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Abstract

The treatment of landfill leachate by electro-Fenton (E-Fenton) method was carried out in a batch electrolytic reactor. The effect of operating
conditions such as reaction time, the distance between the electrodes, electrical current, H,O, to Fe(II) molar ratio, Fenton’s reagent dosage and
H,0, feeding mode on the efficacy of E-Fenton process was investigated. It is demonstrated that E-Fenton method can effectively degrade leachate
organics. The process was very fast in the first 30 min and then slowed down till it was complete in 75 min. There exists an optimal distance range
between the electrodes so that an over 7% higher chemical oxygen demand (COD) removal was achieved than the electrodes positioned beyond
this range. COD removal efficiency increased with the increasing current, but further increase of current would reduce the removal efficiency.
Organic removal increased as Fenton’s reagent dosage increased at the fixed H,O, to Fe(Il) molar ratio. COD removal was only 65% when
hydrogen peroxide alone was applied to the electrolytic reactor, and the presence of ferrous ion greatly improved COD removal. COD removal
efficiency increased with the increase of ferrous ion dosage at the fixed hydrogen peroxide dose and reached highest at the 0.038 mol/L of ferrous
ion concentration. COD removal would decrease when ferrous ion concentration was higher than 0.038 mol/L. The stepwise or continuous addition
of hydrogen peroxide was more effective than the addition of hydrogen peroxide in a single step. E-Fenton method showed the synergetic effect
for COD removal as it achieved higher COD removal than the total COD removal by electrochemical method and Fenton’s reagent.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The Fenton process, one of advanced oxidation processes
(AOPs), has been widely applied to remove organic matter
from landfill leachate as a pre-treatment or post-treatment pro-
cess [1-15]. However, conventional Fenton process cannot
remove chemical oxygen demand (COD) efficiently from land-
fill leachate.

During the Fenton reaction, hydrogen peroxide is catalyzed
by ferrous ions to produce hydroxyl radicals [16],

Fe?t + H,0, — Fe’t + OH™ +°*OH (1)

This reaction is propagated from ferrous ion regeneration
mainly by the reduction of the produced ferric species with
hydrogen peroxide [17],

H,0, + Fe’t — Fe?t + HO,* + HT )
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The produced hydroxyl radicals would degrade organic mat-
ter in the landfill leachate. However, in the Fenton chain reac-
tions, the rate constant of reaction (1) is between 53 and
76 M~ s~! [16,18-20], while that of reaction (2) is only
0.01 M~ ! s~ [17]. This means ferrous ions are consumed more
rapidly than they are produced. In addition, ferrous ions can also
be rapidly destroyed by hydroxyl radicals with the rate constant
in the range of 3.2-4.3 x 103 M~ s~1 [20,21],

Fe’t +*OH — Fe’t + OH™ (3)

Therefore, more ferrous ion dosage is needed to keep the
moderate hydroxyl radicals production. This results in the large
amount of ferric hydroxide sludge during neutralization stage
of Fenton process, which requires additional separation process
and disposal [22].

Recently, the applications of electrochemical method in Fen-
ton process, named electro-Fenton (E-Fenton) method, have
been reported. These studies could be generally divided into
several categories. In the first one, ferrous ion is externally
applied, and both hydrogen peroxide and ferrous ion are concur-
rently generated at cathode, but primarily focusing on hydrogen
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peroxide generation on mercury pool [23], carbon felt [24], retic-
ulated vitreous carbon [25], graphite [26], activated carbon fiber
[27], stainless steel plate [28] or carbon-PTFE [29] cathode. In
the second category, hydrogen peroxide is externally applied
while a sacrificial iron anode is used as ferrous ion source [30].
In the third category, hydrogen peroxide is externally applied
and ferrous ion was electrogenerated via the reduction of fer-
ric ion or ferric hydroxide sludge [22]. In the fourth category,
both ferrous ion and hydrogen peroxide are electrogenerated
at sacrificial anode and cathode via the two-electro reduction
of sparged oxygen, respectively [31]. However, the above E-
Fenton processes have seldom been used to treat high strength
wastewater [22,25,30-32]. In this study, we proposed a novel
E-Fenton method, in which Fenton’s reagent was utilized to
produce hydroxyl radical in the electrolytic cell and ferrous
ion is regenerated via the reduction of ferric ion on the cath-
ode. This method would be used for the treatment of high COD
strength landfill leachate. The effect of reaction time, the dis-
tance between the electrodes, applied current, Fenton’s reagent
dosage, Fe(II)/H,O» molar ratio and the feeding mode of hydro-
gen peroxide on the efficacy of COD removal from the landfill
leachate was investigated.

2. Materials and methods

Leachate samples were taken with polyethylene bottles from
the Erfeishan Landfill at Wuhan, China. Samples taken were
preserved in refrigerator at 4 °C in accordance with the Stan-
dard Methods [33]. Its characteristics on average were pH 6.4,
COD 5000 mg/L, ammonia-nitrogen 650 mg/L and alkalinity as
CaCO3 5200 mg/L.

Sodium hydroxide was of chemical pure (CP) grade, and
other chemicals used were analytical reagent (AR) grade. All
solutions were prepared with distilled water.

The solution pH was measured with an Orion 420Aplus pH-
meter. Alkalinity and ammonia-nitrogen were determined using
colorimetric method according to the Standard Methods [33].
Chemical oxygen demand was determined by using microwave
assisted potassium dichromate method adapted from Jardim and
Rohwedder [34].

Batch experiments were performed in a rectangular elec-
trolytic reactor (prexy glass) containing 200 mL solution. Elec-
trolyses were operated at constant current (/) of 1, 1.5, 2,
2.5 and 3 A using a DC power supply (Model WYK-305)
from Yangzhou Jintong Source Co. Ltd. (China). One pair of
5cm x 11.9 cm anodic (Ti/RuO,-IrO;) and cathodic electrodes
was positioned 0.7, 1.3, 2.1, or 2.8 cm apart from each other
and was dipped in the leachate. A magnetic stirrer (Model 78-1,
Hangzhou Instrument Motors Factory, China) provided the mix-
ing of the solution in the rector. In each run, leachate sample was
transferred to the electrolytic reactor. Then, a selected amount
of ferrous sulfate heptahydrate was dissolved in the leachate.
The initial pH value was adjusted using concentrated sulfuric
acid and set at 3 [14]. Hydrogen peroxide was applied all at
once, in multiple steps, or in continuous mode using a peri-
staltic pump (Model D100B, Shanghai Qingpu Huxi Instrument
Factory, China). At pre-selected time intervals, samples were

taken into the tubes containing sodium hydroxide solution to
quench the reaction by increasing pH around 8.0. Then, they
were diluted (typically 1:9 water) and settled for 30 min. The
supernatant was withdrawn to measure COD.

3. Results and discussion

Reaction time effect on E-Fenton process was tested to deter-
mine an experimental condition for further research. In this
study, we evaluated the efficacy of E-Fenton process in terms
of COD. Fig. 1 shows the decrease of organic materials as a
function of reaction time. The results demonstrated that organic
materials were rapidly degraded by E-Fenton method. Most
organic removal occurred in the first 30 min. After 30 min, the
decrease of residual COD slowed down. The reaction was nearly
completed at 75 min. Based on the result, the reaction time for
the E-Fenton treatment with batch reactor was determined to be
75 min for further experiments.

Defining current efficiency as [35],

V(CODy — CODy)F
CE = “
81t
where CODy is the initial chemical oxygen demand, COD; the
chemical oxygen demand at given time ¢, V the volume of the
electrolyte, F' the Faraday constant and / is the current intensity.

As can be seen, the current efficiency increased for the first
15-30 min to attain high maxima of 174%, and then it dropped
gradually (Fig. 1). The similar results have been reported when
aniline [31] and chlorophenoxy herbicides [36,37] were destruc-
ted, respectively, by the first category of E-Fenton method and
apparent current efficiency (ACE) was defined as the ratio of
the experimental TOC removal to the theoretically calculated
TOC abatement considering that the applied electrical charge is
only consumed in the corresponding mineralization reaction.
E-Fenton has a very good efficiency during the initial stage
of electrolysis when easily oxidizable products were rapidly
destroyed by hydroxyl radicals. The decrease of current effi-
ciency was due to the formation of hardly oxidizable products
[36,37]. Fig. 1 also shows that the current efficiency could exceed
100%. This can be accounted for the fact that the determination
of current efficiency only involves one electrochemical reac-
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Fig. 1. COD removal efficiency and current efficiency with electrolysis time
(H202 =0.34 mol/L, Fe(Il)=0.11 mol/L, pH 3, /=2 A, d=2.1 cm).
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Fig. 2. Effect of the distance between the electrodes on COD removal efficiency.

tion. In E-Fenton process, hydroxyl radicals would be produced
at the surface of a high-oxygen overvoltage anode from water
oxidation,

H,O — *OH + Ht +e~ )

Hydroxyl radicals would also be generated by reaction (1) in
the medium. The produced ferric ion from reaction (1) would
be reduced to ferrous ion at the cathode,

Fe’t +e~ — Fe?t (6)

This would induce Fenton chain reaction efficiently. There-
fore, in the case of coupled reaction, the maximal efficiency
would reach 200% [25,31].

The effect of the distance between the electrodes (d) on COD
removal efficiency is shown in Fig. 2. As can be seen, COD
removal efficiency was nearly the same when the distance was
in the range of 1.3-2.1cm. For example, COD removal effi-
ciency was 80.4% for 1.3 cm of distance and it was 80.8% for
2.1 cm of distance. The shorter or longer distance beyond this
range would only achieve the lower COD removal efficiency,
i.e., 73.6% of COD removal for 0.7 cm of distance and 71.8% of
COD removal for 2.8 cm of distance. In the E-Fenton process,
ferrous would be regenerated via the reduction of ferric ion at
the cathode by reaction (6). This would induce Fenton chain
reactions. However, when the electrodes were placed too short,
the electro-regenerated ferrous ion could be easily oxidized to
ferric ion at the anode,

Fe?t — Fe3t +e~ (7

This inhibits the efficacy of Fenton chain reactions. On the
other hand, longer distance was attributed to the limiting mass
transfer of ferric ion to the cathode surface that governs fer-
rous ion regeneration [38]. Therefore, reaction (1) that produced
hydroxyl radicals could not be propagated efficiently from fer-
rous ion regeneration.

The effect of electrical current on COD removal efficiency
is shown in Fig. 3. More COD was removed when current
increased, indicating an enhancement of the degradation power.
This is due to the higher electro-regeneration of ferrous ion from

100 200

v/v\v 1160

50 4120
60 :74/_\,‘______ 12(

80

s
40 - A\A 480

20 L —v—COD removal elficiency 440
—A— Current eliciency

COD removal efficiency (%)

(95) KouardIyo JuaLIn)

0 1 1 1 1 1 ()
1.0 1.5 2.0 2.5 3.0

1(A)

Fig. 3. COD removal efficiency and current efficiency at various electrical cur-
rents (H,O, =0.34 mol/L, Fe(II) =0.028 mol/L, pH 3, d=2.1 cm).

ferric ion (reaction (5)) with increasing current, which increased
the efficacy of Fenton chain reactions. However, COD removal
efficiency decreased when the current exceeds 2.5 A. The COD
removal efficiency was only 79.3% at 3.0 A compared with
87.2% at 2.5 A. Athigher current the competitive electrode reac-
tions such as the discharge of oxygen at the anode via reaction
(8) and the evolution hydrogen at the cathode via reaction (9)
would become pronounced.

2H,0, — 4H" + 0, +4e 8)
2H" +2¢ - H, 9)

These would inhibit main reactions such as reactions (5) and
(6).

The decay of current efficiency with current is also observed
in Fig. 3. This indicated that parasite reactions of hydroxyl
radical became more predominant when it was more rapidly
generated [37]. In addition, the further increase of current would
lead to the competitive electrode reactions of discharge of oxy-
gen and hydrogen (reactions (8) and (9)).

The effect of Fenton’s reagent dosage on COD removal effi-
ciency was evaluated at the fixed H,O»/Fe(II) molar ratio of
12. COD removal efficiency increased almost linearly with the
increase of H,O; concentration by 0.34 mol/L (Fig. 4). But fur-
ther improvement in COD removal efficiency beyond 0.34 mol/L
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Fig. 4. COD removal efficiency and efficiency of hydrogen peroxide at various
Fenton’s reagent dosages (HyOo/Fe(Il) =12, pH 3, =2 A, d=2.1 cm).
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Fig. 5. Effect of ferrous ion dosage on COD removal efficiency.

gave milder increased removal efficiency. This indicated that the
end by-products of oxidation reactions are mainly made of short
chain organic acids that are difficult to be further oxidized [14].
Defining the efficiency of hydrogen peroxide as [7,39],

ACOD (mg/L)

= 100 10
g available O, (mg/L) x 10

where the available oxygen was the theoretical amount of reac-
tive oxygen in the added hydrogen peroxide.

Results showed that efficiency of hydrogen peroxide
decreased with the increase of Fenton’s reagent dosage (Fig. 4),
indicating less hydrogen peroxide was used to oxidize organic
materials in the leachate. Similar to the current efficiency, the
efficiency of hydrogen peroxide could also exceed 100% (Fig. 4).
This is accounted for the fact that in Fenton process COD was
removed by both oxidation and coagulation [7]. The latter is due
to the formation ferric hydroxide during neutralization step of
E-Fenton process.

The effect of Fe(Il) concentration on COD removal effi-
ciency is shown in Fig. 5. In can be seen that COD removal
efficiency was only 65.4% in the absence of ferrous ion. The
addition of ferrous ion greatly improved COD removal. COD
removal efficiency increased rapidly when Fe(II) concentration
increased. It achieved 83.4% of the highest removal efficiency
at the 0.038 mol/L of ferrous ion. Further increase in ferrous ion
dosage would lead to the decrease of COD removal efficiency.
This indicated that there is an optimum Fe(II)/H,O» molar ratio
for COD removal. Higher Fe(II)/H,O; molar ratio would lead to
the faster disappearance rate of ferrous ion as well as hydroxyl
radical via reaction (3). On the other hand, lower Fe(II)/H,0O,
molar ratio was attributed to the side reaction between hydrogen
peroxide and hydroxyl radical via reaction (11),

H,0, +°*0H — HO,* + H,0O an

This reaction results in the consumption of hydrogen perox-
ide as well hydroxyl radical, and the production of hydroperoxyl
radical, a species with much weaker oxidizing power compared
with hydroxyl radical. Therefore, there existed an optimum
Fe(II)/H20, molar ratio so that the consumption of hydroxyl

Table 1
COD removal efficiency versus number of feedings (H,O,=0.17 mol/L,
Fe(II)=0.014mol/L, pH 3, /=2 A, d=13cm)

Number of feedings COD removal efficiency (%)

1 73.0
2 73.4
3 74.3
4 74.9
Continuous 79.4

radical by ferrous ion or hydrogen peroxide would be in mini-
mum via reaction (3) or (11).

Our previous work showed that the efficacy of Fenton process
for the treatment of landfill leachate was improved by adding
Fenton’s reagent in multiple steps than that in a single step
[15]. Therefore, the stepwise or continuous addition of hydro-
gen peroxide was employed in this study, i.e., hydrogen peroxide
(0.17mol/L) was added in a single step (at 0 min), in two steps
(at 0 and 30 min), in three steps (at 0, 15 and 30 min), in four
steps (at 0, 10, 20 and 30 min) or in continuous mode for 30 min.
Total reaction time was kept at 75 min. The results showed that
COD removal efficiency increased with the times of dosage and
the highest removal efficiency was achieved when continuous
addition mode was employed (see Table 1). The addition of
hydrogen peroxide all at once in the beginning of the exper-
iments results in a rapid and efficient production of hydroxyl
radicals. Therefore, parasite reactions of hydroxyl radicals with
hydrogen peroxide (reaction (11)) as well as ferrous ion (reaction
(3)) become predominant. Stepwise addition keeps the hydro-
gen peroxide concentration at relatively low levels, reducing
the detrimental effect of hydroxyl radical scavenging (reaction
(11)). Furthermore, the continuous addition of hydrogen perox-
ide would keep the hydrogen peroxide concentration at the low-
estlevel and reduce the side reaction (reaction (11)) to the utmost
extent. Therefore, the highest COD removal was achieved
when continuous addition mode of hydrogen peroxide was
employed.

To investigate the synergistic effect of combined electro-
chemical method and Fenton’s reagent, landfill leachate was
treated by electrochemical method alone, Fenton’s reagent alone
and E-Fenton method, respectively. As shown in Fig. 6, electro-
chemical method alone could only remove 10% of COD from
the leachate. This is accounted for the fact that the main oxi-
dizing agent in this process is hydroxyl radical, produced in
small concentration by the anodic decomposition of water via
reaction (5) [40,41]. The similar results were reported when
Ti/Pt anode was employed to degrade aniline [31] and Pt anode
was used to mineralize chlorophenoxy herbicides [40,41]. COD
removal efficiency reached 34% with Fenton’s reagent, indi-
cating higher generation of hydroxyl radicals by homogenous
reaction (1) than reaction (5). COD removal increased to 81%
when Fenton’s reagent was applied to the electrolytic, which
was higher than electrochemical method, Fenton’s reagent, and
even the total removal by electrochemical method and Fenton’s
reagent. This indicated E-Fenton method had synergistic effect
for COD removal.
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Fig. 6. Comparison of COD removal by electrochemical oxidation, Fenton’s
reagent and electro-Fenton method. Electrochemical oxidation: pH 3, I=2 A,
d=2.1cm; Fenton’s reagent: H>O, =0.34 mol/L, Fe(II) =0.028 mol/L, pH 3;
electro-Fenton method: HyO2 = 0.34 mol/L, Fe(Il) =0.028 mol/L, pH 3, /=2 A,
d=2.1cm.

As E-Fenton method could achieve much higher COD
removal than conventional Fenton method, the treatment costs
were analyzed for both E-Fenton and conventional Fenton
methods. To simplify the analysis, only Fenton’s reagent and
electricity were considered. The prices of hydrogen peroxide
(27.5%) and ferrous sulfate heptahydrate (98%) were RMB
1250 and 420 per 1000 kg, respectively, which were provided
by China industry portal (www.hc360.com). The electricity rate
was RMB 0.689 kWh~!, provided by Wuhan municipal govern-
ment (www.wh.gov.cn). Then, the operation costs were calcu-
lated to be RMB 33 for conventional Fenton method and RMB
18 for E-Fenton method, respectively, when 1 kg COD needs to
be removed. This indicates that E-Fenton method is superior to
conventional Fenton method not only from the conversion point
of view but also from the economic point of view.

4. Conclusion

Electro-Fenton method could effectively remove COD from
landfill leachate. The process was very fast in the first 30 min
and then slowed down till it was complete in 75 min. There
exists an optimal distance range between the electrodes so that
an over 7% higher COD removal was achieved than the elec-
trodes positioned beyond this range. COD removal efficiency
increased with the increasing current, but further increase of
current would reduce the removal efficiency. Organic removal
increased as Fenton’s reagent dosage increased at the fixed H;O»
to Fe(Il) molar ratio. COD removal efficiency increased with
the increase of ferrous ion dosage at the fixed hydrogen per-
oxide dose, but further increase of ferrous ion dosage would
reduce the removal efficiency. The stepwise or continuous addi-
tion of hydrogen peroxide was more effective than the addition
of hydrogen peroxide in a single step. E-Fenton method is supe-
rior to conventional Fenton method not only from the conversion
point of view but also from the economic point of view.
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