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ABSTRACT

The most problem in the combination of adsorption and Fenton oxidation processes is the low
ability of sorbents to degrade organic pollutants. Therefore, the sorbents need to be modified by
adding metal salt compounds, especially those containing iron. In this study, we investigated the
use of natural pumice to prepare zeolites with high catalytic properties without adding iron sources.
Pumice-based zeolite was prepared through simple hydrothermal alkaline treatment and used to
remove Methylene blue (MB) from aqueous solution. The characterization results confirmed that
the mineral phase of pumice was successfully transformed to GIS-NaP1 zeolite. The maximum
value of adsorption capacity increased highly from 7.80 to 35.33 mg g™ after the treatment process.
Adsorption isotherm showed a better fit to the Langmuir model with a high correlation coeffi-
cient value (R? = 0.999) compared to the Freundlich model (R* = 0.882). This means the interaction
between zeolite and MB followed the assumption of monolayer adsorption on homogeneous sur-
faces. Interestingly, the synergistic effect of adsorption and Fenton oxidation processes enhanced
the ability of zeolite to remove MB with efficiency from 60.92% to 99.99%. Furthermore, zeolite
can also be reused several times without reducing its performance significantly after regeneration.
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1. Introduction

Dyes have been recognized as useful organic com-
pounds used in many industries, such as pharmaceuticals,
plastic, art, paper, cosmetics, food, and textiles [1]. Although
most dyes are produced from different plant sources, they
can also be synthesized via a chemical reaction. One of
the synthetic dyes is Methylene blue (MB) which has first
been used by Paul Ehrlich as an antimalarial drug in the
year 1891. Afterward, MB was replaced by chloroquine and
other synthetic drugs from its derivatives without staining

* Corresponding author.

properties. In textile industries, MB is widely used as col-
oring agents because of their stability to light exposure and
inexpensive [2]. Sometimes, dyes are unable to be bonded
strongly with fabric fibers and will be lost during the wash-
ing process into the water. It has been reported that approx-
imately 700,000 tonnes of dye wastewater are discharged
every year to the environment with concentrations rang-
ing from 10-200 mg L™ [3,4]. The contamination of dyes
in water becomes a significant issue for the environmental
ecosystem due to its toxicity and mostly non-biodegradable,
which finally leads to human health problems [5].
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Several commercial methods have been applied for man-
aging organic pollutants in water, such as electrocoagulation
[6], ozone oxidation [7], ultrafiltration [8], bioremediation
[9], and adsorption [10]. Among the mentioned methods,
adsorption is well-known as an effective and affordable
method due to its flexibility, ease to handle, and economi-
cal safe without wasting a lot of solvents [11]. Several low-
cost adsorbents had been investigated, such as volcanic ash
soil [12], kaolinite [13], bentonite [14], fly ash [15], and zeo-
lite [16]. In recent years, many studies used zeolites as the
most potential adsorbent and catalyst carriers because of
their unique adsorption properties and high cation exchange
capacities [17,18]. Metal salt compounds containing Fe or Cu
play an important role to improve zeolite catalytic proper-
ties by ion-exchange procedures or hydrothermal synthesis
method [19-21]. According to Gonzalez-Olmos et al. [22],
the use of Fe-zeolite composite for degrading organic com-
pounds through Fenton reaction was significantly affected
by the presence of Fe contents to generate reactive oxidant
species. Yet, the addition of iron salt compounds, such as iron
sulfate or ammonium iron citrate solutions as Fe ion sources
for preparing Fe-zeolite composites needs an extra cost and
difficult to apply on a large scale.

In the present study, natural pumice was chosen as an
adsorbent candidate due to its several characteristics. Based
on related references, the pumice thermal stability reaches
approximately 900°C with a specific surface area of 28 m? g™
[23,24]. It has a high porosity of up to 85% [25]. The availabil-
ity of pumice, especially in Indonesia, is abundant because
of its specific location in the “pacific ring of fire” region.
Also, the main components of pumice are SiO,, AIZOSI and
Fe,O, [26], which can be potentially used to prepare zeolite
with high catalytic properties without adding any metal
salt compounds. Here, the integration of adsorption and
Fenton oxidation processes using pumice-based zeolite
was studied for the removal of MB in an aqueous solution.

2. Materials and methods
2.1. Materials preparation

The natural pumice was obtained from the Suwung
area, Bali, Indonesia with a specific coordinate location at
8°43'14.0"S 115°13"16.0"E (-8.720560, 115.221117). The col-
lected pumice was dried for a day to remove the content of
water. Then, dried-pumice was ground and filtered by using
a standard molecular sieve (100 mesh) to reduce its particle
size. All chemical substances, such as MB dye (C, H,,CIN,S),
hydrogen peroxide (H,0,), and sodium hydroxide or caus-
tic soda (NaOH), were purchased from Nacalai Tesque
Inc., (Kyoto, Japan) with high-quality grade. A stock of MB
solution (1,000 mg L) was prepared using distilled water.

2.2. Hydrothermal synthesis of GIS-NaP1 zeolite

The synthesis of pumice-based zeolite was carried out by
the simple hydrothermal alkaline treatment, following the
previous report [27]. Briefly, 10 g of pumice was dissolved
within 80 mL of sodium hydroxide solution (2.5 mol L)
under the stirring conditions for 30 min. The mixture was
heated in a sealed-polypropylene bottle at 100°C for a day

to initiate the formation of zeolite crystals. Zeolite was
then separated, rinsed until neutral pH, and dried again at
100°C for a half day. The functional groups of pumice and
synthesized products were identified by Fourier-transform
infrared spectroscopy (FTIR) spectra using a Perkin Elmer
Spectrum One FTIR spectrometer (Massachusetts, USA),
which recorded in the range of 4,000-500 cm™. The miner-
alogical analysis was determined by X-ray diffraction (XRD)
using a X-ray diffractometer (Bruker D8, Texas, USA) rang-
ing from 5°-50° using Cu Ka radiation at 40 kV and 30 mA
(scan rate of 2°/min).

2.3. Dye adsorption process

The adsorption process was performed within various
MB concentrations in the range of 25-300 mg L. About
50 mg of adsorbents was added into several centrifuge
tubes containing 10 mL of MB solution with different initial
concentrations and shaken for a minute. The adsorption pro-
cesses were operated at ambient temperature for one day,
in which the uptake capacity of adsorbents was measured
by determining MB concentrations before and after the
adsorption process using a Spectronic 20D+ spectrometer.
The quantity of adsorbed MB (g, in mg g™) was calculated
by using Eq. (1).

c,-C,)Vv
q,= M (1)
m
where g, is the uptake capacity in equilibrium condition
(mg g™); C, and C, are the initial and equilibrium MB con-
centrations in mg L7, respectively; m is the amount of
adsorbents (g) and V is the total volume of MB solution (L).

2.4. Fenton oxidation process

The Fenton oxidation process was carried out at a con-
centration of MB 300 mg L™, which was adsorbed by adsor-
bents. After 24 h of adsorption time, 0.5 mL of hydrogen
peroxide solution (12.8 mol L) was added dropwise and
shaken for a minute. The Fenton experiment was evalu-
ated at room temperature for 6, 12 and 24 h. After that, the
mixture was centrifuged for 15 min and the supernatant
was separated quickly. The final MB concentration was
then measured by using a Spectronic 20D+ spectrometer.
From Eq. (2) the degradation efficiency (%D) was calculated.

c,-C,

0

%D = x 100 @)

2.5. Reusability of adsorbents

The most important criteria of adsorbents to mini-
mize the cost in the adsorption process is their stability
and reusability during reaction [28]. The reusability of
pumice and treated-pumice was investigated by dropping
10 mL of MB solution (300 mg L) into 50 mg of adsor-
bents. The mixture was shaken for a minute and left at
room temperature for 1 d. Then, 0.5 mL of hydrogen per-
oxide solution (12.8 mol L) was added immediately.
After 1 d, the mixture was separated by using a centrifuge
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and the final MB concentration was measured. The adsor-
bent was then carefully rinsed with deionized water and
dried at 100°C for 12 h. This process was repeated several
times using the regenerated adsorbent. The adsorbent sta-
bility before and after regeneration was determined by
FTIR spectra.

3. Results and discussion
3.1. Materials characterization

Natural pumice compositions was determined from
X-ray fluorescence (XRF) analysis (Table 1) [26]. The infra-
red spectra comparison of pumice before and after alka-
line treatment in the range of 500 to 4,000 cm™ are shown
in Fig. 1. This comparison was carried out to ensure that
the formation of zeolite frameworks has occurred. Before
alkaline treatment, the spectra of pumice were well-de-
fined by four different peaks at wavenumbers of 720, 1,000,
1,650 and 3,475 cm™. The detected peaks around 1,000
and 720 cm™ were individually assigned as characteristic
peaks for the symmetric stretching vibration of Si-O-Si in
the functional group of (SiO,)* and the bending vibration
of Si-O bond, respectively. Furthermore, other absorption
bands corresponded to the adsorbed water molecule and
hydrogen bonding in the pumice structure, in which the
peak at 1,650 cm™ contributes to the bending vibration of
H-O-H bond and the broadening band at 3,475 cm™! to the
asymmetric stretching vibration of O-H bond [29]. Overall,
the pumice spectra showed strong bonding vibrations
between silicon and hydroxyl groups in the structure. On
the other hand, after alkaline treatment of pumice, several
new peaks appeared in the fingerprint region at 745, 680
and 595 cm™. Vibration bands at 745 and 680 cm™ con-
tributed to the internal tetrahedron symmetric stretching
vibration and the symmetric stretching of T-O-T bond,
respectively, where T refers to Si or Al. The main charac-
teristic of the zeolite spectrum occurred at wavenumber
around 595 c¢m™, which indicated a double ring vibra-
tion in the zeolite framework. Similar results were also
reported by Hildebrando et al. [30].

Table 1
Chemical composition of natural pumice

Composition %
SiO, 63.45
ALO, 17.24
Fe,0, 2.86
TiO, 0.37
CaO 3.22
P,0, 0.21
SrO 0.09
MgO 1.03
K,0 2.16
SO, 0.16
Na,0 2.00
Clr 0.30

The XRD patterns of pumice and zeolite are summa-
rized in Fig. 2. As seen, there are significant changes that
occurred in mineralogical phases of both materials. The
pumice pattern only showed amorphous contents (glassy
phase) as the only peak appeared at 20 degrees between
20° and 30°. A study by Li et al. [29] had reported that the
rapid cooling and depressurization of high-temperature
volcano lava adversely affected the crystalline content of
pumice. In the process, depressurization produced bub-
bles by reducing the boiling point of the lava. Simultaneous
cooling then froze the bubbles in the pumice matrix and
reduced the growth of tiny crystals (poor crystallinity).
The treated-pumice under alkaline media increased the
crystallinity, signed by appearing new characteristic peaks
at 20 degree (d value) = 12.48° (7.08), 17.70° (5.00), 21.65°
(4.10), 28.07° (3.17), 33.39° (2.68), 38.02° (2.36), 42.20° (2.13),
and 46.02° (1.97). These mineralogical phases were com-
pared to zeolite pure phases from the International Zeolite
Association (IZA) and confirmed a high similarity to Na-P1
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Fig. 1. FTIR spectra of raw pumice and Na-P1 zeolite.
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Fig. 2. XRD pattern of pumice and Na-P1 zeolite.
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zeolite phases. It can be related to the dissolution or depo-
lymerization of SiO, phases, which then caused rearrange-
ment structures to form zeolite frameworks. According to
JCPDS data (no. PDF#97-000-9550), Na-P1 zeolite had several
characteristic peaks at 20 degree (d value) = 12.46° (7.10),
17.66° (5.02), 21.67° (4.10), 28.10° (3.17), 33.38° (2.68), 38.10°
(2.36), 42.20° (2.14), and 46.08° (1.97). In addition, Ismail et
al. [31] reported that Na-P1 zeolite contains high silica con-
tents, where the ratio of Si/Al was found to be 3 or greater.

3.2. Equilibrium and adsorption isotherm studies

The adsorption equilibrium provides information
about the maximum MB uptake to the sorbent, which was
investigated with several initial MB concentrations from
25-300 mg L. The initial pH of MB solution determined
using a pH meter was found to be 6. The adsorption study
used the uptake process as long as 24 h at room temperature
to ensure the equilibrium state. Fig. 3a presents the effect
of initial MB concentrations on the adsorption ability of
pumice and Na-P1 zeolite. The result showed that the pum-
ice adsorption capacity increased from 4.82 to 7.80 mg g
with increasing the concentration from 25 to 150 mg L7,
respectively. MB is well-known as one of the cationic dyes,
which can be ionized in an aqueous solution by forming
positive charges. These positive charges allowed pumice
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Fig. 3. Study of MB removal.
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to bind with MB molecules because the pumice surface
tends to be negative due to the presence of silanol groups.
Asgari et al. [32] reported that the pumice surfaces contain
permanent negative charges under both acidic and alkaline
conditions in the range pH of 2-12. This phenomenon is
also supported by Ersoy et al. [23]. Therefore, pumice can
be directly used for adsorbing MB molecules, although it
has a low adsorption capacity. However, increasing the
concentration of MB from 150 to 300 mg L™ decreased
the uptake capacity from 7.80 to 7.63 mg L™, which indi-
cated that the adsorption equilibrium was achieved at
150 mg L. In equilibrium condition, the final pH of the
MB solution was similar to the initial dye solution (pH = 6).

Pumice exhibited a low adsorption capacity than
Na-P1 zeolite. It may be related to the use of pumice with-
out further purification and still contains a lot of impuri-
ties. These impurities covered the active side of pumice,
thus affected its performance in the adsorption process.
However, the treated-pumice with an alkaline solution fol-
lowed by heating and washing processes had succeeded in
reducing impurities and changing the molecular structure
of pumice to form a zeolite framework. In the formation of
zeolite frameworks, many new silanol groups are formed
and directly increased negative charges on zeolite sur-
faces. Therefore, zeolite was able to reduce MB concentra-
tion with a high proportion compared to pumice. Zeolite

(b) 40
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uptake capacity increased highly from 5.12 to 34.26 mg g
at MB concentrations of 25-200 mg L7, respectively.
The adsorption rate showed a slight increase with induc-
ing the MB concentration from 200 to 300 mg L™, in which
the adsorption equilibrium was obtained at 300 mg L™ with
the uptake capacity of 35.25 mg g™

There are two main isotherm models used, namely
Langmuir and Freundlich isotherm models. The Langmuir
isotherm is the most useful isotherm for both physical and
chemical adsorptions model, which indicates homogeneous
binding sites for monolayer adsorption, where each of the
active sites has equivalent sorption energy [33]. The lin-
ear form of the Langmuir isotherm model can be referred
to Eq. 3):

S o)
Qe Dl Gmax

where b and q___are the adsorption equilibrium coefficient
(L mg™) and the adsorption capacity in maximum condi-
tion (mg g7), respectively. Langmuir isotherm model was
determined by plotting regression between C /g, vs. C, for
MB adsorption (Fig. 3b). Pumice and zeolite had correla-
tion coefficient values (R?) of Langmuir isotherm as much
as 0.9990 and 0.9999, respectively.

Contrastively, the Freundlich isotherm model assumes
that the uptake process occurs on a heterogeneous surface,
where the stronger binding site is occupied first and the
binding strength decreases as a result of increasing degree
of occupation [34]. The regression plotting between C /g,
vs. C, (Fig. 3c) was used in the Freundlich isotherm model
to obtain correlation coefficient and other parameter values.
The linear form of this model was given by Eq. (4):

loggq, =logK it 1 logC, (4)
n

where K. is Freundlich constant and # is adsorption inten-
sity. The n value can be also used to determine if the
uptake process is linear (1 = 1), physical (1 > 1) or chemical
(n < 1) [35]. The correlation coefficient values of Freundlich
isotherm using pumice and zeolite were 0.9433 and 0.8821,
respectively.

Parameters of Langmuir and Freundlich isotherm mod-
els are listed in Table 2. Based on the correlation coefficient
values (R?) of both isotherm models, pumice and zeolite
were well-fitted with Langmuir model due to the higher
coefficient values compared to the Freundlich model.
It means the surface sites of both adsorbents were homo-
geneous and limited to monolayer coverage, in which the
maximum uptake capacities were 7.80 mg g for pum-
ice and 35.33 mg g™ for zeolite. The comparison of maxi-
mum MB uptake capacity using several adsorbents is
listed in Table 3. As shown, NaOH-treated pumice had
the higher MB adsorption compared to other low-cost
adsorbents such as natural zeolite, fly ash, and kaolin.

3.3. MB degradation and mechanism

The adsorption mechanism of MB molecules onto
Na-P1 zeolite had been reported in our previous study

[27]. To overcome the weakness of the adsorption method,
which only transfers organic pollutants from liquid or gas
phases to solid phases, this method was integrated with
advanced oxidation processes (AOPs) using a Fenton-like
reaction. The presence of iron oxide in samples, especially
Fe,O,, can be utilized as a trigger for starting the Fenton-
like process by adding hydrogen peroxide to generate reac-
tive radicals. The result of MB degradation using pumice
and zeolite is presented in Fig. 3d. Pumice had the capa-
bility for removing MB molecules even though in low deg-
radation efficiency. It can be related to many impurities in
pumice that reduced the adsorption capacity and effected
the ability of pumice to degrade MB molecules. Pumice
degradation ability increased from 8.99% to 19.53% with
increasing contact time from 360 to 720 min. At 1,440 min,
the removal efficiency tended to be constant with a percent-
age of 22.79%. Meanwhile, the ability of Na-P1 zeolite to
remove MB molecules increased highly at 360 min with a
degradation efficiency of 95.15% and reached 99.9% only
at 720 min. Therefore, the adsorption and degradation
of MB simultaneously by Na-P1 zeolite is more efficient
than a pumice stone.

After the degradation process for 24 h, Na-P1 zeolite
was dried and characterized again by FTIR spectroscopy
to investigate its stability. The FTIR spectra of MB pow-
der, Na-P1 zeolite, zeolite after MB adsorption, and zeo-
lite after degradation process are displayed in Fig. 4. The
spectrum of MB had several vibration peaks, such as the
vibration peak of aromatic rings at 1,597 cm™, the CH, sym-
metrical or asymmetrical vibration at 1,395 cm™ and the
C-N stretching vibration at 1,340 cm™. After adsorption,
the spectrum of zeolite showed that MB was adsorbed on
zeolite surfaces, which was remarked by the presence of an
aromatic ring, -CH,, and C-N vibration peaks. The loss of
all mentioned vibration peaks in the zeolite revealed that
the MB dye was successfully degraded. Zeolites were con-
sidered to have good stability because the spectra of zeolite
before adsorption and after the degradation process did not
change significantly.

The proposed mechanism of MB degradation is shown
in Fig. 5. All of the adsorbed MB molecules are present on
the zeolite surface due to the interaction between positive
charges of MB and negative charges of zeolite. The pres-
ence of iron content, especially Fe,O, as a source of Fe’* in
the zeolite framework, reacts with hydrogen peroxide by
producing peroxyl radicals (HO;) and Fe* as the reduced

Table 2
Parameters of isotherm adsorption model

Model Parameters Adsorbent
Pumice Na-P1 zeolite
/. 7.8003 35.3357
. a 0.3693 2.7212

Langmuir t

K, 2.881 96.1538

R? 0.999 0.9999

1/n 0.0963 0.1933
Freundlich Kf 1.9678 3.5033

R? 0.9433 0.8821
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Table 3

Comparison of maximum MB uptake capacity on several adsorbents

Maximum uptake capacity (mg g™')

References

Adsorbents

Natural zeolite 23.60
Fly ash 7.07
NaOH-treated fly ash 12.64
Kaolinite 13.99
NaOH-treated raw kaolin 16.34
Pumice from Bali 7.88
NaOH-treated pumice 35.25

Jafari-zare and Habibi-yangjeh [37]
Janos et al. [38]

Woolard et al. [39]

Ghosh and Bhattacharyya [40]
Ghosh and Bhattacharyya [40]
This work

This work

Zeolite After Degradation

Zeolite After Adsorption

Z7

é

Na-P1 Zeolite

Transmittance (%)

Methylene Blue

» .
1597 ] 139 1340

v T ¥ T ¥ T ¥ T T ¥ T ¥
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Wavenumber (cm™)

Fig. 4. FTIR spectra of zeolite before and after the treatment
process.

O = Methylene Blue
® =rc""ion
@® =Fe'ion

MB adsorption on Na-P1 zeolite

Fig. 5. Proposed mechanism for MB removal on the zeolite surface.

form. The reaction between Fe** and H,O, produces hydroxyl
radicals (OH®) as a highly reactive oxidant species, that
directly attacks MB molecules. The rate of MB degradation
depends on the amount of iron content because the more
iron content in adsorbents, the faster degradation of dye by
the Fenton-like process and vice versa. According to Wang
et al. [36], H,O, CO,, and other simple organic compounds
were found as the final degradation product of MB.

3.4. Reusability of adsorbents

The reusability of pumice and zeolite was performed
by stirring 50 mg of adsorbents with 20 mL of MB solu-
tion (300 mg L) for 24 h. Each replication was conducted
by the triple procedure for managing the loss of adsor-
bent dose during the washing process. The use of Na-P1
zeolite showed a high MB removal efficiency for the
investigation of three runs and reached the maximum deg-
radation after 12 h, while the use of pumice presented a
low removal efficiency level (Fig. 6). The obtained degra-
dation efficiency values of MB molecule using raw pumices

Degradation products + CO, + H,0
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Fig. 6. Reusability of pumice and Na-P1 zeolite for 24 h in several
runs.

were 22.79% (reused 1), 20.03% (reused 2), and 10.92%
(reused 3) for 24 h. Meanwhile, the degradation efficiency
values of Na-P1 zeolite was found to be 99.9% (reused 1),
99.9% (reused 2), and 97.54% (reused 3). This indicates that
Na-P1 zeolite was not only had adsorption and degradation
abilities for the removal of MB but also can be regenerated
to be reused in the other process without reducing its ability
significantly.

4. Conclusions

Na-P1 zeolite had been successfully prepared from
pumice through a simple hydrothermal route, which
was confirmed by using FTIR and XRD analysis results.
The equilibrium concentration of MB adsorbed by pum-
ice sample was 150 mg L with an adsorption capacity of
7.08 mg g (13.40%), while Na-P1 zeolite was able to adsorb
MB concentration up to 300 mg L with a capacity value of
35.33 mg g™ (60.92%). The adsorption process was fitted to
the Langmuir isotherm model for both adsorbents with high
correlation coefficient value (R > 0.99) than the Freundlich
isotherm model. This means the adsorption process fol-
lowed the assumption of monolayer coverage on homoge-
neous surfaces. Interestingly, the removal efficiency of MB
using zeolite increased highly from 60.92% to 99.9% at a
concentration of 300 mg L™ by combining adsorption and
Fenton oxidation processes, while the pumice only achieved
22.79% from 13.40%. Furthermore, Na-P1 zeolite can also
be reused several times without reducing its efficiency
significantly.
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