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bstract

The photolysis and photo-catalysis of ferrioxalate in the presence of hydrogen peroxide with UV irradiation (UV/ferrioxalate/H2O2 process)
or treating the commercial azo dye, reactive Black B (RBB), is examined. An effort is made to decolorize textile effluents at near neutral pH
or suitable discharge of waste water. pH value, light source, type of initial catalyst (Fe3+ or Fe2+) and concentration of oxalic acid (Ox) strongly

ffected the RBB removal efficiency. The degradation rate of RBB increased as pH or the wavelength of light declined. The optimal molar ratio
f oxalic acid to Fe(III) is three, and complete color removal is achieved at pH 5 in 2 h of the reaction. Applying oxalate in such a photo process
ncreases both the RBB removal efficiency and the COD removal from 68% and 21% to 99.8% and 71%, respectively.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Advanced oxidation processes (AOPs) are the conventional
sed approaches for treating dye wastewater. Most of them,
ncluding heterogeneous photocatalytic oxidation [1–3], treat-
ent with ozone (often combined with H2O2, UVA or both)

4–6], and H2O2/UV systems [7–10], involve the generation of
ighly reactive hydroxyl radicals (•OH). Various studies [11–14]
ave demonstrated that numerous organic pollutants, including
henol, chlorophenols, chlorobenzene, and others can be treated
y Fenton’s reagents,

e2+ + H2O2→ Fe3+ + OH− + •OH, k = 63 M−1 s−1

(1)
ecause, the •OH radicals produced in the reaction are strongly
xidizing, non-selective and able to decompose numerous
rganic compounds, including dyes and pesticides. Several
esearchers have proposed the mechanism of the degradation
f organic molecules by •OH radicals:
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Ferrioxalate

OH + RH → oxidized products k = 107to1010 M−1 s−1

(2)

The rate of destruction of organic pollutants and the extent
f mineralization can be considerably increased by using an
e(II,III)/H2O2 reagent irradiated with near-UV and/or visible

ight [15–18], in a reaction that is called the “photo-Fenton
eaction”. Photo-enhancement is thought to be described by,

1) Photoreduction of ferric ion to ferrous ion [19–21]:

Fe(III) OH2+ hν−→Fe(II) + •OH, k = 0.0012 s−1 (3)

2) Photolysis of hydrogen peroxide [22]:

H2O2
hν−→2 •OH, k = 0.5 s−1 (4)

3) Photodecarboxylation of ferric carboxylate complexes [19]:

Fe(III)(RCO2)2+ + hν
LMTC−→ Fe(II) + CO2 + R• (5)
In a photo-Fenton system, most hydroxyl radicals (•OH) are
ormed by the conventional Fenton reaction (Eq. (1)), and by
he photolysis of ferric species (Eq. (3)). Eq. (3) also reveals
hat the acceleration of degradation by irradiation is caused by
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The photo-enhancement of the RBB degradation reactions in
a batch photoreactor (Fig. 1) at room temperature was eval-
uated using irradiation at an intensity of 5.4 mW cm−2. The
irradiation source was a set of three 15 W UVA lamps (UVP
Y.-H. Huang et al. / Journal of Ha

he photoreduction of Fe(III) to Fe(II) ions, a step that produces
ew HO• radicals and regenerates Fe(II) ions that can react fur-
her with more H2O2 molecules. Since the maximum absorption
avelength of Fe(OH)2+ species is less than 400 nm, visible

rradiation (>470 nm) [23] may not drive the reaction (Eq. (3));
ccordingly, UV light is more effective.

As complexing ligands are present in the photo-Fenton
ystem, Eq. (5) should be considered. Fe(III) complexes of
ligocarboxylic acids in the UV–Vis absorbance are photolyzed
hrough a ligand-to-metal charge transfer (LMCT) reaction (Eq.
5)), yielding Fe2+ and HO• with high quantum yields, even in
he absence of H2O2 (Eq. (6)):

• + O2 → ROO•Fe(III)−→ oxygenated products → Fe(II) + •OH

(6)

The ferrioxalate complex Fe(C2O4)3
3− is the best known and

ost extensively studied Fe(III)–polycarboxylate complex. It is

popular actinometer and is used extensively to measure light
ntensity [24]. Irradiation of ferrioxalate has been suggested to
roceed as follows in acid solution.

e(C2O4)3
3− hν−→Fe(II) + 2C2O4

2− + C2O4
•−,

k = 0.04 s−1 (7)

2O4
•− + Fe(C2O4)3

3− → Fe(II) + 3C2O4
2− + 2CO2 (8)

2O4
•− → CO2 + CO2

•−, k = 2 × 106 s−1 (9)

C2O4
•−

CO2
•− + O2 → 2CO2

CO2
+ O2

•−, k = 2.4 × 109 M−1 s−1

(10)

In air-saturated solution at pH 3, the intermediate oxalate radi-
al reacts with molecular oxygen and generates the hydroperoxyl
adical (O2

•−) which disproportionates to form H2O2 [25–27].
he ferrous ion formed in reactions (7) and (8) can react with the
2O2 that is present in solution to generate hydroxyl radicals

Eq. (1)). Hence, the photolysis of ferrioxalate in the presence of
2O2 is a continuous source of Fenton’s reagent. Furthermore,

he irradiation of ferric ions in the presence of carboxylic acids
including oxalic acid, [28]) induces the oxidation of the acid,
eleasing carbon dioxide [19], greatly favoring the application
f oxalic acid in the photo-Fenton system, because, it can be

urther decarboxylated and completely mineralized.

The use of ferrioxlate in the photo-Fenton reaction to degrade
rganic pollutants in acidic media at approximately pH 3 has
een reported to be highly effective [29,30]. However, the main
us Materials 140 (2007) 382–388 383

oal of this investigation is to maintain a pH of 5, which was
elected tentatively to simulate natural bodies of water (pH 5–9)
or suitable discharge to be more environmental friendly.

. Experimental

.1. Materials

Reactive dye-Black B was purchased from Aldrich. For ref-
rence, the structure of the reactive dye-Black B is displayed
s the target dye used in all trials. Hydrogen peroxide (50 wt%)
olution was obtained from Union Chemical Works (Taiwan).
erric sulfate and ferrous sulfate were purchased from Hayashi
ure Chemical (Taiwan). Oxalic acid was purchased from J.T.
aker (India). Other chemicals used herein, including perchlo-

ic acid and sodium hydroxide, were of reagent grade and used
o adjust pH. All sample solutions were prepared using DI water
rom the Millipore Milli-Q system.

.2. Experimental procedures and analysis
Fig. 1. Experimental photoreactor.
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Fig. 2. Preliminary experiments of Black B degradation at pH 5 with different
technologies: (�):[Fe3+] = 5 mg/L, [H2O2] = 400 mg/L; (�):[Fe2+] = 5 mg/L,
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L-15 365 nm) fixed inside a cylindrical Pyrex tube (allow-
ng wavelengths λ > 320 nm to penetrate), and the irradiation
ources of the other two long wavelength (440 nm and 550 nm)
mitting lamps for compared experiment were both the same
et of three 18 W lamps. After oxalic acid and iron catalyst
Fe(II) or Fe(III)) was added to 500 mg/L (0.553 mM) RBB
olution (around 1.5 L), the pH of the solution was adjusted
nd then the UV light turned on to initiate the reaction. The
olume of all reactive solutions was 1.5 L in each trial. The opti-
al amount of 400 mg/L (11.765 mM H2O2) hydrogen peroxide

<theoretical demand of 530 mg/L) as oxidant was estimated,
nd it was supplied to the system at the beginning of the reac-
ion. The residual H2O2 level was measured by the titanium
ulfate method [31]. The COD was measured by the potassium
ichromate approach (NIEA W515.53A), published by USEPA
32].

The residual dye level was measured after NaOH was added
o each sample to raise the pH to precipitate ferric ions, and thus,
erminate the reaction. The absorption of RBB is maximum at
max = 591 nm and the color removal of RBB was determined
sing a UV–Vis spectrophotometer (Jasco Model 7850). The
e2+ ions (re)generated during the degradation of dye in all
f the processes was determined using the 1,10-phenanthroline
ethod [33]. The Fe(II)-phenanthroline complex was evaluated

pectrophotometrically at λmax = 510 nm. RBB and its degraded
ntermediates caused no color interference during this determi-
ation, because their absorptions are almost zero at λ = 510 nm.
ll samples were analyzed immediately after sampling to pre-
ent further reactions.

. Results and discussion

.1. Preliminary experiments

Preliminary experiments on 500 mg/L RBB degradation
t pH 5 were conducted using 400 mg/L H2O2 and 5 mg/L
0.09 mM) iron which was selected below regulation cri-
eria of discharge (10 mg/L) [34] for Fenton, Fenton-like
nd Fe3+/H2O2/UV process. As displayed in Fig. 2, the
enton-like process exhibited the lowest RBB removal effi-
iency. The removals of RBB by the Fenton-like, Fenton and
e3+/H2O2/UV processes are 19%, 65% and 68%, respec-

ively. The residual COD in each process still considerably
xceeds 100 mg/L, the maximum allowed criteria of discharge
34]. The degradation rate of RBB by the Fe3+/H2O2/UV pro-
ess is initially much lower than that of the Fenton process,
ut finally greater. Clearly, as indicated in other works, the
nitial delay time of the Fe3+/H2O2/UV process can always
e found (curve (�) in Fig. 2), because the photosensitiv-
ty of Fe(III) is much lower than that of Fe(II), hence, the
nitial Fe3+/H2O2/UV process conducted Fenton-like reaction.
n the latter part of the reaction (after approximately 2 h),
he RBB removal efficiency in curve (�) is maximized since

he intermediates of RBB degradation, such as carboxylic
cid, promote the reduction of Fe(III) ions to Fe(II) ions,
reventing the formation of sludge as the precipitation of
e(OH)3.

a

t
(

H2O2] = 400 mg/L; (�):[Fe3+] = 5 mg/L, [H2O2] = 400 mg/L, UV light
5.4 mW cm−2) ((a) Black B concentration vs. reaction time; (b) COD vs.
eaction time).

.2. Effect of pH and addition of oxalate

The Fenton process is highly efficient at pH 2–4, and the opti-
al pH value is 2.8, as suggested by Pignatello et al. in 1992

35]. In this work, the pH of the solution was well controlled
n the range 4–6 in all trials. Fig. 3 displays the effect of pH
n the degradation of RBB in the Fe3+/H2O2/UV process. The
esults demonstrate that the degradation of RBB at pH 4 is faster
han that at pH 5 or 6, since Fe(OH)3 is formed at pH 5 and 6.
his latter compound has poor catalytic ability and cannot be

egenerated to the ferrous ion. Fig. 4 displays similar results of
he Fe2+/H2O2/UV process. All three curves at pH 4–6 abruptly
rop in 1 min, but the efficiency declines after 1 min, perhaps
ecause of the rapid oxidation of ferrous ions, returning them
ostly to the Fenton-like reagent. Although UV irradiation pro-
otes the regeneration of ferrous ions, it was not very effective
t such a high pH (>4).
For the reasons described above, the oxalate was added

o increase the effectiveness of such photo processes
Fe3+/H2O2/Ox/UV and Fe2+/H2O2/Ox/UV), as displayed in
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ig. 3. Black B degradation with [Fe3+] = 5 mg/L, [H2O2] = 400 mg/L, UV light
5.4 mW cm−2) at different pH value.

igs. 5 and 6. Comparing Fig. 5 with Fig. 3 reveals that the
emoval efficiencies of RBB at pH 4, 5 and 6 increase from
6%, 23% and 3%, to 99%, 88% and 41%, respectively, after 60
in. Accordingly, ferrous ions could be continuously supplied as
enton’s reagent by the photoreduction of the ferrioxalate. Sim-

lar results are displayed in Fig. 6, in which Fe3+ was converted
o Fe2+.

The amount of oxalate (Ox) added is not an arbitrary param-
ter in these photo processes. Therefore, it should be further
xamined.

.3. Effect of ferrioxalate concentration [Ox]/[Fe3+] ratio

Some of the intermediates (carboxylic acids) that are formed
uring the oxidation of organic pollutants can react with and acti-
ate Fe(III) ions in solution (via reaction (5)). It was confirmed

nd discussed above, in the UV/ferrioxalate/H2O2 process at pH
, RBB was effective destroyed as oxalic acid was added. A dif-
erent [Ox]/[Fe3+] molar ratio (based on [Fe3+] = 5 mg/L) was
onsidered to realize the effect of the oxalate concentration in

ig. 4. Black B degradation with [Fe2+] = 5 mg/L, [H2O2] = 400 mg/L, UV light
5.4 mW cm−2) at different pH value.

3
o
(
i

F
(

ig. 5. Black B degradation with [Fe3+] = 5 mg/L, [H2O2] = 400 mg/L, UV light
5.4 mW cm−2), and [Ox]/[Fe3+] = 3 at different pH value.

his system. Fig. 7 displays the effect of the [Ox]/[Fe3+] molar
atio on the degradation of RBB by the UV/ferrioxalate/H2O2
rocess (for [Ox]/[Fe3+] molar ratios from 1 to 5). Fig. 7(a) indi-
ates that the rate of destruction of dye-Black B in the presence
f ferrioxalate is much higher than that in the presence of Fe(III)
lone, because of greater absorption of UV and a higher quantum
ield of ferrous ions regenerated from ferrioxalate, promoting
he supply of •OH radical by such a Fenton’s reagent (regener-
ted Fe(II) ions) and of additional H2O2 from the hydroperoxyl
adicals (O2

•−), by reactions (7)–(10).
The effect of oxalate concentration on the color removal of

BB (Fig. 7(b)) is rather similar to that on degradation of RBB
Fig. 7(a)). Both the color and efficiencies of RBB removal
ncreased with the [Ox]/[Fe3+] molar ratio up to three, beyond
hich they declined, because at an [Ox]/[Fe3+] molar ratio of
, the Fe(III) ions were complexed with the maximum amount

f oxalate, in the form of the saturated complex Fe(C2O4)3

3−
which is a ferric ion complexed with three oxalate molecules as
ts limit load). When irradiated by UV, the Fe(C2O4)3

3− com-

ig. 6. Black B degradation with [Fe2+] = 5 mg/L, [H2O2] = 400 mg/L, UV light
5.4 mW cm−2), and [Ox]/[Fe2+] = 3 at different pH value.
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ig. 7. Black B degradation at pH 5 with [Fe3+] = 5 mg/L, [H2O2] = 400 mg/L,
nd UV light (5.4 mW cm−2) with different [Ox]/[Fe3+] ratio ((a) Black B con-
entration vs. reaction time; (b) color removal vs. [Ox]/[Fe3+] ratio at 30 min).

lex ions eventually become CO2 and are regenerated as ferrous
ons in reaction (7)–(10). However, when the molar ratio is under
, some of the ferric ions precipitate as Fe(OH)3(S) because insuf-
cient oxalate is present, reducing the efficiency of Fe2+ ion
egeneration. In contrast, the efficiency declined as molar ratio
ncreased ([Ox]/[Fe3+] > 3), perhaps because the excess oxalate
ould not complex with more ferric ions in solution. Restated,
he excess oxalate acts just as an additional organic compounds,
uch that competing the •OH radicals with the RBB, reducing
he efficiency of RBB degradation.

.4. Effect of light

As expected, the rate of destruction of organic pollutant by
errioxalate/H2O2 depends on the intensity and the wavelength
f the irradiating UV. A Philips UV light (λ = 365 nm) at pH

was adopted to determine whether the oxalate was present,

nd thus, clarify the effect of UV. Fig. 8(a) reveals that in the
bsence of oxalate, 2 h of UV irradiation increases the removal of
BB only increased from 16% to 69%. This result verified again

s

s
n

ig. 8. Black B degradation at pH 5 with [Fe3+] = 5 mg/L, [H2O2] = 400 mg/L,
nd with UV light source (5.4 mW cm−2) or not ((a) [Ox]/[Fe3+] = 0; (b)
Ox]/[Fe3+] = 3).

hat although UV light (λ = 365 nm) promotes the reduction of
erric ions (reaction (3)) the fraction reduced at pH 5 is small.
owever, in the presence of oxalate, as displayed in Fig. 8(b),

he efficiency of removal can reach 98% at [Ox]/[Fe3+] = 3 after
rradiation for 90 min.

Wu et al. [36] applied visible light and solar irradiation
λ > 470 nm) to the degradation of dye MG. We adopted var-
ous wavelengths of light to confirm that UV light can be
pplied to such a ferrioxalate/H2O2 process. Fig. 9 displays
he different light intensities and wavelengths applied herein.
isible light (λ = 440 nm) and fluorescent light (λ = 550 nm)
ere compared under the conditions of the aforementioned

xperiments with UV light (λ = 365 nm), pH 5, [Fe3+] = 5 mg/L,
H2O2] = 400 mg/L, and [Ox]/[Fe3+] = 3. Fig. 10(a) indicates
omplete removal after 2 h of UV irradiation, but only 88% under
rradiation by visible light and 87% using fluorescent light. The
OD residuals in Fig. 10(b) obtained using either of the light
ources exceeded the water effluent standard even after 210 min.
Since the maximum absorption wavelength of Fe(C2O4)3

3−
pecies is less than 440 nm, visible irradiation (>470 nm) may
ot drive the reaction of Eq. (7) [37], leading to a large quantum
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Fig. 9. Properties of different light intensities and wavelengths ((�): Philips
(UV light, λ = 365 nm); (�): Aqua Lux (visible light, λ = 440 nm); (�): Strauss
(fluorescent light, λ = 550 nm)).

Fig. 10. Black B degradation at pH 5 with [Fe3+] = 5 mg/L, [H2O2] = 400 mg/L,
[Ox]/[Fe3+] = 3, and UV light (5.4 mW cm−2) with different wavelength of light
source ((a) Black B concentration vs. reaction time; (b) COD vs. reaction time).
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ield. The higher energy of UV may also reduce ferricoxalate
ore efficiently.

. Conclusion

This study compares various AOP processes in treating the
ommercial azo dye, reactive Black B. The processes of interest
re the Fenton reaction, the Fenton-like reaction, the UV/ferrous
xalate/H2O2 process and the UV/ferrioxalate/H2O2 pro-
ess. In the presence of oxalate, the removal efficiency of
BB by Fe2+ complex catalyst (UV/ferrous oxalate/H2O2)
xceeded that obtained using the Fe3+ complex catalyst
UV/ferrioxalate/H2O2). Dye RBB is degraded very effectively
y such a ferrioxalate/H2O2 process under UV irradiation for
queous solutions at near neutral pH. These results are very help-
ul in elucidating the mechanism of the photodegradation of dyes
n natural bodies of water (pH 5–9). In the presence of oxalate,
ompletely decoloration and low residual COD (under the water
ffluent standard) were achieved, The RBB removal efficiency
as substantially increased to 99%, considerably exceeding that
btained without oxalate at neutral pH (classic photo-Fenton
rocess). Therefore, the proposed procedure has great potential
nd can be practically implemented in industry.
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