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In  this  work,  an  humic  acid  adsorption  with  an  enhanced  Fenton  oxidation  was  employed  to  treat  the
real  effluent  originating  from  the  1-diazo-2-naphthol-4-sulfonic  acid  (1,2,4-Acid)  production  plant.  In  a
first  step,  humic  acid with  MgSO4 was  selected  as adsorbent  and  precipitant  for  physicochemical  pre-
treatment,  the  synergetic  effect  had  led  to  39%  of  COD  removal  and  89%  of  colour  removal.  A  multi-staged
Fenton  oxidation  process  with  inner  circulation  was  introduced  subsequently.  The  TOC,  COD,  1,2,4-Acid,
NH4

+–N,  SS  and  colour  were  reduced  from  3024  mg/L,  12,780  mg/L,  9103  mg/L,  110  mg/L,  240  mg/L  and
25,600  (multiple)  to 46  mg/L,  210 mg/L,  21  mg/L,  16  mg/L,  3 mg/L  and  25  through  the  combined  process,
respectively.  Hydrogen  peroxide  consumed  per  kg COD  had  saved  up  to 36%  when  two-staged  Fenton
process  with  inner  circulation  (flow-back  to influent  ratio:  3) was  applied.  Influence  of H2O2 concentra-
ulti-staged Fenton
nner circulation

tion,  flow-back  to influent  ratio  and  staged  Fenton  mode  were  investigated  in  detail  in  order  to  find  out
the  optimal  operating  parameters.  The  kinetics  of  1,2,4-Acid  degradation  by  two-staged  Fenton  process
was investigated.  The  evolution  of the  main  intermediates  during  the  degradation  process  was  conducted
using  the  LC–(ESI)-TOF-MS  technique,  and  the  results  showed  a  staged  degradation  pathway  from  the
ring  opening  of naphthalene  compounds  to  the  formation  of  benzene  compounds  and  carboxyl  acids.  The
combined  process  had  been  proved  effective  in  both  technical  and  economic  aspects.
. Introduction

Naphthalene series dye intermediate is an important industrial
hemical and is used extensively in dye and pharmacy industries
1]. The real naphthalene dye wastewaters containing 1-diazo-2-
aphthol-4-sulfonic acid (1,2,4-Acid) which are characterized by
arker colour, higher strength of organic load and toxicity, and
re generally recalcitrant to biological treatment [2],  are of most
ifficulty to treat. 1,2,4-Acid is an important dyestuff intermedi-
te and used as diazo component for synthesizing a whole range
f textile and leather dyes [3].  The common characteristic of real
aphthalene dye intermediate wastewater is featured by strong
cidity (H2SO4 11–15%) and high concentration of chemical oxy-
en demand (8000–14,000 mg/L), as well as low ratio of BOD5/COD
<0.1). China, as a large country to manufacture naphthalene series
ye intermediate in the world, annually produces large amount of
astewaters, roughly 58–60% of which is discharged into the envi-
onment without proper treatment, causing serious environmental
ollution toward soils and water bodies [2].

∗ Corresponding author. Tel.: +86 21 34203732; fax: +86 21 34203732.
E-mail address: nwzhu@sjtu.edu.cn (N. Zhu).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.10.035
© 2011 Elsevier B.V. All rights reserved.

Recently Hu et al. reported [4] that the 1,2,4-Acid dye could be
treated by solvent extraction to recover the dyes, however, this
physical method simply transferred the pollutants from one phase
to another rather than destroying them and the regeneration of
solvent might be economically infeasible.

Due to the complexity of naphthalene dye intermediates
wastewaters, any single treatment method would be inadequate,
and to date, limited data have been published on its treatment
methods. In order to meet the permitted value for production of
a higher quality of the treated effluent for further reuse, it is urgent
to develop a cost-effective process for the reduction of its CODCr,
NH4

+–N and colour. Generally, adsorption is a very simple and
widespread method to eliminate pollutants from wastewater [5].
The use of activated carbon as an adsorbent has been well estab-
lished and widely used in the wastewater treatment process [6].
However, its high cost and complicated regeneration process have
led to search for alternative low-cost adsorbents such as natu-
ral clays and biological waste products, etc. Humic acids (HA) is
a kind of soil organic matter (SOM), and has been identified as
a key sorption medium for organic compounds in soils [7].  It is

widely accepted that the presence of HA in soil is of paramount
importance for the uptake of organic substance [8].  Researches on
HA sorption for organic matters were intensively focused on soil
pollutants elimination, its application on wastewater treatment,

dx.doi.org/10.1016/j.jhazmat.2011.10.035
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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owever, has rarely been reported elsewhere. From our previous
tudy, the application of HA for the removal of pollutants from oil
roduction wastewater was successfully demonstrated [9].

Much work has been done to probe the roles of various func-
ionalities in HA, but the research on the importance of aromatic
dsorption by HA is still lacking. From previous studies, the appli-
ations of HA for the adsorption of atrazine had been examined in
etail [10], demonstrating a superior adsorbability of humic acid for
he uptake of organic matters. It was proposed that the molecules
f HA may  form a supramolecular structure held together by non-
ovalent forces in water, such as Van de Waals forces, �–� and
H–� bond. The organic matters in HA possesses rubbery and glassy
omains and most previous studies concluded that the amorphous
omains had higher sorption for organic compounds [11]. On the
ther hand, magnesium sulfate was a cheap and accessible adsor-
ent that could be easily precipitated from an aqueous solution by
djusting the pH to alkaline region. Therefore, the present work
as an attempt to use the synergetic effect of HA and MgSO4, as a
ethod for the pretreatment of high concentration of naphthalene

ye intermediate wastewater.
Advanced oxidation processes (AOPs) have specific advantages

gainst to conventional methods. AOPs can be applied to wide range
f organics and waste streams. Among AOPs, Fenton process is cost
ffective, easy to apply and effective to eliminate bio-refractory
rganic compounds [12]. One of the advantages of Fenton’s reagent
s that no energy input is necessary to activate hydrogen peroxide.
herefore, this method offers a cost effective source of hydroxyl
adicals, using easy-to-handle reagents. The Fenton’s reaction gen-
rally occurs in acidic medium between pH 2 and 4 [13,14] and
nvolves the steps shown in Eqs. (1)–(7) [15–17].

e(II) + H2O2 — Fe(III) + HO• + OH− k = 41.7 M−1 S−1 (1)

e(III) + H2O2 — Fe(II) + HO2
•/O2

•− + H+ k = 2.0 × 10−3 M−1 S−1

(2)

e(III) + HO2
• — Fe(II) + H+ + O2 k = 7.82 × 105 M−1 S−1 (3)

2O2 + HO• — HO2
•/O2

•− + H2O k = 3.30 × 107 M−1 S−1 (4)

e(II) + HO• — Fe(III) + OH− k = 3.20 × 108 M−1 S−1 (5)

O• + HO• — H2O2 k = 5.2 × 109 M−1 S−1 (6)

O• + organics — products + H2O (7)

In recent years, many researchers have been paying growing
ttention to the degradation of low concentration contaminants
f dyes, especially that of RhB [18,19]. Nevertheless, Fenton
as hardly involved in the remediation of high concentration

rganic wastewaters due to high Fenton reagents consumption and
xtremely low H2O2 oxidation efficiency.

Diverse efforts such as introducing UV light irradiation [20] or
dding hydroquinone/quinine analogues [21] have been made to
tilize the Fenton reaction in a better way, however, considering
oth economic and technical reasons, these methods seem to be

nfeasible in real wastewater treatment plants.
In contrast, the application of HA & MgSO4 as a pretreatment

ethod coupled with an enhanced Fenton process with more prac-
ical meaning has not been reported in the literature. In this study,
he Fenton was applied using an inner circulation system. Inner cir-
ulation system was creatively designed and served as recycling the
reated water back to influent distribution system prior to Fenton

rocess. This was aimed to reduce the initial organic load, avoid-

ng the side reaction from Eq. (4) due to the dilution effect (parent
rganics were diluted thus decreasing the H2O2 concentration per
nit volume). Real naphthalene dye intermediate wastewater was
aterials 198 (2011) 232– 240 233

applied in this study. Bench-scale investigations were conducted
to investigate the performance of this combined treatment system
and to find out the optimum operation parameters for the removal
of the key pollutants. LC–(ESI)-TOF-MS analysis was used to identify
the pollutants and intermediate generated in the process. The pur-
pose of the study is to establish a novel process that could treat the
wastewater to meet the third criteria of Chinese discharge standard
(GB8978-1996).

2. Materials and methods

2.1. Chemicals and supplies

All chemicals which are analytical grade or higher were pur-
chased from Shanghai reagent company. The HA was extracted
from peat soil and its extraction along with purification was
described according to Wang and Xing [22]. The samples of real
naphthalene series dye wastewater were obtained from the naph-
thalene dye production plant, Sanfeng Chemicals Co. LTD, located
in southeast of China, Zhejiang province which is one of the
world’s largest companies to manufacture 6-nitro-1,2-diazooxy-4-
naphthalene sulfonate and Acid Chrome Black T.

2.2. Analytical control

The wastewater was characterized for COD, pH, NH4
+–N, total

solids, total suspended solids and colour using standard methods
[23]. Chroma colour is determined by dilution method, i.e. the
coloured sample (V1) is diluted by distilled water (at least V2) to
the extent similar to achromic distilled water. Then the original
sample’s chroma value is (V1 + V2)/V1 (times) [4].  For COD mea-
surement, the samples were left overnight to remove the residual
hydrogen peroxide that might remain in the sample solutions [24].

Total organic carbon (TOC) was measured by an Elementar liquid
TOC analyzer. Main pollutants in the influent of real naphthalene
dye intermediate wastewater were detected by means of liq-
uid chromatography–(electrospray ionization)-time of flight-mass
spectrometry (LC–(ESI)-TOF-MS) analysis. Solid-phase extraction
(SPE) with oasis HLB cartridges from waters was employed for sam-
ples preconcentration prior to the analysis. Separation was made
using reversed phase liquid chromatography (flow rate 0.5 mL/min,
injection volume 20 �L) in a HPLC (Agilent series 1100) equipped
with a 150 mm × 4.6 mm C-18 analytical column of 5 �m particle
size. The column temperature was  25 ◦C. Degradation interme-
diates absorbed on the ferric sludge during each process was
characterized by FT-IR spectrum (FTIR-8700, Shimadzu, Japan).

All the experiments were repeated three times, and the results
in tables are the average of at least three measurements with an
accuracy of ±5%.

2.3. Characteristics of wastewater

The real wastewater used was drawn from the effluent of the
sedimentation channel below the washing tower, and its charac-
teristics are presented in Table 1, together with the limit of national
third discharge standard (GB8978-1996). Under basic conditions
the raw wastewater exhibited a strong dark colour.

2.4. Combined treatment process

The bench-scale setup consists of an adsorption reactor with
HA as the pretreatment followed by enhanced Fenton oxidation

reactor. In the adsorption process: (1) HA was proposed to be used
as adsorbent (1500 mg/L); (2) a desired dose of MgSO4 (5000 mg/L)
was  added as precipitant to the wastewater; (3) the stirrer was
turned on for rapid mixing stage of 10 min  at 60 rpm; (4) the stirrer
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Table  1
Characteristic of influent from the production naphthalene series dye plant.

Parameter Value Discharge limita

1,2,4-Acid (mg/L) 9103 NA

Colour (multiple) 25,600 100
SS  (mg/L) 240 400
CODcr (mg/L) 12,000 500
NH4

+–N 110 100
Sulfate (mg/L) 11,030 NA
Cl−1 (mg/L) 300 NA
Conductivity (mS/cm) 4400 NA
pH 0.1 6–9
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a According to Third Criterion of National Wastewater Discharge Standard
GB8978-1996).

peed was reset for a slow mixing stage of 15 min  at 20 rpm; and
5) the ensuring natural setting lasted 1 h. The supernatant was
ithdrawn for subsequent analysis.

The Fenton processes were carried out in the following sequen-
ial steps: (1) effluents after pretreatment (200 mL)  were put in a
eaker (1 L); (2) volume of influents was diluted with the efflu-
nt (COD equals to 210 mg/L approximately) which was  treated by
enton process and was unable to be further degraded (the total
olume of diluted solutions is 200 × dilution ratio); (3) pH was
djusted to 2.5–3 with raw wastewater due to its high concen-
ration of sulfate acid; (4) a calculated amount of catalytic ferrous
ulfate was added as the source of Fe2+ in this experiment. Then,
2O2 was added into the reactor to start the reaction; and (5) at

elected time intervals, 3 mL  of reaction mixture was taken and
mmediately injected into 0.1 N NaOH to increase the pH to 10 to
erminate the reaction [24]. Samples were filtered through 0.45 �m

embrane filters to remove the precipitates formed. Filtered sam-

les were then analyzed for various parameters. The combined
reatment was operated under the optimal conditions for all the
rocesses. The overall efficiency of the combined treatment was
valuated. The diagram of the bench-scale experiment setup of

Fig. 1. Flow diagram of the combined physicochemical pretreatment and en
aterials 198 (2011) 232– 240

the combined physicochemical pretreatment and enhanced Fenton
process was  illustrated in Fig. 1.

3. Results and discussion

3.1. Physiochemical pretreatment

Comparative results using HA adsorption, MgSO4 precipitation
and combined HA and MgSO4 adsorption were listed in Table 2.
It had been found that the removal efficiency of both COD and
NH4

+–N in combined system (39% and 62%) was superior than that
obtained in single HA adsorption (16% and 40%) and MgSO4 precip-
itation (28% and 19%). It is probably because that Mg2+ is capable
of developing chelate-type bridges between different chemical
groups of HA, shrinking the molecules and forming flocs to adsorb
organics to coagulate [25]. It can be also seen from Table 2 that HA
& MgSO4 combined process had the great advantages of reducing
chromaticity from 25,600 to 2700 times. The proposed mechanism
was  shown in Eq. (8):

HA + MgSO4 + Organic s →  (Mg2+ -HA-organic) formed fl ocs 
(8)

To examine the influence of pH change, experimental test at var-
ious pH points were performed and the result can be seen in Fig. 2.
The pH of the combined system was  adjusted with 0.1 M H2SO4
or 0.1 M NaOH. Analysis show that zeta potential of HA decreases
with increasing pH, the influence of pH on HA and MgSO4 syn-
ergetic effect is considerable. Performance of HA adsorption on
COD removal in lower pH was greater than in higher pH, however,
this was somewhat different when MgSO4 was added. In com-
bined process, COD removal efficiency increased when increasing
the solution pH, the highest COD removal 39% was achieved when
solution pH was adjusted to 12, while the lowest removal 21% was
obtained when pH was  5. This might be explained that organics
in naphthalene wastewater like 1,2,4-Acid would be protonated
at low pH values, and this protonation favors increased sorption

by HA via ionic interactions when conducted in single HA adsorp-
tion process. On the contrary, HA would be in its colloids state at
the high pH range, as the results of deprotonation, the HA molecule
was  expected to yield more favorable interaction with Mg2+ to form

hanced Fenton process of naphthalene dye intermediate wastewater.
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Table 2
Comparative results of HA, MgSO4 and HA & MgSO4 combined treatment process on COD, SS, colour and NH4

+–N removal.

Raw wastewater HA adsorptiona MgSO4 pretreatmentb HA & MgSO4
c

COD (mg/L) 12,000 10,108 8630 7319
COD  removal (%) – 15.8 28.1 39.0
1,2,4-Acid (mg/L) 9013 8810 6732 5315
SS  (mg/L) 240 21 27 17
Colour  (times) 25,600 14,300 18,500 2700
NH4

+–N (mg/L) 110 66.5 89.1 48.5

pH = 12; time = 60 min.
a Dosage of HA 1500 mg/L.
b Dosage of MgSO4 5000 mg/L.
c HA 1500 mg/L + MgSO4 5000 mg/L.
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The effect of initial concentration of hydrogen peroxide by Fen-
ton process is shown in Fig. 4. The result indicated that increasing
ig. 2. Effect of solution pH on COD and colour variation in HA & MgSO4 combined
rocess. (HA 1000 mg/L + MgSO4 5000 mg/L; time = 60 min; total volume = 500 mL.)

g2+–HA–Mg(OH)2 flocs. As a result, dye molecules might be partly
dsorbed by both HA and Mg(OH)2 chelated flocs.

The settling velocity of precipitate with or without addition of
g2+ was also investigated and the result was shown in Fig. 3.
agnesium salt existed partly as colloidal particles in the alkaline

nvironment, possibly by a “sweep-floc” mechanism.
Aggregates formed as a result of [Mg2(H2O)6]2+ might have led

o a faster settling velocity through reducing electrostatic repul-
ion between the particles [26–28].  It can be seen from Fig. 3, as

gSO4 was added, precipitate volume was rapidly decreased in one

our’s settling time, less sludge production was observed, and the
ludge volume with the addition of MgSO4 had improved by 44%.
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ig. 3. Comparison of settling velocity of precipitate with and without the addition
f  magnesium sulfate from combined process (total volume = 500 mL).
Produced sludge was  shipped out for further disposal by biological
land treatment.

3.2. Fenton process

Fenton was selected as a subsequent treatment method in this
study due to its capacity for the efficient removal of various azo dye
compounds [29,30].

3.2.1. Effect of hydrogen peroxide concentration
Hydrogen peroxide is an active oxidizing agent in the Fenton

reaction. It has been reported that the degradation efficiency of the
organics increases with an increase in the concentration of hydro-
gen peroxide [24]. It plays role of the precursor in generating the
hydroxyl radicals when reacting with ferrous ion as shown in Eq.
(1). In addition, hydrogen peroxide can also react with Fe3+ to form
a redox cycle to regenerating Fe2+ as illustrated in Eq. (2).  However,
increases in the starting concentrations of H2O2 do not always cor-
respond to higher oxidation rate or even faster oxidation of the
target substrate. In the presence of excess amount of hydrogen
peroxide, chemical oxidation of organics can be inhibited by the
formation of large amount of oxygen bubbles instead of hydroxyl
radicals (Eq. (9)).

reductant + H2O2 — O2 + products (9)
the initial H2O2 concentration from 2 to 10 g/L can enhance the COD
removal efficiency. When an initial H2O2 concentration of 2 g/L was

1412108642
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Fig. 4. Effect of H2O2 concentration on COD variation of wastewater by Fenton
oxidation. (Reaction conditions: initial COD = 7319 mg/L; ferrous sulfate = 3.27 g/L;
initial pH = 2.5; temperature = 26 ± 3 ◦C; treat volume = 200 mL without any dilu-
tion.)
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Fig. 6. Effect of Fenton reagent feeding mode on COD variation and H2O2 con-
ig. 5. Changes of H2O2 concentration as a function of time with various FBR. (Reac-
ion conditions: initial pH = 2.5; temperature = 26 ± 3 ◦C.)

dded, 21% of COD removal efficiency was achieved. Increasing the
2O2 concentration up to 8 g/L could meet 43% of COD removal effi-
iency. This was because that the presence of increasing H2O2 could
romote the production of more hydroxyl radical with ferrous ion,
s illustrated in Eq. (1).

The decreased COD removal efficiency was observed at 12 g/L of
oncentration. The COD removal efficiency was decreased when
oncentration of H2O2 was higher than 12 g/L. This was  proba-
ly due to the competition between intermediates and organics
or hydroxyl radicals. The higher concentration of H2O2 might
ave favored the side reactions that scavenged the HO• to form
ydroperoyl radicals via Eq. (4),  and this has a rate constant of about
1.2–4.5) × 107 M−1 S−1 [31].

.2.2. Effect of flow-back to influent ratio (FBR)
Fenton’s treatment of real industrial wastewater (especially

ith high organic concentrations) is always preferred as a pre-
reatment method prior to the biodegradation process due to the
ature of inhibitory effect of the raw wastewater [32,33]. In order
o use the Fenton process in a more efficient way, in this part, meth-
ds of inner circulation which functioned as pumping the treated
ffluents (COD < 210 mg/L) back to regulating tank, were applied
o minimize the organic load of real naphthalene dye wastewater.
he influence of flow-back to influent ratios was evaluated. Ratios
Vtreated water:Vraw) were adjusted from 1 to 4 corresponding to the
nitial COD value from 3659 to 1463 mg/L, respectively. Amount
f oxidant applied was half of the stoichmetric amount of H2O2
ecessary to oxidize substrate to CO2 and H2O. Fe2+ was adjusted
roportion to the molar ratio of H2O2:Fe2+ equal to 20:1.

Results from Table 3 indicated that solutions without dilution
xhibited a poor COD removal efficiency (43% after 120 min  treat-
ent), compared with the results when FBR was 3 (a higher COD

emoval efficiency 62%). From Table 3, it can be seen that increas-
ng the FBR will decrease the H2O2 consumed per kg COD. As FBR
ncreased from 2 to 5, H2O2 consumed per kg COD decreased from
.2 to 1.7 kg/kg COD. This was attributed to the decrease of the
ide reaction which can leave more hydrogen peroxide to produce
ydroxyl radicals.

Fig. 5 shows the changes in total hydrogen peroxide concen-
ration as a function of time with various FBR. Results indicated

hat the consumption of hydrogen peroxide depends on the FBR
pplied in each experiment. When FBR increased, the hydrogen per-
xide is more quickly consumed, and the corresponding higher COD
emoval efficiency was obtained. Solutions without any circulation
sumption. (Reaction conditions: COD = 7319 mg/L; total H2O2 fed = 8 g/L; total
FeSO4 = 3.3 g/L; initial pH = 2.5; temperature = 26 ± 3 ◦C; treated volume = 200 mL
without any dilution.)

showed a steady decrease of hydrogen peroxide, and a mass of
oxygen bubbles was observed during the reaction. In the solu-
tions without any dilution, the per unit volume concentration
of hydrogen peroxide was 8 g/L, four times more than solutions
with BFR equaling to 4 (Table 3). In this case, simultaneously
produced excessive hydroxyl radicals might be scavenged by them-
selves or be exhausted by H2O2 through Eqs. (4) and (6).  High
concentrations of ferrous ion can also react with simultaneously
accumulated hydroxyl radicals, as described by Eq. (5) with a reac-
tion rate constant of 3.20 × 108 M−1 S−1, and the rate constant has
a value of several orders of magnitude higher than that Eq. (1).
The rate constant of the reduction of Fe3+–Fe2+ through Eq. (2)
is only 2.00 × 10−3 M−1 S−1. High concentrations of residual H2O2
remained in the solution would probably decompose to water and
oxygen or be exhausted by other side reactions [34].

3.2.3. Effect of staged Fenton mode
Most investigations were focusing on one-staged feeding mode

but fewer reported the continuous process of Fenton oxidation [35].
Zazo et al. [36] had demonstrated the pathway of phenol oxidation
by Fenton’s reagent by the following reactions:

COD + H2O2
ferrous ion−→ reaction intermediates (10)

reaction intermediates+H2O2
ferrous ion−→ CO2 + H2O+inorganic salts

(11)

In most cases these two reactions occurred simultaneously
and resulted in the direct competition for hydroxyl radicals in
both a system, however, the degradation rate for Eq. (2) was
much slower than Eq. (1),  and the Fenton reaction could not
reach deep mineralization of target pollutants due to the inter-
action of degradation intermediate with ferric ions. Moreover,
when a significant amount of Fenton reagent comparing with
substrate was available, H2O2, Fe2+ and organics competed to
react with HO•, thus also reduced the degradation efficiency.
Based on which mentioned above, the multi-staged Fenton
reagent feeding mode (both ferrous ion and hydrogen peroxide
were divided equally and were added followed the Fenton–
Neutralization–Sedimentation–.  . .–Fenton–.  . .–Sedimentation

process) was applied and the results can be seen in Fig. 6.

It can be seen from Fig. 6 when Fenton reaction was  operated
twice with half amount of total Fenton reagent applied in each
process, better COD removal (67%) was obtained than with single
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Table 3
Effect of flow-back to influent ratio on COD removal efficiency and amount of hydrogen peroxide consumed per kg COD.

FBR Initial COD (mg/L) Total H2O2(g) H2O2 (g/L) COD removal efficiency (%) H2O2 consumed per kg
COD (kg/kg COD)

Without circulation 7319 8 8 43 2.6
2 3660  8 4 50 2.2
3  2440 8 2.7 56 1.9
4  1830 8 2 62 1.8
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eaction conditions: initial pH = 2.5; temperature = 26 ± 3 ◦C.

eeding (43%). The H2O2 consumed per kg COD was  also decreased
rom 2.6 to 1.6 kg/kg COD with two-staged Fenton reaction. This

eans that more hydroxyl radicals could be produced and used to
xidize organics with staged Fenton process which was  consistent
ith the results reported by Yoo et al. [35].

.2.4. Performance of the staged-Fenton process with inner
irculation system

A bench-scale experiment integrating the staged Fenton pro-
ess with inner circulation method was utilized to investigate the
ffectiveness of enhanced Fenton process on the performance of
OD reduction. This treatment facility received wastewater from
he physiochemical pretreatment plant, with the initial COD about
300 mg/L. The bench test setup consisted of a two-staged Fen-
on reaction tank configured with a reflux pump, the flow-back to
nfluent ratio was adjusted to 3 on the grounds of economic rea-
ons, COD of the recycled water was about 210 mg/L and the COD
f the wastewater after 3 times dilution was calculated as follows:

OD(wastewater after 3 times dilution with circulated water)

= initial COD + CODcirculated effluent × FBR
total volume

= 1987 mg/L (12)

The experiments had been in continuous operation for six
ounds and the results of COD variation with the function of time
re shown in Fig. 7, in which average effluent COD from secondary

enton reactor constantly remained at 212 mg/L, increased by 22%
nd 27%, respectively when only two-staged Fenton or circulated
enton (FBR = 4) process was applied. The H2O2 consumption per
g COD was also saved up to 31% and 36% compared with the results
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ig. 7. Concentrations of COD, TOC and 1,2,4-Acid variation in the process of
wo-staged Fenton reaction with inner circulation systems. (Conditions: wastew-
ter  from HA & MgSO4 pretreatment with initial COD of 7300 mg/L was  diluted
sing the recycled effluent with COD of 210 mg/L, FBR = 3; total H2O2 fed = 8 g/L;
otal FeSO4 = 3.3 g/L; initial pH = 2.5; temperature = 26 ± 3 ◦C; Fenton reagents were
ivided equally in the 1st and 2nd staged Fenton reactor.)
 63 1.7

obtained from only two staged or circulated Fenton process. TOC
is a primary index to evaluate the organic mineralization that con-
tained in wastewater. Fig. 7 also shows TOC elimination with the
function of time. As can be seen, a high mineralization degree was
obtained after two-staged Fenton reactions (84% total TOC elim-
ination), with 20% and 64% of TOC reduction after the 1st staged
and 2nd staged Fenton reaction, respectively. The sharp decrease of
COD and TOC was observed at the beginning of the 2nd staged Fen-
ton process, indicating a strong sorption effect of degraded organic
intermediates on ferric sludge. It is commonly accepted that most of
these small molecular intermediates (SMI) are recalcitrant to HO•

radicals [37], and can hardly been removed by Fenton oxidation.
However, they can be easily removed by the process of ferric ion
precipitation due to the strong affinity of SMI  to Fe3+ ions which was
further verified by IR investigations of the formed ferric sludge.

In addition, the process was further proved by the IR spectrum
analysis and the results can be seen in Fig. 8. A strong adsorption
was  observed around 553 cm−1 (curve a) and 561 cm−1 (curve b)
in the FT-IR spectrum of ferric sludge indicating Fe-O stretching
groups of ferric hydroxide, whereas stretching vibration of C O
(1658 cm−1), symmetric stretching vibration of COO– (1396 cm−1)
were found after the 1st staged Fenton reaction which was believed
to be the functional groups of aromatic ring opening by-product
like polycarboxylate. A further degradation was also observed in
the 2nd staged Fenton reaction, as characteristic peaks of naphtha-
lene basically disappeared, only leaving some groups of stretching
group of C O (1660 cm−1) and carboxylate ions (1430 cm−1) which
were proposed to belong to functional groups of low molecular
acids.
The physicochemical adsorption and precipitation in its opti-
mal  conditions had led to the high removal efficiency of colour,
NH4–N+ and COD which directly reduced the cost of subsequent
Fenton process. Enhanced Fenton process significantly decreased

Fig. 8. FT-IR spectrum of ferric sludge collected after the 1st and 2nd staged Fenton
reaction.
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Table  4
Zero-, first- and second-order reaction kinetics for the degradation of 1,2,4-Acid by staged Fenton process.

Kinetics 1st staged Fenton reaction 2nd staged Fenton reaction

k (M−1 s−1) R2 k (M−1 s−1) R2

First-order 5.0 × 10−4 0.0681 6.8 × 10−4 0.9460
.9404
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Second-order 10.7 × 10−3 0

he concentration of COD and colour. The effluent concentration
f COD, SS, colour and NH4

+–N from the combined process were:
10 mg/L, 3 mg/L, 25 (multiple) and 16 mg/L.

.2.5. Kinetic study
In most cases (especially Fenton’s degradation of a model pollu-

ant), the first order’s kinetic fitted well with their degradation rate.
owever, it is based on the assumption that at a certain time, the
oncentration of reactive HO• radical will not vary with reaction
ime [38]:

d [HO•]
dt

= 0 (13)

Masomboon et al. used 10 min  degradation rate to simulate their
ollutant degradation kinetics in order to minimize the error of
egradation rate of the intermediate involved in the following stage
f the Fenton reaction [39]. Because hydroxyl radical’s formation
s faster at the initial stage of the Fenton reaction and gradually
ecreases with the prolonged reaction time [21]. Moreover, real
astewater always has high concentration of inorganic ions, such

s chloride or phosphate. The chloride ion acts as a scavenger, con-
uming hydroxyl radicals [40]:

l− + HO• → •Cl + H2O (14)

2O2 + •Cl → HO2
• + Cl− + H+ (15)

Thus, hydroxyl radicals can hardly be assumed to be constant
ue to a series of side reactions that would consume HO•. For the
eaction kinetic, depending on the experimental conditions, the
enton reaction might follow the first or second order kinetics in
ifferent conditions. Sun et al. compared the kinetics of Fenton’s
egradation of an azo dye Orange G in aqueous solution and found
hat the second order’s kinetic model fitted well with their data
41]. The reaction between the hydroxyl radical and an organic
ompound was also regarded as a second-order reaction by Wang
t al. they assumed that the kinetics for 2,4-D by anodic Fenton’s
egradation with hydroxyl radicals can be well described as [42]:

d[D]
dt

= k [HO•] [D] (16)

Real effluent from the dye manufacturing plant was complex in
his study, and the degraded intermediates may  immediately inter-
ct with ferric ions during the reaction. Based on what mentioned
bove, the degradation rate of 60 min  Fenton reaction in this study
hould be evaluated using the first- or second-order kinetics. More-
ver, it should be noted that the hydrogen peroxide concentration
sed in the two separated stage was half of the total amount of
2O2 applied. It means that the produced hydroxyl radical is insuf-
cient for the total removal of the organics in any single staged
enton reactor and thus the second order kinetic model might be
ore reasonable to explain the degradation rate in this study.
In the present study, first- and second-order reaction kinet-

cs were used to study the removal kinetic of parent pollutant

,2,4-Acid by two-staged Fenton oxidation process. Kinetics in two-
taged process was calculated respectively in order to investigate
he degradation rate of parent compound in two separated process.
he individual expression was presented below (Eqs. (17)–(18)):
 3.5 × 10−3 0.9897

First-order reaction kinetics:

dc

dt
= −k1C (17)

Second-order reaction kinetics:

dc

dt
= −k2C2 (18)

where C is the concentration of 1,2,4-Acid; k1 and k2 represent the
apparent kinetic rate constants of first- and second-order reaction
kinetics, respectively; t is the reaction time. Regression analy-
sis based on the first- and second-order reaction kinetics for the
degradation of 1,2,4-Acid in staged Fenton oxidation process was
conducted and the results are shown in Table 4. Comparing the
regression coefficients (R2) obtained from Table 4, it can be seen
that R2 based on the second-order reaction kinetics was 0.9404
and 0.9897 in the first stage and second stage of the enhanced
Fenton process respectively which were obviously better than that
based on the first order reaction kinetics. The results indicated that
the degradation kinetics of 1,2,4-Acid may  probably followed the
second-order kinetics. As can be seen, the initial rate (<60 min) of
degradation by Fenton process of 1,2,4-Acid was  10.7 × 10−3 and
3.5 × 10−3, respectively. The little higher reaction constant in the
first staged Fenton process is probably because the small molec-
ular organic acids accumulated in the 2nd staged Fenton process
competed for hydroxyl radicals with 1,2,4-Acid and the concentra-
tion of 1,2,4-Acid has greatly been reduced in the 1st staged Fenton
reaction. The degradation of aromatic compounds often leads to the
formation of intermediates such as glyoxylic, maleic, oxalic, acetic
and formic acids [34], Oxalic acid, the major intermediate of aro-
matic compound degradation, can complex with ferric ions [39],
hindering the reduction effect of Fe2+ through Eqs. (3),  all of which
would lead to the decrease of the 2nd staged Fenton degradation
rate.

3.3. Identification of intermediates

Main intermediates of wastewater containing 1,2,4-Acid treated
by enhanced Fenton reaction (two-staged with inner circulation)
was  identified in this part of study. The LC–(ESI)-TOF-MS was
applied to detect the intermediates that might have generated dur-
ing the staged Fenton’s reaction. Several stable intermediates such
as 1,2-bisnaphthol, and o-phthalic acid were found in the 1st staged
Fenton reaction. Some short-chain organic acids were also detected
such as formic acid at 0.49 min  and oxalic acid at 2.44 min. The total
ion chromatography of the wastewater samples after each stage’s
treatment was shown in Fig. 9. The accurate mass data of the molec-
ular ions were processed through the software MassLynx which
provided the elemental formula and the mass errors. The errors
obtained were between 0.7 and 4.4 ppm (root mean square (RMS)
value 2.02) and 0.2–1.2 mDa  (RMS = 0.72) which is within the limits
of the widely accepted accuracy threshold of 5 ppm. Traces shown
in Fig. 8(a) correspond to [M−H]− extracted with a mass window
of 20 mDa  for 1,2,4-Acid (m/z 247.981), and Naphthalen-2 (m/z

143.553), the naphthalene was believed to be the raw materials
used for the synthesize naphthalene dye compounds.

In the staged-Fenton oxidation, the main oxidizing species is the
hydroxyl radical. It is known that HO• radicals are nonselective and
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Fig. 9. UPLC–TOF total ion chromatogram of the wastewater post each treatmen

trong electrophilic oxidizing species. The degradation process can
e initiated either by the attack of HO• on 1,2,4-Acid that yields
leaving of –N = N– bond or by the direct hydroxylation of 1,2,4-
cid to give 1,2-dihydronaphthalene. 1,2-Dihydronaphthalene is

urther attacked by HO•generating smaller aromatic intermediates

uch as pthalic acid and aliphatic acid [43]. These acids are trans-
ormed into oxalic acid. The ultimate carboxylic acid, oxalic acid, is
ery slowly converted into CO2 by hydroxyl radicals since it forms
ery stable Fe3+-oxalate complexes under the Fenton process.

Fig. 10. Proposed degradation pathway of 1,2
. (a, raw wastewater; b, post 1st staged Fenton; and c, post 2nd staged Fenton.)

Therefore, it could easily be detected after the 2nd staged Fenton
process. It can be established that 1,2,4-Acid is degraded to
1,2-dihydronaphthalene and probably other nitrogen-free organic
derivatives. The proposed mechanism of staged Fenton was also
illustrated as shown in Fig. 10.  The ring opening of aromatic inter-

mediates leads to the formation of organic acids. In this case,
smaller aromatic intermediates such as pthalic acid and phtalimide
and aliphatic acids (such as fumaric, succinic, maleic and malonic
acids) were found post the 1st staged Fenton reaction, whereas the

,4-Acid by two staged Fenton process.
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ow molecular weight compounds like oxalic and formic acids were
xtensively found at the end of 2nd staged Fenton process.

. Conclusions

A coupled physicochemical with enhanced Fenton process has
een proved to be a suitable treatment for dealing with naphtha-

ene dye intermediate wastewater. In the first step, HA adsorption
t pH ≥12 reduced an initial COD of 12,000 mg/L and colour of
5,600 (multiple) to 7310 mg/L and 2700 (multiple). A two-staged
enton process with inner circulation system was introduced suc-
essfully as a subsequent treatment method. By using this enhanced
echnology, the remaining COD, TOC and 1,2,4-Acid decreased sig-
ificantly to 210 mg/L, 46 mg/L and 21 mg/L. The hydrogen peroxide
onsumed could be reduced by 36% at most. The evolution inter-
ediates of naphthalene dye intermediate wastewater through the

taged Fenton was detected using a LC–(ESI)-TOF-MS technique,
nd the data indicated the degradation process could be initialed
y the attack of HO• on 1,2,4-Acid. Some benzene serial compounds
ere found after the 1st staged Fenton reaction, and they were con-

inually degraded to low molecular weight acids in the 2nd Fenton
tage. Based on the results obtained from bench scale test, it seems
hat this combined treatment method offers an attractive alterna-
ive in dealing with the high-concentration naphthalene industrial
astewater.
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