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The presence of organic dyes in the environment greatly affects the photosynthetic capabilities
of underwater organisms as these compounds block sunlight and reduce the amount of available
oxygen. Moreover, the structural diversity of dyes makes them highly resistant to light, heat, and
oxidizing agents; thus, new approaches for dye remediation are continuously being developed.
The use of iron oxide-graphene oxide composite IOGOC) with persulfate oxidant via a Fenton-
like reaction for the removal of Coomassie Brilliant Blue (CBB) R-250 in aqueous solutions was
investigated. The IOGOC adsorbent was synthesized and then characterized using FTIR (Fourier-
transform infrared spectrophotometry), SEM (scanning electron microscope), and XRD (X-ray
powder diffraction). Adsorption isotherm and kinetic studies revealed that the adsorption of the
dye on IOGOC was best described by Langmuir isotherm with a maximum adsorption capacity
of 14.31 £ 0.65 mg CBB R-250/ g IOGOC and followed the pseudo-second-order kinetic model.
Batch adsorption studies were done to determine the effect of dye concentration, adsorbent loading,
oxidant concentration, and pH on dye removal. Results showed that the parameters for the dye
degradation that afforded a significantly higher degree of dye removal were 10 mg/L adsorbate
amount at pH 3.0 with 7 mg adsorbent loading and 3 mM persulfate solution for 270 min contact
time. End product analyses indicate that the treated water sample contains 1.84 +0.30 mg dissolved
iron/ L solution, which is within the limits based on Department of Environment and Natural
Resources’ (DENR) Water Quality Guidelines and General Effluent Standards of 2016 and a 73
+19% chemical oxygen demand (COD) removal. Recyclability studies show that the synthesized
composite can be used for four times without a significant decrease in the dye removal efficiency.

Keywords: Coomassie Brilliant Blue R-250, dye removal, Fenton-like reaction, graphene oxide,
iron oxide

INTRODUCTION

Water pollution has been one of the most challenging
problems faced by humanity today. According to the
United Nations World Water Development Report of
2017, the degree of pollution affects 245,000 m? of the
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Earth’s ecosystem. In an agricultural-based country
like the Philippines, water pollution is also rampant as
agricultural activities — coupled with increased population
and industrialization — continue to reduce the water
quality. According to the Water Environment Partnership
in Asia, the damage dealt by all the activities contributing
to water pollution in the Philippines amounts to $1.3 B
annually (Andrews 2018).
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There are different factors contributing to poor water
quality. Agrochemical wastes generated from excess
pesticide and fertilizer usage can introduce dangerous
organic compounds in different bodies of water through
leaching. Domestic sewage in water may contain
hazardous pathogens that can pose serious health problems
in humans. Waste products from several industrial
manufacturing plants may contain heavy metals and other
organic compounds (Alrumman 2016). Combined effects
of all these factors highly disrupt the marine ecosystems
and, by extension, human ecology.

One of the major industrial sectors that produce large
amounts of wastewater is the textile industry. Effluents
of the textile industry typically contain organic dyes,
organochlorines, and some heavy metals. Although dye
contamination is less serious of a threat compared to
heavy metals, dye solutions still pose some risks due to
its intense color in solutions, even at low concentrations.
This property of dyes in water affects the photosynthetic
capabilities of marine organisms as these compounds
block sunlight and reduce the amount of available oxygen.
Moreover, organic compounds that make up the dyes
are structurally diverse and are highly resistant to light,
heat, and oxidizing agents — making it difficult to create
a universal method for dye degradation. Several studies
focus on the development of methods to remove organic
dyes from aqueous solutions and apply these methods
to actual wastewaters contaminated by dyes (Clarke and
Anliker 1980; Robinson ez al. 2001; Sun and Yang 2003).

CBB R-250 is a dye utilized in the textile industry and,
recently, in biochemistry and other related research
laboratories as a protein staining agent. There is currently
a buildup of CBB R-250 in laboratories in the university
due to regular protein analyses done both in teaching and
research laboratories.

The use of graphene oxide (GO) based materials for
dye removal has been extensively utilized as adsorbents
recently due to its large surface area and added
functionalization, which can create more interactions
with the target contaminant. Iron-based compounds are
also being explored as adsorbents due to their magnetic
capabilities that are useful in the adsorbent recovery
process. Other approaches to contaminant removal
involve degradation of the target compound. Fenton
reactions make use of hydroxyl radicals generated from
hydrogen peroxide, and these reactions are known to be
fast compared to other pollutant removal methods but
create additional waste in the form of the iron ions from
the metal catalyst (Nidheesh 2013).

This study aims to use an IOGOC that will adsorb and
degrade CBB R-250 via a Fenton-like reaction. The process
of the dye removal in this method will make use of little
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amounts of the adsorbent and the oxidant for degradation so
that little to zero added toxicity is introduced. The adsorbent
is also designed to be magnetic in nature in order to ease
its separation process from wastewater by simply applying
an external magnetic field on the mixture, thus providing
a more environmental-friendly alternative for CBB R-250
removal in wastewater. This can help reduce the increasing
amount of CBB R-250 waste generated in research and
teaching laboratories in the university.

MATERIALS AND METHODS

GO and IOGOC Synthesis

GO was synthesized using the modified Tour method
(Marcano 2010). A 9:1 H,SO,: H;PO, solution was added
to a mixture of 1.0 g of graphite and 6.0 g of potassium
permanganate and stirred for 12 h at 50 °C. The resulting
mixture was cooled to room temperature and poured into
around 400 g of ice. It was then treated with 30% hydrogen
peroxide until the disappearance of the purple color, and
the resulting yellow mixture was allowed to stand for 24
h and decanted to obtain yellow-brown solids. The solids
were washed several times with 10% HCI then distilled
water until pH 7.0. The mixture was then sonicated for 2
h followed by centrifugation at 500 rpm for 90 min. The
supernatant containing the GO was then centrifuged at
9000 rpm for 15 min. The solids recovered were washed
with distilled water and dried at 45 °C for 24 h. The process
produced dark brown powder with a 69.17% conversion.

The IOGOC was synthesized using the co-precipitation
method (Zhang 2015). A GO solution was slowly added
to an aqueous solution of FeCl;*6H,0 and FeSO,+2H,0.
Ammonia solution was added quickly to the resulting
mixture until pH 10 and heated to 85 °C with rapid
stirring for 45 min. The mixture was then cooled to room
temperature and separated magnetically. The formed
solids were washed with deionized water and ethanol
followed by drying at 60 °C for 48 h. The reaction afforded
black solids with 41.08% conversion.

The synthesized products were characterized using Thermo
Scientific MultiSkan™ GO microplate spectrophotometer,
Shimadzu IR Prestige-21 FTIR unit equipped with single
reflection diamond ATR (attenuated total reflection)
accessory, Shimadzu LabX XRD-6100 unit, and Quanta
250 FEG SEM.

Determination of Adsorption Isotherm and
Adsorption Kinetics

The adsorption isotherm model for the system was
determined by using different concentrations of CBB
R-250. A mixture containing 5.0 mg of [IOGOC and 25 mL
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of CBB R-250 solution was incubated with stirring (200
rpm) at 25°C until it reached the adsorption-desorption
equilibrium. The remaining amount of CBB R-250 in
the supernatant was monitored over the course of the
adsorption process using UV-Vis (ultraviolet-visible
spectroscopy) at 550 nm. The amount of dye removed
was calculated using the formula:

c,—-C
U dye removed = DC £ x 100 (1)

o

where C, is the initial dye concentration and C, is the
concentration at time = t.

The adsorption capacity (Q,) was also calculated using
the formula:

adsorption capacity (‘nlg d}-‘e/rg adsorbent

) _ (€o— Co) * Viomn (2)

Meyds

where C, is the initial dye concentration, C, is the
equilibrium dye concentration, V. is the volume of the
solution used, and m, is the adsorbent loading.

The equilibrium adsorption data were fitted to Langmuir,
Freundlich, Temkin, and the Dubinin-Radushkevich
isotherm; adsorption kinetics data were fitted to pseudo-
first-order, pseudo-second-order, and Elovich model.

Evaluation of Different Parameters of the
Adsorption-Degradation Process

All adsorption-degradation experiments were done in
batch with constant stirring (200 rpm) at 25 °C using
Labnet Orbit™ 1900 high capacity lab shaker. For the
effect of initial dye concentration, 5.0 mg of IOGOC
was added to 25 mL of acidic dye solutions (pH = 3.0)
at different concentrations (10, 20, 30, 40, 50 mg/L) and
was stirred for 90 min. The calculated mass of potassium
persulfate was then added (1 mM) to initiate the Fenton-
like reaction and the resulting mixture was stirred for
180 min.

For the effect of adsorbent loading, different amounts of
the adsorbents (5, 7, 10 mg) were applied to 25 mL of 10
mg/L dye solution at pH 3.0 and stirred for 90 min. The
concentration of persulfate in the resulting solution was
kept at 1 mM and then incubated for 180 min.

The effect of persulfate concentration on the degradation
efficiency of the process was done by using a constant
amount of dye at 10 mg/L at pH 3.0 with 5 mg of IOGOC
adsorbent. The mixture was allowed to equilibrate for
90 min. Different amounts of potassium persulfate were
then added (1 mM, 3 mM, 5 mM). The mixture was then
stirred for 180 min.

Different working pH values (3, 7, 9) for the initial dye
solution were used following the same protocol with 10
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mg/L dye concentration, 5 mg of [OGOC, and 90 min of
stirring. A calculated amount of persulfate was added to
afford a final concentration of 1 mM, followed by stirring
for 180 min.

After the designated contact time, [OGOC was separated
from the mixture by applying a magnet, and the remaining
dye in the solution was determined at 550 nm.

Comparison Studies

The degree of dye removal of the synthesized adsorbent
via a Fenton-like reaction was compared with other
substances [GO only, iron oxide (Fe;0,) only, persulfate
only, and IOGOC only]. Five milligrams (5 mg) of the
substance was added to 25 mL of 30 mg/L CBB R-250
solution, and the resulting mixture was allowed to reach
equilibrium for 90 min at 25°C with continuous shaking
at 200 rpm. The calculated amount of potassium persulfate
(1 mM) was then added to applicable treatments and
then incubated for 180 min. The remaining dye in the
supernatant was determined using UV-Vis at 550 nm.

Adsorbent Regeneration Study

The recyclability of the adsorbent was evaluated by
repeatedly using the IOGOC adsorbent. The used IOGOC
was first washed with an acid solution (HCI, pH = 3.0)
followed by ethanol. The solids were then washed
repeatedly with distilled water until neutral. The adsorbent
was then dried at 50 °C prior to use.

Iron Leaching Analysis

Prior to analysis, the degradation process was done
by adding 10 mg of IOGOC to a 20 mg/L CBB R-250
solution at pH 3.0. Appropriate persulfate (5 mM) was
then added to the mixture, and the resulting mixture was
stirred for 240 min at 25 °C. For dissolved iron analysis,
additional runs with 5.0 mg FeSO, and 5.0 mg FeCl, as
iron sources — instead of [IOGOC — were done to compare
the degradation performance of IOGOC with other water-
soluble iron sources.

The leached iron in the solution from the composite
was determined via the phenanthroline method (Eaton
et al. 1998). A 2.0 mL concentrated HCI and 1.0 mL of
hydroxylamine solution (0.1 g/mL) were added to a 25-mL
supernatant obtained after the degradation process. The
volume of the resulting solution was reduced to around 15
mL by boiling the solution. The solution was then cooled
to room temperature and transferred to a volumetric flask.
An ammonium acetate buffer solution and 4.0 mL of
phenanthroline solution (1 mg/mL) were then added to the
cooled mixture and diluted to mark. Color development
was done by standing the mixture for 10-15 min. The
absorbance of the solution was obtained using UV-Vis
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spectrophotometry at 510 nm. The iron concentration in
the solution was calculated by regression analysis using
a standard calibration curve, with ferrous ammonium
sulfate as the standard.

Organic Product Analysis

The COD after treatment was done using the standard
dichromate method for wastewater analysis (Eaton et
al. 1998). A 2.5-mL water sample was placed into a 25
x 100 mm tube, then 1.5 mL of the dichromate digestion
solution, and 3.5 mL of the catalyst solution (Ag,SO, in
sulfuric acid) were added to the sample. The mixture was
heated at 150 °C for 2 h. The hot mixture was allowed to
cool slowly to room temperature. The resulting solution
was titrated using a standardized Fe(NH,),(SO,),
(standardized against potassium dichromate), with ferroin
as the indicator. A color change from yellow/green to
red-orange was treated as the endpoint. Blank COD
determinations were done using distilled water.

RESULTS AND DISCUSSION

Characterization of GO and IOGOC

Aqueous GO was analyzed using UV-Vis in order to
verify the identity of the dispersion (Figure 1A). From
the absorbance spectrum, it can be seen that there is an
absorbance peak around 230 nm, which corresponds to a
n-n* transition in the aromatic portions (C=C) of GO. This
plasmon peak, however, is also present in graphite. The
differentiating feature in the absorbance spectrum is the
weak shouldering around 310 nm. This signal is due to the
n-7* transition in the epoxide (C-O-C) and peroxide (C-O-
0-C) like linkages that could be present in GO (Saxena et
al.2011; Mura et al. 2018). The IOGOC was not subjected
to UV-Vis since it does not disperse readily in water.

FTIR analysis of GO and IOGOC confirmed the presence
of functional groups on the synthesized materials (Figures
1B and 2A). Signal at around 3100-3200 cm~! indicates
the O—H bond stretches in both materials. This can
be attributed to either the hydroxyl groups covalently
attached to GO or residual water molecules adsorbed on
the surface of the GO and IOGOC. The signal at 1047
cm~! implies C—O bond stretches, which confirms the
presence of epoxy groups on the synthesized GO. The
1739 cm! peak corresponds to C=0 bond stretching of
the —COOH groups in GO. This shifts to 1593 cm~! for
I0GOC since the carboxylic acid moiety is deprotonated
during the synthesis of IOGOC (Yang et al. 2009;
Mura et al. 2018). The observed bands at the 400—600
cm! region correspond to Fe-O lattice vibrations. The
characteristic IR bands of magnetite are at 578.64 cm™!,
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Figure 1. Characterization of GO: (A) UV-Vis, (B) ATR-IR, and

(C) XRD.

which indicates Fe-O stretching mode of the tetrahedral
and octahedral sites and at 408.91 cm™!, which indicates
Fe-O stretching mode of the octahedral sites given that
the Fe3* ion displacements at the tetrahedral sites are
negligible (Namduri and Nasrazadani 2008; Li et al.
2012; Pérez-Guzman et al. 2020). According to Barik
and co-workers (2014), hematite has a characteristic
FTIR band at 474 cm~!, which pertains to a Fe-O bending
mode. The presence of a band at 451.34 cm™! and the
other characteristic bands of magnetite indicate that the
synthesized IOGOC could contain both magnetite and
hematite.
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Figure 2. Characterization of IOGOC: (A) ATR-IR and (B) XRD.

XRD analysis was done for both GO and IOGOC samples
to further confirm the identity of synthesized materials
(Figures 1C and 2B). Based on the XRD pattern of
synthesized GO, it can be seen that there is a diffraction
peak at 20 = 10.81° with a d-spacing of 8.18189 A, which
is a characteristic diffraction peak of the (001) crystal
plane of GO (Johra et al. 2014). For the synthesized
I0GOC, diffraction peaks at the following 26 values
were observed: 36.45¢,44.18°,57.02°, 63.67°, and 75.52°,
which could possibly correspond to the (311, 400, 511,
440, and 533) crystalline planes of magnetite (Ouyang
et al. 2015; Pérez-Guzman et al. 2020). The observed
interplanar spacing d-values of the respective crystalline
planes of IOGOC (2.46970, 2.04837, 1.61377, 1.46046,
and 1.25786 A) are also comparable to the reported values
of Gupta and co-workers (2016) on synthesized magnetite.

Scanning electron microscopy was also used to study the
morphology of the synthesized GO, Fe;0,, and IOGOC
(Figure 3). It can be seen that the synthesized GO has
around 1.5-2.0 um thickness and the Fe;O, particles are
at the nanoscale. The micrograph in Figure 3C shows that
the synthesized product contains both GO and Fe;O,, as
indicated by the combination of the structural features of
the individual components seen in the other micrographs
(Figures 3A and 3B).

Adsorption Isotherm and Kinetic Modelling
Adsorption data were fitted to different isotherm models
(Table 1) and the adsorption of CBB R-250 on IOGOC
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(C)

Figure 3. SEM of synthesized materials: (A) GO, (B) Fe;O,, and
(C) IOGOC.
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Table 1. Parameter estimates of various adsorption isotherm models.

Isotherm model Parameter Estimated value
Langmuir Qn, (mg/g) 16.46
(x2=0.991) K, (L/g) 0.143
Freundlich K (mg/g) 4776
(r2=0.967) n 3353
A (L/g) 1.837
Temkin
(2 =0.977) Br 750.157
B (J/mol) 3.304
Dubinin- Q, (mg/g) 33.052
Radushkevich K,q (mol?/J2) 1.565 x 103
2=
(2 =0875) E (kJ/mol) 0.179

follows the Langmuir isotherm, based on the obtained
linearity coefficient. This implies that CBB forms a
monolayer on the surface of the IOGOC composite and
no additional layers of the dye are adsorbed (Foo and
Hameed 2010).

A key feature of the Langmuir isotherm model is the
separation factor Ry, where K| is the Langmuir constant
and C, is the initial concentration of the adsorbate:

1

R, =——— 3
L1+ K, ®)
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A separation factor value greater than one indicates an
unfavorable adsorption process while a 0 <R; <1 suggests
favorable adsorption. With a calculated R; value of 0.123—
0.412 over the working concentration range, the adsorption
of CBB R-250 on IOGOC is considered a favorable process.

The experimental maximum CBB R-250 adsorption
capacity on [OGOC is 14.31 + 0.65 mg CBB/g IOGOC.
The obtained maximum adsorption capacity is quite close
to the predicted Q,, of 16.46 mg CBB/g IOGOC using the
Langmuir isotherm model. The adsorption capacity of
CBB on IOGOC is compared to the adsorption capacity
of CBB on other adsorbents, as well as the adsorption of
other organic dyes with GO-related adsorbents (Table 2).
The obtained adsorption capacity on IOGOC is relatively
low compared to those previously reported. This can
be due to the differences in the nature of adsorbent, as
well as the differences in adsorption parameters done
in the study. Ramesha and co-workers (2011) proposed
that anionic dyes such as CBB R-250 do not effectively
adsorb on GO surfaces because of the presence of the
sulfonate groups. The negative charge on these moieties
causes repulsion with the negative portions of GO, as
opposed to the use of a cationic adsorbent [e.g. polyaniline
(PANI)], which allowed more CBB to be adsorbed on the
synthesized adsorbent. Moreover, all adsorption processes
involving the cationic dye (e.g. methylene blue) had higher
adsorption capacities while anionic dyes (e.g. Acid Orange
8) had lower adsorption capacities. The driving forces
for the relatively favorable adsorption of CBB R-250

Table 2. Obtained adsorption capacities of CBB R-250 on some adsorbents.

Adsorbent

Experimental conditions

Adsorption capacity
Reference
(mg adsorbate/g adsorbent)

[CBB] =25 mg/L,

Natural agalmatolite 11.29 Sales et al. (2013)
m,q, = 100 mg, pH =2
[CBB] =10 mg/L, [ads] =2 g/L,
Wheat bran 6.41 Ata et al. (2012)
pH2
. [CBB] = 50-500 mg/L, m,4, = 100
PANI emeraldine salt 129 Mabhanta (2008)
mg, 2h
[CBB] =100 mg/L, m 4, = 100 mg,
PNCoFe-80 . 45.39 Khan et al. (2015)
240 min
GO/ chitosan composite dye] = 1500 mg/L, m_4, = 100mg, .
: post [dye] &/ Mads ¢ 255 Li et al. (2015)
(Acid Red) pH =3.0,30°C
. . [dye] = 10-50 mg/L, m,4, = 40 mg, L
GO (Acid Orange 8/ Direct Red 23) 20°C 29.0/15.3 Konicki et al. (2017)
Layered GO (Methylene Blue/ Malachite [dye] =20 mg/L,
220/180 Bradder et al. (2011)
Green) m,q,= 100 mg, pH =3
Fe;0,4/ SiO, core/ shell nanoparticles on GO [dye] =25 mg/L,
97.0 Yao et al. (2012)
(Methylene Blue) m,y, = 10 mg, 25 °C
[CBB] =50 mg/L, X
10GOC 14.31 This study

m,y=S5mg,pH=3

1088



Philippine Journal of Science
Vol. 149 No. 4, December 2020

on the synthesized composite are the hydrogen bonding
modes that exist among carboxylic portions of GO and
polar moieties (i.e. sulfonate) of CBB R-250, as well as
some electrostatic interaction between CBB and iron-
oxygen portions of the adsorbent. According to Herrera
and co-workers (2001), the surface structure of hematite
— Fe,0;, where all the iron ions are in the +3 oxidation
state — can undergo proton exchange at different pH
values. Considering that the synthesized material has the
same functionalities as hematite and behaves the same at
different pH conditions, at pH = 3.0, the existing form of
the iron component at the surface of the adsorbent may be
[Fe(OH,)]*. Protonation of the surface oxygen in hematite
can give rise to favorable electrostatic interactions with
CBB R-250, which is anionic in nature.

Kinetic studies on CBB R-250 adsorption on IOGOC
showed that the adsorption process follows a pseudo-
second-order kinetic model (Table 3). Moreover, the
experimental adsorption capacity for process agrees
better with the predicted adsorption capacity using the
pseudo-second-order model (14.1 mg CBB/g I0OGOC),
which is comparable to studies that involve adsorption of
organic dyes on GO-based composites and CBB R-250 on
synthesized composites (Ata 2012; Yao ef al. 2012; Sales
et al. 2013; Khan et al. 2015; Li et al. 2015; Konicki et
al. 2017). The pseudo-second-order adsorption kinetics
indicates that the uptake rate is second order with respect
to the adsorption sites (Tan and Hameed 2017).

Evaluation of Degradation Parameters

The degradation of CBB R-250 was tested using the
synthesized IOGOC and persulfate as the oxidant via a
Fenton-like reaction. The Fenton reaction in this study
involves the activation of the persulfate to produce
sulfate radicals in the presence of Fe?" present in the
magnetite structure of the synthesized composite. The GO

Magsino et al.: Removal of Coomassie Brilliant Blue R-250

(B)

Figure 4. Degradation of CBB R-250 using IOGOC as iron source
and persulfate as oxidant (A) before and (B) after
treatment. Conditions: initial [CBB] = 20 mg/L, m,4,=
10 mg, [PS] =5 mM, pH = 3.0, T = 25 °C, adsorption
time = 90 min, degradation time = 240 min, shaking
velocity =200 rpm.

Table 3. Kinetic model parameters for CBB R-250 adsorption on IOGOC.

Calculated q,

Kinetic model Linear form of equation Rate constant (k) R2 (mg adsorbate/ g
adsorbent)
Pseudo-first order In(g, — q,) = Ing, — kit 0.0283 min- 0.8813 10.71
t 1 1
Pseudo-second order — = -+ |— ]t 0.6544 g/mg min 0.9882 14.10
a. ks \g.
1 1
Elovich model g, = JEln{rx B+ E Int 0.9064 -
Experimental 14.67

Conditions: initial [CBB R-250] = 20 mg/L, m 4= 5 mg, pH = 3.0, T = 25 °C, contact time = 90 min, stirring condition =200 rpm
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component was added as support and to reduce the degree
of agglomeration of magnetite to improve the degradation
efficiency of the reaction. The physical changes associated
with the overall removal of CBB using IOGOC is shown
in Figure 4. CBB R-250 under acidic conditions initially
has a bluish to a purplish color. After treatment with
IOGOC and persulfate oxidant, there was decolorization
of the resulting solution as the dye was removed by either
adsorption on the surface of IOGOC or degradation of the
dye structure under the influence of the persulfate oxidant,
or a combination of both these effects.

Successful degradation of CBB R-250 under the given
conditions is confirmed due to a higher degree of dye
removal compared to the sole adsorption process. Several
parameters were evaluated in order to gauge a possible
working condition for the degradation of CBB R-250
using IOGOC. All calculated percentage removal values
are expressed as mean + standard deviation (SD) (n =
3) and compared using Tukey’s honestly significant
difference test (p < 0.05).

Effect of pH

A significantly higher amount of dye was removed at pH
3.0 (58.02 + 4.31%) than pH 7.0 (31.33 + 3.30%). The
Fenton and Fenton-like reactions work well in acidic
conditions since hydronium ions are required to catalyze
the formation of the sulfate radicals. Also, the decrease in
the amount of dye degraded for neutral dye solution can be
attributed to the decomposition of the persulfate activator
(Li et al. 2018) and formation of iron hydroxides, which
inhibit the release of iron ions in solution for catalysis,
thus decreasing the degree of activation of the oxidant
(Govindan 2015). At pH 9.0, 52.22 + 1.61% of the initial
dye amount was removed. This is significantly different
from the neutral run but not significantly different from
the acidic run. This high value despite the inactivation of
iron due to hydroxide formation is due to partial activation
of the persulfate oxidant under alkaline conditions
(Furman 2010). The reaction of aqueous persulfate ion
and hydroxide forms hydroperoxide ion (Equation 4)
and its reaction with another unit of persulfate generates
the sulfate radical as well as peroxide radical (Equation
5). All runs were carried out using pH 3.0 since it is the
recommended pH for the Fenton reaction, and the CBB
wastes generated in biochemistry laboratories are already
acidic, thus eliminating the need for pH adjustment prior
to treatment.

OH
S,02" 4+ 2H,0 — HO5 + 250} + 3H* “4)
S,08 +HO; = S0, +50% + HY+ 05 5)
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Effect of Dye Concentration

The data indicate that the 10 mg/L initial dye concentration
resulted in the highest amount of dye removed (58.02 +
4.31%), which is significantly different from all of the
other concentration values. At higher dye concentrations,
more dye molecules are available. And with a limited
amount of composite, there could be a decrease in the
possible sites for adsorption, especially since it only
allows the formation of a monolayer adsorbate according
to the Langmuir isotherm. Another reason is the limited
amount of persulfate added in the dye solutions. At ImM
persulfate concentration, the oxidant could be exhausted
easily and the sulfate radical generated is simply not
enough to carry out degradation of all dye molecules.
The high dye removal efficiency was observed in the
study of Rasoulifard and co-workers (2018) with their
work on C.I. Direct Blue 129 degradation, and in that of
Chen et al. (2012) for UV-assisted activation of persulfate
on the degradation of rhodamine B at low initial dye
concentrations.

Effect of Adsorbent Loading

Results show that a higher dose of adsorbent leads to a
higher amount of dye removed from the solution even
at a constant amount of persulfate, although there is no
significant difference between 7-mg (77.89 £ 1.30%)
and 10-mg adsorbent loading (80.93 + 0.65%). A 20%
increase in the dye removal efficiency for 7-mg loading,
as compared to 5-mg loading (58.02 + 4.31%), can be
accounted to the higher number of possible adsorption
sites for the dye as well as higher amounts of iron that will
promote the radical formation of the persulfate oxidant.

Effect of Persulfate Concentration

An increase in the persulfate concentration resulted in a
significant increase in the dye removal efficiency under the
set conditions for 1 mM (58.02 +£4.31%) and 3 mM (74.56
+ 1.96%) persulfate solution. There is also an increase in
dye removal from 3 mM to 5 mM (81.92 1.92%) but the
difference is not significant in accordance with Tukey’s
test. A low concentration of persulfate indicates that
there is a low amount of the sulfate radicals that can be
generated via iron activation. The increase in persulfate
concentration favored the production of more radicals
and also decreased the pH of the resulting solution, which
favored the release of iron ions in solution to catalyze CBB
degradation (Weng and Tao 2015).

Comparison Studies

The efficiency of the synthesized composite in removing
CBB R-250 was compared to its individual components.
The highest dye removal percentage was observed for
IOGOC coupled with persulfate oxidant at 46.51 & 3.09%,
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while there is 11.53 + 1.92% and 12.67 & 1.95% removal
for the adsorbent only and the oxidant only, respectively.
Alower value is expected for [IOGOC only since the mode
of dye removal in the absence of persulfate oxidant is via
adsorption on the surface of IOGOC. The run with the
activator but without the iron source afforded the same
degree of dye removal. This can be due to other factors
that initiated the formation of the persulfate radical such
as the presence of hydroxide ions, heat, and light.

I0GOC (46.51 +3.09%) was able to remove a significantly
higher amount of dye compared to GO (22.07 = 4.23%)
and Fe;O,4 (32.67 = 2.70%) under the same reaction
conditions. The combination of the two components
offered an increase in the overall removal of CBB R-250
in an aqueous medium. The obtained percentage removal
with GO can be primarily due to the adsorption of CBB
R-250 on the material. Fe;O,, in the presence of the
oxidant, is expected to remove more dye molecules from
the solution since persulfate is activated and there is also
probable adsorption of some dye molecules on the surface
of magnetite.

Iron Leaching Analysis

The dissolved iron was quantified using the phenanthroline
method in order to gauge the extent of iron leaching
from the synthesized composite. Prior to the analysis,
the changes in the absorbance curves of solutions after
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treatment using different iron sources were obtained
(Figure 5). It can be seen from Figure 5A that there is an
absorbance peak around 550 nm, which corresponds to
the absorption of the chromophore of CBB R-250. After
treatment, there is a decrease in the absorbance of the
solution at the same wavelength and an increase in the
absorbance around 450 nm, which can be attributed to
the presence of ferric ions in solution.

The IOGOC was able to remove 79.48 + 7.01% of CBB
R-250 while the use of FeCl; and FeSO, removed 75.72
+ 2.88% and 69.02 + 3.78%, respectively. There is also
a low amount of iron present in the solution for [OGOC
(1.84 £ 0.30 mg Fe/L) as compared to the soluble iron
sources — 40.51 + 3.73 ppm for FeSO, and 53.10 + 1.66
ppm for FeCl;. This indicates that the use of IOGOC
decreases the dissolved iron present in solution with
comparable degradation efficiency with soluble iron
sources. Moreover, the amount of iron that leaches out
of the source is within the limit set by the DENR AO
2016-08: Water Quality Guidelines and General Effluent
Standards of 5-35 mg Fe/L for Class A to Class D water.

Organic Product Analysis

The COD is a measure of the oxygen equivalent of the
organic matter in a water sample that is susceptible to
oxidation by strong oxidizing agents such as potassium
permanganate and potassium dichromate. It is expected

400 450 500

550 600 650 700

Wavelength, nm

Figure 5. Absorbance curve of (A) CBB R-250 solution before treatment, (B) CBB R-250 solution after
treatment using FeSO, as iron source (5 mg), (C) CBB R-250 solution after treatment using
FeCl; as iron source (5 mg), and (D) CBB R-250 solution after treatment using IOGOC as iron

source (10 mg).
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that after the degradation process, there should be a
decrease in the amount of organic matter and, subsequently,
in the COD of the resulting aqueous solution. There was
a 73 £ 19% COD removal upon treatment with the
synthesized catalyst, which is comparable with the work
of Baburaj ef al. (2012) and Paz et al. (2017) on CBB
removal. However, obtained COD of the supernatants
after treatment is still higher than the recommended COD
levels for different water classes.

Recyclability Studies

The main advantage of using a heterogeneous catalyst as
an iron source for Fenton oxidation is its ease of removal
from the treated water and reusability. The synthesized
IOGOC was subjected to subsequent Fenton oxidation
employing the same conditions at each run. Table 4 shows
that there is a decrease in the efficiency after the first cycle
but there was no significant difference in the removal for
the succeeding cycles. This indicates that the synthesized

Table 4. Recyclability of synthesized IOGOC composite.

Adsorption capacity,

Run number % dye removed?

mg CBB/g I0GOC?
1 79.48 +£7.01 19.27 £4.06
2 70.89 +3.82 8.61 +1.46
3 71.93 +1.82 4.95+1.08
4 70.68 £ 1.00 8.26 +0.88

Conditions: [CBB] = 20 mg/L, m;ggoc = 10 mg, [PS] =5 mM, pH =3.0, T =25
°C, adsorption time = 90 min, contact time = 240 min, shaking velocity = 200
rpm.; 2Expressed as mean SD (n = 3)

IOGOC can be used repeatedly with little to no decrease
in dye removal efficiency after the first cycle. However,
it can also be observed that there is a general decrease in
the adsorption capacity of the reused composite, which
can be attributed to the incomplete removal of adsorbate
on the surface of the adsorbent.

CONCLUSION

An IOGOC is synthesized and utilized as an adsorbent
and as an activator of the persulfate oxidant that facilitated
the degradation and removal of CBB R-250 in aqueous
solutions. Characterization of the synthesized composite
indicates the presence of GO and Fe;0O,4, which is most
likely magnetite in the nanoscale. Adsorption isotherm
modeling on the CBB R-250 adsorption on IOGOC
reveals that it follows the Langmuir isotherm model
with a maximum adsorption capacity of 14.31 mg CBB
R-250/g IOGOC, indicating a formation of a monolayer of
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adsorbate on the surface of the adsorbent. The adsorption
process follows the pseudo-second-order kinetic model.

An acidic pH for the starting solution is desired since
this is a good environment for the release of iron ions
from the composite structure, favoring the activation
of persulfate in the mixture. Based on the working dye
concentration range, the highest removal percentage is
obtained at 10 mg/L CBB solution. Higher adsorbent
dosages, as well as higher persulfate concentrations,
result in a higher amount of CBB removed from the
mixture due to the presence of more oxidant and catalyst
for the generation of radicals that will trigger the dye
degradation process.

End product analyses reveal that the use of [IOGOC
provides a lower amount of dissolved iron in the resulting
solution, which is within the limits set by the Water Quality
Guidelines and General Effluent Standards of 2016. COD
experiments, on the other hand, indicate that there is a
73% removal of COD but the amount of organic material
is still higher than what is recommended. Recyclability
studies show that [OGOC can be used repeatedly without
a significant decrease in dye removal efficiency.
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