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Abstract
Advanced oxidation process is a promising technology for the treatment of azo dye 
wastewater, owing to its high degradation performance and less secondary contami-
nation. Herein, the mineralization of azo dye Reactive Black 5 (RB5) by the hetero-
geneous photo-Fenton process was investigated in a three-phase fluidized bed reac-
tor. The waste iron oxide (denoted as BT) obtained from tannery wastewater process 
with Fenton’s reagent was selected as a heterogeneous catalyst. The introduction of 
BT to the UV/H2O2 process (UV/H2O2/BT) shows obviously higher mineralization 
efficiency because ferric complexes of carboxylic acid, the degradation intermedi-
ates of RB5, could be readily decomposed by UV irradiation. The decolorization 
was achieved by homogenous photo-Fenton reaction induced by leached iron, while 
the mineralization was contributed to heterogeneous oxidation. Under the conditions 
of 254 nm UV irradiation, 19.00 mM H2O2, 2.0 g L–1 catalyst loading and natural 
pH0 of 5.0, 90.2% TOC removal of RB5 could be achieved. The catalyst indicated 
an acceptable stability and reusability after four cycles. The proposed heterogene-
ous photo-Fenton process with stable performance is environmental-friendly for the 
mineralization of RB5.
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Introduction

Azo dyes, which constitute a significant proportion of dye production in the world, 
have been identified as hazardous agents with potential genotoxicity and carcino-
genicity [1]. Characterized by azo groups (–N=N–) [2], azo dyes are widely used in 
textile, printing and leather industries. Generally, these dyes have complex aromatic 
structures which are resistant to biodegradation [3]. The release of this type of indus-
trial sewage is a troublesome problem to both aquatic life and human, mainly due to 
high color, organic loads and refractory of these effluents [4]. Therefore, effective 
and economical methods are needed for the treatment of dye industrial wastewater 
before its discharge [3].

Compared with the traditional dye wastewater treatment such as adsorption, 
coagulation and flocculation, advanced oxidation processes (AOPs) are preferable 
option, due to the advantages of high efficiency and less secondary pollution [5]. 
AOPs are characterized by the in-situ generation of powerful oxidizing species, such 
as hydroxyl radicals (·OH), which are suitable for achieving the complete abatement 
and mineralization of toxic or refractory substances [6, 7].

Conventional Fenton process is one of the homogeneous AOPs, in which perox-
ide (usually H2O2) is catalyzed to form ·OH by ferrous ion as given in Eq.  (1) [6, 
8]. Generally, Fenton’s reagent is relatively inexpensive and the process is easy to 
operate [9], and the generated ·OH with a high redox potential (E0 = 2.8 V) [10] can 
degrade most refractory organic pollutants under appropriate conditions [11]. Nev-
ertheless, the practical application of conventional homogeneous Fenton process is 
limited owing to the consumption of large iron input, the formation of ferric hydrox-
ide sludge and the narrowly acidic pH range [9]. Therefore, by using cheap, efficient 
and recyclable catalyst, heterogeneous Fenton process can be an alternative for the 
treatment of dye wastewaters [12].

Normally, the heterogeneous Fenton catalysts are fabricated from pure chemicals. 
In order to save material cost, a novel “wastes-treat-wastes” strategy has been pro-
posed by using iron-containing wastes as Fenton catalysts [13, 14]. In our previous 
studies, the waste iron oxide obtained from tannery wastewater process with Fen-
ton’s reagent was employed as heterogeneous photo-Fenton catalyst for the treat-
ment of Orange G [12], bisphenol A [15] and N-methyl-2-pyrrolidone [16]. How-
ever, it has not been applied to the degradation of Reactive Black 5 (RB5). More 
importantly, the contribution of heterogeneous and homogenous photo-Fenton reac-
tion to the organic degradation was not investigated. Therefore, in this study, the 
decolorization and mineralization of RB5 in the heterogeneous photo-Fenton sys-
tem was investigated using waste iron oxide (named as BT) as catalyst. To enhance 
mass transfer in the UV/H2O2/BT process, the degradation of RB5 was performed in 
a three-phrase (gas–liquid-solid) fluidized bed reactor. The contribution of homog-
enous photo-Fenton reaction induced by leached iron and heterogeneous photo-Fen-
ton process to the decolorization and mineralization of RB5 was discriminated. The 
effects of initial pH, H2O2 concentration and catalyst dosage on the mineralization 

(1)H
2
O

2
+ Fe

2+
→ Fe

3+ + ⋅

OH + OH
−



4425

1 3

Enhanced mineralization of Reactive Black 5 by waste iron oxide…

of RB5 were evaluated. The stability and reusability of the catalyst were tested by 
four consecutive cycles.

Material and methods

The target contaminant, RB5 was purchased from Sigma-Aldrich Co. (St Louis, 
Missouri). H2O2 (analytical grade, 50% w/w) was purchased from Union Chemical 
in Taiwan. All solutions were prepared with pure water from a laboratory-grade RO-
ultrapure water system.

The waste iron oxide (BT), a by-product of the Fenton reaction in a three-phase 
fluidized bed reactor (3P-FBR) for the treatment of the bio-effluent from tannery 
wastewater, was characterized using X-ray powder diffraction (XRD, Rigaku, RX3). 
Figure  1 shows the main diffraction peaks of BT at 2θ = 21.22°, 26.33°, 33.24°, 
34.06°, 36.65°, 39.98°, 41.19°, 50.61° and 53.24° match well with the standard 
XRD card of goethite (α-FeOOH, PDF#29-0713).

All experiments were carried out in a three-phase fluidized bed reactor (3P-FBR, 
7.5 cm-diameter and 45 cm-height), which was similar to our previous study [12]. As 
depicted in Fig. 2, from the bottom of 3P-FBR, compressed air (1 L min–1) was con-
tinuously injected through the porous sintered plate. The UV lamp (254 nm, 15 W) 
was fixed inside the inner coaxial cylinder (3.5 cm-diameter and 45 cm-height). To 
completely prevent the penetration of visible light from outside, aluminum foil was 
used to hood the 3P-FBR. The UV lamp was turned on firstly for 10–15 min, and 
then 1 L RB5 solution and a certain amount of BT were added into the 3P-FBR, 
respectively, which were circulated by aeration. Initial pH value of dye solution was 
adjusted by 0.1 M H2SO4 or 0.1 M NaOH if needed. Reaction was started right after 
dropping of H2O2 and performed at ambient temperature (28 ± 2 °C). Samples were 
taken with syringes at specific time points and filtered through 0.22 μm syringe fil-
ters for further analysis.

The absorbance of RB5 was analyzed by using a UV–Vis spectrometer (Jasco 
7850) at maximum wavelength of 597  nm. The TOC was determined by a TOC 
analyzer (InnovOx Laboratory, GE). The total iron released into aqueous phase was 

Fig. 1   XRD pattern of the waste 
iron oxide BT
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quantified by an inductively coupled plasma optical emission spectrometer (ICP-
OES). Similar analytical procedures were previously reported by many authors 
[17–24]. This shows the reliability of the results presented in this study.

Results and discussion

Decolorization and mineralization of RB5 in different processes

To determine feasibility and superiority of the UV/H2O2/BT process, a batch of RB5 
degradation experiments were carried out. Figure 3 shows BT alone had no obvious 
elimination towards RB5, illustrating the low adsorptive capability of BT. The dye 

Fig. 2   Scheme of the experi-
mental setup for the heterogene-
ous photo-Fenton process
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Fig. 3   Comparison of a RB5 decolonialization; b mineralization in different processes ([RB50] = 500 mg 
L–1, V = 1 L, pH0 5.0, [H2O2] = 38.00 mM, [BT] = 5.0 g L–1, [Fe2+] = 3.0 mg L–1)
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was hardly bleached when UV irradiation alone was applied since most of the dyes 
are designed to resist photochemical degradation [25]. The combination of BT and 
UV (UV/BT) did not improve the decay of RB5, indicating the low photocatalytic 
activity of BT.

With H2O2 alone, the removal of RB5 was also negligible due to the limited 
oxidation potential of H2O2 (E0 = 1.76 V) [26]. The addition of BT into the H2O2 
alone system (H2O2/BT) achieved about 28.8% decolorization of RB5 in 180 min, 
which is owing to the reaction as given in Eq. (2) [27] and the sequent Fenton reac-
tion induced by ≡Fe2+ (≡ denotes solid state) as presented in Eq. (3). However, the 
corresponding TOC removal efficiency was only 10.3% due to insufficient radicals 
formed in the H2O2/BT system. In parallel, the coupling of UV with H2O2 (UV/
H2O2) attained a relatively efficient decomposition of RB5 (90.2%). This can be 
explained by that UV irradiation induced the generation of ·OH from H2O2 via pho-
tolysis reaction as illustrated in Eq. (4). Nevertheless, only a small amount of TOC 
(23.1%) was obtained, implying that the degradation products of RB5 such as car-
boxylic acids are more difficult to oxidize [28].

Furthermore, the combination of UV, H2O2 and BT (UV/H2O2/BT) was much 
more efficient than other processes. In the UV/H2O2/BT process, ·OH radicals can 
be generated via the decomposition of H2O2 by ≡Fe2+ catalysis (Eq. 3) and by direct 
photolysis (Eq.  4) [29]. Figure 3 indicates that 99.9% of decolorization efficiency 
was obtained in 40 min reaction and 95.6% TOC removal could be achieved when 
the reaction time was extended to 120 min. It illustrates the advantage of UV/H2O2/
BT over UV/H2O2 for RB5 mineralization though both processes could achieve 
almost complete decolorization. As mentioned above, the formed intermediates, car-
boxylic acids, are hardly oxidized by ·OH in the UV/H2O2 process. When BT was 
introduced, carboxylic acids would complex with ≡Fe3+ on the surface of BT. The 
formed ferric carboxylate complexes could be readily decomposed by UV irradia-
tion (Eq. 5), accompanied by the regeneration of ≡Fe2+ [12] to enhance Fenton reac-
tion (Eq. 3).

To investigate the contribution of homogeneous photo-Fenton process to the deg-
radation of RB5, BT was replaced by 3.0 mg L−1 of Fe2+, which was detected in 
the UV/H2O2/BT process. Figure 3a shows 95.5% of RB5 was oxidized by the UV/
H2O2/Fe2+ process, indicating the homogeneous photo-Fenton process plays a role 
in the decolorization of RB5. However, the corresponding TOC removal efficiency 
was only 22.3% (Fig. 3b), which was much lower than that by UV/H2O2/BT pro-
cess. It reveals heterogeneous oxidation contributed much more significantly to the 
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mineralization of RB5 than homogenous oxidation. Considering that the mineraliza-
tion performance is corresponding to completely oxidation of RB5 and its interme-
diates, it was selected as an evaluation criterion in the following experiments.

Effects of reaction parameters on RB5 mineralization

The effect of initial pH on TOC removal of RB5 was examined over a wide pH range 
from 3.0 to 11.0, and results are shown in Fig. 4a. At initial pH of 3.0, 4.0, 5.0 and 
7.0, the TOC removal efficiencies of RB5 were 96.2%, 96.3%, 96.1% and 95.7%, 
respectively, which exhibited nearly the same mineralization trend of RB5. Further 
increasing the pH0 value to 9.0 and 11.0, the mineralization efficiencies dropped by 
6.5% and 27.1%, respectively. To some extent, excess of OH– in the alkaline envi-
ronment would inhibit the heterogeneous Fenton reaction of Eq. (3). As previously 
reported, the oxidation potential of ·OH could decrease with the increase in pH [30]. 
Thus, acidic and neutral conditions are preferred for RB5 mineralization in the UV/
H2O2/BT process. Based on the results above, pH0 5.0 (natural pH of RB5 solution) 
was chosen as the initial pH for the subsequent experiments.

(a) (b)

(c)

Fig. 4   a The effect of initial pH ([RB50] = 500 mg L–1, V = 1 L, [H2O2] = 38.00 mM, [BT] = 5.0 g L–1); b 
The effect of H2O2 concentration ( [RB50] = 500 mg L–1, V = 1 L, pH0 5.0, [BT] = 5.0 g L–1); c The effect 
of catalyst BT dosage ( [RB50] = 500 mg L–1, V = 1 L, pH0 5.0, [H2O2] = 19.00 mM)
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As the source of ·OH generation, H2O2 plays a significant role in the UV/H2O2/
BT process. The effect of H2O2 concentration on RB5 mineralization was investi-
gated in the range of 4.75–38.00 mM. As observed from Fig. 4b, the mineralization 
of RB5 was accelerated along with increase in H2O2 concentration. In the heteroge-
neous photo-Fenton process, more ·OH radicals could be generated as the concentra-
tion of H2O2 increased. However, the improvement in TOC removal was not so obvi-
ous when H2O2 concentration was doubled from 19.00 to 38.00 mM. As reported in 
the previous study, excessive H2O2 would consume ·OH radicals by the side reac-
tion as presented in Eq. (6) [31]. According to the obtained results, 19.00 mM was 
selected as the optimal H2O2 concentration for the following experiments.

The effect of BT dosage was investigated under the conditions of pH0 5.0 and 
19.00 mM H2O2. As observed in Fig. 4c, when BT dosage rose from 0.5 to 2.0 g L–1, 
the TOC removal efficiency gradually increased from 73.1 to 90.2%. The more dos-
age of BT means more active sites available for the decomposition of H2O2 to gen-
erate ·OH. Nevertheless, a further increase in catalyst dosage from 2.0 to 5.0 g L–1 
only caused a slight increase in TOC removal by 1.1%, probably because excessive 
BT catalyst increased turbidity of the reaction mixture and lowered the penetration 
of UV light, which could possibly suppress photolysis of H2O2 and photo-reduction 
in ≡Fe3+. This side effect would partly offset the positive effect of abundant BT dos-
age. From the above result, the catalyst dosage of BT was chosen as 2.0 g L–1 for the 
subsequent tests.

Reusability of the catalyst BT

Undoubtedly, the reusability of heterogeneous catalyst is a crucial parameter for 
practical application. Thus, a batch of reuse experiments were carried out to assess 
the reusability of the catalyst in the UV/H2O2/BT process. After each experiment, 
the used catalyst was recycled by filtering, washing and drying and then reused for 
the next run. Figure 5a shows TOC removal during the four consecutive cycles. Even 
after three cycles, BT still exhibited good catalytic stability and achieved 70.4% 
TOC removal at the fourth cycle. The dissolved iron of each recycle is presented 
in Fig. 5b. The detected concentrations of leached Fe were all in a low level. The 
calculated leaching percentage of Fe in each cycle was also subtle, being 0.055%, 
0.094%, 0.067% and 0.057%, respectively, which indicates the stability and corro-
sion resistance of catalyst BT.

Conclusions

In this study, the waste iron oxide BT was selected as heterogeneous catalyst of the 
UV/H2O2/BT process for the degradation of RB5. The proposed process shows the 
advantages of high treatment performance, low iron leaching and “wastes-treat-
wastes” strategy. In contrast with other processes, UV/H2O2/BT was proved to be a 
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promising approach for the decolorization and mineralization of RB5. The optimal 
conditions of the UV/H2O2/BT process were determined as 254 nm UV irradiation, 
natural pH0 5.0, 19.00 mM H2O2 and 2.0 g L–1 catalyst dosage. Under the optimal 
conditions, 90.2% TOC removal was achieved in 180 min. The catalyst reuse experi-
ment shows recyclable and stable performance of the heterogeneous catalyst BT. 
These results indicate that the proposed UV/H2O2/BT process is an efficient and 
environmental-friendly solution for the mineralization of RB5.
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