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ABSTRACT

Techniques for the decolorisation of colored wastewater resulting from the widespread production
and use of dyes have increased significantly, and elucidation of removal mechanisms has become
increasingly critical to improve their effectiveness. This study focuses on elucidating the meth-
ylene blue adsorption mechanism at the interface of powder pumice and aqueous solution with
electro-kinetic and static contact angle measurements with a different approach. For this, batch
adsorption experiments were carried out using pumice as an adsorbent at constant temperature at
various methylene blue concentrations. Fourier-transform infrared spectra, X-ray powder diffraction
and high-resolution transmission electron microscopy images of pumice samples before and after
adsorption were taken to examine the relationship between the changes in structural and crystal-
lographic characteristics and functional groups with dye adsorption. Kinetic data showed that the
adsorption time of 1 h would be sufficient to ensure equilibrium adsorption. It was found that the
adsorption of methylene blue on the powder pumice was exothermic in nature and the isosteric
adsorption enthalpy and entropy changes were —13.03 k]/mol and 13.47 J/K-mol, respectively.
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1. Introduction

Today, dramatically increasing industrial activities,
rapid industrialization and population growth lead to
increasingly dangerous environmental pollution and
adverse effects are becoming more critical especially for
water, air and soil. Water pollution is one of the most seri-
ous environmental problems due to the gradual decrease
of clean freshwater resources as a result of changing cli-
matic conditions and increasing food demands [1,2]. Waste
streams containing inorganic and organic substances
released from battery and chemical manufacturing, metal
smelting, textile, food, paper industries, mining, pesticides,
fertilizer and other industries cause many serious prob-
lems for living things and the environment as they reach
fresh or salt water. Therefore, the primary concern today

is the generation of large amounts of colored wastewater,
which has adverse effects on aquatic biota, agriculture and
human health due to excessive water consumption and dye
use in the textile, leather, pharmaceutical, paper and other
industries, and also in parallel with the increasing human
population is to meet the need for clean and low-cost water
[3,4]. Color removal from wastewater has emerged as a
serious necessity for industries producing and consum-
ing dyestuffs as a result of strict rules regarding the dis-
charge of wastewater into the environment, and researches
on the development of new and efficient methods for the
disposal of chemical pollutants have intensified [5].

In this context, for the treatment of wastewater contain-
ing organic and inorganic contaminants, heavy metal ions
and dyestuffs, adsorption [6-9], electrochemical oxidation
or reduction [10,11], electrochemical purification combined
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with ultrasound technique [12], electrochemical coagula-
tion [13], advanced oxidation [14] and membrane separation
[15,16] methods are applied. In addition to the advantages of
each of these techniques, there are also disadvantages such
as the use of serious chemicals, excessive sludge production,
high installation and operating costs [17]. Recent advances
in green technological approaches demand the develop-
ment of economically viable and environmentally friendly
solutions to deal with colored waste. Adsorption process
stands out as a cost-effective, environmentally friendly
and easily applicable decolorization technique among var-
ious dye removal wastewater treatment technologies [18].
Adsorption is one of the most preferred methods, especially
for removing organic pollutants, due to other advantages
such as high selectivity, not needing too many reagents,
large scale application and low energy consumption [19].

Pumice, as a light, porous igneous volcanic rock, has
a high specific surface area and low apparent density
(0.35-0.65 g/cm?®) in aggregate form with its microporous
structure up to 85% and can be easily processed [20-23].
The enormous proportion of free silica-containing areas on
the grain surface results in a negatively charged surface,
and its structure contains open channels that allow water
and ions to flow in and out of the crystal structure. It is an
excellent rubbing, scrubbing and polishing material, both
in powder form and in the form of pumice stone [24,25].
The high silica content of approximately 70.9% provides
high durability to pumice and therefore it can be used as
a material resistant to aggressive external factors. The use
of pumice as an adsorbent to remove metals from waste-
water at low cost is another promising area of application.

Methylene blue (MB), a cationic dye, is generally used
in the textile, paper, cotton, fleece, leather and silk indus-
tries and medical fields, and is considered one of the most
dangerous pollutants due to its high solubility in water
and high toxicity [26,27].

Thus, this study focused on the adsorption of methy-
lene blue from aqueous solutions to the pumice surface,
taking into account the possible high interaction potential
between methylene blue, a cationic dye, and pumice parti-
cles with negative surface charge. In this context, using elec-
tro-kinetic and static contact angle measurements, as well as
Fourier-transform infrared (FTIR) spectra of pumice sam-
ples before and after adsorption, X-ray powder diffraction
(XRD) and high-resolution transmission electron microscopy
(HRTEM) images, it has been tried to elucidate the meth-
ylene blue adsorption mechanism at the powder pumice
and aqueous solution interface.

2. Material and methods
2.1. Materials

In this study, powder pumice purchased from Blokbims
Co. in Turkey was used as adsorbent. The chemical compo-
sition of the pumice used, as determined by X-ray fluores-
cence spectrometry, is shown in Table 1.

Before use, the raw sample was dried in an oven at
110°C, then ground and then passed through sieves in
accordance with ASTM Standard, a fraction in the range of
+80—(—60) mesh particle size was taken and finally stored
in closed containers for use in experiments. Methylene

blue (MB, CI Classification Number 52015 and chemical
formula C, _H, N.SC), a common cationic dye, was chosen
representatively.

All chemicals used in this study were obtained from

Merck (Germany) and used without further purification.

2.2. Method
2.2.1. Batch adsorption experiments

The adsorption of methylene blue from aqueous solu-
tion on the powder pumice surface was carried out by
batch adsorption experiments. For this, 0.2 g of powdered
pumice was added to aqueous solutions of various initial
MB concentrations (10, 20, 30, 40, 50, 60, 70 and 80 mg/L)
in 100 mL flat bottom flasks. Balloons were shaken in a
thermostatic shaker at 298 K, natural pH and 150 rpm
stirring speed for various equilibrium adsorption times.
At the end of the adsorption period, the mixture was cen-
trifuged at 3,750 rpm for 5 min and the equilibrium MB
concentration in the supernatant was analyzed at 666 nm
using UV-Vis spectrophotometer (Shimadzu 1201 UV-Vis,
Japan). The following equation was used to calculate the
amount of dye (q) adsorbed (Eq. 1):

(C,-C.)V

q(mg/g)= 1)

where C, and C, are initial and equilibrium dye concentra-
tions (mg/L), V total volume (L) and m pumice mass (g),
respectively.

2.2.2. Effect of temperature

In order to examine the change of adsorption efficiency
and effectiveness with temperature, adsorption exper-
iments were performed at three different temperatures
(25°C, 40°C and 70°C) for adsorption time of 60 min using
100 mg/L initial MB concentration and 0.2 g pumice.

Table 1
Chemical composition of the raw pumice

Component %
Si0, 73.35
ALO, 12.88
CaO 0.77
MgO 0.08
Fe,0, 1.1
K0 44
Na,0 3.82
TiO, 0.08
MnO 0.05
Cr,0, <0.01
S5rO 0.01
SO, 0.44
P,0, 0.01
LOI 3.88
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2.2.3. Effect of initial pH

Effect of initial pH was investigated at various pH,
which are 2, 5, 8, and 11. In the experiments, 0.2 g sample
of pumice was added to each 100 mL volume of methy-
lene blue aqueous solution having an initial concentration
of 80 mg/L for a constant adsorption time of 1 h. The pHs
of solutions were adjusted with concentrated solutions of
HCI and NaOH and measured using a WIW inoLab pH
meter (WTW Inc., Weilheim, Germany). The pH meter was
calibrated before every measurement.

2.2.4. Zeta potential and conductivity measurements

Zeta potentials of solid particles in pumice/water dis-
persions from the experiments at adsorption time of 1 h at
the 298 K were measured by using zeta meter 3.0+.

Conductivity measurements of the dispersions by
using Karl Kolb conduct meter were made after adsorption
under the same conditions as zeta potential measurements.

2.2.5. Contact angle measurements

Static contact angle measurements were made using a
CAM-101 optical contact angle analyzer (KSV Instruments,
Finland). For this purpose, pellets were prepared under
1.06 ton/cm? pressure with 0.4 g pumice powder and sam-
ples obtained after adsorption, and then their goniometric
images were taken using a 6 uL water droplet and finally,
using the Young-Laplace equation, static contact angle
values at the solid-liquid interface were calculated.

2.2.6. XRD, FTIR and HRTEM analyzes

In this study, XRD and FTIR spectra and HRTEM images
of raw pumice, methylene blue and samples obtained
from adsorption experiments were taken.

XRD diffract grams were taken on a PANalytical
Empyrean X-ray diffractometer (U.S.A.) with Cu Kal
(1.540 A) radiation operating at 5 kV and 40 mA in the
range of 20 9°-90° with a scanning speed of 4/min. FTIR
spectra were obtained using Vertex 70v FTIR spectrom-
etry (U.S.A.) in the wavenumber range of 4,000-400 cm™
with an average of 100 scans and 1 cm™ resolution.
HRTEM images were also taken using a Hitachi HT-7700
HRTEM (LaB6 filament) operating at 120.0 kV.

3. Results and discussion
3.1. Adsorption kinetics

Examination of adsorption kinetics is extremely import-
ant even without modeling, in order to criticize the adsorp-
tion mechanism. Generally, adsorption can be controlled by
external or film diffusion, pore diffusion, and adsorption
on the pore surface, or their combination. The variation
of the amounts adsorbed on pumice for the cationic dye,
methylene blue (MB) at various initial dye concentrations
(10, 20, 30, 40, 50, 60, 70 and 80 mg/L), with the adsorption
time is shown graphically in Fig. 1.

It can be seen from Fig. 1 that the amount of dye adsorbed
increases with increasing adsorption time initially with a
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Fig. 1. Variation of the amount adsorbed with adsorption time
at various initial dye concentrations (298 K).

high rate and then tends to remain almost constant. With
the increase in the initial dye concentrations, the adsorbed
amounts gradually increased and relatively increasing satu-
ration was achieved in the adsorption period of 1 h. Thus, it
was concluded that 1 h adsorption time would be sufficient
to achieve equilibrium adsorption. Equilibrium adsorption
time, similar to those determined in other studies and rel-
atively short, indicates that the interactions between active
sites on the pumice surface and cationic dye ions are pre-
dominantly physical in nature [28]. Also, it can be argued
that the apparent intervals of increase observed in satu-
ration levels with increasing initial concentration imply
increased diffusion due to the increasing concentration
gradient between the pumice surface and the boundary
layer, and therefore, adsorption may be diffusion-controlled
from the boundary layer.

3.2. Adsorption isotherms and temperature effect

Adsorption isotherm provides important information
about the nature of the interactions between the adsor-
bate ion or molecules and the adsorbent surface func-
tional groups at equilibrium, the adsorption capacity of the
adsorbent, the adsorption efficiency and effectiveness, and
the orientation of the adsorbate-molecules on the surface
[29]. The results obtained are extremely significant in clar-
ifying the adsorption mechanism.

In this study, experimental adsorption isotherms for
three different temperatures, 25°C, 40°C and 70°C, are
shown in Fig. 2. This figure shows that the isotherms for all
three temperatures exhibited similar trends and increased
adsorption efficiencies with increasing dye concentration,
with slopes slightly increasing at low and high dye con-
centrations. In addition, partial decreases were observed in
adsorbed amounts, exhibiting the same change character-
istic with increasing adsorption temperature. This behav-
ior observed with an increase in temperature indicates the
exothermic nature of adsorption.

To confirm the exothermic nature of the adsorption of
the cationic dye, methylene blue, on the powder pumice
surface and to determine their respective thermodynamic
quantities, using the isotherm data obtained at 25°C, 40°C
and 70°C, the isosteric standard enthalpy of adsorption
(AH®) for a constant adsorbed amount of 10.0 mg/g and



202 K. Giines / Desalination and Water Treatment 298 (2023) 199-206

entropy (AS°) values were calculated. Calculations were
made using Egs. (2) and (3) with equilibrium dye concen-
trations at different temperatures corresponding to the
same adsorbed amount.

d(ll’l Ct’ ) _ _AHgds, (2)
d(1/T) R

d (ln CL’ ) AS aods

e ©
d(InT) R
where, respectively, C, adsorbed equilibrium amount

(mg/g), T, absolute temperature (K) and R, gas constant
8.314 J/K-mol.

Isosteric adsorption enthalpy, AH° ,, and isosteric
adsorption entropy AS° , were found from the slopes of
the InC, — 1/T and InC, — InT curves, respectively, and the
obtained values are given in Table 2. In addition, isosteric
adsorption Gibbs free energy (AG®_, ) for all three tempera-
tures was calculated using Eq. (4) and the results are given
in Table 2.

A(;:ds = AH:ds - TAS;)ds (4)
It can be seen from Table 2 that the thermodynamic quan-
tities, isosteric adsorption enthalpy and entropy changes

of adsorption of methylene blue on powder pumice are
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Fig. 2. Adsorption isotherms drawn for adsorption tempera-
tures of 25°C, 40°C and 70°C (adsorption time: 1 h, solid/liquid
ratio: 0.2/100 g/mL, pH: 8.0, agitation speed: 150 rpm).

Table 2

The values of isosteric standard adsorption enthalpy (AH®),
isosteric entropy (AS°) and isosteric adsorption Gibbs free
energy (AG°,) changes calculated based on a fixed ad-
sorbed amount of 10.0 mg/g

Temperature (K) AH AS . AG,
(kJ/mol) (J/mol-K) (kJ/mol)
298 -9.02
313 -13.03 13.47 -8.81
343 -8.41

-13.03 kJ/mol and 13.47 J/K'mol, respectively. The cal-
culated, relatively small and negative isosteric enthalpy
change indicates that the adsorption is exothermic in
nature and the adsorbate-adsorbent interactions are also
predominantly physical [30]. Moreover, a very small and
positive change in isosteric entropy implies that dehydra-
tion of dye ions in the hydrated state by adsorption leads
to disorder, that is, partially to an increase in entropy [31].

Moreover, at 25°C in order to elucidate the inter-
actions between the dye ions and the active sites on the
pumice surface in detail and to evaluate the orientation
of the dye ions on the surface graphs showing the depen-
dence of the zeta potential values of the pumice particles
and the amount of adsorbed dye, and the zeta potentials
and electrical conductivity values of the pumice parti-
cles with the equilibrium dye concentration, are given in
Figs. 3 and 4, respectively.

From Fig. 3, although the adsorbed amounts and the
change of zeta potential values with equilibrium dye con-
centration show partially similar increasing tendency, zeta
potential values change from negative to positive with high
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Fig. 3. Variation of adsorbed dye amounts and zeta potential
values of pumice particles with equilibrium dye concentra-
tions at 25°C (time: 60 min; solid/liquid ratio: 0.2/100 g/mL,
shaking speed: 150 min™ and natural pH: 8).
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Fig. 4. Variation of zeta potential values of pumice particles and
electrical conductivity values of suspensions with equilibrium
dye concentrations at 25°C (time: 60 min; solid/liquid ratio:
0.2/100 g/mL, shaking speed: 150 min and natural pH: 8).
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yield even at low equilibrium dye concentrations and then
continue to get highly positive values with lower yield. This
clearly indicates that the adsorption takes place through the
ion pairing mechanism of the dye by electrostatic attraction
interactions between the negatively charged groups on the
pumice surface and the cationic dye ions [32]. The higher
adsorption efficiency observed at low equilibrium concen-
trations implies the horizontal orientation of the dye ions
to the surface [33]. However, the partial yield increase with
increasing equilibrium dye concentration and the highly
positive values in zeta potential values can be attributed to
the vertical orientation of the dye ions to the surface, result-
ing in more efficient m-7 interactions between adsorbed
dye ions and free ones to be adsorbed. The sharp increase
in electrical conductivity values observed at high equilib-
rium dye concentrations in the change curves of zeta poten-
tial and electrical conductivity values with equilibrium
dye concentration in Fig. 4 also supports this evaluation.

In order to further support the evaluations and com-
ments on the adsorption mechanism in terms of surface
characteristics, goniometric images of raw pumice and
samples obtained from experiments at various initial dye
concentrations, taken with water drop, and calculated
static contact angle values are given in Fig. 5 and Table 3,
respectively.

From this figure and table, it can be seen that with
increasing initial dye concentrations, the contact angles do
not tend to change much with further increase of the ini-
tial dye concentration, followed by the significant increase
in static contact angles at low dye concentrations. This
trend indicates that the amount adsorbed and the increase
in zeta potential values with increasing dye concentration
are due to vertical adsorption and the emergence of more
efficient 7—t interactions [34].

Based on this mechanism, it can be said that the static
contact angle values do not change much because the
increased positive charge on the surface is balanced with
more hydrophobic groups towards the aqueous phase.

3.3. Effect of initial pH

Solid surfaces, which can have highly charged groups in
aqueous suspensions, are particularly sensitive to environ-
mental conditions such as pH, ionic strength and tempera-
ture [35,36]. In particular, this causes dramatic changes in
the adsorption of ionic substances to charged solid adsor-
bents. In this study, the variation of adsorbed amounts
with initial pH is graphically shown in Fig. 6.

Generally, as the pH of the aqueous phase increases,
a solid surface may acquire a positive charge due to
hydrogen ion adsorption from solution to charged sites,
and at higher pHs, a negative charge may also acquire
due to hydroxyl ion adsorption or hydrolysis of oxides [37].

From this figure, it can be seen that the adsorbed
amounts increase relatively with increasing initial pH,
and it can be argued that this increase is due to increased
adsorption due to increased electrostatic attraction inter-
actions in parallel with the increasing negative charge
density, especially at higher pH’s.

Table 3

Static contact angle values of raw pumice and samples ob-
tained from adsorption experiments performed at different
initial concentrations of methylene blue at 25°C

C, (mg/L) Contact angle (0
0 22.5
10 29.2
20 30.6
30 30.8
40 322
50 33.2
60 34.8
70 354
80 36.0
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Fig. 5. Goniometric images of raw pumice and samples obtained from adsorption experiments at different dye concentrations at 25°C.
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3.4. FTIR and XRD spectrometry and HRTEM microscopy
studies

In addition to the kinetic, isotherm and thermody-
namic-based evaluations of the adsorption mechanism
of cationic dye on the powder pumice surface, in order
to correlate functional groups, mineralogical and inter-
nal structural changes with the adsorption mechanism;
FTIR and XRD spectra of raw pumice, methylene blue and
post-adsorption some samples as well as their HRTEM
images were taken and are given in Figs. 7-9, respectively.

Fig. 7 shows the FTIR spectra (wave number range of
4,000-400 cm™) of raw pumice and some samples obtained
after adsorption.

In general, it is known that methylene blue exhibits the
main spectral absorption peaks of 1,644 and 1,587 cm™ for
ketone C=O group, 1,485 cm™ for aromatic C=C stretch,
1,385 cm™ for alkyl R group, 1,133 cm™ for C-N-, 821 cm™

a5 |
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15 4
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Initial suspension pH

Fig. 6. Variation of adsorbed amounts vs. the initial pH of sus-
pension (initial dye concentration:80 mg/L, temperature: 25°C,
time: 60 min, solid/liquid ratio: 0.2/100 g/mL and shaking
speed: 150 min™).
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for CH=C and 666 cm™ for C-O-H twist [38]. In Fig. 7,
symmetrical and asymmetrical stretching vibration peaks
of siloxane (Si-O-5i), which appear at 1,050-1,100 cm™
and approximately 800-810 cm™, respectively, originating
from silica, the main component of pumice, can be seen

[ ——20ppm
o
X ——— 60ppm
80 ppm
Pumice
4000 3400 2800 2200 1600 1000 400

Wavenumber (cm™)

Fig. 7. FTIR spectra of raw pumice and samples obtained from
adsorption experiments at different dye concentrations at 25°C.
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- 60 ppm
e 80 ppmMm
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20

Fig. 8. X-ray powder diffraction spectra of raw pumice and
samples obtained from adsorption experiments at different dye
concentrations at 25°C.

80 ppm

Fig. 9. High-resolution transmission electron microscopy images of raw pumice and samples obtained from adsorption experi-

ments at different dye concentrations at 25°C.
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[39]. This large peak confirms the high percentage of silica
in the pumice (Table 1). The peaks at approximately 3,600
and 622 cm™ can also be assigned to the bending vibration
of the H-O-H bond in adsorbed water molecules and the
local vibration of the reducing carbon in the crystal lat-
tice, respectively [40,41]. From Fig. 7 it can be argued that
the characteristic ketone peak of methylene blue at about
1,600 cm™ overlaps with the peak caused by bending vibra-
tion of the adsorbed water in pumice, and the slightly wider
peak observed in the post-adsorption samples confirms
the adsorption of the dye on the pumice surface.

Fig. 8 shows the XRD diffractograms of raw pumice
and some samples obtained after adsorption.

From this figure it can be seen that a wide peak appears
in the range of 20°-30° originating from pumice [39,42]. It
can be concluded that dye adsorption did not cause a sig-
nificant change in the crystallographic structure of pumice,
due to these peaks, which have almost the same charac-
teristics observed in the diffractograms of the raw pumice
and post- adsorption samples and indicate the presence
of only amorphous phase [41,43].

Fig. 9 shows HRTEM images of raw pumice and some
samples obtained after adsorption.

From this figure, it can be seen that raw pumice exhib-
its a partially stacked layered structural characteristic
with heterogeneous particle size and homogeneous sur-
face morphology [44]. Also, in HRTEM images of sam-
ples obtained from adsorption performed at higher initial
dye concentration, a more regular and separated layered
structure of pumice particles appears.

It can be argued that this structural arrangement is due
to the emergence of higher positively charged surfaces,
and thus possible electrostatic repulsion, as the higher
adsorption occurs through lateral m—m interactions with
vertical orientation of cationic dye ions, confirming the pro-
posed mechanism.
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