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Abstract

The treatment of landfill leachate by Fenton process was carried out in a continuous stirred tank reactor (CSTR). The effect of operating conditions
such as reaction time, hydraulic retention time, pH, H,O, to Fe(II) molar ratio, Fenton’s reagent dosage, initial COD strength, and temperature on
the efficacy of Fenton process was investigated. It is demonstrated that Fenton’s reagent can effectively degrade leachate organics. Fenton process
reached the steady state after three times of hydraulic retention. The oxidation of organic materials in the leachate was pH dependent and the
optimal pH was 2.5. The favorable H,0, to Fe(II) molar ratio was 3, and organic removal increased as dosage increased at the favorable H,O, to

Fe(IT) molar ratio. Temperature gave a positive effect on organic removal.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

It is well known that the composition of landfill leachate is
complex, due in part to the conditions within a landfill such
as chemical and biological activities, moisture content and the
degree of stabilization. In spite of many attempts to treat land-
fill leachate, it appears that no general recommendations of
universal validity for leachate treatment can be made at the
present time. Treatment methods must be matched to the actual
characteristics of the leachate under examination. In particu-
lar, conventional biological methods, which are frequently used
to treat landfill leachate, have not achieved the same level of
success as they have in municipal wastewater treatment due to
a great extent to the presence of non-biodegradable and toxic
organic compounds contained in landfill leachate [1,2].

Chemical oxidation has been employed to decompose refrac-
tory organic substances and subsequently enhance the biological
treatability of wastewater [3-5]. Advanced oxidation processes
[6], AOPs, which involve hydroxyl radicals (*OH) as the oxida-
tion agent, have been demonstrated to be a reliable alternative
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to landfill leachate treatment. Hydroxyl radical is the second
strongest oxidant (E° =2.87 V) that is only inferior to fluoride
(E°=3.06 V).

Recently there have been numeral reports about land-
fill leachate treatment by AOPs such as ozone (O3), ozone
with hydrogen peroxide (O3/Hy0;), ozone with ultravio-
let light (O3/UV), hydrogen peroxide with ultraviolet light
(H>0,/UV), Fenton process (H,0,/Fe?*), and photo-Fenton
process (H202/Fez+/UV) [7]. Fenton process was more read-
ily employed to treat landfill leachate, as it is much cheaper and
easier to operate compared with other AOPs such as O3/H;05.
Although photo-Fenton process is superior to conventional Fen-
ton process, it is technically less practicable in that the penetra-
tion distance of UV light would be limited in the leachate, and
that the effectiveness of photolysis depends on the wavelength
[8] and accordingly the optimized quantum yield is obtained
in a narrow range of wavelength. Therefore, the photo-Fenton
process would not be successful in field application.

Compared with active bench scale research on Fenton pro-
cess, the reported practical application of Fenton’s reagent is
scare except for a pilot plant with a capacity of 1 m> day~!
operated in Korea [9]. The degradation of organics in leachate
using Fenton’s reagent will depend on the chemical composi-
tion of leachate, which was influenced by refuse characteristics,



H. Zhang et al. / Journal of Hazardous Materials B136 (2006) 618—623 619

hydrogeology, height of refuse, age of landfill, and climatic con-
ditions surrounding the landfill [10]. Therefore, leachate char-
acteristics are time dependent and site-specific. To design and
operate a continuously operated pilot plant with a capacity of
1.136 m3> h™" at the Northern Solid Waste Management Center
of Delaware Solid Waste Authority at Cherry Island in Wilming-
ton, Delaware [11], the effects of major parameters on the Fenton
process were evaluated in this study with the traditional one-
factor-at-a-time method using a bench-scale continuous stirred
tank reactor (CSTR). These parameters include reaction time,
hydraulic retention time, pH, H,O; to Fe(Il) molar ratio, Fen-
ton’s reagent dosage, initial COD strength, and temperature.

2. Materials and methods

Leachate samples were taken with polyethylene bottles from
the Central Solid Waste Management Center (CSWMC) at Sand-
town, Delaware. Samples were preserved in refrigerator at 4 °C
in accordance with the Standard Methods [12]. Prior to the exper-
iments, large particles and debris were removed by centrifuge to
minimize particulate effects in oxidation reactions. The leachate
samples were centrifuged for 10 min at 10,000 rpm using sor-
vall superspeed refrigerated centrifuge (Dupont Co., Wilming-
ton, DE, Model RC-5). Its characteristics were pH 6.65-6.69,
COD 8298-8894 mg/L, TOC 2040-2207 mg/L, and alkalinity
as CaCO3 35004600 mg/L.

All chemicals used were ACS (American Chemical Society)
certified grade and obtained from Fisher Scientific Company,
Springfield, NJ, or Aldrich Chemical Company, Milwaukee, WI.

CSTR experiments were carried out using a 1 L double jacket
spherical plastic reactor with four baffles to minimize vortexing
and rotational flow (Fig. 1). Mixing was provided by a vari-
able speed motor connected to an epoxy-coated steel shaft and
Teflon standard three-blade propeller. It was vertically mounted
above one propeller diameter from the tank bottom. Mixing
speed was about 1750 rpm, which was measured by strobotac
electronic stroboscope (General Readi Co., West Concord, MA,
Type 1531). The acidic condition on the reactor was controlled
with an automatic pH controller (New Brunswick Scientific

pH controller
Acid(]L;.\l(J_‘)| Base (NaOH)
Temperature controller,
Tubing
pump Baffle
I—! Water outlet
NaOH
150, = |
v
Leachate+ Fe(Il) e =
Tubing Magnetic stirrer,
pump ﬂ =
v
Water inlet
=

Magnetic stirrer

Fig. 1. Experimental set-up.

Co., Model pH-2) using 1 M sulfuric acid and 10 M sodium
hydroxide. The reactor temperature was maintained by a water
circulator.

Leachate samples were diluted to the desired COD strengths
with distilled water, and then dissolved ferrous iron into the 6.5-
L diluted leachate. Use concentrated sulfuric acid to adjust pH
around 3.5 to minimize the oxidation and the precipitation of
ferrous. Apply 1-L leachate-iron solution into the reactor. The
remaining 5.5-L leachate-iron solution was stocked in a cylindri-
cal tank. Using a magnetic stirred bar to keep the stock solution
homogenized. To initiate the experiment, two peristaltic pumps
were switched on and the hydrogen peroxide solution (around
90 mL/h) and the leachate-iron solution were separately injected
into the reactor. Samples from the overflow were taken for the
analysis of residual COD, TOC, ferrous iron, and hydrogen per-
oxide at the pre-selected time intervals.

COD were determined by both Hach vials and a closed reflux,
colorimetric method at 600 nm with Hach spectrophotometer
(Hach DR/2000, Loveland, Co.) according to the Standard Meth-
ods [12]. The concentration of hydrogen peroxide was analyzed
using a titanium sulfate spectrophotometric method [13]. Fer-
rous iron [Fe(Il)] was determined using a 1,10-phenanthroline
colorimetric method [12]. The combustion-infrared method
using TOC analyzer (Rosemount Dohrmann, Model-190) was
used for TOC measurement. TOC was determined by the differ-
ence between TC and IC [12].

3. Results and discussion
3.1. Effects of reaction time and hydraulic retention time

In order to find the reaction time required to reach a steady
state, experiments were performed at 60 min of hydraulic reten-
tion time with different COD strengths. The change of COD
or TOC was monitored continuously for 300 min equivalent
to five times of hydraulic retention time. As the reaction time
increased, COD or TOC removal efficiency increased rapidly
but the change of COD or TOC removal became insignificant
after 180 min. The steady state was reached after 180 min of
reaction time, which was three times of hydraulic retention time
(see Figs. 2 and 3). The same result was obtained by Kim et al.
[14].

The organic degradation kinetics can be expressed by pseudo-
first order kinetics according to the following relationship [14]:

—r = kCoHC = kexpC (D)

in which Cis the concentration of the organic substances express
as COD or TOC, Coy is the concentration of *OH radicals, k is
the second order rate constant, and ke, is the pseudo-first order
rate constant when Coy is supposed to be constant.

The material balance equation of the continuously stirred tank
reactor is expressed as follows:

dc
0C—O)+Vr=V (dt) 2)
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Fig. 2. COD removal efficiencies at different initial COD strengths vs. reaction
time.

100
O TOC =234 mg/L
. ¥ TOC =468 mg/L
X 80 =
o A TOC =702 mg/L o -
>
[&]
<o
(o]
S 60
RS
)
g
o 40
£
= Hydraulic retention time: 60 min
6] ;
& 20k H,0,: 0.2 mol/L
= Fe(ll): 0.05 mol/L
T:25°C
ok pH: 2.5
1 1 1 1 1 1 1
0 50 100 150 200 250 300

Reaction time (min)
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time.

in which Cy the influent concentration, C is the effluent con-
centration as well as the concentration in the reactor, Q is the
leachate flowrate, and V is the reactor volume.

Solving the differential Eq. (2) with the initial condition:

t=0, C=Cy 3)
We get the following equation,

Co—C Tkexp

|
Co 1+ thex {1 TP [_ (kexf’ + z) ’} } @

in which 7 is hydraulic retention time, v =V/Q.

80 80
—v—COD
75} —A—TOC

> /v o
70| 170 @
5 vs 70 (BD
© 2
=
3 et / 1% o
© =
2 COD: 2000 mg/L 3
g 60 L TOC: 468 mg/L 460 T
\D— A H,0,: 0.2 mol/L 2
8 sxl. Fe(ll): 0.0 moliL | ®
T:25°C =
pH: 2.5
50 - L L 50
20 40 60 80 100

Hydraulic retention time (min)

Fig. 4. COD and TOC removal efficiencies at different hydraulic retention time.

From Eq. (4) we know that even if kexp, were not considered
in the exponential term, the removal efficiency would reach 95%
steady value of Tkexp/(1 + Tkexp) When #/7 is 3, i.e., reaction time
is three times of hydraulic retention time. Therefore, the steady
state would be achieved after three times of hydraulic retention
time. The first order rate constants were determined based on the
data of removal efficiency versus time using Matlab as shown
in Table 1.

Table 1 indicated that rate constants would decrease with
the increase of initial COD or TOC strength. In addition, rate
constants of TOC removal are lower than those of COD removal
under the same operating conditions. This can be explained by
the change of average oxidation state. The average oxidation
state is defined as [15],

Average oxidation state = 4 |1 @ 5)
& - TOC

where COD is expressed in moles of O, per liter and TOC in
moles C per liter.

The average oxidation state usually increases during oxida-
tion process such as Fenton oxidation [16]. This means that COD
to TOC ratio should decrease, i.e., the rate of TOC decrease is
lower than that of COD.

Also, COD or TOC removal efficiencies after three hydraulic
retention times at different hydraulic retention times were tested
(see Fig. 4). It is shown that COD or TOC removal efficiency
will increase with the increase of hydraulic retention time.

Based on the results, further experiments were performed at
three times of hydraulic retention time.

Table 1

First order rate constants at different initial COD or TOC strengths

Initial COD (mg/L) kexp (min~1) R? Initial TOC (mg/L) kexp (min~") R?
1000 0.0733 0.9157 234 0.0379 0.8467
2000 0.0385 0.7732 468 0.0202 0.7842
3000 0.0292 0.8953 702 0.0131 0.8020
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Fig. 5. COD removal efficiencies at different pH values.

3.2. Effect of pH

Fenton process has a typically sharp, preferred pH region in
which it is optimally operated. pH affects the activity of both
the oxidant and the substrate, the speciation of iron, and hydro-
gen peroxide decomposition. Sedlak and Andren [17] explained
higher hydroxyl radical product yields in the pH range of 2—4
by areaction involving the organometallic complex where either
hydrogen peroxide is regenerated or reaction rates are increased.
Also, it is better to remove inorganic carbons from wastewater
because they can scavenge hydroxyl radicals [18]. Inorganic car-
bons can be easily removed by controlling the pH to the acidic
condition. Fig. 5 showed the effect of pH on the COD removal
efficiencies. Higher removal efficiency was achieved when pH
is not higher than 3.5 for lower strength (COD =1037 mg/L),
while the optimal pH range is only 2-2.5 for higher strength
(COD =4021 mg/L). Based on the results, further experiments
were performed at pH 2.5.

The effect of pH on TOC removal efficiency was also obtained
and it was observed to be similar to that on COD removal effi-
ciency. And TOC removal efficiency was a little lower than COD
removal efficiency under the same operating conditions. There-
fore, all the data related to TOC were not shown in this paper
except for the reaction time and hydraulic retention time effects.

3.3. Effect of H;Oy/Fe(Il) molar ratio

The ratios of hydrogen peroxide to ferrous iron [Hy O, /Fe(Il)]
and of organic materials to ferrous iron [RH/Fe(Il)] are very
important operational parameters of the Fenton process. In order
to investigate the optimum H,O,/Fe(Il) molar ratio, six different
H,O,/Fe(Il) molar ratios were tested with three different COD
strengths (1000, 2000, and 4000 mg/L). The ferrous iron dosage
was held constant (0.05 M) while hydrogen peroxide dosage
changed from 0.025 to 0.25 M. This would yield a H,O,/Fe(II)
molar ratio ranging from 0.5 to 5. pH and temperature were kept
at 2.5+0.1, and 25 £ 1°C, respectively. Hydraulic retention
time was 60 min. After 180 min of reaction time, an aliquot of the
sample was taken from the overflow in order to measure resid-
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Fig. 6. COD removal efficiencies at different H, O2/Fe(II) molar ratios.

ual COD, TOC, ferrous iron, and hydrogen peroxide. Residual
hydrogen peroxide, both before neutralization and after neutral-
ization to pH 7.5-8.0, was measured to investigate whether the
dosages of hydrogen peroxide were deficient or excessive for the
ferrous iron dosage, and to correct the COD interference from
residual hydrogen peroxide, respectively.

The changes of COD removal efficiencies are shown in Fig. 6.
These increased almost linearly with the increase of H, O,/Fe(II)
molar ratio by 1.5. Further increase in HpO»/Fe(II) molar ratio
over 3 did not show significant improvement in removals. Com-
pared with the result of a batch reactor with a single dosage
of Fenton’s reagent [16], much higher removals were obtained
with a continuous stirred tank reactor. At the molar ratio of 1.5,
COD removal was only 60% in the batch reactor but increased
to 79% in the continuous stirred tank reactor at 1000 mg/L of
COD strength, while the improvement of COD removal was
from 62% to 89% at the molar ratio of 3. It might be caused
by the change of the reaction condition between organic materi-
als and Fenton’s reagent. Contrasted with the batch reactor, both
organic materials and Fenton’s reagent are continuously fed into
the continuous stirred tank reactor so that their compositions in
the reactor are quite different from those in the batch reactor.
In the batch reactor, their concentrations are relatively high at
the initial stage when they are added simultaneously but con-
tinuously decrease as the oxidation reactions proceed. Most of
the reactions, whether oxidations or oxidant formations, occurs
intensively at the initial stage, and may promote side reactions
that cannot contribute oxidation. However, both organic mate-
rials and Fenton’s reagent are continuously fed and mixed in
bulk solution in the continuous stirred tank reactor so that their
concentrations are relatively low throughout the reaction time.
This environment may minimize side reactions.

Residual ferrous iron was observed significantly only at the
H,0,/Fe(II) molar ratio of 0.5 meaning the deficiency of hydro-
gen peroxide. For example, residual ferrous iron was 0.014,
0.016, and 0.014 M when COD was 1000, 2000, and 4000 mg/L.,
respectively. It was negligible above the HyO,/Fe(II) molar ratio
of 1, i.e., below 0.00036 M.
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Fig. 7. COD removal efficiencies at different dosages.

Residual hydrogen peroxide concentration was in the range
of 0.0002-0.001 M over the HyO,/Fe(Il) molar ratios tested.
Residual COD contributed by residual hydrogen peroxide was
negligible over the HyO»/Fe(II) molar ratios tested. In contrast
to the results of the batch experiment, most of the hydrogen per-
oxide fed was decomposed over all molar ratios tested [16].
Whether the hydrogen peroxide fed was deficient or exces-
sive, it was consumed without leaving any considerable level
behind. Sludge settling characteristics were excellent over all
molar ratios tested.

The HO,/Fe(Il) molar ratio of 3 was chosen for further
experiments based on the removal efficiencies.

3.4. Effects of dosage and initial COD strength

In order to find the effect of Fenton’s reagent dosage, inves-
tigation has carried out at different initial COD strengths. The
H;0,/Fe(Il) molar ratio, pH, temperature, and hydraulic reten-
tion time were fixed at 3 and 2.54+0.1, 25+ 1 °C, and 60 min,
respectively. After adjusting to the experimental conditions, four
different amounts of ferrous iron (1, 2.5, 5, and 10 x 1072 M)
and their equivalent amount of hydrogen peroxides were con-
tinuously fed into the reactor. All flow rates were kept the same
for all Fenton’s dosage, to minimize the dilution effect by the
volume of chemicals.

Fig. 7 showed the changes of COD removal efficiencies
as a function of ferrous iron dosage. These increased rapidly
with the increase of dosage. But further improvement in the
COD removal efficiency beyond a certain amount 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 [19]. In
addition, more COD was removed at higher COD strengths
than lower COD with the same amount of dosage though COD
removal efficiency decreased with initial COD. For example,
COD removal efficiency (HoO»/Fe(Il)=0.15M/0.05M) was
89.2%, 83.8%, 71.2%, and 68.2% when initial COD was 1000,
2000, 3000, and 4000 mg/L respectively, whereas COD removal
was 892, 1675, 2136 and 2726 mg/L respectively. Inferring these
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Fig. 8. COD removal efficiency vs. temperature plot.

results, dosage on COD strength to get a target removal effi-
ciency can be chosen.

3.5. Effect of temperature

In order to investigate the effect of temperature, three dif-
ferent temperatures between 16 and 37 °C were tested for three
COD strengths (1000, 2000, and 3000 mg/L). Other experiment
conditions except temperature were kept the same.

The results showed that COD removal efficiencies increased
slightly as the temperature increased (Fig. 8). The results showed
that COD removal efficiency increased slightly as the tempera-
ture increased. As temperature increased from 13 to 37 °C, COD
removal efficiency increased from 90.3% to 94.3%, from 71.4%
t0 78.5%, and from 66.6% to 76.6% when initial COD was 1000,
2000, and 3000 mg/L, respectively. Higher temperature was ben-
eficial for organic removal, even though the increase of organic
removal is relatively small.

4. Conclusion

The effects of major parameters on the Fenton’s process were
evaluated in a continuous stirred tank reactor (CSTR). It was
proved that organic materials in leachate could be successfully
removed by Fenton’s reagent. Favorable operation conditions
were thoroughly investigated and uncovered with the traditional
“one-factor-at-a-time” method.

The steady state was reached after three times of hydraulic
retention time. The oxidation of organic materials in the leachate
showed pH dependence. The favorable H>O,/Fe(II) molar ratio
was 3. Organic removal increased with the increase of dosage
at the favorable H,O,/Fe(II) molar ratio. Temperature gave a
positive effect on organic removal.
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