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ABSTRACT

The study aims to investigate the decolourization of basic yellow 28 by catalytic ozonation and
electroflocculation using iron loaded rice husk ash (Fe-RHA) as catalyst. The comparative study of
various advanced oxidation processes such as ozonation, catalytic ozonation, electro flocculation and
combined process was conducted. In addition, the kinetic considerations were applied and rate con-
stants of various processes were compared. Finally, chemical oxygen demand (COD) and decolour-
ization efficiencies were studied. The comparison among the advanced oxidation processes at pH 7
shows that the maximum removal of 75.8% was achieved by synergetic process (electroflocculation
and catalytic ozonation using Fe-RHA catalyst). Increase in catalyst dose showed enhancement
in decolourization by the synergetic process, maximum decolourization of 87.3% was achieved in
120 min with 60 g Fe-RHA. The COD removal was found to be significant (52% in 120 min) in com-
bined process. The pseudo-first-order kinetic model was applied to the processes, rate constant of
synergetic process was found to be the highest that was 11.2 x 10 min™. Therefore, it is concluded
that catalytic ozonation in combination with electroflocculation process was an effective method for

the decolourization of basic yellow 28 near wastewater pH.
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1. Introduction

Advanced oxidation processes (AOP) are powered by
strong oxidants such as hydroxyl radicals for the destruction
of recalcitrant organic pollutants in wastewater and trans-
form them into nontoxic products [1]. AOPs involve various
aqueous phase oxidation methods producing highly reactive
species as hydroxyl radicals with an oxidation potential of
2.80 V for the treatment of wastewater contaminants and
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complete mineralization into water, carbon dioxide and
inorganic ions [2]. The various AOPs techniques for the treat-
ment of organic pollutants includes ozonation [2], catalytic
ozonation [3], Fenton processes [4], electrochemical AOP [5]
were implied for the degradation of organic pollutants from
wastewater.

Ozonation is an efficient method for the complete deg-
radation and mineralization of chromophoric groups of tex-
tile dyes by attacking conjugated double bonds [2]. Catalytic
ozonation and single ozonation causes the degradation of
organic pollutants both by direct reaction mechanism, that
is, ozone attack, and indirect reaction mechanism, that is,
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free radical mechanism, simultaneously [1,2]. The ozona-
tion processes have certain advantages such as no sludge
production, less area required, single step process and easy
decomposition of residual ozone to water and oxygen [6].
The limitations of single ozonation include low stability due
to short half-life, low solubility and high cost [7]. Catalytic
ozonation enhances the rate and efficiency of ozone oxida-
tion process [3,7].

Electroflocculation is an electrochemical oxidation pro-
cess in which anodic oxidation causes in situ production of
coagulants for the removal of organic pollutants in waste-
water [8]. When the current passes through anode, made of
mostly Fe or Al, metal cations are formed that react with the
hydroxyl ions generated at cathode to form various gelati-
nous metallic hydroxide and polyhyroxide species causing
pollutants adsorption and precipitation. Moreover, gases
released at anode and cathode, that is, oxygen and hydro-
gen, initiate pollutant flotation to surface which may then
removed [8].

Dyes are an important class of pollutants found in efflu-
ents of textile industries, tanneries, dye manufacturing
units and pulp and paper industries [9]. Dyes are toxic and
carcinogenic thereby disturbing the aquatic life when dis-
charged into water bodies by impeding the light penetration
and photosynthesis and cause mutation, skin irritation and
allergic dermatitis in humans [9,10]. In this study, basic yel-
low 28 (BY 28) (cationic dye) was used as model textile dye.
(Fig. 1)

To avoid the environmental hazards, proper colour
removal treatment in wastewater is necessary. Various
techniques for the treatment of dyes were tested such as
ozonation [3,6], Fenton processes [4,11], adsorption [12,13],
electrochemical processes [5,8], membrane filtration [14,15],
ion exchange [16,17], biological process [18] and chemical
coagulation and flocculation [9,19]. Various studies on ozo-
nation coupled with electrochemical treatment have been
reported to be highly efficient [20-22]. In current investiga-
tion, iron-loaded rice husk ash (Fe-RHA) was implied in cat-
alytic ozonation process coupled with electroflocculation. To
the author’s knowledge, Fe-RHA was previously studied in
combined catalytic ozonation and electrochemical treatment
process.

Rice husk ash (RHA) is a waste product formed in bio-
mass power plants. RHA is mainly composed of amorphous
silica, carbon and minerals [23]. RHA has been widely
used as an adsorbent for the removal of dyes from aqueous
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Fig. 1. Properties and structure of basic yellow 28.

solution [10,12] and it has also been used as a catalyst in
Fenton-like oxidation processes [11]. Moreover, iron-loaded
supports were affectively used for degradation of organic
pollutants [24]. Therefore, this study may help to explore
an efficient and economical catalyst in electrochemical
processes coupled with ozonation, used for the treatment
of wastewater. Furthermore, in this study, effect of pH on
degradation of BY 28 using ozonation, catalytic ozonation,
electroflocculation, and integrated catalytic ozonation and
electroflocculation was studied. In addition, catalyst dose
effect, decolourization efficiencies were compared with
chemical oxygen demand (COD) removal and kinetics
considerations were implied to compare and further under-
stand the oxidation processes.

2. Experimental
2.1. Materials and reagents

BY 28 was obtained from May & Baker, UK. The pH
adjustment of solution was done using 0.1 N HCl and NaOH
purchased from Merck, Germany. All solutions were pre-
pared using ultrapure deionized water. The RH was obtained
from the local market. All the chemicals used were of analyti-
cal grade and were used without further purification.

2.2. Catalyst preparation and characterization

The incipient impregnation method was used to prepare
Fe-RHA catalyst [25,26]. The RH obtained from local market
was washed with distilled water to remove dust and other
particles. The cleaned RH was dried in air for 48 h. Then,
it was placed in a furnace for 6 h at 600°C, to obtain ash.
For further purification the powdered material obtained
was soaked in 0.1 M nitric acid for 24 h, it was then filtered
(using suction filtration assembly) and then rinsed in the
deionized water two to three times until a constant pH was
obtained. Finally, the material was dried overnight in an
oven at 110°C [27]. The Fe-RHA catalyst was prepared by
impregnating iron (III) oxide using incipient impregnation
method [25,26].

The surface morphology of RHA and Fe-RHA was ana-
lysed by using scanning electron microscope (SEM), model,
JSM-6010LA. Brunauer-Emmett-Teller (BET) method
(micro metrics ASAP 2020) was applied to determine the
surface area and pore size. The structural analysis of RHA
and iron-loaded RHA were investigated by PANalytical
X'Pert MPD X-ray diffractometer with Cu K-a radiations
(A =1.5406 A) operated at 40 kV and a current of 40 mA in
(6-0) scan mode scanning all the specimen in the 20 range
between 20° and 80° with scan step of 0.02°. Finally, the
point of zero charge of Fe®-RHA was determined by mass
transfer method [28].

2.3. Experimental setup

Ozone was produced from air using ozone generator
(AZCO HTU-5000GE-120) and was supplied at a rate of
0.9 mg/min. The ozonation and catalytic ozonation exper-
iments were performed in a rectangular plexiglass reactor
with the dimensions of 203 mm x 152 mm x 152 mm. Ozone
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entered the reactor through inlet port and left through the
outlet port. Sampling port was also provided at the bottom of
the reactor (Fig. 2). The ozone was introduced into the reac-
tor through a diffuser to generate fine bubbles. The excess
ozone leaving the reactor was trapped using sequential 2%
KI traps (Fig. 2).

Electroflocculation experiments were performed in
above-mentioned rectangular plexiglass reactor, the electric
current was supplied using DC power supply with a rating
of 0-5 A and 040 V. The reactor consisted of two identical Al
mesh electrodes having dimensions of 50 x 50 mm, installed
vertically in monopolar connection with 20 mm electrode
gap. The magnetic bar at the bottom of the reactor provided
stirring.

Ozonation-electroflocculation combined experiments
were performed in the same reactor with both setups of
ozonation and electroflocculation installed simultaneously
as shown in Fig. 2.

2.4. Experimental procedure

Ozonation experiments were performed by taking
3,000 mL of dye solution having concentration of 25 mg/L
in the reactor. The required pH of solution was set using
1 N HCl and NaOH. The experiments were performed
by supplying ozone from ozone generator at a rate of 0.9
mg/min. Samples were withdrawn at regular time intervals
of time and concentration of dye was analysed by double
beam UV-vis spectrophotometer (Perkin Elmer Lambda 35).
The excess ozone leaving the reactor was introduced into
two 2% potassium iodide traps (Fig. 2).

Catalytic ozonation experiments were performed by
adding desired amount of catalyst in the reactor and using

ol
(=)

Ozone Inlet

Fig. 2. Reactor setup for ozonation-electroflocculation process.

the same procedure as that of ozonation. The magnetic
stirrer at a rate of 300 rpm provided stirring.

Electroflocculation experiments were performed using
above-mentioned steps. The electrolyte NaCl was added to
the solution at a concentration of 1 g/L to promote higher
conductivity. The experiment was started by supplying cur-
rent using DC power supply at a constant voltage of 30 V.
Stirring was provided by the magnetic stirrer at a rate of
300 rpm. Samples were withdrawn at regular time inter-
vals and concentration of dye was analysed by double beam
UV-vis spectrophotometer (Perkin Elmer Lambda 35). After
each run, the electrodes were rinsed in 0.1 N HCI and were
cleaned.

Electroflocculation-Fe-RHA  experiments were per-
formed by adding desired amount of catalyst in the reactor
and using the same procedure as that of electroflocculation.
Ozonation-electroflocculation experiments were performed
by combining the two procedures.

2.5. Analysis
2.5.1. Basic yellow 28 analysis

The BY 28 concentrations in the solution were analysed
using double beam UV-vis spectrophotometer (Perkin Elmer
Lambda 35). The A__ was found at 438 nm by analysing the
BY 28 absorbance in the visible range. The decolourization
efficiency was determined by applying the following formula:

Percenta (%)= M
ge remova ( A:) = x100 (1)

where A = initial absorbance; A, = final absorbance at time ¢.
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2.5.2. Ozone dose analysis

In order to quantify ozone dose, iodometric method has
been used [29]. In this method, ozone generated from ozone
generator (AZCO HTU-5000GE-120) was introduced into the
two sets of 2% KI traps, each filled with 100 mL of the solu-
tion. Then, each set was quenched with 5 mL of 2 N H,SO, to
liberate iodine. The liberated iodine was then titrated against
0.005 N Na,S,0, using starch indicator [29]. Ozone dose was
calculated by using following formula:

_ VxNx24

Ozone dose (ng T (2

min

where V, total volume of the titrant used; N, normality of

Na,S,0,; T, ozonation time.

3. Results and discussion
3.1. Catalyst characterization

The comparative results of BET surface area for RHA
and Fe-RHA show that the incorporation of Fe* leads to a
decrease in surface area (Table 1). The reduction in surface
area by iron loading may be due to the capping of the pores
by loaded iron [30]. It is important to mention here that
similar trends were obtained in some previous findings [30].
Surface area was found to be 80.1, 90.5 m?/g and the average
pore size was 19.5, 18.2 A for Fe-RHA and RHA, respectively
(Table 1). As compared with previous findings, the surface
area of Fe-RHA was found to be higher than reported by
some findings [11] and was less than by some other reports
[27]. The point of zero charge was determined by mass trans-
fer method [28] and was slightly higher for iron-loaded RHA,
this may be due to the iron loading, it was pH__=3.3 + 0.2
and 2.9+ 0.1 for RHA and Fe-RHA, respectively FTabIe 1). The
SEM images of both RHA and Fe-RHA indicate (Fig. 3) that
no significant change in surface morphology was observed
after the incorporation of iron on RHA. The energy dispersive
X-ray (EDX) analysis clearly indicates the iron loading in the
case of Fe-RHA (Fig. 4). The EDX analysis further show that
mass percentage of loaded iron was 29.37% in Fe-RHA (Fig. 4).

The patterns obtained in X-ray diffraction (XRD) (Fig. 5)
were found to be in agreement with the results presented
in earlier reports [27]. The results show that no sharp peak
was observed for Fe-RHA. It indicates a good dispersion
of microcrystalline iron particles on the silica support.
Moreover, the slightly broader peaks appeared in the case
of Fe-RHA may be due to the possible slight shift in struc-
tural changes from amorphous to crystalline, however, this
may be difficult to detect due to the microcrystalline nature
of particles [30].

Table 1
Characteristics of Fe-RHA catalyst

Material Surface area Average pore pH,,
(m%/g) size (A)

Fe-RHA 80.1 19.5 3.3+0.2

RHA 90.5 18.2 29+0.1

18 m

(b) ‘

Fig. 3. SEM images of (a) Fe-RHA and (b) RHA.

3.2. Effect of pH on decolourization

The initial pH of the solution effects the dye removal
significantly. Therefore, BY 28 decolourization was studied
at three different pH values (acidic, pH 3; neutral, pH 7 and
basic, pH 10). Fig. 6 revealed that the Fe-RHA catalytic ozo-
nation caused more effective decolourization as compared
with ozonation and electroflocculation. With an increase in
pH, dye removal increased for both catalytic ozonation and
ozonation. For example, under acidic conditions (pH 3), the
percentage decolourization efficiencies in catalytic ozona-
tion, ozonation and electroflocculation were 54.10%, 41.40%
and 27.90%, respectively, at time 120 min (Figs. 6(a)—(c)). In
the case of single ozonation, in acidic conditions, ozone may
directly attack the dye via slow reaction [7]. Moreover, ozone
cause degradation of dye by splitting the unsaturated bonds
in the dye structure [31]. In case of catalytic ozonation pro-
cess, the surface of iron-loaded RHA may be neutral near
its point of zero charge, therefore, ozone may interact with
Bronsted acid sites and hence results in the production of
hydroxyl radicals [24]. Therefore, higher removal efficiency
of BY 28 was achieved in the case of catalytic ozonation pro-
cess (at pH 3) as compared with single ozonation (Fig. 6(a)).
The chemical species generated in the aqueous solution by
electroflocculation may primarily dependent on pH. At
acidic pH 3, the efficiency of electroflocculation was found to
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Fig. 4. EDX of (a) RHA and (b) Fe-RHA.

be lower (Fig. 6(a)). This may be because aluminium exists in
the form of free cations AI**[20].

The results further reveal that the dye removal efficiency
increases with the increase in pH, at neutral pH conditions
(pH 7), the decolourization efficiencies achieved were 69.40%,
56.10%, 40.80% in catalytic ozonation, ozonation and elec-
troflocculation, respectively, at time 120 min (Fig. 6(b)). The
electroflocculation process shows better removal efficiency
(at pH 7) as compared with pH 3, this may be because the

ompound

| | I T
6.00 700 800  9.00

10.00

Cation

massh

formation of gelatinous aluminium hydroxide complexes,
Al(OH), complexes may be the predominant species which
causes dye removal by adsorption. Freshly formed amor-
phous Al(OH), “sweep flocs” have large surface areas, which
may be beneficial for a rapid adsorption of soluble organic
compounds [20]. The ozonation in the presence of catalyst
effectively attacked and removed the BY 28. The presence of
Fe-RHA during the ozonation of BY 28 causes the increase in
ozone dissolution by providing the surface [7]. At higher pH
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values above the point of zero charge of catalyst (pH , =3.3),
that is, neutral and alkaline conditions, the catalyst Iije-RHA
surface becomes negatively charged [24] and degree of pro-
tonation of Fe-RHA surface decreases gradually thereby
increasing the adsorption of the cationic dye onto the catalyst
surface [32]. The adsorbed dye on the catalyst surface may
be removed by adsorbed hydroxyl radicals formed inside the
solution.

At pH 9, AI(OH)* form may be the dominant specie that
could remove the dye by electrostatic interaction and precip-
itation [20]. Under alkaline conditions (pH 9), the decolour-
ization efficiencies achieved were 64.10%, 61.60%, 34% in
catalytic ozonation, ozonation and electroflocculation, respec-
tively, at time 120 min. Under alkaline conditions, ozone
decomposition generates hydroxyl radicals, which have high
oxidation potential, and causes fast degradation of dye.

3.3. Comparison among advanced oxidation processes:

The comparative study among the AOP or synergetic
processes such as Fe-RHA catalytic ozonation, ozonation-
electroflocculation, electroflocculation aided by Fe-RHA and

(b) pH 7
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Fig. 6. Effect of pH on the decolourization of basic yellow 28 in the electroflocculation, ozonation and Fe-RHA catalytic ozonation
processes (Co (BY) =25 mg/L; T = 30°C; catalyst amount =40 g; V = 3,000 mL; O, = 0.9 mg/min; voltage = 30 V; current = 0.34 Amp).
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Fe-RHA catalytic ozonation-electroflocculation was studied at
neutral pH 7 (Fig. 7). The maximum dye removal efficiency
of 75.80% was obtained in the case of Fe-RHA catalytic ozo-
nation-electroflocculation synergetic process in 120 min. This
may be explained, as the performance of electroflocculation is
high at neutral pH due to the maximum formation of alumin-
ium poly hydroxide species that causes the dye removal by
charge neutralization and adsorption. The Fe-RHA catalytic
ozonation is also very effective process at pH 7, as the catalyst
surface becomes negatively charged, hence BY 28 adsorption
may increase and hydroxyl radicals formed inside solution
may adsorbed on catalyst surface to remove adsorbed dye. It
isimportant to mentioned here that synergic process has about
10% higher removal efficiency as compared with catalytic ozo-
nation process at pH 7 (Fig. 7). This may be due to the change
in surface properties of iron-loaded catalyst at pH higher than
its point of zero charge (the surface hydroxyl groups may be
deprotonated [24]) and the removal of dye was mainly due
to the adsorption mechanism in both processes [24,30,33].

3.4. Effect of Fe-RHA dose

The effect of catalyst dose on the Fe-RHA catalytic
ozonation electroflocculation synergetic process for the
treatment of BY 28 was studied at 20, 40 and 60 g dosage.
The percentage decolourization increased with the increase
in catalyst dose (Fig. 7). The maximum decolourization of
87.3% was achieved (at 60 g dosage, in 120 min). The increase
in dye removal with the catalyst dose may be due increase
in adsorption [34], which clearly indicates that catalyst
plays an important role in combined process.

3.5. Decolourization versus degradation

The results presented in Fig. 9 clearly indicate that the
decolourization of BY 28 was much higher as compared
with its degradation. For example, 75.8% decolourization

A. Ikhlag et al. / Desalination and Water Treatment 127 (2018) 354-363

efficiency was achieved in first 120 min. However, the effi-
ciency in terms of COD removal was found to be 52.2% in
120 min (Fig. 9). The experimental data indicate that com-
bined process (catalytic ozonation-electroflocculation) found
to be highly effective to remove COD near wastewater pH.

3.6. Kinetic studies

The pseudo-first-order kinetic models were applied to
decolourization of BY 28 [35].

dcC
—-——=kC 3
i 3)
In linearized form,
ln{c“] =kt 4)
Ct

where C, = initial dye concentration (mg/L); C, = concentra-
tion at time ¢ (mg/L); t = time (min); k = the pseudo-first-order
rate constant (min™?).

The linear plots of pseudo-first-order kinetic model as
shown in Fig. 10 showed that model fitted well to the deco-
lourization of BY 28 with studied processes. The values of the
rate constants and regression coefficients have been given in
Table 2. It was observed that highest value of rate constant
of 11.2 x 10° min™ was achieved for the synergic process
(electroflocculation and catalytic ozonation using Fe-RHA
catalyst).

3.7. Proposed mechanism of synergic process

The integrated process studied in current investigation
involves the combined effect of two different processes for the
removal of BY 28. The mechanism of both the electrofloccula-
tion and catalytic ozonation processes depends on the pH of
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Fig. 7. Comparison of advanced oxidation processes for the decolourization of basic yellow 28 (C

=25 mg/L; T = 30°C; catalyst

o (BY)

amount =40 g; V = 3,000 mL; O, = 0.9 mg/min; Voltage = 30 V; Current = 0.34 Amp; pH =7).
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Fig. 9. Comparison of COD removal and decolourization of basic yellow 28 in the Fe-RHA catalytic ozonation combined with

electroflocculation process (C, 4y,

Table 2

Pseudo-first-order kinetic rate constants for the decolourization
of basic yellow 28 (C, \p, = 25 mg/L; T = 30°C; catalyst
amount = 40 g; V = 3,000 mL; O, = 0.9 mg/min; voltage = 30 V;
current = 0.34 Amp; pH =7)

Process K = 103(min™") R?
Ozonation 6.5 0.904
Electroflocculation 4 0.944
Catalytic ozonation 9.6 0.939
Ozonation-electroflocculation 8.9 0.98
Electroflocculation-Fe-RHA 4.8 0.744
Catalytic 11.2 0.938

ozonation-electroflocculation

=25mg/L; T =30°C; V' =3,000 mL; O, = 0.9 mg/min; Voltage = 30 V; Current = 0.34 Amp; pH =7).

water [20,36]. In current investigation, the integrating process
was studied near neutral pH. Therefore, it was hypothesized
that at studied pH the removal of BY 28 may be due to its
adsorption on the gelatinous aluminium hydroxide complexes
(Al(OH), complexes) formed as a result of electroflocculation
process and on the catalyst (Fe-RHA) and their subsequent
reactions with adsorbed molecular ozone as well as hydroxyl
radicals generated in ozonation process [20,36]. It is import-
ant to mention here that in some recent findings, it has been
hypothesized that surface hydroxyl groups of iron-loaded cata-
lysts play an important role in ozone decomposition leading to
the production of hydroxyl radicals [24,37]. Previous findings
further indicate that the surface of catalyst may be deproton-
ated when the pH of solution would be above the point of zero
charge of catalyst [24,37]. Therefore, Fe-RHA (pH,, =3.3) may
be deprotonated at pH 7.0 and may acquire overall negative
charge, which may lead to significant adsorption of positively



362

A. Ikhlaq et al. / Desalination and Water Treatment 127 (2018) 354-363

(a) Ozonation

R?=0.904

0.6

(b) Electroflocculation

R?=0.9443

o
=N

1.4

50 100
Time [min]

(¢) Catalytic Ozonation

R?=0.9388

(e) Electroflocculation Fe-RHA

0.9
0.8

In(C,/C,)

0.1

50 100
Time [min]

R2=10.7435

0@

Fig. 10. Linear pseudo-first-order kinetic plots for the decolourization of basic yellow 28 (C, 4,

50 100

Time [min]

0
150 0 50 100 150
Time [min]
(d) Ozonation-Electroflocculation
1.4
1.2
R2=0.9795
[
150 0 50 100 150
Time [min]
(f) Catalytic ozonation-
Electroflocculation
1.8
1.6
R2=0.9379
1.4
_ 1.2
S 1
S
208
=
0.6
0.4
0.2
0@
150 0 50 100 150
Time [min]

amount =40 g; V' =3,000 mL; O, = 0.9 mg/min; Voltage = 30 V; Current = 0.34 Amp; pH =7).

, = 25 mg/L; T = 30°C; catalyst



A. Ikhlag et al. / Desalination and Water Treatment 127 (2018) 354-363 363

charge BY 28 and its subsequent removal with adsorbed ozone
and hydroxyl radicals on the surface of catalyst.

4. Conclusions

* Fe-RHA catalytic ozonation was an effective method for
the treatment of BY 28.

* The Fe-RHA catalytic ozonation combined with electro-
flocculation was found to be the most efficient method
for dye removal near wastewater pH.

* The pH effect plays an important role in determining the
efficiencies of AOP.

¢ The kinetics of decolourization was well fitted on pseu-
do-first-order kinetic model.
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