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This work reports new experimental data for the oxidation degradation of landﬁll leachate using supercritical water treatment (ScWO) without
addition of any oxidants. The treatment reduced signiﬁcantly the original concentration of pollutant compounds in the liquid waste. The parameters
used to evaluate the efﬁciency of the treatment (and leachate degradation) were chemical oxygen demand (COD), total organic carbon (TOC),
turbidity, colour, and absorbance. The experiments were conducted using a continuous ﬂow reactor built in Inconel 625. The degradation oxidation
reactions were carried out using temperature between 350 and 600 8C (for COD intial concentrations of 1580 mg  L1) and between 450 and
700 8C (for COD intial concentrations of 2000 mg  L1), pressures of 15 and 22.5 MPa, feed streams of 6 and 12 g  min1, and reaction operation
time of 40 min. Increasing pressure improved degradation of organic pollutant compounds, whereas the increase of the feed ﬂow rate did not show
any positive effect on the performance of the treatment. However, the most important factor on the degradation of leachate was temperature;
increasing temperature from 350 to 600 8C reduced COD level in 31.3 and 34.4 % for 15 and 22.5 MPa, respectively. Hydrogen was the gas
produced in the highest amount for all the experimental conditions studied. The results suggested that supercritical water is a promising technique
to treat leachate and consequently reduce its pollutant capacity. Thus, the data presented here can be used as a basis for future studies.
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INTRODUCTION

T

he leachate produced after the degradation of waste
disposed of in landﬁlls is a complex efﬂuent containing
high amounts of different environmental pollutant compounds, such as organic and inorganic matter, ammonia, heavy
metals, chlorinated organic compounds, and inorganic salts,[1]
which can contaminate groundwater and surface water contributing to the soil pollution.
Leachate treatment using conventional biological processes,
such as the aerobic (activated sludge, aerated lagoons, and
biological ﬁlters) and the anaerobic (ponds)[2,3] processes, is the
usual form of waste handling in most landﬁlls.
Physico-chemical techniques, such as coagulation-ﬂocculation,[4–6]
precipitation-adsorption,[3,7,8] chemical oxidation,[9] and incineration
are traditional techniques applied in the leachate treatment. However,
the use of the isolated biological treatment cannot reach satisfactory
efﬁciency in the degradation of the organic matter[2,3] to support their
discharge in soils and water. Therefore, such techniques should be
used in combinations of two or more in the complete treatment of
the efﬂuent.[10]
Additionally, the biological processing of leachate needs, in
most cases, large areas to run with the disadvantage of generating
large amounts of sludge. Thus, it is necessary to develop
techniques that allow the treatment of leachate in small places
at shorter processing times with reduced generation of sludge, and
that generate efﬂuents with ﬁnal composition within the standard
legislation for waste discharge.
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Some studies reported the treatment of leachate by means of
unconventional processes such as ozonation,[11–14] Fenton
reaction,[14–17] catalytic photo-oxidation,[13,18–20] and membrane
processes.[21–25]
Nevertheless, the complex nature of the leachate generated in
landﬁlls is an impeditive factor in applying the cited techniques for
its handling.
Therefore, the leachate oxidation treatment using supercritical
water oxidation (ScWO) appears as a highly promising technology
due to the advantages of supercritical water for decontamination
of wastewater containing organic matter.[2]
Meanwhile, few studies on supercritical oxidation of landﬁll
leachate are available in the literature. Gong and Duan[1] reported
the inﬂuence of supercritical oxidation in reducing
the biochemical oxygen demand (BOD) and chemical oxygen
demand (COD) parameters. The authors obtained the BOD
parameter reduction of approximately 97 % (initial concentration
of BOD of 1200 mg  L1) under temperature and pressure
ranges of 322 to 431 8C and 18 to 30 MPa, respectively. Under
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these same conditions, the COD reduction was approximately
98 % (COD initial concentration of 1100 mg  L1). However,
these experiments were conducted with a large excess of oxidant,
approximately 6.5 mol  L1 of H2O2 (about 200 mL of oxidant
per litre of leachate). Wang et al.[2] obtained leachate COD
reduction of 99.2 % at 500 8C and 25 MPa in their supercritical
oxidation experiments. Notwithstanding, the experiments were
conducted under O2 excess of 350 % relative to the initial
concentration of oxygen dissolved in the leachate sample.
Similarly, Zou et al.[10] obtained COD reduction of 99 %, using
approximately 300 % of O2 excess (300 mL of H2O2 for each litre
of leachate). Although these studies show satisfactory reduction
of organic matter assessed in terms of COD, they were based
on experiments performed under high excess of oxidants. In
some cases, the excess approached 1/3 of the volume of
leachate. However, experiments without the use of oxidants
are not reported in the literature. Thus, to add information
regarding the supercritical oxidation of leachates, in this work, the
leachate oxidation reactions were carried out without any
oxidants.
EXPERIMENTAL SECTION
Materials
1

The leachate used was donated by Objective Company (Parana,
Brazil), which deals with the leachate generated in the landﬁll
from Maringa city, PR, Brazil. All chemicals of analytical grade
were used as received.
Apparatus and Experimental Procedure
Twenty litres (20 L) of raw leachate were used in the experiments.
Each experiment ran for 40 min after the system had reached the

established pressure, temperature, and ﬂow rate. The residence
time varied between 7 and 163 s.
Figure 1 shows the homemade supercritical water apparatus,
which consists of a reactor for continuous ﬂow rate built in Inconel
625, a preheater, a condenser, and pipes made of stainless steel.
The homemade supercritical water apparatus has been described
in prior work.[26] The apparatus speciﬁcation is listed in Table 1.
The leachate within the glass reservoir (1) was suctioned by a high
pressure pump (Thar P50) (2), then conveyed through a 316
stainless steel tube (L ¼ 1.5 m, I.D ¼ 3.175 mm) up to the valve
V1 (one-way valve). The leachate ﬂowed to the preheater (3)
(L ¼ 6 m, I.D ¼ 3.175 mm) where it was heated at 50 8C before it
entered the reactor (4) (L ¼ 0.2 m, I.D ¼ 13 mm). The heating of
the reactor and the preheater was provided by two bipartite ovens
(5), each of them equipped with two resistors in infrared ceramic
(Corel, S~ao Paulo-SP, Brazil) of 1000 W. The resistors were
activated by control valves (Novus, Porto Alegre-RS Brazil)
connected to type J thermocouples (accuracy  1.0 8C) (T1)
contacting the preheater, (T2) contacting the reactor, and (T3)
contacting the condenser. Outside of the glass reactor, the efﬂuent
ﬁlled a 316 stainless steel tube (L ¼ 2.5 m, I.D ¼ 3.175 mm) for
heat exchange with the external environment. The temperature
was monitored by a type T thermocouple (accuracy  1.0 8C,
Novus, Porto Alegre-RS Brazil) (T2). Then the resulting mixture
ﬁlled the condenser (7) containing a coil of 316 stainless steel
(L ¼ 2.5 m, I.D ¼ 3.175 mm) for cooling at 10 8C. The pressure
was then adjusted in the back-pressure valve (V2) and observed on
the gauge (8). The separator (9) was used to separate the stream of
gas from the liquid. The liquid phase was composed of water,
unreacted leachate compounds, and other reaction products. The
vapour phase consisted of the gaseous products of the reaction,
mainly H2 and CO2. All experimental conditions used to evaluate
the leachate degradation by ScWO are listed in Table 2.

Figure 1. Scheme of the supercritical water oxidation apparatus. (1) Reservoir for the feed; (2) high pressure pump; (3) preheater; (4) reactor; (5) oven;
(6) thermostatic bath; (7) condenser; (8) manometer; (9) phase separator; (10) temperature controller; (11) computer indicator; (V1) one-way valve;
(V2) back-pressure regulator valve; (V3) valve.
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Table 1. Equipment parts
Part

Material

Condenser
Oven for the reactor
Oven for the preheater
Phase separator
Preheater
Reactor

Internal diameter (m)

Stainless steel 316
Stainless steel plate 304
coated internally with rock wool
Stainless steel plate 304
coated internally with rock wool
Stainless steel 316
Stainless steel 316
Inconel 625

Chemical Analysis
Data of total organic carbon (TOC) were determined using a
carbon analyzer equipment (Shimadzu, Total Organic Carbon
Analyzer, TOC-L CPH/CPN, Kyoto, Japan) following APHA
et al.[27] The TOC results were calculated considering the
difference between the concentrations of total carbon and
inorganic carbon. The samples were ﬁltered using a membrane
ﬁlter (0.45 mm) and then acidiﬁed to pH 2. The chemical
oxygen demand was determined by colourimetric method
according to APHA et al.[27] The samples were digested using a
COD-Hach reactor. All measurements of COD, evaluation of
colour at 455 nm, studies of turbidy, and evaluation of
absorbance at 254 nm were performed in a spectrophotometer
Hach DR/2010 (Hach, Colorado, USA) using the appropriate
software for each parameter and the respective analytical
curves. It should be emphasized that the absorbance at 254 nm
was used as the indicator parameter for the degradation of
humic and fulvic derived substances. The pH was measured
using digital pH equipment (Digimed DM-2, Brazil). The
composition of the gas produced during the leachate degradation was determined by gas chromatography methodology,
whose essential description can be found in prior work.[26] All
chemical analyses were carried out in triplicate. Analytical

Table 2. Experimental conditions used in the leachate degradation at
40 min of reaction
COD initial
concentration Flow rate
(g  min1)
(mg  L1)

Pressure
(MPa)

15
1580

6
22.5

6
2000

22.5
12
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Temperature
(8C)
350
400
500
600
350
400
500
600
450
500
575
650
700
450
500
575
650
700

Physico-chemical
parameters
evaluated

COD

COD
TOC
Colour
Turbidity
Absorbance
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3.175  10
0.1

External diameter (m)

3

6.35  10
0.3

3

Length (m)
2.5
0.3

0.1

0.3

0.4

0.045
3.175  103
0.013

0.07
6.35  103
0.04

0.16
6.0
0.2

curves were constructed for each type of colourimetric
analysis. All ﬂuid leachate samples were collected and stored
at 4 8C for posterior analysis.
Efficiency of Reduction and Residence Time Calculations
The percentual reduction of TOC, COD, colour, turbidity, and
absorbance (at 254 nm) of humic and fulvic acids were calculated
by subtracting the inlet minus outlet values and dividing the result
by the initial value.
The residence time (t) was calculated by Equation (1),
according to van Bennekom et al.:[28]
t¼

Vr  rT;P
fm;STP

ð1Þ

where Vr is the reactor volume, rT,P is the water density at
temperature and pressure of the process, and fm,STP is the feed
ﬂow rate at standard conditions for temperature and pressure. For
all residence time calculations the feed was assumed to consist
only of pure water once the initial concentrations of other
compounds were very low.
EXPERIMENTAL RESULTS
Two leachate samples were collected on different days at the
Maringa municipal sewage treatment facility. The initial concentrations of chemical oxygen demand for these leachate samples
were 1580 mg  L1 (sample 1) and 2000 mg  L1 (sample 2),
according to Table 2.
Close to the temperature and pressure region where water
behaves like a supercritical ﬂuid, small increase of temperature
can promote the precipitation of leachate inorganic salts which
causes serious operational problems.[29] For example, the
deposition of these salts into the reactor walls decreases the
efﬁciency of the degradation reaction and prevents the free
circulation of the leachate inside the reactor. To test if this
problem can be prevented by the use of higher pressures, we
performed our experiments at two different pressures (15 and
22.5 MPa) which are near and above the supercritical pressure
of water.
In the case of leachate sample 1 (COD of 1580 mg  L1), the
degradation via supercritical water oxidation was performed
using 400 to 600 8C, 15 and 22.5 MPa, 6 g  min1, and 40 min of
reaction time. It should be emphasized that all experiments at
15 MPa pressure were performed to check the inﬂuence of
pressure on the leachate degradation. Table 3 shows all the
experimental conditions used during treatment of sample 1 as
well as COD reduction which is commonly used to evaluate the
degradation of organic pollutants present in leachate and
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Table 3. COD reduction for leachate degradation at different pressures
15 MPa
Feed flow rate
(g  min1)

Temperature
(8C)

Residence
time (s)

COD concentration
(mg  L1)

COD
reduction (%)

Residence
time (s)

COD concentration
(mg  L1)

COD
reduction (%)

25
350
400
500
600

–
23
17
13
11

1580.0
731.3  2.8
787.8  33.0
610.7  20.0
218.0  22.0

–
53.5  2.0
48.1  2.1
60.1  1.2
84.8  1.4

–
163
34
21
17

1580.0
561  24.0
517.5  26.0
227  35.0
39.0  2.3

–
63.0  1.0
65.6  2.0
83.4  2.0
97.40  2.0

6



22.5 MPa

Operational conditions (ﬂow rate: 6 g  min1, COD initial concentration of leachate: 1580 mg  L1);

therefore indicates the overall efﬁciency of the treatment.
Figure 2 shows the inﬂuence of pressure and temperature on
the leachate degradation and the effect of increasing temperature
on the COD parameter. Increasing temperature (from 350 to
600 8C) promoted the highest decrease on COD reduction values
(31.3 and 34.4 %, respectively) for both pressures tested (15 and
22.5 MPa, respectively), suggesting that temperature is the most
important factor on the degradation of leachate. On the other
hand, increasing pressure (from 15 to 22.5 MPa at 600 8C)
resulted in a more modest improvement on COD reduction
(12.6 %); whereas the feed ﬂow rate did not affect the treatment
of leachate.
The highest COD reduction of 97 % occurred at the highest
values of pressure and temperature, 600 8C and 22.5 MPa.
Table 4 shows the degradation results for sample 2 (COD of
2000 mg  L1). Two ﬂow rates were used to evaluate the effect of
residence time on the leachate degradation. In this case, temperatures above 600 8C were used to study the treatment efﬁciency in
degrading leachate.
The efﬁciency of different treatments on removing pollutant
compounds was evaluated using colour, turbidity, absorbance at
254 nm (indicating degradation of humic and fulvic compounds),
TOC, and COD as a function of temperature and feed ﬂow rate
(Figures 3 to 7).
Figure 3 shows that the colour reduction was close to 100 % for
both feed ﬂow rates at 22.5 MPa, decreasing from 10 980 to
200 mg  L1 Pt-CO (Platinum-Cobalt Scale). The results indicate
that residence time does not signiﬁcantly affect the degradation of

Figure 2. Leachate COD reduction as a function of temperature at 15.0
and 22.5 MPa and 1580.0 mg  mL1.
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u(T) ¼ 1.0 8C.

organic compounds (such as humic and fulvic acids, which are
associated with colour[30]), especially at temperatures higher than
500 8C.
Figure 4 presents the turbidity and turbidity reduction as a
function of temperature and feed ﬂow rate. Similar to colour
reduction, increasing temperature decreases turbidity regardless
of the ﬂow rate used, suggesting leachate degradation. The highest
leachate turbidity reduction (around 95 %) is reached around
500 8C, and no signiﬁcant decrease in turbidity is observed after
this point.
Figure 5 indicates that the degradation of humic and fulvic
acids occurs along the entire temperature interval tested. The
leachate degradation (indicated by reduction in absorbance at
254 nm) began at 450 8C, reached approximately 90 % at
500 8C, and was nearly 100 % at 700 8C. The feed ﬂow rates
did not affect the 254 nm absorbance reduction of leachate
compounds.
Figure 6 shows that the leachate reduction of total organic
carbon (TOC) proﬁle was similar to the proﬁles of colour,
turbidity, and absorbance (254 nm) of compounds as a function
of temperature and feed ﬂow rate. The TOC reduction of leachate
reached values between 70 % and 98 %. Apparently, at temperatures above 500 8C the leachate TOC reduction increased. The
behaviour of the leachate TOC reduction was not affected by
changes in feed ﬂow rates.
Figure 7 represents the proﬁle of leachate chemical oxygen
demand (COD) reduction as a function of the temperature and feed
ﬂow rates. Similar to the other parameters studied, the higher the
temperature of operation, the higher the value of leachate COD
reduction. The lowest feed ﬂow rate and higher temperature
favoured the leachate COD reduction which reached more than
90 % at temperatures above 600 8C.
The landﬁll leachate is produced from the decomposition of
carbonaceous materials which also generates methane, carbon
dioxide, and a complex mixture of organic acids, aldehydes,
alcohols, and simple sugars. Thus, we evaluated the potential of
converting leachate into different gases for energy use purposes.
The capacity of gasiﬁcation of the leachate was measured in
terms of mole fractions of hydrogen, dioxide carbon, methane, and
monoxide carbon gases. Table 5 shows that the hydrogen was the
most abundant gas produced under the operational conditions
studied, suggesting that the production of hydrogen gas from the
leachate would be feasible. Carbon monoxide was not detected in
the gas streams.
Figure 8 shows the quantity of gases produced during the
leachate gasiﬁcation. The lowest feed ﬂow rate (6 g  min1)
seems to favour the production of hydrogen, which reached
approximately 90 % at temperatures higher than 575 8C.
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Table 4. Experimental results for physico-chemical parameters after supercritical water oxidation of leachate at 25 MPa
Colour (mg  L1
Pt-CO)
Feed
flow rate
(g  min1)

6

12



Temperature
(8C) 
25
450
500
575
650
700
25
450
500
575
650
700

Residence
time (s)

25
21
17
15
14
12
10
9
8
7

Absorbance
(254 nm)

Turbidity
(NTU)

TOC
(mg  L1)

Reduction

(%)

Reduction

(%)

Reduction

(%)

Reduction

10 980
620  27
190  13
235  4
180  15
210  7
10 980
935  53
390  21
140  17
305  33
235  9

–
94  0.2
98  0.1
99  0.1
98  0.1
98  0.1
–
91  0.5
96  0.2
99  0.1
97  0.3
98  0.1

59.0
3.2  0.3
2.6  0.2
2.0  0.3
1.1  0.1
0.6  0.1
59.0
3.7  0.7
2.8  0.7
2.5  0.3
2.1  0.5
1.5  0.1

–
94  0.5
95  0.3
96  0.5
98  0.1
99  0.1
–
92.5  1.0
94.1  1.0
95.3  0.5
95.6  0.8
97.3  0.1

1600.0
186.0  2.0
57.0  1.0
52.0  1.6
70.0  0.4
98.5  2.1
1600.0
252.5  2.0
120.5  0.7
32.7  5.0
143.5  0.9
87.0  2.0

–
88  0.1
96  0.1
97  0.1
96  0.1
94  0.1
–
84  0.1
92  0.1
98  0.3
91  0.1
94  0.1

1270.0
342.4  8.0
205.9  4.0
230.9  12.0
142.0  0.3
30.6  3.0
1270.0
368.8  9.0
324.4  0.6
247.0  1.0
153.9  4.0
145.9  7.0

Operational conditions (25 MPa, COD initial concentration of leachate: 2000 mg  L1);



COD
(mg  L1)

(%)

Reduction

–
1918.0
72  0.6
694.5  72.0
84  0.3
679.8  14.0
81  1.0
431.8  21.0
89  0.02 154.8  14.0
97  0.2
22.2  7.0
–
1918.0
70  0.7
1059.2  53.0
74  0.1
857.7  39.0
80  0.1
511.0  30.0
88  0.3
170.2  22.0
88  0.5
171.2  11.0

(%)
–
60  4.0
64  0.7
76  1.0
91  0.7
99  0.4
–
42  3.0
53  2.0
72  2.0
90  1.0
90  1.0

u(T) ¼ 1.0 8C.

Figure 3. Leachate colour reduction as a function of temperature at ﬂow
rates of 6 and 12 g  min1 and 22.5 MPa.

Figure 5. Leachate absorbance reduction as a function of temperature at
ﬂow rates of 6 and 12 g  min1 and 22.5 MPa.

Figure 4. Leachate turbidity reduction as a function of temperature at ﬂow
rates of 6 and 12 g  min1 and 22.5 MPa.

Figure 6. Leachate total organic carbon (TOC) reduction as a function of
temperature at ﬂow rates of 6 and 12 g  min1 and 22.5 MPa.
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REMARKS AND CONCLUSIONS

Figure 7. Leachate chemical oxygen demand (COD) reduction as a
function of temperature at ﬂow rates of 6 and 12 g  min1, 22.5 MPa, and
2000 mg  mL1.

We used supercritical water oxidation (ScWO), without addition
of any oxidants, to treat landﬁll leachate. COD, TOC, turbidity,
colour, and absorbance at 254 nm were used to evaluate the
degradation and reduction of polluting compounds present in
leachate. The hydrogen produced was also measured to evaluate
the feasibility of converting leachate into gas for energy use.
The results presented in this study indicated that supercritical
water treatment can drastically reduce the polluting compounds
present in landﬁll leachate, converting these pollutants into
hydrogen for potential energy applications.
Higher temperature, pressure, and residence time as well as
lower feed ﬂow rate favoured the landﬁll leachate treatment.
Hydrogen, methane, carbon monoxide, and carbon dioxide were
the major gas products recovered from treated leachate.
Under the best experimental conditions, up to 98 % of
pollutants were removed from the liquid efﬂuents by the
supercritical water oxidation, indicating that ScWO can be
successfully used for the treatment of landﬁll efﬂuents without
assistance of oxidants.
The results presented in this work showed that higher temperatures and absence of oxidants can deliver degradation rates
similar to the ones obtained with oxidants at lower temperatures.
The reactivity of the water and its physical and chemical properties
signiﬁcantly increase near critical pressure and temperature above
600 8C. This higher reactivity can be explained by the changes in
the water dielectric constant caused by the increase in the
temperature for a pressure of 20 MPa.
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