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bstract

Municipal landfill leachate is being disallowed for biological treatment by some sewer authorities due to its recalcitrance and corrosiveness, and
herefore physicochemical treatment may be needed. In this paper, hydrogen peroxide-enhanced iron (Fe0)-mediated aeration (IMA) was studied
s an alternative for the treatment of mature landfill leachate. Bench-scale Taguchi array screening tests and full factorial tests were conducted.
ron grade, initial pH, H2O2 addition rate, and aeration rate significantly influenced both overall chemical oxygen demand (COD) removal and iron
onsumption. In the enhanced IMA-treated leachate at an initial pH of 8.2, COD was reduced by 50% due to oxidation and coagulation, a level

lmost equivalent to those obtained by Fenton treatment. Meanwhile, the 5-day biochemical oxygen demand (BOD5)/COD ratio was increased
rom 0.02 to 0.17. In particular, the effect of initial pH became minor at H2O2 addition rate greater than the theoretical demand for complete
xidation of organics by H2O2. In addition, 83% of 300 mg/L ammonia nitrogen and 38% of 8.30 mS/cm electrical conductivity were removed
hen the initial pH was not adjusted. Based on these results, the process appears suitable for treatment of mature leachate.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Landfill leachates produced from sanitary landfills ought
o be properly managed or treated; otherwise it can perme-
te ground water or mix with surface waters and cause the
ollution of soil, ground water, and surface water. Organic
onstituents, ammonia, and heavy metals/metalloids are three
rincipal issues with regard to the treatment and disposal of
eachates. Landfill leachates are often disposed to municipal
ewers, where available. However, mature leachate character-
zed by low BOD5/COD ratio (<0.3) and a high fraction of high
olecular-weight organics is particularly challenging due to low

iodegradable fraction of the organics and constituent toxic-

ty to biological process. For example, in the case of activated
ludge treatment, corrosion of the pump station, unstable chlo-
ine residual in the treatment plant effluent, and sludge bulking

∗ Corresponding author. Tel.: +1 912 681 5003; fax: +1 912 871 1853.
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nd settling problems have been issues [1]. Hence, physicochem-
cal processes may be required for pretreatment or full treatment
f such leachate.

Since the 1970s, physicochemical methods including floccu-
ation/precipitation [2,3], activated carbon adsorption [4], and
hemical oxidation [5–9] have been investigated for treatment
f mature leachate. However, most of these technologies focus
n reduction of organic constituents; and the additional treat-
ents are often required for removal of ammonia nitrogen

nd heavy metals/metalloids. For example, Fenton oxidation is
ssentially ineffective to remove ammonia [1,10–12], and may
ause increase of total dissolved solids (TDS) in effluent [2],
hough it is able to efficiently oxidize organic components.

Recently, the oxidation of EDTA and glyoxylic acid, and co-
recipitation of metal cations from water by iron (Fe0)-mediated
eration (IMA), where molecular oxygen (O2) is activated by

e0, have been shown [13–15]. The oxidative mechanism of the
MA process at acidic condition may be related to generation
f hydroxyl radicals through the well-known Fenton chemistry
nvolving FeII and intermediately generated H2O2. However,

mailto:ydeng@georgiasouthern.edu
dx.doi.org/10.1016/j.jhazmat.2007.08.049
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he mechanism of organics oxidation at neutral-weakly basic
H has not been known to be general. Englehardt et al. [14] sug-
ested production of other reactive species such as ferryl under
uch conditions, which involves FeII-mediated H2O2 forma-
ion. Furthermore, iron oxyhydroxides produced can precipitate
number of heavy metals such as Cd2+ and Pb2+. Additionally,
ther workers [16,17] suggested the importance of non-hydroxyl
adical oxidants such as ferryl in a similar reaction system at
eutral pH through hydroxyl radical scavenger tests. Of note,
n the postulated pathways to generate whether hydroxyl radi-
als or ferryl, the FeII-mediated H2O2 formation is a key step to
ubsequent production of oxidants. Therefore, we hypothesize
hat direct introduction of H2O2 to IMA process can enhance
he production of the oxidants, whether hydroxyl radicals or
ther reactive oxidative species. On the other hand, the iron
ludge produced during the process, the corrosion products of
e0, is expected to remove some inorganic pollutants (e.g.,
o-precipitation of heavy metals), and air bubbling, as the O2
ntroduction method, also may reduce the content of ammonia
itrogen if pH is controlled within a proper range.

The aim of this paper is to investigate the feasibility of appli-
ation of this H2O2-enhanced iron-mediated aeration process for
reatment of mature landfill leachate. Effects of iron grade, ini-
ial pH, H2O2 addition rates, and aeration rates on reduction of
rganic constitutes and iron consumption were assessed through
group of Taguchi array experiments. The contributions of oxi-
ation and coagulation to reduction of organic constituents, and
he mode of H2O2 addition were evaluated through full factorial
ests. In addition, the removal rates of ammonia nitrogen, and
lectrical conductivity from the mature leachate were investi-
ated.

. Experimental

.1. Landfill leachate and reagents

Landfill leachate was collected from North Central Landfill
n Polk County (Winter Haven, FL). The average composi-
ion of the tested landfill leachate COD were as follows: COD,
200–1300 mg/L; electrical conductivity, 8.30 mS/cm; ammo-
ia nitrogen, 300 mg/L; and pH, 8.2. Noticeably, the mean
OD5/COD was 0.02, typical of mature leachate. The leachate
as collected in a zero headspace plastic bottle and refrigerated

t 4 ◦C until use. Grade 0000 and grade 3 fibrous iron (Fe0)
Homax Products, Bellingham, WA), as well as Brillo® fibrous
ron (Fe0) (Church & Dwight Co., Princeton, NJ) were used as
eactive iron media (ρ ≈ 7.8 g/cm3). Hydrogen peroxide (H2O2,
WR, West Chester, PA) was purchased and used as a 30%

w/w) solution.

.2. Experimental setup

The H2O2-enhanced iron-mediated aeration (IMA) process

sing fibrous media was tested in fixed bed reactors developed
y Englehardt et al. [13,14], as shown in Fig. 1. Fibrous iron
as rinsed with hexane (Aldrich Chemical Co., Milwaukee, WI)

o remove surface oils, dried completely, rinsed with 0.1N HCl,

a
c
(
t

Fig. 1. Iron-mediated aeration (IMA) fixed bed reactor.

nd dried again. Subsequently, 0.68 g of fibrous iron was formed
o a relatively uniform fiber density in a 30 mL test tube. The
ominal surfaces areas of Fe0 for fine Homax®, Brillo®, and
oarse Homax® were 0.76, 0.48, and 0.42 m2/L, respectively.

glass tube was then inserted in the center of fibrous iron.
eventeen militers of leachate sample was dispensed to the test

ube, and humidified air was delivered to the sample in the reac-
or through a glass capillary tube (50 �L microcapillary tubing,
oming Glass Works, Big Flats, NY) inserted into the first glass

ube. Air was delivered through the capillary tube, serving to
ump water upwards through the annular space inside the first
ube. Simultaneously, aeration was accomplished. Water then
irculated down between walls of the first glass tube and the
est tube, passing through a reaction zone containing the clean
brous iron. Homogenous circulation in the reactor was verified

n previous work [13].

.3. Experimental procedure and sample preparation

In a typical run, the desired amount of H2O2 was first pip-
eted to the IMA fixed bed reactor. Samples were continuously
erated and circulated in the reactor. In the special case of no
eration samples were mixed by vertical shaking for 10 s every
min for the first 30 min, for 10 s every 5 min for the second
0 min, for 10 s every hour for the remaining reaction time. At
he designated sampling time, aeration was stopped, and remain-
ng fibrous iron media, capillary tube, and inside tube were
emoved. The media was pressed to discharge-absorbed sample.
esidual particles of Fe0 in sample were removed magnetically,
nd the sample was shaken. In the Taguchi array experiments
nd tests for removal of ammonia nitrogen and electrical con-
uctivity, total iron consumption was measured as follows. An
liquot of this homogenized solution (mixture of iron sludge

nd leachate sample) was pipetted to a glass bottle, and then
ompletely digested through addition of concentrated nitric acid
HNO3, 69%, FishChemical, Fair Lawn, NJ). The digested solu-
ion was diluted 500:1 with deionzed water, and vacuum filtered
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Table 1
Operating factors and their levels of the L9(34) orthogonal array experimental
design for COD removal and iron consumption

Column Operating factors Levels

1 2 3

A Iron grade Grade 0000
(Homax®)

Brillo® Grade 3
(Homax®)

B Initial pH 8.2 (original) 5.0 3.0
C H2O2 addition

rate
0 0.5 1.0

D Aeration rate
(mL air/(min mL)
sample)

0 1.3 15.7

Table 2
Design matrix and the experimental results for the L9(34) orthogonal array
experiments

Experiment Operating factors
and their levels

Mean responses

A B C D Overall COD
removal (%)

Iron consumption
(mg/L)

1 1 1 1 1 1 0
2 1 2 2 2 32 4083
3 1 3 3 3 46 6556
4 2 1 2 3 40 1698
5 2 2 3 1 29 1270
6 2 3 1 2 44 323
7 3 1 3 2 38 513
8 3 2 1 3 27 3972
9 3 3 2 1 25 609

Column A: iron grade; Column B: initial pH; Column C: H2O2 addition rate η,
η = [H2O2]/2.125 × COD0; Column D: aeration rate.

Table 3
Analysis of variance (ANOVA) for COD removal efficiencies in the
L9(34)orthogonal array experimental design

Operating factor Degrees of
freedom (d.f.)

Sum of
squares (SS)

Mean square
(MS)

F ratio

COD removal
Iron grade 2 0.0570 0.0285 27.0
Initial pH 2 0.0400 0.0200 18.9
H2O2 addition rate 2 0.0890 0.0445 42.2
Aeration rate 2 0.2550 0.1275 120.8

Error 18 0.0190 0.0011
Total 26 0.4600

Iron consumption
Iron grade 2 2.9 × 107 1.5 × 107 25
Initial pH 2 2.7 × 107 1.3 × 107 24
H2O2 addition rate 2 8.2 × 107 4.1 × 107 7
Aeration rate 2 5.7 × 107 2.8 × 107 49
Y. Deng, J.D. Englehardt / Journal of

hrough 0.45 �m Millipore filter membranes (#HAWP 025 00,
illipore, Bedford, MA). The filtrate was prepared for analy-

is for total iron, to monitor iron consumption in the reactor.
n the experiments to investigate COD oxidation and coagula-
ion, the effect of stepwise addition of H2O2, and 3D analysis
f COD removal versus initial pH and H2O2 dose, the amount
f ferrous iron present in iron sludge produced during IMA was
stimated as follows. Diluted HCl solution (2%, v/v) was con-
inuously added to another aliquot of this homogenized solution
ntil the iron sludge was completely dissolved. The ferrous ion
n the diluted solution was measured to estimate ferrous concen-
ration in the sludge. The remaining homogenized solution was
ransferred to a 10 mL graduated cylinder for a 2 h sedimenta-
ion period. The COD of sludge phase was tested and corrected
ased on measured concentration of ferrous ion in the sludge,
nd the total volume of iron sludge was measured to determine
OD removed by coagulation. The upper supernatant was then
acuum filtered through 0.45 �m Millipore filter membranes to
etermine total COD removal efficiency. Electrical conductivity,
OD, BOD5, and ammonia nitrogen of the filtrate were tested.

.4. Analytical methods

BOD5 was measured according to standard method 5210 B
18]. COD was measured colorimetrically using COD diges-
ion vials (high range, 20–1500 mg/L, HACH, Loveland, CO).
errous ion was measured according to standard method 3500-
e D [18]. H2O2 was measured by the titrimetric method [19].
otal iron was measured by flame atomic adsorption spectrom-
try (Analyst 800, Perkin-Elmer). Electrical conductivity was
easured by a digital conductivity meter (Model 4081, Amber
cience Inc., Eugene, OR, USA). Ammonia nitrogen was mea-
ured according to standard method 3500-NH3 F [18]. Error bars
n the figures represent one standard deviation (n = 3).

. Results and discussion

.1. Taguchi array experiment

An orthogonal array experimental design method advocated
y Taguchi [20] was used to screen for the influences of operat-
ng factors on COD removal efficiency in H2O2-enhanced IMA
reatment of the landfill leachate. Four operating factors, includ-
ng iron grade, initial pH, H2O2 addition rate and aeration rate,
ere studied using fibrous IMA fixed bed reactors. In the orthog-
nal array, H2O2 addition rate is defined as the mass ratio of
eroxide concentration to 2.125 times COD0, in which COD0
ndicates initial COD in the leachate. This H2O2 addition rate

eans the mass ratio of actual peroxide concentration to perox-
de concentration theoretically required to oxidize COD0. The
evels of each operating factor studied, and the design matrix of
he L9(34) orthogonal array are summarized in Tables 1 and 2.
haracteristic values used in this experimental design were the

verall COD removal efficiency and iron consumption.

The analysis of variance (ANOVA) results for the orthogonal
rray experimental design are tabulated in Table 3. On the basis
f the calculated F-values, the iron grade, pH, H2O2 addition

Error 18 1.0 × 107 5.8 × 107

Total 26 1.3 × 107

Significance level at a 95% confidence interval, F(2,18)0.05 = 3.0,
F(2,18)0.05 = 2.97.
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ate, and aeration rate are statistically inferred to have significant
nfluences on COD removal efficiency and iron consumption in
reatment of mature leachate. Their order of influence in terms
f COD removal was aeration rate > H2O2 addition rate > iron
rade > initial pH. The corresponding order of influence in terms
f iron consumption was aeration rate > iron grade ≈ pH > H2O2
ddition rate.

Average responses of overall COD removal efficiency and
ron consumption for four factors are shown in Fig. 2. Average
esponse can reflect the mean influence of each level of every fac-
or. First, aeration rate was the most significant in terms of COD
emoval and iron consumption, according to the ANOVA results.
owever, from Fig. 2, the greatest increase in COD reduction
as achieved in going from 0 to 1.3 mL air/(min mL) sample;

urther increase in COD removal was not significant at the
5.7 mL air/(min mL) sample level. Second, based on ANOVA
esults, the introduction of H2O2 greatly improved the rate of
OD removal. In addition, H2O2 addition rate had the small-
st influence on iron corrosion among these factors. Third, the
reatest COD reduction and least iron corrosion were observed
or the Brillo® iron media, a finding that was fortunate though
nexplained. The nominal surface area of Fe0 was not observed
o have an obvious relation with COD removal or iron corrosion.
inally, initial pH was the least important factor in terms of COD
eduction, and a low initial pH resulted in rapid corrosion, based
n ANOVA results. Therefore, in the following experiments,
rillo® iron media was selected, and initial pH was not adjusted

8.2).
.2. Effects of aeration rate and H2O2 dosage

A set of full factorial experiments was carried out to inves-
igate the effects of aeration rate and H2O2 addition rate,

ig. 2. Average responses for COD removal and iron consumption vs. four
actors (conditions: COD0 = 1238 mg/L): the solid symbols and solid lines rep-
esent overall COD removal efficiencies; the hollow symbols and hollow lines
epresent iron consumption.
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ig. 3. Overall COD removal vs. hydrogen peroxide addition rate (mass concen-
rated H2O2/2.125 COD0) at various aeration rates, in the enhanced IMA fixed
ed reactor (conditions: initial pH, 8.2; reaction time, 27 h; COD, 1270 mg/L).

long with a no aeration (H2O2 alone) control group. Aera-
ion rates ranging from 0 to 21 mL air/(min mL) sample were
ested, extending the range tested in the Taguchi array. Above
he maximum tested aeration rate of 21 mL air/(min mL) sam-
le, leachate foaming was observed to cause loss of sample from
he reactor. In addition, H2O2 addition rates of 0–4 were tested,
lso extending the range tested in the Taguchi array tests.

Overall COD removal versus H2O2 addition rates at var-
ous aeration rates is shown Fig. 3. Overall COD removal
ncreased with increasing H2O2 addition rate. For H2O2 addi-
ion rates >3, the increase in COD removal was marginal. It
as also observed that COD removal increased with increas-

ng aeration rate. However, COD removal did not increase
ignificantly above an aeration rate of >14 mL air/(min mL)
ample. The maximum COD removal was 50%, significantly
igher than was achieved by H2O2 addition alone (7%). Strik-
ngly, 50% removal efficiency achieved in the enhanced IMA
rocess was slightly below 60% of maximum COD removal
hen the same leachate was treated by Fenton method at
H 3.0 [5]. On the other hand, the ratio of BOD5/COD
ncreased with increasing aeration rate in these tests, approx-
mately independent of the H2O2 addition rate, as shown
n Fig. 4. The maximum BOD5/COD ratio achieved was
.17, significantly higher than found in the untreated leachate
0.02) and after treatment with hydrogen peroxide alone
0.08).

.3. Coagulation versus oxidation

Iron sludge, the corrosion products of Fe0, was generated
ver time in the reactor. The previous investigation indicates
hat the sludge is able to contribute to reduction of organic com-
ounds from landfill leachate through coagulation/flocculation
5]. To estimate the contributions of oxidation and coagulation

n the H2O2-enhanced IMA treatment of leachate, overall COD
emoval, COD removal by oxidation and by coagulation, were
ested, as shown in Fig. 5. In the test, the H2O2 addition rate was
xed at 3, and the aeration rate was fixed at 14 mL air/(min mL)
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ig. 4. BOD5/COD vs. hydrogen peroxide addition rate (mass concentration

2O2/2.125 × COD0) at various aeration rates, in the enhanced IMA fixed bed
eactor (conditions: initial pH, 8.2; reaction time, 27 h; COD, 1270 mg/L).

ample, both optimal values found previously for overall COD
eduction.

As shown in Fig. 5, both oxidation and coagulation con-
ributed to COD reduction. The overall COD removal was near
0%. The ratio of COD removal efficiencies by oxidation to
hat by coagulation was approximately 4:1. Moreover, oxidation
s not attributed primarily to H2O2 because the COD removal
y H2O2 oxidation alone was 3% (Fig. 3), much below 38%
chieved by the H2O2-enahnced IMA method (Fig. 5). However,
dentification of the oxidant species in these complex systems
as out of the scope of this study.
Removal by coagulation was attributed to the iron

xyhydroxide-based sludge, produced through iron corrosion
nd found attached to the fixed fibrous iron and suspended in
olution. Although iron corrosion products were not identified in

his study, the valence of iron in the sludge was observed visually.
uring operation, iron sludge in the reactor appeared an orange

olor, typical of ferric corrosion products. However, upon shak-
ng, the color turned shades of brown. This change may be due

ig. 5. Overall COD removal, COD oxidation, and COD removal by coagula-
ion in the enhanced IMA fixed bed tests (conditions: initial pH, 8.2; reaction
ime, 27 h; hydrogen peroxide addition rate, 3; aeration rate, 14 mL air/(min mL)
ample; COD, 1270 mg/L).
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o a mixing of ferric sludge and ferrous sludge (green). That is, a
ayer composed of ferrous corrosion products might be formed
etween the Fe0 surface and the outer ferric corrosion products
here oxidation potential was lower due to inhibition of O2 and
2O2 transport from the bulk solution through the oxyhydrox-

des layer. Moreover, the results of direct COD measurement of
he mixed sample (iron sludge and treated leachate) were often
reater than the initial COD of leachate, also indicating the exis-
ence of ferrous oxyhydroxides that could contribute COD due
o oxidation of FeII to FeIII and caused overestimation of COD
uring COD tests. Therefore, the iron sludge produced in H2O2-
nhanced IMA treatment may represent a mixture of ferrous and
erric oxyhydroxides.

.4. Effect of stepwise addition of hydrogen peroxide

The effect of the number of H2O2 dosing steps on COD
emoval in the enhanced IMA treatment of leachate was investi-
ated as shown in Fig. 6. Although the nine-step dosing did not
mprove COD oxidation, overall COD removal was increased
y 5%, when compared with single-step dosing for equal total
2O2 dosage. This increase was attributed to increased coag-
lation efficiency, perhaps because stepwise dosing of H2O2
ecreased, to some extent, auto-decomposition of H2O2 due to
igh localized concentrations, and produced more iron corrosion
roducts for coagulation.

.5. 3D analysis of COD removal versus initial pH and
2O2 addition rate

Overall COD removal and COD oxidation are shown versus
nitial pH and H2O2 addition rate in Fig. 7(a) and (b), respec-
ively. Low pH significantly enhanced COD removal only at

2O2 addition rates of 0–1, consistent with the Taguchi array
esults. In fact, COD removal efficiencies, both overall and oxi-
ation, depended almost exclusively on the H2O2 addition rate,
t H2O2 addition rates >1. The minor effect of initial pH was

pparently because pH starting from an acidic value gradually
ecame neutral due to consumption of H+ by Fe0 and self-
uffering effect of aeration. For example, final pH values in the
roups with initial pH 3 increased to 6.9 and 7.19, for H2O2 addi-

ig. 6. Effect of the number of dosing steps on overall COD reduction and
OD oxidation in enhanced IMA treatment of leachate (conditions: initial pH,
.2; total reaction time, 9 h; hydrogen peroxide addition rate, 3; aeration rate,
4 mL air/(min mL) sample; COD0, 1295 mg/L).
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Thus, reduction of electrical conductivity indirectly indicates
removal of inorganic ions. In the enhanced IMA treatment of
landfill leachate, two reasons contributed to the reduction of
electrical conductivity. First, IMA process did not need external
ig. 7. COD removal in enhanced IMA treatment of leachate (conditions: total
eaction time, 9 h; dosing step, 9; aeration rate, 14 mL air/(min mL) sample;
OD0, 1288 mg/L): (a) overall COD removal and (b) COD removal by oxidation.

ion rates of 1 and 9, respectively. Consequently, a part or most
f the oxidation actually occurred at near neutral pH, even if the
nitial pH was 3, such that effect of initial pH became slight. At

2O2 addition rates ≥3, the increase on overall COD removal
as insignificant, again indicating that a H2O2 addition rate of
was optimal. However, oxidation efficiency had an increasing

rend over the tested range of H2O2 addition rate, suggesting that
he H2O2 dosage required to achieve maximum overall COD
emoval was below that required to achieve maximum COD
xidation.

.6. Removal of ammonia and electrical conductivity
Removal of ammonia nitrogen (molecular NH3-N and ion-
zed NH4

+-N) was investigated for the enhanced IMA process
t a H2O2 addition rate of 3, as shown in Fig. 8. The removal of
mmonia nitrogen in the leachate increased from 0% initially to

F
p
(

rdous Materials 153 (2008) 293–299

3% at 27 h. This result was expected due to maintenance of a
eakly basic pH in the reactor, so that a portion of the nitrogen

xisted as molecular NH3-N that was relatively easily stripped
rom the water through continuous aeration. A chemical reac-
ion occurred when ammonia dissolves in water, as shown in
q. (1), where ammonia acts as a base, acquiring hydrogen ions

rom H2O to yield ammonium and hydroxide ions.

H3(aq) + H2O(l) ⇔ NH4
+

(aq) + OH−
(aq) (1)

he fractions of molecular NH3-N can be quantitatively indi-
ated based on the base ionization constant K:

= [NH4
+][OH−]

[NH3]
= 1.8 × 10−5 at 25 ◦C (2)

he fraction of molecular NH3-N in ammonia nitrogen can be
xpressed as

H3-N (%) = [NH3-N]

[NH4
+-N] + [NH3-N]

= 1

1 + e9.26−pH (3)

s shown in Fig. 8, over 27 h the pH increased from 8.05 to 9.07,
n which fraction of molecular NH3-N accounted for 23–45%.
ecause nitrogen was slowly removed in the form of NH3 under
ir stripping, the equilibration in Eq. (1) was not maintained
nd the NH4

+
(aq) was gradually transformed to NH3 (Eq. (1)).

onsequently, 83% of ammonia nitrogen was removed from
he leachate within 27 h. Noticeably, a typical pH of mature
andfill leachate is greater than 7.0, implying that the enhanced
MA process can remove ammonia nitrogen without any pH
djustment.

As shown in Fig. 8, removal of electrical conductivity
ncreased to 38% in 9 h when the initial pH was not adjusted, sta-
ilizing thereafter, while corrosion of Fe0 was continuous with
a. 4000 mg/L Fe0 consumed over 27 h. Electrical conductivity
s often proportional to the TDS in water, and indirectly indicates
he content of inorganic ions present in solution because solu-
ions of inorganic compounds are relatively good conductors.
ig. 8. Removal efficiencies of ammonia nitrogen and electrical conductivity,
H, and iron consumption vs. time in the enhanced IMA fixed bed reactor
condition: initial NH3-N, 300 mg/L; initial electrical conductivity, 8.30 mS/cm).
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ntroduction of acid and salts in the test, different from tradi-
ional Fenton treatment that generally requires input of acid (pH
djustment) and ferrous salt. Second, because of precipitation of
etal cations by iron sludge produced and coagulation of CaCO3

nd other carbonates after equilibration with atmospheric CO2,
lectrical conductivity was decreased [14]. The quick removal
f electrical conductivity within the first 9 h was related to the
apid formation of iron sludge under aeration and addition of

2O2. But, with the increasing thickness of the corrosion layer,
he outer iron corrosion products on the surface might cover the
ewly generated iron corrosion products below, such that further
recipitation was greatly inhibited. As a result, the removal of
lectrical conductivity was insignificant afterward, though the
mount of iron corrosion products continued to increase.

. Conclusion

Based on the laboratory tests, the enhanced IMA process
eemed to be a promising process for treatment of mature land-
ll leachate with high removal efficiency of organic compounds,
nd simultaneous reduction of ammonia nitrogen and electri-
al conductivity at a proper pH without pH adjustment. COD
emoval and iron consumption were influenced by iron grade,
nitial pH, H2O2 addition rate, and aeration rate. In terms of
rocess design, aeration was found to be essential factor in the
eduction of COD in the H2O2-enhanced IMA process. Oxi-
ation and coagulation both contributed to COD reduction. Of
ote, this process, at a weakly basic initial pH, was shown to
chieve 50% COD removal efficiency, slightly below the 60%
aximum removal through Fenton treatment (a well-known

dvanced oxidation process) at acidic pH. In the future exper-
ments, the oxidative species produced in the enhanced IMA
rocess at weakly basic pH is going to be conducted. Further-
ore, along with the removal of COD and the enhancement

n biodegradability of the organic constituents in the effluent,
mmonia nitrogen was substantially reduced due to air bub-
ling, and electrical conductivity could be significantly removed
ue to production of iron sludge, when the initial pH was not
djusted (within a weakly basic pH range). Reduction of electri-
al conductivity indirectly indicated removal of total dissolved
olids that may contain some of toxic heavy metals (e.g., As).
hus the enhanced IMA process, in addressing three primary
ollutants in landfill leachate, offers a more holistic alternative
o technologies designed for removal of one or two of these
ollutants.
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