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was monitored.

The photocatalytic activity of a brick grain-supported iron oxide (denoted as B1) was tested for its activity
to degrade Reactive Black 5 (RB5) in the presence of oxalic acid. B1 was obtained as a solid waste from a
wastewater treatment plant, and characterized using scanning electron microscopy (SEM), energy disper-
sive X-ray spectroscopy (EDS), X-ray powder diffraction (XRD) and N, adsorption/desorption isotherm
analyses. The decolorization experiments were performed in a fluidized bed reactor with aeration under
UV-A irradiation (A =365 nm). The effects of various factors such as solution pH, concentration of oxalic
acid and dissolved oxygen on the decolorization of RB5 were evaluated considering the contributions
of adsorption and photo-catalytic degradation. The role of dissolved iron in the removal of RB5 and the
stability of B1 were also examined. In addition, the removal of TOC during the photo-catalytic reaction

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Dye effluents from printing, dyeing and textile industries may
contain chemicals that exhibit carcinogenicity, reproductive and
developmental toxicity, as well as neurotoxicity and chronic tox-
icity toward humans and animals [1]. Several methods have been
used to treat dye wastewater, such as biodegradation, activated
carbon adsorption and chemical coagulation. However, these con-
ventional methods suffer from a few limitations or drawbacks
related to cost, efficiency and secondary pollution [2].

Advanced oxidation processes (AOPs) that rely on the highly
reactive oxidant, hydroxyl radical (*OH), can be used as alterna-
tive technologies for the treatment of wastewater contaminated
by reactive dyes. In the last couple of decades, AOPs have attracted
considerable attention as emerging technologies for the treat-
ment of nonbiodegradable organic contaminants. In particular,
AOPs based on the iron-catalyzed decomposition of hydrogen
peroxide (H,O,) (i.e. the Fenton system) have been inten-
sively studied mainly for the purposes of wastewater treatment
[3.4].
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Among the various Fenton systems developed to date, the het-
erogeneous systems using iron oxides have an advantage over the
homogeneous systems, in that the separation of catalysts after
the treatment is simple. The separation of dissolved iron in the
homogeneous Fenton systems requires additional processes, such
as membrane filtration, adsorption or coagulation/precipitation,
which poses additional costs and cause secondary pollution. How-
ever, heterogeneous Fenton systems usually exhibit lower activity
for the production of *OH than the homogeneous Fenton sys-
tems. For this reason, many investigators have recently attempted
to combine heterogeneous Fenton systems with ultraviolet (UV)
irradiation to enhance the activity of Fenton process [5-8]. In par-
ticular, the use of oxalate, as a chelating agent for iron, greatly
enhances the photo-catalytic activity of the Fenton systems (i.e.,
the photo-ferrioxalate system). The photo-ferrioxalate system can
also produce *OH without the supply of H,0, (Refer to Section 2
for more details).

In this study, a brick grain-supported iron oxide (B1) was
tested as a novel heterogeneous photo-catalyst. This material was
obtained as a solid waste from an industrial wastewater treatment
plant in Taiwan, where the traditional dark Fenton system was
used. The objective of the present study was to assess the potential
for B1 for the removal of a reactive dye in the photo-ferrioxalate
system without an external supply of H,0,. Therefore, the decol-
orization of Reactive Black 5 (RB5) was examined by investigating
the factors affecting the system efficiency. The effect of the homo-
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geneous reaction due to soluble iron species dissolved from the
catalyst was also evaluated.

2. Chemistry of the photo-ferrioxalate system

The photolysis of ferrioxalate produces *OH without the addi-
tion of H,0, as the H,0; is formed as an intermediate during the
photochemical reactions, via the reduction of dissolved oxygen
[9-12]. The mechanism through which *OH is formed during the
photolysis of ferrioxalate is briefly summarized as follows.

The primary process of the photolysis of ferrioxalate generates
ferrous ion (Fe2*) and oxalyl radical anion (C;04~*) (reaction (1)),
which subsequently undergoes a rapid decarboxylation to form a
carbon dioxide radical anion (CO,~*) (reaction (2)).

FE(C2O4)33_ +hv— Fe2* + 2C2O42_ +Cy04™"

¢ = 1.0-1.2at254-442 nm[12] (1)

(204~ — COy+COy~* 2)

The fate of CO, ~* depends on the competitive reactions between
dissolved oxygen and ferrioxalate (reactions (3) and (4)). At rela-
tively low ferrioxalate concentrations, CO, ~* reacts with oxygen to
produce a superoxide radical anion (O, ~*) (reaction (4)), which can
be either reduced further to H,0, by the reaction with Fe%* (reac-
tion (5)) or oxidized back to oxygen by the reaction with ferrioxalate
(reaction (6)).

CO,™* + 03 > CO,+0,7* (3)
CO5™* + Fe(C204)33~ — Fe?t 4+ C0Oy +3C,04%~ (4)
0,~* + Fe?t 4 2Ht — Fe3* + H,0, (5)
057* + Fe(C304)33~ — FeZt +3C,042™ + 0, (6)

The H,0, produced via these reactions is converted into *OH via
the well-known Fenton reaction (reaction (7)).

Fe?* + H,0, — Fe3* + OH™ +°*OH (7)
3. Materials and methods
3.1. Reagents

All chemicals were of reagent grade and used without further
purification. Doubly distilled and deionized water was used for
preparing all solutions. The purity of RB5 (Fig. 1a; M.\W.=991.82)
reagent used in this study was 55%, but the ash content was not
taken into account when calculating the concentration of RB5. Stock
solutions of oxalic acid (100 mM) and RB5 (1 mM) were prepared
and stored under dark conditions. RB5 (Refer to the chemical struc-
ture in Fig. 1a) exhibited a visible absorption peak at 597 nm in the
pH range of 3-11.5.

3.2. Preparation of B1

A novel catalyst of iron oxide supported on brick grains was
obtained as a solid waste from a wastewater treatment plant
located in Taichung County, Taiwan. The plant employs the Fen-
ton process (the Fe2*/H, 0, system) with a biological pre-treatment
step to treat textile dyeing wastewater, and brick grains to reduce
the generation of iron sludge from the Fenton treatment.

The general process of the plant and the procedure for obtain-
ing B1 are as follows. The bioeffluents from dyeing wastewater and
Fenton's reagent (H,O0, and FeSO4) were continuously fed into the
bottom of a cylindrical fluidized bed reactor (1 m diameter x 7m
height) packed with brick grains. The molar ratio of H,0, to FeSO4
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Fig. 1. (a) Chemical structure of RB5 and (b) schematic diagram of the three-phase
fluidized bed reactor.

fed into the reactor was controlled at 2:1. The ferric species pro-
duced from the Fenton reaction were immobilized onto the surfaces
of brick grains, gradually forming iron oxide layers. The brick grains
coated by iron oxide were withdrawn from the reactor after 3
month of operation (denoted as B1). The particle size and den-
sity of B1 were approximately 1 mm in diameter and 2.53 g/cm?,
respectively.

3.3. Characterization of B1

The morphologies of the brick grain support and B1 were
obtained using a scanning electron microscope (SEM; JEOL JSM-
6700F). The atomic composition of B1 surface was measured
using energy dispersive spectra (EDS; Oxford INCA-400). The X-
ray diffraction pattern was obtained using a powder diffractometer
(Rigaku RX III), with Cu K-a radiation (accelerating voltage 40 kV;
current 30 mA). The specific surface area of B1 was analyzed using
N, adsorption/desorption BET isotherms. The iron content of B1
was determined to be 27.4% by analyzing the Fe ions dissolved from
an acidified aliquot of the material, using an atomic absorbance
spectrophotometer (SensAA; GBC) [13].
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3.4. Experimental setup and procedure

The experiments on the removal of RB5 were performed in
a cylindrical three-phase fluidized bed reactor (3.5cm diame-
ter x 45 cm height), equipped with a 15W black light blue (BLB)
lamp (Amax =365 nm) (Fig. 1b). The lamp was covered by a Pyrex
jacket tube to allow light of A>320nm. A pH meter was placed
on the upper end of the reactor to continuously monitor the solu-
tion pH. Compressed air was bubbled from the reactor bottom to
suspend B1 and maintain good mixing conditions. In some experi-
ments, ultrapure nitrogen gas was used for deaeration.

RB5 solution ([RB5]g =20 wM) was prepared and placed in the
reactor, with a predetermined quantity of B1 and oxalic acid added.
The pH of the solution was initially adjusted to a predetermined
value and maintained within +0.2 units during the entire experi-
ment using dilute solutions of HNO3 and NaOH. The experiments
were initiated by turning on the lamp. During the first 120 min
after the initiation of the photochemical reaction, the lamp was
turn off, with the solution pH raised to 11.5 by the addition of
NaOH to desorb the organic compounds from the surface of B1 (The
pHzpc of B1 is 7.5). Samples were periodically withdrawn, and fil-
tered through a 0.45 wm polyvinylidene fluoride membrane prior
to analysis.

3.5. Analytical methods

The decolorization of RB5 was analyzed by measuring the visi-
ble light absorbance at 597 nm, using a UV-vis spectrometer (Jasco
7850). An atomic absorption spectrometer (Z-6100, HITACHI) was
used to measure the dissolved iron in solution. Analysis of Fe(II)
was carried out using 1,10-phenanthroline [14]. The concentra-
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Table 1
Surface atomic compositions of the brick grain and B1 using EDS.

Element Brick grain (at.%) B1 (at.%)

C 17.82 33.59

(0] 52.73 43.50

Fe 3.96 19.44

Al 8.95 1.74

Si 16.54 1.73

tion of oxalate was measured with potassium permanganate via
titration [15]. TOC was analyzed using a SIEVERS 900 analyzer. The
samples for the TOC measurement were pretreated by acidifica-
tion (using phosphoric acid), followed by aeration to remove any
inorganic carbon.

4. Results and discussion
4.1. Surface properties of B1

Table 1 presents the surface chemical compositions of the brick
grain support and B1 determined by EDS. The SEM images of the
brick grain support and B1 (Fig. 2a and b) indicate that the origi-
nally rough surface of the brick grain support had been smoothed
due to the iron oxide coating from the 3 months of reaction in the
plant. The XRD analyses demonstrated that the brick grain support
exhibits characteristic peaks of quartz (SiO,-file number 46-1045,
JCPDS), but B1 has no isomorphic phase probably due to the amor-
phous iron oxide coating (Fig. 2c). The specific surface area of B1
was measured and found to be 158 m?/g.
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Fig. 2. Scanning electron microscopic images of (a) the brick grain support, (b) B1 (500x), and (c) XRD patterns of B1.
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Fig. 3. (a) Decolorization of RB5 under various conditions, with aeration (a:
UV alone, b: oxalic acid and B1, c: oxalic acid with UV, d: B1 alone, e: B1
with UV, f: oxalic acid and B1 with UV); (b) Comparison of the decolorization
of RB5 between aerated and N,-saturated conditions ([oxalic acid]o=0.33 mM;
[B1]o=10g/L; [RB5]p =20 wM; pH 5).

4.2. Degradation and adsorption of RB5

The photo-catalytic experiments were carried out for 120 min
at pH 5, with the solution pH then raised to 11.5 to desorb RB5 from
the surface of B1 (Fig. 3a). The decolorization of RB5 by direct UV
photolysis was negligible (curve (a) in Fig. 3a). In the absence of
UV light, with 10gL-! B1 and 0.33 mM oxalic acid (curve b), the
RB5 concentration decreased by approximately 10% in 120 min,
mainly due to the adsorption of RB5 onto the surface. Without
UVA light and 0.33 mM oxalic acid (curve c), limited degradation
of RB5 was observed (approximately 20%). No clear explanation
can be provided for the degradation of RB5 in curve c, but it
may be attributable to the direct electron transfer between the
photo-excited state of RB5 and oxalate ions. With 10gL~! B1 alone
(curve d), the RB5 concentration decreased by 60% during 120 min
due to adsorption: when the solution pH was raised to 11.5, the
absorbance returned to its initial value. The difference between
curves band dindicated that oxalate competes with RB5 for adsorp-
tion onto the surface of B1. UV irradiation in the presence of B1 did
not significantly influence the decolorization of RB5 (curve e). How-
ever, a significant amount of RB5 was removed in the presence of
10gL-1 B1 and 0.33 mM oxalic acid under UV irradiation (curve
f). The concentration of RB5 decreased by almost 90% for 120 min,
with less than 10% of the initial concentration of RB5 recovered
after raising the pH to 11.5, indicating that the removal of RB5 due
to adsorption was not significant.

4.3. Degradation of RB5 in the absence of oxygen

The degradation of RB5 under N,-saturated conditions was com-
pared to that in the presence of oxygen (Fig. 3b). Interestingly,
approximately 50% of the initial RB5 was degraded even in the
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Fig. 4. (a) Concentration of dissolved iron from B1; (b) Comparison of the RB5
decolorization activity between B1 and ferrous ion ([oxalic acid]o=0.33 mM;
[B1]o=10g/L; [Fe?*]p =40 wM; [RB5]o = 20 uM; pH 5).

absence of oxygen, indicating that the degradation of RB5 can take
place via a reductive pathway. The carbon dioxide radical anions
(CO,~*), generated by the photolysis of ferrioxalate complexes,
may be responsible for the degradation of RB5 in the absence of oxy-
gen. CO,~* has a relatively high reducing power (EE{[COZ/COE'] A
—1.9V [16]), and has been reported to be capable of degrading
several organic contaminants [17-19]. In the presence of oxygen,
CO,~* is rapidly consumed by its reaction with oxygen (reaction

(3))
4.4. Role of dissolved iron

The catalytic processes with heterogeneous iron catalysts
involve the reactions that occur on the surface of the catalyst as
well as those in the bulk phase due to soluble iron dissolved from
the catalyst. Several reports have shown that both the heteroge-
neous and homogeneous reactions significantly contribute to the
degradation of the target compounds in the photo-catalytic sys-
tems using iron oxides [20-23]. On the contrary, only a few studies
have reported on the degradation of dye compounds, and shown
a negligible effect of the homogeneous reactions due to dissolved
iron species [24,25].

To examine the contribution of dissolved iron in our system, the
concentration of iron leaching from B1 was monitored throughout
the reaction (Fig. 4a). The total dissolved iron and ferrous ions were
measured by an atomic absorption spectrometer and phenanthro-
line method, respectively. The concentration of total dissolved iron
increased to 45 M during the initial 30 min assisted by complex-
ation of surface iron with oxalate, and then gradually decreased to
approximately 35 M at 120 min as the concentration of oxalate
decreased (Fig. 7). In addition, most of the dissolved iron was
present as ferrous ions.

In order to evaluate the effect of dissolved iron on the degrada-
tion of RB5, the decolorization of RB5 by the homogeneous system,
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Fig. 5. Decolorization of RB5 by multiple reuse of B1 ([oxalic acid]o=0 33 mM;
[B1]o=10g/L; [RB5]o =20 wM; pH 5).

using 40 wM Fe(II) (the amount comparable to that of the dissolved
ion from B1), was examined by comparing the result to that with
the heterogeneous system using B1 (Fig. 4b). As a result, no dif-
ference was found between the two systems, indicating that the
dissolved ferrous ions from B1, rather than the surface reactions of
the material, are predominantly responsible for the photocatalytic
degradation of RB5. In fact, *OH can be formed via the iron-oxalate
complexes present on the surface of B1. However, in the presence
of oxalic acid, RB5 is not adsorbed on the B1 surface to a significant
extent curve b in Fig. 3a), and thereby *OH produced in the vicinity
of the surface may not be used in the RB5 degradation.

4.5. Stability of the B1 activity

B1 needs to maintain constant long-term activity for its effec-
tive application in the wastewater treatment industry. The stability
of the activity of B1 was examined by conducting multiple runs
reusing B1 under identical reaction conditions (Fig. 5). The degra-
dation efficiency of RB5 was almost the same during the repetitive
runs. Although the degradation of RB5 in this system was found
to be mainly due to the homogeneous reactions of dissolved iron
from B1 (Section 4.4), the amount of iron consumed in each run was
negligible relative to the iron content within the material. Assum-
ing that a similar amount of iron (ca. 40 wM) leaches out for each
run, the activity of B1 can last for approximately 1200 runs.

4.6. Effects of pH and the concentration of oxalic acid

The decolorization of RB5 was investigated in the pH range
3-7. The rate of RB5 decolorization was slightly higher at pH
4 than at pH 3, but decreased with increasing pH from 4 to 7
(Fig. 6a). The negative effect of pH can be explained by the lesser
availability of iron at higher pH values. The formation of Fe(IIl)-
oxyhydroxides under neutral pH conditions may result in surface
passivation of B1, lowering the iron dissolution rate. In addition,
the dissolved iron (mostly ferrous ion; Fig. 4a) can form insolu-
ble ferrous hydroxide (i.e., Fe(OH)y()) at above pH 6, inhibiting the
Fenton reaction. Indeed, the concentration of total dissolved iron at
pH 7 was less than 5 wM at 120 min. Conversely, the faster decol-
orization at pH 4 than pH 3 may be attributable to the enhanced
formation of H,0, at the higher pH value. It has been suggested
that the rate-determining step for the production of *OH in the
photo-ferrioxalate system, without externally supplied H, 05, is the
formation of H,0, via the reactions of HO,*/0,~* with Fe2* [9]. The
reaction of O, ~* with Fe2* (reaction (5); ks =7.2 x 108 M~1 s~1[26])
is known to be three orders of magnitude faster than the reaction
of HO,* with Fe2* (reaction (8); kg=7.2 x 10° M~1s-1[27]).

HO,* + Fe?t +Ht — Fe3+ +H,0, (8)
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Fig. 6. Effects of (a) pH ([oxalic acid]o=0.33 mM; [B1]p=10gL"1!), and (b) concen-
tration of oxalic acid ([B1]Jo=10gL""; [RB5]p =20 wM; pH 5) on the decolorization
of RB5.
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Fig. 7. Variation in total organic carbon (TOC) concentration ([oxalic
acid]p=0.33 mM; [B1]p=10gL""; [RB5]o =20 M; pH 5).

The decolorization of RB5 was accelerated with increasing oxalic
acid concentration from 0.11 to 0.55 mM (Fig. 6b). In the absence
of oxalic acid, RB5 was approximately 60% decolorized in 120 min,
mainly due to adsorption: the absorbance was completely returned
to the initial value on raising the pH after the reaction. However, it
was obvious that the amount of RB5 desorbed from the B1 surface
decreased with increasing oxalic acid concentration, indicating that
an increased amount of RB5 was removed by the photo-catalytic
degradation. With more than 0.33 mM oxalic acid, the removal
of RB5 due to adsorption accounted for less than 5% of the total
decolorization.

4.7. Mineralization of RB5

TOC was monitored during the photochemical reaction and after
desorption by raising pH (Fig. 7). The concentrations of RB5 and
oxalic acid were converted into the corresponding TOC values. The
TOC values of the intermediates were calculated by subtracting the
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values for RB5 and oxalate from the measured TOC values. Dur-
ing the 120 min photochemical reaction, approximately 80% of TOC
was removed, but 40% of the initial value was recovered when the
pH was adjusted to 11.5 after the reaction. The TOC values of the
intermediates after desorption were similar to the initial TOC value
for RB5, indicating that the removal of TOC due to oxidative miner-
alization was negligible. It appears that the removal of TOC during
the photochemical reaction mainly resulted from the decomposi-
tion of oxalic acid into carbon dioxide and the physical adsorption
of RB5 and its intermediates onto the B1 surface.

5. Conclusion

This study demonstrated that a brick grain-supported iron oxide
(B1) can be effectively applied for the decolorization of a reactive
dye, RB5, by photo-catalytic degradation and physical adsorption.
B1 was capable of not only decolorizing RB5, but also removing
TOCs from RB5 and its oxidation intermediates. Several factors
affected the efficiency of the RB5 decolorization, such as dissolved
oxygen, pH and the concentration of oxalic acid. The decolorization
of RB5 was greater under aerated than Nj-saturated conditions.
However, even in the absence of oxygen, a significant amount of
RB5 was decolorized due to the reductive degradation by CO,~°.
The increased pH value lowered the rate of RB5 decolorization;
whereas, the raised concentration of oxalic acid facilitated the
oxidative degradation of RB5. The photo-catalytic degradation of
RB5 was attributed to the homogeneous reactions of dissolved iron
species rather than the surface reactions, indicating that the activity
of B1 lasts only until the initially loaded iron is completely con-
sumed. However, the mineralization of RB5 was mainly due to the
physical adsorption of RB5 and its oxidation intermediates onto the
surface of B1.
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