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ABSTRACT

Large amounts of refractory organic matter are present in mature leachate after treatment with a
semi-aerobic aged refuse biofilter (SAARB). This study applied a sequential ozonation and Fenton
process to the treatment of the refractory organic matter in SAARB leachate. The effects of the
operating parameters of the ozonation and Fenton processes were investigated. Under an O, flow-
rate of 43.68 mg/L, initial pH of 9, and reaction time of 30 min, the ozonation process achieved
66.16% removal of absorbance at a wavelength of 254 nm (UV,,,) and 91.39% color number (CN)
removal, and a three-dimensional excitation and emission matrix (3D-EEM) analysis indicated that
the ozonation process could effectively degrade refractory humic substances in SAARB leachate.
The removal efficiencies of fulvic-like substances in the ultraviolet and visible light regions were
79.12% and 70.32%. The total organic carbon (TOC) removal efficiency in the ozonation process
was only 5.88%, and small amounts of organic acids were accumulated after ozonation. The Fenton
process was therefore applied after ozonation to achieve a better treatment efficiency of the SAARB
leachate. The UV,,, and CN removal efficiencies increased to 78.38% and 99.71% under conditions
with an initial pH of 3, hydrogen peroxide (H,0,) dosage of 10 mL/L, Fe*" dosage of 11 mmol/L,
and reaction time of 120 min. The removal efficiencies of fulvic-like substances in the ultraviolet
and visible light regions were 87.38% and 81.16%. Some refractory organic matter was degraded
and transformed into tyrosine-like and tryptophan-like substances. In addition, the sequential ozo-
nation and Fenton process exhibited a better mineralization capacity (TOC removal of 33.76%).
In conclusion, the sequential ozonation and Fenton process could effectively degrade refractory
organic matter in SAARB leachate and resulted in a strong mineralization of organic matter.

Keywords: Ozonation; Fenton process; Mature leachate; Semi-aerobic aged refuse biofilter

207 (2020) 172-179
December

1. Introduction

According to the China Statistical Yearbook of China’s
National Bureau of Statistics, the production of municipal
solid waste has reached 200 million tons and sanitary land-
fill is the main disposal method. In a landfill site, leachate
will inevitably be produced. The quality of landfill leachate
varies greatly and is significantly affected by landfill age
[1-3]. Mature leachate is produced from landfill sites that
have been operating for many years and is characterized by

a high content of refractory organic matter, heavy metals,
and bacteria. The effective treatment of wastewater with
such high concentrations of organic materials is essential.
Previous studies indicated that the use of a semi-aerobic
aged refuse biofilter (SAARB) was an effective approach
to treat mature landfill leachate, with an excellent removal
efficiency for nitrogenous substances [4,5]. A SAARB
can be loaded with aged refuse that has been land-
filled for many years and acts as a bioreactor bed mainly
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utilizing the effects of biodegradation. Most organic matter
can be degraded by the various aerobic, anaerobic, and semi-
aerobic effects of microorganisms. The effective removal
of nitrogenous substances can be achieved by nitrification
and denitrification [4,6,7]. However, bio-resistant organic
matters in mature leachate are difficult to remove using
microorganisms and refractory organic matter will still be
present in SAARB leachate, leading to a low biodegradabil-
ity (indicated by the biochemical oxygen demand/chemical
oxygen demand (BOD/COD) ratio). Therefore, SAARB
leachate should receive further treatment.

In literature, leachate can be treated by various tech-
nologies, including coagulation, biological method, and
advanced oxidation processes. Coagulation can be better
used as the pre-treatment process [8]. Biological method
is suitable for the treatment of leachate with higher biode-
gradable organics content and also is commonly applied to
leachate treatment [9,10]. As for advanced oxidation pro-
cesses, ozonation, and the Fenton process both have been
widely used in refractory organic wastewater treatment
due to their strong oxidation capacity for organic matter [11—
20]. Ozone (O,) can oxidize organic matters with no second-
ary pollution formation. Chen et al. [15] combined a SAARB
with ozonation to treat young and mature landfill leachate,
and reported that refractory organic matter in SAARB leach-
ate can be effectively degraded and biodegradability sig-
nificantly improved through ozonation. Also, it was found
that a combined process of SAARB-Ozonation can signifi-
cantly remove ammonia nitrogen (almost 100%). Ozonation
is effective for organic matter removal and molecules with
unsaturated bonds and alcohols can be effectively degraded,
but contrasting result have been obtained when degrading
saturated alkanes [21]. Additionally, O, can degrade macro-
molecule organic matter into a simpler molecule structure,
but O, has a low reaction rate with small organic molecules,
such as carboxylic acids and aldehydes [21,22]. The Fenton
process can degrade organic matter through the action of the
hydroxyl radical ("OH, E° = 2.7 V), which is produced from
Fe* catalyzing hydrogen peroxide (H,0,) (Eqs. (1)—(3)) [2,23-
29]. Unlike ozonation, *OH can non-selectively oxidize
organic targets [30,31]. In addition, the flocculation and
adsorption effects of the Fenton process can also contribute
to organic removal. However, the large amounts of iron-
based sludge that is produced generates secondary pollution,
which also needs to be treated. Applying just one of these
methods always has shortcomings, such as poor degradation
efficiency and/or secondary pollution; however, previous
studies have reported that a combination of ozonation and
the Fenton process can be applied to the treatment of organic
wastewater. For example, Zhao et al. [19] used a sequential
Fenton and ozone-based oxidation process to treat Ni-EDTA
containing nickel plating effluents. The combined sequential
process had a 99.84% Ni* removal and 57.13% TOC removal.
However, combining ozonation and the Fenton process to
treat SAARB leachate has seldom been reported.

Fe** +H,0, - Fe’" + OH + 'OH 1)

RH+'OH - H,0 +R" @)

H,O, +Fe’* — Fe* + HO; ®3)

On this basis, sequential ozonation and the Fenton
process was applied to treat SAARB leachate. The objec-
tives of this study were to: (1) investigate the effects of the
operating parameters of ozonation and the Fenton process
on organic matter removal; (2) study the degradation char-
acteristics of humic substances in the SAARB leachate by
sequential ozonation and the Fenton process via a three-di-
mensional excitation and emission matrix (3D-EEM); and
(3) compare the mineralization capacity of single ozona-
tion and sequential ozonation and the Fenton process via
total organic carbon (TOC) removal. This study provides a
technical reference for the treatment of refractory organic
matter in biological treatment effluent.

2. Materials and methods
2.1. SAARB leachate

SAARB leachate was collected from the mature leach-
ate treated by the acclimated SAARB process for 30 d.
The mature leachate was collected from a large-scale
anaerobic landfill in southwest China with a total design
capacity of 3,209 m® and the treatment capacity of 3,200
metric ton/d. The quality characteristics of SAARB leachate
can be found in Table 1.

2.2. Reagents and experimental devices

Analytical grade ferrous sulfate (FeSO,), H,0, (30% v/v),
and other reagents were purchased from Kelong Chemical
Factory (Chengdu, China). Ultrapure water was used
throughout the whole experiment. Ozonation was per-
formed in an ozone reactor, which included an oxygen bottle
(O, purity of 99.99%), ozone generator (CONT KT-OZ-5G,
Shanghai, China), stable-flow valve, and ozone absorption
device. When the input oxygen flow rate was 0.2, 0.3, 0.4,
and 0.5 L/min, the ozone dosage output was 18.92, 32.16,
43.68, and 52.65 mg/min, respectively. The Fenton process
was carried out in a thermostatic oscillator.

2.3.1. Ozonation process

The initial pH of 500 mL SAARB leachate was adjusted
to the desired value (3-11). Then, each sample was trans-
ported to the ozone reactor and the O, dosage was

Table 1
Characteristics of SAARB leachate

Index Value

pH 7.36

uv,/ 0.526

CN? 0.218

TOC: 332 mg/L
UV, _, refers to the absorbance value at 254 nm.

254
"CN is the color number and is calculated according to Eq. (4).

‘TOC refers to total organic carbon (mg/L).
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precisely controlled to start ozonation (18.92, 32.16, 43.68,
and 52.65 mg/min). After a 30 min reaction, SAARB leach-
ate was collected for treatment by the sequential Fenton
process. To analyze the water quality of the SAARB leach-
ate after ozonation, each sample was filtered through a
0.45 um filter. Then the treated samples (O, dosage = 43.68
mg/min and pH =7) were further treated by Fenton process.

2.3.2. Fenton process

The initial pH of 50 mL SAARB leachate after ozonation
was adjusted to the desired value (3-11) then transferred
to 250 mL conical flask. Fenton reagents of certain dosages
were added (Fe* dosage of 0-13 mmol/L, H,O, dosage of
0-11 mL/L), then the conical flask was immediately placed
into a thermostatic oscillator. After the reaction, the pH value
of each sample was immediately determined. Before filter-
ing through a 0.45 pm filter, the pH value of each treated
sample was adjusted to 9.0 to stop the Fenton reaction.
To prevent the influence of residual H,O, on further testing,
residual H,0O, was eliminated by adding catalase (C9322,
Sigma-Aldrich, St. Louis, MO, USA).

2.4. Analytical method

The pH value of each sample was measured using a
pH detector (PHS-25, Fangzhou Co., Chengdu, China).
The CN was calculated using Eq. (4), where A, A_,, and
A, represent the absorbance value at wavelengths of 436,
525, and 620 nm, respectively. The relative concentration
of aromatic substances in wastewater was determined by
measuring the UV,,. The 3D-EEM was conducted using
an Aqualog-UV-800C (Horiba Scientific, Piscataway, NJ,
USA) to determine changes in the molecular structure of
humic substances in SAARB leachate before and after treat-
ment (scan intervals of 5 nm, scan speed of 500 nm/min,
excitation wavelength range of 200-550 nm, and an emis-
sion wavelength range of 200-550 nm). A multifunctional
2100 TOC/TN analyzer (Analytik Jena AG, Jena, Germany)
was used to determine the TOC of SAARB leachate before
and after treatment.
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3. Results and discussion
3.1. Ozonation process

The ozonation process can effectively degrade aromatic
substances. Therefore, we applied ozonation ahead of the
Fenton process to treat SAARB leachate. The effects of the O,
flowrate and initial pH value on the degradation efficiency
of refractory organic matter were investigated.

3.1.1. Effect of O, flowrate

As shown in Figs. 1a and b, the UV,,, and CN removal
efficiencies increased at higher O, dosages. When the O,
flowrate was 18.92 mg/min and the reaction time was
30 min, the UV, and CN removal efficiencies were 58.37%
and 76.56%, respectively. When the O, dosage was increased
to 52.65 mg/min, the UV,,, and CN removal efficiencies
increased to 77.76% and 95.67%, respectively. It was con-
cluded that increasing the O, dosage could significantly
enhance the removal of humic and aromatic substances,
and more effectively destroy the chromophores of organics.
It can be seen that the growth of the UV, and CN removal
slowed down in the latter stage of the reaction, especially
at a higher O, dosage. As shown in Fig. 1c, the effluent pH
value continuously decreased after 5 min of reaction and a
more dramatic trend was observed at a higher O, dosage.
The limitation of the reaction substrate concentration led to
a less significant degradation efficacy in the latter stage of
the reaction. In addition, O, itself can effectively degrade
aromatic substances and other macromolecular organics,
and oxidize them into smaller molecules with a simpler
structure, such as small organic acids, most of which react
very slowly with O, [21,32]. Therefore, treatment efficien-
cies in the latter stage of the reaction increased much more
slowly, while the accumulation of small organic acids will
lead to a decrease in the pH value of the ozonation effluent.
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Fig. 1. Effect of the ozone (O,) dosage on (a) UV,,, absorbance, (b) color number (CN) removal efficiencies, and (c) effluent pH value.
Conditions: initial pH value =7.
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3.1.2. Effect of initial pH value

As shown in Figs. 2a and b, better treatment efficien-
cies were obtained under a higher initial pH value. When
the initial pH value was 11, the UV, and CN removal effi-
ciencies were 77.76% and 97.62%, which increased by 22.63%
and 22.47%, respectively, when compared to the removal
efficiency under the initial pH of 3. The results showed that
alkaline ambient conditions improved the oxidation capac-
ity of ozonation, which was in accordance with previous
reports [12]. Under acidic ambient conditions, the oxidation
of organic matter was mainly due to the effect of O,, while
under alkaline ambient conditions O, will react with OH~
to produce highly oxidative *OH, which can significantly
enhance the oxidation capacity of the ozonation process.
As shown in Fig. 2¢, the effluent pH value of each sample
gradually decreased with reaction time. The explanation for
this was the same as for the O, flowrate experiment, which
is discussed in section 3.1.1 (effect of O, flowrate).

3.2. Fenton process

After ozonation, many small organic acids were
accumulated in the SAARB leachate. To further treat the
residual organic matter, the Fenton process was applied
after ozonation. The effects of HO, dosage, Fe* dosage,
initial pH value, and reaction time on treatment efficiency
were investigated.

3.2.1. Effect of H,0, dosage

As shown in Fig. 4a, an increase in the H,O, dosage
led to a better treatment efficiency of both UV, and CN.
When the H,0, dosage was 11 mL/L, the UV, and CN
removal efficiencies in the sequential ozonation and Fenton
process were 71.63% and 97.66%, respectively, which were
5.47% and 6.27% higher than for the single ozonation pro-
cess. It was found that increasing the H,O, dosage promoted
organic degradation; however, an excessive dosage of H,O,
did not significantly improve organic removal. Panda et al.
[33] reported that H,O, will also compete with organic sub-
strates to react with *OH (Eq. (5)). Therefore, the supply of
too much H,O, would decrease its utilization rate, and thus
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treatment efficiency would not significantly increase. Overall,
the Fenton process did not produce a significant removal of
UV,,, and CN. The UV, represents macromolecular organic
matter, while the CN represents certain functional groups,
such as C=C and the benzene ring [34,35]. While O, can sub-
stantially and effectively destroy the molecular structure of
macromolecule organics, the Fenton process as a sequential
method applied after ozonation, naturally resulted in
a slight improvement of UV, and CN removal. Fig. 3a
also indicates that the effluent pH value after the Fenton
process was applied for 30 min was stable and close to 3.
This was because Fenton reagents have a very low pH value

and the Fenton reaction will produce a large amount of H".

H,0, + "OH - H,0+ HO; )

3.2.2. Effect of Fe** dosage

As shown in Fig. 3b, the treatment efficiency increased
and effluent pH value decreased with increasing Fe* dos-
age. When the Fe* dosage increased from 0 to 7 mmol/L,
the UV,,, and CN removal efficiency increased by 7.74%
and 6.49%, respectively. With a further increase in the Fe*
dosage from 7 to 13 mmol/L, the UV,,, and CN removal
efficiencies only increased by 2.57% and 0.97%, respec-
tively. The results implied that a high dosage of Fe** can
better catalyze H,O, to produce *OH. However, too much
Fe* will not significantly increase treatment efficiency.
This is not only because of the limitation of organic sub-
strates, but also because too much Fe* will more rapidly
catalyze H,0, to produce large amounts of *OH, which will
generate H,O, (Eq. (6)) and react with Fe** (Eq. (7)) [26].

*OH + "OH > H,0, (6)
*OH + Fe** — Fe** + OH- 7)

3.2.3. Effect of the initial pH value

When the initial pH value increased from 3 to 11,
both the UV, and CN removal efficiencies displayed a
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Fig. 2. Effect of the initial pH value on (a) UV,,, absorbance, (b) color number (CN) removal efficiencies, and (c) effluent pH value.
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downward trend, as shown in Fig. 3c. This can be attributed
to the Fe?* that existed in an ionic form under acidic con-
ditions effectively catalyzing H,O,. When the initial pH
value was too high, Fe(OH), precipitates will be gener-
ated, while H,0, will also decompose under alkaline con-
ditions. However, the UV, and CN removal efficiencies
were 75.10% and 97.47%, respectively, which represented a
decline of only 1.52% and 1.60% compared to the conditions
with an initial pH of 3. In addition, the effluent pH value
dramatically decreased to 5.37 when the initial pH was 11.
This indicated that even if the reaction conditions of the
Fenton process were strongly basic, the effluent pH value
could eventually decline to the acidic range. This could be
attributed to: (1) Fenton reagents having a low pH value
and their addition consuming the alkalinity of the waste-
water; and (2) the reaction of Fe** and OH- also consum-
ing the alkalinity of wastewater and the production of pre-
cipitates contributing to the removal of organics to some
extent. Hence, the above mechanisms resulted in alkaline
conditions having an insignificant inhibitory effect on the
treatment efficiency of organics.
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10 mL/L, Fe* dosage = 11 mmol/L, initial pH = 3, and reaction

3.2.3. Effect of reaction time

As shown in Fig. 3d, the UV, and CN removal effi-
ciencies gradually increased as the Fenton reaction time
increased. After the Fenton process was applied for 30 min,
the UV,,, and CN removal efficiencies were 76.62% and
99.07%, respectively, which were 10.46% and 7.68% higher
than for a Fenton reaction of 0 min. A continuation of the
reaction in the Fenton process thereafter did not result
in an obvious increase in treatment efficiency. When the
reaction time was 120 min, the UV, and CN removal effi-
ciencies only increased by 12.22% and 8.32%, respectively,
compared to a reaction time of 0 min. The results indi-
cated that the oxidation reaction of the Fenton process was
mostly concentrated in the first 30 min. In the latter stage of
reaction, the decrease in the reaction of organic substrates
and consumption of oxidation reagents led to an insignif-
icant increase in treatment efficiency. The Fenton process
could further degrade residual aromatic substances in
the SAARB leachate after ozonation, which improved the
treatment efficacy of SAARB leachate.
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Fig. 4. Three-dimensional excitation and emission matrix (3D-EEM) of (a) semi-aerobic aged refuse biofilter (SAARB) leach-
ate, (b) SAARB leachate after ozonation, and (c) SAARB leachate after the sequential ozonation and Fenton process. Conditions:
initial pH =9 and O, dosage = 43.68 mg/L (ozonation process), and initial pH = 3, H,0, dosage = 10 mL/L, Fe** dosage = 11 mmol/L,

and reaction time = 120 min (Fenton process).

3.3. Transformation of organic matter in the different treatment
stages

3.3.1. 3D-EEM analysis

To investigate the transformation characteristics of
refractory organic matter in SAARB leachate by the sequen-
tial ozonation and Fenton process, samples of SAARB leach-
ate, SAARB leachate after ozonation, and SAARB leachate
after the sequential ozonation and Fenton process were
analyzed by 3D-EEM.

As shown in Fig. 4a, the spectra of SAARB leachate
had two fluorescent peaks, which were identified as ful-
vic-like fluorescent substances in the ultraviolet region
(E/E, = 235-255/410-450 nm) and fulvic-like fluorescent
substances in the visible light region (E /E = 310-360/370-
450 nm), respectively [15,36,37]. The fulvic-like fluores-
cent substances in the ultraviolet region were assigned to
fulvic-like substances with a low molecular weight and
high fluorescent frequency. The fulvic-like fluorescent
substances in the visible light region were assigned to ful-
vic-like substances that were relatively stable and higher
molecular weight.

As shown in Table 2, two peaks were observed in the
3D-EEM spectra [Peak A (E/E, = 250/460 nm) and Peak
C (E/E, = 330/415 nm)], with peak intensities of 362.80
and 219.10, respectively. After ozonation, the peak inten-
sities were decreased to 75.76 (Peak 1) and 65.02 (Peak
C) and the removal rates were 79.12% and 70.32%,
respectively. The results indicated that ozonation could

Table 2

effectively degrade the humic substances in SAARB leach-
ate. The application of the Fenton process further decreased
the fluorescent peak intensity of SAARB leachate. After
the sequential ozonation and Fenton process, the intensity
of Peak A and Peak C decreased to 45.79 and 41.28, with
removal rates of 79.12% and 70.32%, respectively. It is note-
worthy that two new fluorescent peaks were found after
the Fenton process was applied. They were a tyrosine-like
fluorescent substance (E /E, = 270-290/300-320 nm) and a
tryptophan-like fluorescent substance (E /E, = 270-290/320-
350 nm). The peak intensities were 115.80 (Peak B) and
92.02 (Peak T). Therefore, the refractory organic matter that
remained after ozonation could be effectively degraded
by the Fenton process. In addition, some refractory mac-
romolecular organics could be degraded into smaller and
simpler structures, and tyrosine-like and tryptophan-like
substances were produced in the Fenton process.

3.3.2. TOC removal efficiency

The TOC removal efficiency in the sequential ozonation
and Fenton process was investigated to compare the miner-
alization effect. The TOC concentrations of different samples
were determined and are shown in Fig. 5.

As shown in Fig. 5, the TOC concentration of SAABL
leachate was 331.50 mg/L. After ozonation, the TOC con-
centration decreased to 312.00 mg/L, with a TOC removal
efficiency of only 5.88%. Similar results were obtained
by Cortez et al. [38], with a 7% TOC removal efficiency

Fluorescent peak information obtained from the three-dimensional excitation and emission matrix (3D-EEM) of semi-aerobic
aged refuse biofilter (SAARB) leachate before and after the sequential ozonation and Fenton process

Peaks SAARB Ozonation Fenton process
Peak A (I,) 250/460 nm (362.80) 255/455 nm (75.76) 250/430 nm (45.79)
Peak C (I,) 330/415 nm (219.10) 325/405 nm (65.02) 315/400 nm (41.28)
Peak B (I,) / / 280/310 nm (115.80)
Peak T (I,) / / 275/340 nm (92.02)
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Fig. 5. Total organic carbon (TOC) concentration of semi-aero-
bic aged refuse biofilter (SAARB) leachate before and after the
sequential ozonation and Fenton process. Conditions: initial
pH =9 and O, dosage = 43.68 mg/min (ozonation process), and
initial pH = 3, H,O, dosage = 10 mL/L, Fe** dosage = 11 mmol/L,
and reaction time = 120 min (Fenton process).

obtained when the ozonation process was applied to treat
mature leachate under conditions with an O, dosage of
62 mg/L and reaction time of 60 min. This was because O,
can effectively degrade aromatic substances and unsat-
urated organics into carboxylic acids and aldehydes and
other intermediates. Therefore, the UV,,, and CN removal
efficiencies in the ozonation process were high, but the TOC
removal efficiency was very low. When applying the Fenton
process after ozonation, the TOC concentration of SAARB
leachate decreased to 219.60 mg/L and the TOC removal effi-
ciency was 33.76%. This combination significantly enhanced
the mineralization effect, indicating that *OH had a high
mineralization capacity in SAARB leachate after ozonation.

4. Conclusions

Increasing the O, dosage improved the treatment capa-
city of the ozonation process for refractory organic matter,
with the best UV, and CN removal efficiencies obtained
under alkaline conditions. The UV,,, and CN removal effi-
ciencies were 66.16% and 91.39%, respectively, under con-
ditions with an O, flowrate of 43.68 mg/L, an initial pH
value of 9, and a reaction time of 30 min. In the sequential
ozonation and Fenton process, increasing the dosage of
Fenton reagents improved the treatment efficiency and bet-
ter treatment results were obtained under acidic conditions.
On the basis of single ozonation, the UV,,, and CN removal
efficiencies increased by 12.22% and 8.32%, respectively,
when the Fenton process was included. In addition, a
3D-EEM analysis showed that ozonation could effectively
remove refractory humic substances in SAARB leachate and
the application of the Fenton process further enhanced the
removal efficiency of humic substances. The final removal
efficiencies of fulvic-like substances in the ultraviolet and
visible light regions were 87.38% and 81.16%, respectively.

Some refractory organic matter was degraded and trans-
formed into tyrosine-like and tryptophan-like substances.
A TOC analysis indicated that ozonation could only achieve
5.88% TOC removal, while the sequential ozonation and
Fenton process achieved 33.76% TOC removal. The sequen-
tial ozonation and Fenton process resulted in stronger
mineralization of organic matter in SAARB leachate.
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