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ABSTRACT

We analyzed the photocatalytic effect of ultraviolet on Fe**/H,0, Fenton degradation of
simulated printing sewage containing Reactive Red 6B. Online spectrometry was picked for
monitoring to provide more accurate data which is invariably erred by complicated alkali
termination in more conventional methods. The photocatalytic effect of ultraviolet on the
Fe®*/H,0, Fenton process was assessed by the coefficients of UV promoting effect and
reagent utilization under different conditions (Fe** concentration, H,O, concentration, and
pH value). Removal efficiency reached 100% at the optimal condition: 50 x 10~> mol/L Fe’*,
1 x 1072 mol/L H,0,, and pH 4. Finally, a possible degradation pathway of Reactive Red 6B

was proposed.

Keywords: Ultraviolet photocatalytic; Fe**/H,0, Fenton; Online spectrometry; UV promoting

Coefficient; Degradation path

1. Introduction

Sewage from modern industries such as textiles,
electroplating or paper production increasingly threat-
ens natural aqueous environments and pollutes drink-
ing water. In recent years, advanced oxidation
processes (AOPs) have received increasing attention
for their excellent performance in wastewater treat-
ment [1,2]. The Fenton (Fe**/H,0,) process, as an
AOPs, possesses substantial active radicals and can
achieve oxidation potentials as high as 2.8 eV [3] cap-
able of degrading most contaminants in aqueous solu-
tion. Therefore, the Fenton process is outstanding
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from both an academic research
perspective [4,5].

In some research, Fe** instead of Fe** expressed a
great activity for treating organic contamination [6-8].
Ferric salt is cheaper and more stable than the ferrous
equivalent, giving the Fe**/H,0, system an economic
advantage [9,10]. UV catalysis has been studied exten-
sively in conjunction with the Fenton process [11];
however, the specific mechanism was not clear espe-
cially at low reagent dosage. Some studies have indi-
cated that UV catalysis is ineffective at high reagent
dose limiting its applicability; therefore, we adopted
the coefficients of UV promotion and reagent utiliza-
tion which are characterized as (kyv—-kq)/kg,
(knigh = kiow)/ kiow, respectively, to assess degradation
efficiency at different reagent concentrations [12].

and practical
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Online monitoring technology is an advanced,
accurate and successive spectrometric method for
degradation analysis [13]. Compared to conventional
methods that terminate the reaction with chemical
reagent of high concentration, online spectrometry
minimized experimental error as it involved less man-
ual operation. In this study, absorbance was measured
at 523 nm every second to provide instantaneous data
on the Fe**/H,0, process.

2. Methods
2.1. Online spectrometric device

As Fig. 1 depicts, the online detecting device com-
prises three parts, namely, a transmitter, a reactor, and
a recorder. The reactor is composed of a reaction bath
which is a characteristic container surrounded by a
hollow glass cover and a thermostatic water-circulat-
ing bath (Shanghai instrument manufacturer), which
provides heat for temperature control. Traditional
magnetic stirring was replaced by an electronic stirrer
(JJ-1 Tianjin chemical equipment limited company).
Last, a UV apparatus provides irradiation and a cycle
peristaltic pump (HL-1D, Shanghai instrument manu-
facturer) drives liquid flow in the overall system
through a plastic pipe and micro-scale flowing cuvette
(Iml). The pH of each wastewater sample was
adjusted by digital pH meter (PHS-3C-01 experimental
pH meter, Shanghai instrument manufacturer). The
recorder consisted of a UV-vis spectrometer

Fig. 1. Online spectrophotometric monitoring system.
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(SP-756PC ~ Shanghai  spectrometric ~ instrument
company) attached to a computer (Lenovo laptop
Y450). Generally, data were detected by the spec-
trometer and presented by computer, before process-
ing for removal or kinetic analysis.

2.2. Reagents

Reactive Red 6B (RR6B), which is widely applied
in the printing industry, was purchased from Tianjin
chemical limited (China). The nitrogen double bond
and benzene rings in RR6B contribute to its chemical
stability [3,4]. Ferric trichloride, hydrogen peroxide,
hydrochloric acid, and sodium hydroxide were also
analytical grade.

2.3. GC-MS analysis

Organic substance in sample should be extracted
by dichloromethane before GC-MS testing and organic
phase was measured. The chromatographic analysis
was performed in a Finnigan Trace GC 2000 chro-
matograph, performing the separation on a DB-5 MS
fused quartz capillary chromatographic column (J&W
Scientific, Folsom, CA, USA) of 30 m x 0.25 mm i.d.
and 0.25 um phase thickness. The analytes were anal-
ysed by mass spectrometry, using a Trace MS 2000
mass spectrometer (Thermo-Quest, Finnigan, USA)
working in EI+ mode, coupled to the chromatograph.
The working conditions were as follows. The injector

QH

Notes: (1) Reactor, (2) UV Light, (3) Electronic stirrer, (4) Thermostatic water-circulator bath, (5) Peristaltic pump, (6) UV

spectrophotometer, and (7) PC.
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temperature was 250°C. The initial temperature of the
oven-heating program was 100°C for 5 min; the tem-
perature was then raised to 280°C at 30°C pre min.
The temperatures of the interface and of the ion
source were 250 and 150°C, respectively. The carrier
gas was helium at a flow of 1 mL/min in constant-
flow mode. For the acquisition and processing of the
spectrometric data, the Xcalibur software (Thermo
Scientific, version 1.4) was used. Sample components
derived from RR 6B degradation process were verified
by comparison of the mass spectral libraries of the
National Institute of Standards and Technology and
the Wiley Registry of Mass Spectra Data.

2.4. Main procedure

Prior to the start of the reaction, the online device
was initiated to ensure all the reaction data were
recorded and the reactive red dyestuff can be dissolved
gradually. Ferric ions and hydrogen peroxide were
added into the system in sequence, and hydrogen
peroxide was added last to avoid experimental error as
the source of active radicals. In the experiment, the
absorbance at 523 nm (Asy3) was recorded each second
as there is an absorption peak at 523 nm, which is barely
influenced by other reagents and was converted to cor-
responding concentration (C) based on the standard
curve equation: A = 0.03438C + 3.12 x 107%, R* = 0.9999
(Fig. 2). Although the detection interval is one second, a
set point at every 25s was selected to illustrate the
degradation process more clearly.

R?=0.9999
1212 1, =523nm

A=0.03438C+3.1194E-4
0.9}

—RR6B
——FeCl,,RR6B,HCI,NaOH

0.6}

Al:')sorbance

kpa023nm
no perceivable difference

o3l

Absorbance

0.5

200 300 400 500 600 700
wavelength / nm

0.0

Fig. 2. The standard curve of Reactive Red 6B and exclu-
sion of interference.
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3. Result and discussion

3.1. The mechanism of Fe**|H,0, Fenton process and the
UV catalytic effect

The homogenous Fenton process characterized by
Fe**/H,0, is a more practical Fenton system which
has been studied extensively. Other than the tradi-
tional constituents of the Fenton process, further addi-
tives such as ultrasound, ultraviolet, electricity, and
heterogeneous nano-Fe,O; or nano-Fe;O, have been
introduced to enhance the process [14-17]. In this
study, the effect of UV catalysis on Fe®*/H,0, Fenton
degradation of RR6B was investigated.

Fe®*, instead of ferrous salt, was selected to avoid
oxidation. In brief, H,O, is the main source of reactive
radicals which are generated from redox reactions
(Egs. (1) and (2)).

H,0, + Fe®* — Fe?** + HT +'0O,H 1)
H,0, + Fe?* — Fe*™ +-OH + OH~ )

Hydroxyl radicals possess a high oxidizing potential
of 2.8 eV, capable of degrading most contaminants
both natural and artificial [3]. However, the radical is
easily scavenged by Fe®", H,O, or by-products such
as hydrogen ions and hydroperoxyl radical [18]. The
side reactions in the Fe**/ H,0O, Fenton process are as
follows (Egs. (3)-(6)):

Fe** +'OH — Fe** + OH~ 3)
H,0, 4+ 'OH — ‘O,H + H,O 4)
‘O,H + 'OH — H,0 + O, (5)
H' +e” +'OH — H,O 6)

Meanwhile, although Fenton reagents can con-
tribute to high degradation efficiency, this could be
decreased with excessive Fe®* or H,O, or if the pH
remains too low. So the relation between Fenton con-
stituents and removal rate needs to be investigated to
attain high degradation efficiency.

It has been verified in numerous studies that UV
light has certain synergetic effects on the Fenton pro-
cess [19]. The widely accepted mechanism is that UV
light accelerates charge transfer from Fe®* to Fe**, thus
more Fe’* is generated to react with H,O, and pro-
duce hydroxyl radicals. Additionally, some radicals
are produced by photolysis of H,O, under UV irrita-
tion. Alternatively, the photocatalytic enhancement of
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treatment efficiency could be ascribed to photo-in-
duced oxidation by inner-sphere electron-transfer reac-
tion of some intermediates or organic substrates [12].

3.2. The degraded percentage of RR6B at different
conditions

The removal efficiency of RR6B is defined as
[RR6B], — [RR6B];/[RR6B],, where [RR6B], represents
the initial concentration of RR6B and [RR6B]; stands
for the instant concentration of Reactive Red 6B at
time 1.

3.2.1. Effect of initial Fe’* dosage

Fe®* acts as not only a reagent but also as a cata-
lyst in the basic redox Fenton reactions as Egs. (1)~(3)
show. The ferric ions reacted with hydrogen peroxide
to yield ferrous ions and perhydroxyl radicals. The
ferrous ions catalyze the conversion of hydrogen
peroxides to hydroxyl radicals for contaminant
degradation, and meanwhile, the ferrous ions will
revert to ferric ions after losing an electron. Fig. 3
reveals that the highest removal efficiency (99%) was
achieved when the concentration of Fe’* was
50 x 107° mol/L. Generally, regardless of light condi-
tion (dark or UV), the degradation efficiency increases
when the concentration of Fe’* goes up. However,
when the concentration rose to 200 x 107> and
300 x 107 mol/L, the efficiency of degradation stalled
and fell which can be explained by excessive iron ions
scavenging radicals (Eq. (3)). Another observed phe-
nomenon was that UV catalysis was more effective
with low Fe®* concentration, causing an improvement
of about 50% at 1.5 x 10°° mol/L Fe®**. However, in
most cases, while UV accelerated degradation, it did
not improve the total removal. Therefore, the degree
of degradation promotion by UV should be quantized.

3.2.2. Effect of initial H,O, dosage

H,0, is another important component of the Fen-
ton reaction. It can be concluded from Fig. 4 that the
Fe’* /H,O, process was effective in the selected H,O,
dosage range, and removal reached almost 60% at
1.56 x 107> mol/L H,0,. But it was most efficient at
1 x 1072 mol/L H,0O, both in the dark and under UV
irradiation. At this H>O, dosage, the removal reached
almost 90% after 200s; however, this time was
reduced under UV irradiation. Similarly to the effect
of iron ions, removal efficiency is improved with
increasing concentrations of H,O, from 1.56 x 107° to
1x102mol/L. But a downward trend appeared
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Fig. 3. The effect of Fe®* concentration (A) in the dark, (B)
under UV irradiation. Experimental conditions: [RR6B]y:
4 %107 mol/L [HyO,]p: 2.5 x 107> mol/L pH 3.15 T = 15°C
UV Intensity (Distance = 1 m) = 62-69 yW/cm?.

when the concentration was 2 x 107> mol/L and this
trend became more obvious at 5 x 1072 mol/L, with
excessive H,O, the intermediate perhydroxyl radicals
would mainly serve as hydrogen radical scavengers
leading to a reduction in degradation as shown by
Egs. (4) and (5). The Fig. 4(B) can be explained by UV
catalyzing the reaction by accelerating the electron
transfer and improving the utilization of H,O,. Mean-
while, UV catalyzes H,O, decomposition and genera-
tion of radicals to enhance degradation. What is
remarkable is that under UV irradiation removal was
increased 30% at a small concentration of
1.56 x 10° mol/L when compared to dark condition.

3.2.3. Effect of initial pH

It has been proved that the homogenous Fenton
process works under meta-acid conditions [3,4], and
previous studies showed that the favorable pH values
for Fenton-like processes range from 3.0 to 4.0
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Fig. 4. The effect of H,O, concentration (A) in the dark, (B)
under the UV irradiation. Experimental conditions:
[RR6Bly: 4 x 107° mol/L [Fe**]y: 50 x 10> mol/L pH 3.15
T = 15°C UV Intensity (Distance = 1 m) = 62-69 pW /cm?®.

[3,13,20]. Fig. 5 shows that the most suitable pH value
of Fe**/H,0, process here was 4.0, which is in accor-
dance with the available literature [4,13]. The Fe3*/
H,0O, Fenton process barely works at pH of 2 with a
final degradation of merely 10% due to the scavenging
effect of hydrogen ions. When the same experiment
was carried out under UV irradiation, about 60% rise
in efficiency was observed as the side effects of hydro-
gen ions were inhibited and electron transfer acceler-
ated by UV irradiation, enhancing the reaction
between Fe** and H,0,. Consequently, more radicals
were available for degradation. When the pH value
increased to 3, 4, or 5, the removal increased quickly
during the initial 300 s and the ultimate removal can
reach over 90%. Moreover, at pH 5, the degradation
becomes deficient resulting from the decomposition of
hydrogen peroxide and the formation of iron hydrox-
ide complexes. In addition, this indicates that the
degradation rate of RR6B at pH 4 is optimal.
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Fig. 5. Effect of pH value (A) in the dark, (B) under the UV
irradiation). Experiment conditions: [RR6B]y: 4 x 107° mol/L
[Fe**1p: 50 x 10 ° mol/L [H,Ozlp: 1x102mol/L T =15C
UV Intensity (Distance = 1 m) = 62-69 uW /cm?.

Therefore, pH 4 has been selected as the optimum
solution acidy for degradation.

3.3. First-order kinetics analysis

Some research suggests that first-order kinetics fit
the Fenton or homologous Fenton processes [12,13].
Here, data were processed by first-order kinetics, and
the relevant reaction rate constants are illustrated in
Fig. 6. The fitting coefficients of diverse situations are
mostly above 0.98 and shown in Table 1. It can be
concluded that there is a promotion of removal rate
under UV irradiation under different conditions,
which is clearly shown in Fig. 6. An unexpected phe-
nomenon here is that UV catalysis was not consis-
tently efficient under different conditions. The UV
catalysis at low or medium Fe** and H,0, dosages as
well as low pH values was more efficient than that
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Table 1

First-order kinetics fitting coefficients at different conditions

RR6B (mol /L) Fe’* (mol/L) H,0, (mol/L) pH T (‘O R? R* (UV)
4E-5 1.5E-5 2.5E-3 3.15 15 0.996 0.989
4E-5 5.5E-5 2.5E-3 3.15 15 0.968 0.993
4E-5 15E-5 2.5E-3 3.15 15 0.977 0.964
4E-5 50E-5 2.5E-3 3.15 15 0.990 0.985
4E-5 200E-5 2.5E-3 3.15 15 0.989 0.953
4E-5 300E-5 2.5E-3 3.15 15 0.976 0.952
4E-5 50E-5 1.56E-5 3.15 15 0.976 0.997
4E-5 50E-5 6.25E-4 3.15 15 0.991 0.993
4E-5 50E-5 2.5E-3 3.15 15 0.957 0.990
4E-5 50E-5 1E-2 3.15 15 0.967 0.961
4E-5 50E-5 2E-2 3.15 15 0.973 0.953
4E-5 50E-5 5E-2 3.15 15 0.988 0.964
4E-5 50E-5 1E-2 2 15 0.997 0.994
4E-5 50E-5 1E-2 3 15 0.987 0.997
4E-5 50E-5 1E-2 4 15 0.975 0.982
4E-5 50E-5 1E-2 5 15 0.977 0.973

with high reagent dosages and pH values. It can also
be concluded that H,O, is the most influential condi-
tion of the Fe®*/H,0, process since the degradation
rate at 0.01 mol/L H,O, is 200% higher than that at
50 x 107> mol/L Fe** or pH of 4.

3.4. The coefficient of UV promoting effect and reagent
utilization

Based on first-order kinetics fitting, degradation
rates differed with conditions. To understand the

specific effect of UV catalysis, the coefficient of UV
promoting effect was calculated (Eq. (7)):

kuv — kg
A= ks (7)
where kyy is the degradation rate under UV
irradiation; k4 is the degradation rate in the dark; 1 is
the coefficient of UV promoting effect.

From Fig. 7, it is clear that the UV light works
more efficiently at low Fe** and H,0O, dosages or low
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pH values, while relatively poorly with high dosage
or weak acidity. That is, the UV promoting coefficients
are 122, 26, and 95 at 15x10°mol/L Fe™,
1.56 x 10° mol/L H,O,, and pH 2, respectively. All
three parts of Fig. 7 drop sharply and then level out
along the horizontal axis, and this tendency can be
characterized as a capital letter “L.” Correspondingly,
the UV catalytic effect is weak at high reagent dosage
as the Fenton reaction takes place predominantly
when the reagent concentration is sufficient and
degradation rate is high even without UV irradiation,
this indicates that UV catalytic effect is weakened.
Hence, the UV should be initiated early to accelerate
the degradation while shortening test duration and
then turned off later.

Another important indicator is the coefficient of
reagent utilization. A similar equation is characterized
as Eq. (8):

_ khigh - klow

W—T (€)]

knign is the reaction rate at high reagent dosage; kio is
the reaction rate at low reagent dose;  represents the
coefficient of reagent utilization.

Fig. 8 illustrates the coefficient of reagent utiliza-
tion with different Fe**, H,O, concentrations and vari-
ous pH values. It is obvious that coefficients drop
from positive to negative, theoretically if # 20, then
added reagents have a promoting effect on the



H. Xu et al. | Desalination and Water Treatment 57 (2016) 18028-18037

OH NHCOCH;

@“ “
SO;Na

NaO,S

CH OH  NHCOCH;

Sulfuric acid group removal

18035

Reactive Red 6B

J Rupture of nitrogen double bond

@ H,N
NaO3S

Oxidation

COOH

@/NHZ

SO;Na

)%xidation

NHCOOH

HoN

oy

l decarboxylation

OH NH,
H2N

*

Oxidation

Oxidative ring open

OWO
OH OH

l Mineralizaion

Inorganic substance

Fig. 9. Degradation path of Reactive Red 6B.

degradation and were made the best use of. On the
contrary, n <0 indicates that the overdosed reagent
does not accelerate the reaction and conversely act as
inhibitors. In detail, the coefficient of Fe** was 41
when the dose of Fe®* increased from 1.5x 107> to
5.5 x 107> mol/L and decreased to 0 with the addition
of more Fe**. Finally, the value turned negative when
the dose of ferric ion rose above 0.002 mol/L. Similar
patterns were found in the studies of H,O, and pH.
At the earlier stage of degradation, the coefficient is
much larger than that of mid-phase, which turns to a
negative value eventually. Therefore, in this study,
superior Fe>*/H,0, Fenton process conditions can be

determined from Fig. 8 from the perspective of the
efficiency of reagents.

3.5. The simple estimation of the Reactive Red 6B
degradation path

According to the GC-MS analysis, main by-prod-
ucts of the degradation were hydroxyl malonic, oxalic
acid, and acetic. The chemical structure of RR6B and
the estimated degradation path are shown in Fig. 9.
According to other studies regarding azo dye
degradation, the first step is the cleavage of a nitrogen
double bond resulting in naphthalene- and
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benzene-based compounds. These intermediates can
both be further degraded to aliphatic compounds.
Finally, all these by-products will be mineralized to
lower weight molecules or inorganic substances
[12,13,15,21].

4. Conclusions

The Fe**/ H,0O, Fenton degradation of simulated
dyeing wastewater with RR6B under UV irradiation
was investigated with online spectrometry. The pro-
cess obeys first-order kinetics with most fitting coeffi-
cients above 0.98 and removal efficiency reached 100%
at the optimal conditions: 50 x 107° mol/L Fe®*,
1 x 107> mol/L H,0,, and pH 4. From a mathematic
perspective, the coefficients of UV promoting effect
and reagent utilization were selected to evaluate the
UV catalytic effect and study the relationship between
Fenton reagents and removal rate, respectively. The
results show that UV promotion is more efficient with
low reagent concentrations and strong acidic condi-
tions than with higher doses and weak acidity. More-
over, the reagent utilization coefficient intuitively
describes the relation between reagent dosage and
removal rate, that is, increasing reagent concentration
up to optimal improves degradation efficiency and the
coefficient is positive until excessive reagent turns into
radical scavenger when the dosage is above optimal
and the coefficient turns negative. Therefore, a high
coefficient of UV promoting effect and a positive
reagent utilization coefficient are necessary to achieve
high degradation efficiency for wide applications.
Finally, the degradation path of RR6B was speculated
to predict some intermediates and possible final
products.
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