration
curve for the AB dye. The amount of AB dye
adsorbed by MWCM was calculated using the follow-
ing mass balance equation [17]:

g = W 1)

where ¢, is the mass of AB dye adsorbed per unit mass
of adsorbent at any time t (mgg '); Co and C, are,
respectively, the initial concentration of the AB dye
solution and the concentration at any time t (mg L™"); V
is the volume of the AB dye solution (0.05 L); and m is
the mass of the adsorbent used (1.0 g).

Batch adsorption experiments were carried out for
the five calcinated samples of MWCM by stirring 1.0 g
of each with unbuffered AB dye solutions (pH 5.5-7.5)
at a concentration of 1,000 mg L!and a temperature
of 45°C to analyze the effects of calcination. Such
experiments were subsequently repeated under what
appeared to be optimum conditions with a selected
sample of calcinated MWCM at two different tempera-
tures of 25 and 65°C.

To study the effects of pH, experiments were car-
ried out with buffered AB dye solutions at pH 3.0, 6.0,
8.0, and 11.0, as well as unbuffered AB dye solution
(pH 5.5-7.5). Before each adsorption experiment, the
buffered AB dye solution was stored for 10 d to check
for possible changes in the maximum absorbance
(Amax = 600 nm).
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3. Results
3.1. Characterization of the MWCM samples

The elemental composition (in weight %) of
MWCMaturar determined by EDS measurements was
found to be as follows: C 11.7, O 43.0, Mg 0.9, Al 0.8,
Si 04, S 124, Ca 26.8, Mn 0.9, Fe 3.2. Calcium was
thus the predominant metallic element, supplemented
by much smaller amounts of magnesium, aluminum,
manganese, and iron, with carbonate and sulfate pre-
sumed to be the main anions, but only traces of
silicate.

The XRD results (Fig. 3) played a key role in the
characterization of the MWCM samples and the
changes brought about by calcination. The pattern
shown by the material before heat treatment,
MWCMpatural, Was dominated by reflections identifi-
able with the carbonate minerals calcite (PDF 01-071-
1663) and dolomite (PDF 00-36-0426). A weak reflec-
tion at 12° (26) suggested also the presence of the sul-
fate mineral gypsum, CaSO4-2H,O (PDF 00-006-0046).
At calcination temperatures up to 400°C, the XRD pat-
tern varied but little, although the reflection at 12° dis-
appeared to be replaced by a new weak reflection at
25.7° associated with the formation of a new phase.
This reflection grew and further weak reflections asso-
ciated with the same, common phase appeared with
calcination at 600°C. Finally, calcination at 800°C
clearly resulted in the disappearance of the carbonate
phases and the emergence as primary products of
anhydrous calcium sulfate, the source of the reflection
at 25.7° (PDF 01-074-1782), and calcium oxide (PDF 01-
070-4068). Despite the observation of a number of
weak reflections that could not be positively identified
(particularly for MWCMS800), more detailed characteri-
zation was not feasible on this basis. The presence in
the solids of several different phases inevitably
incurred the risk of masking of reflections from one
phase by those from another; in addition, the XRD
data could do little for any poorly crystalline or amor-
phous constituents of the samples [18,19]. Iron may
well have been present as carbonate in the form of
siderite [20], but the close similarity of its principal
reflection to that of dolomite precluded positive
identification.

The FTIR spectra of the samples (Fig. 4) served to
corroborate these conclusions. Thus, the spectrum of
MWCMjaturai was dominated by a prominent, broad
absorption centered at 1,414 cm ! and sharper, weaker
ones at 872 and 713 cm™! clearly attributable to funda-
mental vibrations of the CO3~ ion present in the cal-
cite and dolomite [18,21]. Less prominent, broad
features centered at 3,530, 3,400, and 1,120 cm™! could
be attributed to the presence of gypsum [22]. Decay of
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Fig. 4. FTIR spectra of solid MWCM samples.

the carbonate bands witnessed the decomposition of
the calcite and dolomite on calcination of the MWCM
at progressively high temperature. Simultaneously the
band at 1,120 cm ™! was observed to grow and with it
there appeared for MWCM400, MWCM600, and
MWCMBS00 new bands at 676 and 593 cm™'. All these
features can be identified with stretching and bending
fundamentals of the SO~ ion in anhydrous calcium

sulfate [23,24]. The spectrum of MWCMS800 showed
an additional absorption band at 3,642 cm™" that must
be attributed to O-H stretching modes of Ca(OH),
formed from calcium oxide through the adventitious,
but unavoidable ingress of moisture while the FTIR
measurements were being made [18,21]. Wavenumber
shifts of the band centers, notably in the range 1,000-
1,500 cm ™!, were associated with changes of contour
as the heat treatment altered the composition of the
MWCM. The spectra betrayed no evidence for the
presence of any organic or organic-sourced species
other than carbonate.

The results of the thermogravimetric measure-
ments (Fig. 5) showed for MWCM, a1 @ gradual
weight loss of less than 2% up to temperatures of
400°C associated mainly with the loss of water. The
weight loss accelerated as the temperature rose to
600°C with the greatest change coming between 600
and 800°C to give a total loss of ca. 40% of the original
mass, to be associated primarily with the evolution of
CO, from the decomposing calcite and dolomite. The
initial presence of adsorbed or coordinated water (in
gypsum, for example) was likely to decrease the avail-
ability of active sites on the MWCM surface by elec-
trostatic neutralization. On the other hand, thermal
treatment at temperatures higher than 400°C produced
more dramatic changes of structure and composition,
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with increased crystallization and surfaces assuming a
more basic character (with significant implications for
a raised pH in any aqueous phase in contact with the
solid). These considerations pointed to MWCM400 as
the likeliest candidate for optimum adsorption of AB
dye.
All the MWCM samples exhibited the low BET
surface area (Fig. 6) typical of nonporous materials,
this area being localized on the surface of the solids
[25]. The MWCM400 sample showed a higher specific
surface area (5.5m”g ') and a higher pore volume
(6.14 x 10° cm® g ™) than any other sample.

The adsorbent surfaces were analyzed by Boehm
titration [16,26]. The results (Fig. 7) revealed a higher
surface acidity for MCWM400 than for any other sam-
ple. Taken with the other properties, this served to
confirm MWCM400 as the dye adsorbent of choice.

3.2. Effects of calcination of MWCM on AB dye adsorption

Systematic adsorption experiments showed that
the degree of AB dye adsorption varied with the calci-
nation temperature of MWCM (Fig. 8) in the order
MWCMaturat < MWCM600 < MWCMS80 < MWCMS800
<MWCM200 < MWCM400. The  superiority  of
MWCM400, with an adsorption capacity roughly twice

BET surface area (m/g)
L= R N W s 0 d

MWCM  MWCM  MWCM
natural 80 200 400 600 800

MWCM  MWCM  MWCM

Fig. 6. Specific surface area (BET) for MWCM samples.
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that of MWCM,atura1, Was not only consistent with the
physical properties of the material and the changes
that had occurred on its surface, but also made it the
obvious adsorbent for all subsequent experiments. As
the temperature of calcination of the MWCM was
raised, adsorbed and coordinated water molecules
were first removed, thereby increasing the active
surface area and so the adsorption capacity. For this
reason, MWCM400 and MWCM200 displayed a
greater adsorption capacity than did the natural sam-
ples, while retaining otherwise the crystallinity and
main chemical composition of the original material (as
confirmed by the XRD measurements). Calcination at
temperatures of 600 and 800°C led, by contrast, to rad-
ical changes of both form and chemical composition
with the progressive decomposition of the carbonate
phases.

3.3. Effects of contact time

The effect of contact time on AB dye removal by
MWCM400 was examined (Fig. 9(a)) for four different
initial AB dye concentrations. The higher the initial
AB dye concentration, the longer was the contact time
needed to reach equilibrium. The rate of adsorption of
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AB dye increased rapidly at short contact times and
then fell away in a manner related to the initial AB
dye concentration. The higher the dye concentration,
the more gradual was the slope of the curve before
leveling off (after about 300h) to a steady value
implying that the system had come to equilibrium. At
low concentration (200 mg L"), by contrast, equilib-
rium was reached much more quickly (after about
20 h) because there were relatively many sites on the
MWCM400 surface free to accommodate AB dye spe-
cies with little competition between these species for
the available binding sites [27,28]. With increasing
concentration (800, 1,400, and 2,000 mg LY, the AB
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dye species needed to compete for a limited number
of binding sites. As more and more adsorbate species
occupied the surface sites, moreover, the remaining
vacant sites became less accessible by virtue of the
repulsion between the adsorbate species. The incom-
ing species were forced to lodge on the adsorbent and
then rearrange themselves to accommodate as many
as possible, in accordance with the driving force set
by the new equilibrium conditions. The resulting rear-
rangements on the MWCM400 surface accounted then,
in part, for the more gradually shelving adsorption
curves observed in experiments with more concen-
trated solutions (1,400 and 2,000 mg L.

100

90

80

704

60

50 4

q, (mgg))

40 -

30
25°C
45°C
65°C

20

> 0

T T T T T T T T T T T T
200 400 600 800 1000 1200 1400 1600 1800 2000

C,(mgL™)

(b)

10 4 = 25°C
® 45°C
0 - A 65°C
T T T T T T
0 100 200 300 400 500 600
1
C,(mgL™)
(d)

Fig. 9. (a) Effect of contact time on the adsorption of AB dye onto MWCM400 at 45°C and pH 7.3, (b) effect of initial AB
dye concentration on the adsorption of AB dye onto MWCM400 showing the quantity of AB dye removed, g, (c) the

percentage of AB dye removed, and (d) the isotherms.
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3.4. Effects of initial dye concentration

Experiments were also performed to assess how
the equilibrium uptake of AB dye was affected by the
initial concentration of the dye over the range from
200 to 2,000 mg L™ (Fig. 9(b) and (c)). The mass of
adsorbed dye increased as the initial solution concen-
tration increased while the percentage of removal
decreased [29,30]. The adsorption capacity increased
as a result of the enhanced driving force associated
with the greater concentration gradient subject, that
is, to the availability of active sites on the adsorbent.
The decreased percentage of removal attending the
rise in AB dye concentration reflected the compromis-
ing of the uptake of adsorbate by competition
between ever more species for a limited number of
active sites and by interaction between these species
once adsorbed.

3.5. Effects of pH

Varying the initial pH between 3.0, 6.0, 8.0, and
5.5-7.5 (unbuffered solution) caused the uptake of
adsorbed AB dye to change from 77.2 to 71.0, 59.3,
and 89.4%, respectively. Optimum removal of AB dye
onto MWCM400 was thus achieved in the unbuffered
solution. Increasing the pH inevitably favored reten-
tion of the cationic dyes in the solution phase,
whereas reducing the pH beyond a certain level was
likely to result in competition between these dyes and
H;O" ions for the negatively charged sites on the
adsorbent. That the unbuffered solution should give
the best results hinted too at the possibility of compe-
tition between the cations of the buffering agent and
the AB dye cations for the active sites.

3.6. Effects of temperature

The effects of changing the temperature of the
solution on AB adsorption and the percentage uptake
of the dye were investigated (Table 1). In general, both
the amount and the percentage of dye adsorbed
increased as the temperature rose from 25 to 65°C.
That higher temperature favored AB dye removal
implied kinetic control of adsorption in an endother-
mic process. The increased uptake was probably due
to the higher diffusion rate of the adsorbate ions made
possible by the reduced viscosity of the solution [13].
The results of these experiments were analyzed for the
information they gave about the kinetics, the adsorp-
tion isotherm, and the thermodynamics of the adsorp-
tion process.
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4. Discussion
4.1. Kinetic properties

When an adsorbent is added to a solution contain-
ing an adsorbate, adsorption proceeds at a rate
strongly influenced by the physicochemical conditions
under which the process is performed including, for
example, the reactivity of the solid surface in relation
to the adsorbate and the natures of the other species
present in solution [31].

In the present study, different models describing
the adsorption capacity of the adsorbent in lig-
uid/solid systems have been examined. Firstly, the
equations of pseudo-first-order [32] and pseudo-sec-
ond-order [33-35] kinetic models were applied to eval-
uate the rate of adsorption. The respective Egs. (2)
and (3) are:

In(ge — q¢) = In ge — kat 2

t 1 t
P +qe ®)
where g, is the mass of AB dye adsorbed at equilib-
rium (mg g_l), t the time (h), k; the rate constant of a
pseudo-first order (h™"), and k, the corresponding con-
stant of a pseudo-second-order process (g mg™' h™).

The parameters appropriate to the two models
(k1, e, 11 and ky, ge, 12) have been determined from
plots of In(ge —qs) vs. t and t/gq; vs. t, respectively
(Table 1). The values of r; and r, indicate that the
experimental results are better described in terms of a
pseudo-second order [36,37] than of a pseudo-first-
order kinetic model at the three temperatures studied.
Such a conclusion is reinforced by the values of g
calculated for this model which are more consistent
with the experimental findings.

Adherence to a pseudo-second-order model might
suggest that the adsorption takes a chemical form [38].
As the adsorption phenomenon is such a complex
process, however, it is hard on this basis alone to
differentiate chemisorption from physisorption.

4.2. Adsorption isotherms

The adsorption of AB dye on MWCM400
(Fig. 9(d)) has been analyzed on the basis of four dif-
ferent adsorption models: (i) the classical Langmuir
model [39], (ii) the Freundlich model [40], (iii) the
Temkin model [41-43], and (v) the Dubinin-
Radushkevich (D-R) model [44,45]. The Langmuir
isotherm is based on the assumptions of constant
adsorption energy, freedom from interactions between
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Table 1

Kinetic parameters for adsorption of AB dye onto MWCM400

27221

Pseudo-first-order

Pseudo-second-order

10% (ky, b

Temperature (°C)  geyxp (Mg g h

fcalc (mg g_l) L8]

10> ko, gmg 'h™)  geac (mgg™) 12

25 29.54 2.4 17.05 0.9895 0.8 29.32 0.9992
45 29.56 7.9 17.62 09730 24 29.99 0.9997
65 32.45 26.1 23.97 0.9579 59 27.72 0.9897
Note: Initial AB dye concentration, Co = 600 mg L.

neighboring adsorbed species, a homogeneous Table 2

adsorbent surface, and adsorption limited to a mono-
layer [46]. By contrast, the Freundlich model is essen-
tially empirical, yielding an equation based on the
assumption that adsorption takes place not on a
homogeneous, but on a heterogeneous surface [47],
whereas the Temkin model supposes that the heat of
adsorption of all molecules in a layer decreases lin-
early with coverage as a result of the adsorbent-adsor-
bate interactions. The D-R isotherm is based on a
model more general than the Langmuir one; postulat-
ing neither a homogeneous surface nor a constant
adsorption potential, it expresses the adsorption mech-
anism with a Gaussian energy distribution on a
heterogeneous surface. Each model can be expressed
in the form of an appropriate linearized equation
which has been applied to the present experimental
results (Table 2).

With values of r consistently closest to 1, the
Langmuir model appears best to accommodate the
experimental results at the three temperatures studied.
This is consistent with an adsorption process involv-
ing relatively weak, non-specific AB dye-MWCM400
interactions and adsorbed species relatively well
dispersed on the surface of the adsorbent.

4.3. Thermodynamic parameters

The enthalpy change, AH,, and entropy change,
AS3,, attending the adsorption process have been esti-
mated via the van’t Hoff equation [44]:

AH;,.  AS;
InK = — ads ads 4
n Ky rT TR )

where K is the equilibrium constant obtained from
the Langmuir isotherm. The plot of In Ky vs. T' gives
a straight line with a slope —AHZ, /R and intercept
AS2. /R, while AGS, is accessible via Eq. (5):

ads

AGS, = —RT In K ®)

Isotherm parameters for the adsorption of AB dye onto
MWCM400 at 25, 45, and 65°C

Temperature (‘C)

Isotherms 25 45 65
Langmuir

K. (Lg™? 0.050 0.097 1.083
Qm (mg g™ 74.24 71.63 97.18
re 0.9949 0.98727 0.9924
Freundlich

Kp (mg g ' or mg" g )¢ 0.0007 0.054 0.025
n® 0.334 0.551 0.467
re 0.9055 0.9289 0.9722
Temkin

ALg™H 1.559 0.274 0.3114
b8 226.58 136.11 175.65
re 0.9944 0.9357 0.8960

Dubinin—Radushkevich

a0 1.49 6.28 2.62
Qpr (mg g™ 52.32 53.34 53.51
r* 0.7569 0.6243 0.5599

“Langmuir constant.

PMaximum adsorption capacity of the adsorbent for the dye.
‘Linear regression coefficient.

9Freundlich constant.

“Empirical parameter related to the adsorption “intensity”.
fTemkin constant.

&Constant related to the heat of adsorption.

"Constant related to the mean free energy of adsorption per mole
of the adsorbate.

Theoretical saturation capacity.

The values found for AHZ,, and ASZ,, are +64 k] mol ™"

and +186 ] K" mol ™', respectively, while AGZ,, varies
from +7.43, through +6.17, to —0.22 k] mol ! at 25, 45,
and 65°C, respectively. The process is plainly
endothermic and driven by the overall increase in ran-
domness that occurs at the solid/solution interface

during adsorption. The values of AGj,, which
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Table 3

Comparison of different adsorbents/biosorbents for adsorption of AB dye and other adsorbates from aqueous solution at
20-30°C

Sorbent Temperature (°C) Qmax (Mg g_l) Refs.
Biomass of Baker’s yeast 30 70.00 [56]
Commercial activated carbon 30 18.50 [56]

Green macroalga Caulerpa lentillifera 25 94.34 [571
Macroalga Caulerpa lentillifera 25 38.90 [58]

Fly ash 30 128.21 [15]
Sepiolite 20 312.50 [36]
MWCM400 25 74.24 This study

decrease with increasing temperature, show the
process to be a non-spontaneous one at lower temper-
atures, but to become narrowly spontaneous at 65°C
[48].

4.4. Activation energy

The Arrhenius equation (Eq. (6)) gives access to
the activation energy for adsorption of AB dye onto
MWCM400 [49]:

E.
lnkzzlnA—ﬁ (6)

where A is the frequency factor (gmg ' h™") and E,
the activation energy of the adsorption process
(k] mol™"). A plot of Ink, vs. T"' takes the form of a
straight line with a gradient —E,/R. In principle, the
activation energy provides information about the
nature of the adsorption. Physisorption through
Coulombic and dispersion forces is typically character-
ized by values of E, in the range 5-40 k] mol "
chemisorption, in which covalent forces play a signifi-
cant part, is more likely to feature E, values in the
range 40-800 k]J mol . In the event, the Arrhenius plot
affords an E, value of 9.5 k] mol " for the adsorption
of AB dye by MWCM400, indicating the sort of poten-
tial barrier that is usually associated with physisorp-
tion. This involves presumably (i) Coulombic
interaction between negatively charged groups on the
adsorbent surface (CO2, SOZ*, and O*) and the
cations of the AB dye [50]; (ii) interaction between
the transient dipoles induced in the z-charge clouds of
the aromatic rings and -N=N— or -N=C—-C=C- func-
tionalities of the dye and the negatively charged
MWCM400 surface [51]; and (iii) hydrogen bonding
between OH groups on the material surface and elec-
tron-rich sites of the dye [52].

4.5. Comparison of adsorbents

Comparison of the adsorption capacities of various
types of adsorbent or biosorbent for AB dye in aque-
ous solution (Table 3) shows that MWCM400 has a
capacity for this dye that compares favorably with
those of the other adsorbents or biosorbents listed,
being bettered by only two of them. Numerous studies
along similar lines have been carried out with varying
degrees of success with agents such as activated car-
bon [53], pomelo peels [54], Gondwana shale [55], and
Rambutan seed [37] as adsorbents for dyestuffs such
as Malachite green [37,53,54] or aromatics such as phe-
nol [55] in aqueous media. In view of its easy avail-
ability and low cost, as well as the desirability of
reducing the steady accumulation of the parent waste,
MWCM400 seems, however, to be worthy of consider-
ation as a non-conventional adsorbent for the treat-
ment of wastewater containing basic dyes.

5. Conclusions

The present study has involved a batch-technique
investigation of the adsorption of AB dye from aque-
ous media by the action of a calcinated fraction of
mineral waste from coal mining, MWCM, composed
mainly of calcite, dolomite and gypsum. All three of
these materials, severally or in combination with
other agents, are well known to have significant
capacity as adsorbents. Calcite has been used, for
example, for the adsorption of metal ions [59,60], as
well as phosphate [61] and fluoride [62] from aque-
ous media. Dolomite, likewise, has been shown to be
effective for the removal of not only metal ions
[63,64] and phosphate [65], but other polluting agents
as well [66], and gypsum has been proposed as a
low-cost adsorbent, inter alia, for the removal of
methylene blue [67] and Reactive Red 1 dye [68] from
aqueous solution.
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The optimum performance for adsorption of AB
dye exhibited by MWCM pre-calcinated at 400°C
(MWCM400) reveals that this material is a potential
adsorbent of ready local availability and low cost for
cationic dye removal from residual waters.
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