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ABSTRACT

Gasification of landfill leachate in supercritical water using batch-type reactor was investigated. The
effect of temperature, pressure reaction time, catalyst Na,CO, on gas composition, gas yield, TOC
and TN removal efficiency were studied. The fixed reaction condition was temperature 380-500°C,
pressure 22.5-36.5 MPa, reaction time 5-25 min. The results showed that gaseous products mainly
contained H,, CH,, CO, and CO. The maximum hydrogen composition was reached to 55.6% at 500°C,
37 MPa and 10 min. And the maximum hydrogen gas yield of 107.15 mol-kg™ was achieved under
the same condition without addition of catalyst. TOC and TN removal efficiency being 85.56% and
49.88% was obtained at 470°C, 27 MPa. Hydrogen production increased from 43.1% to 57.92% with
increase of catalyst Na,CO, loading amount from 0 to 10%. Hydrogen composition, gas yield, TOC
and TN removal efficiency increased with increase of temperature. GC-MS analysis results indicated
gasification liquid phase products of leachate were mainly composed of cyclopentanone, 2-octanone,
phenol, p-cresol and nitrogenous compounds. Results from infrared spectrum analysis indicated
solid phase products were mainly composed of travertine, ankerite and calcite, and tar and char were
not detected in our experiments.

Keywords: Landfill leachate; Supercritical water gasification; Hydrogen production; Wastewater

treatment

1. Introduction

Landfilling, compared to other technologies such as
incineration and composting, is a common way to dispose
of solid waste. It is reported that about 90% of the municipal
solid waste (MSW) is disposed of in landfills in China [1].
Landfill leachate is generated by excess rainwater percolat-
ing through the waste layer. Combined physical, chemical
and microbial processes in the waste transfer pollutants
from the waste material to the percolating water [2]. Landfill
leachate contains high concentrations of dissolved organic
matter expressed as COD and TOC, inorganic components
and heavy metals nitrogen, and need to be treated before
discharge. In the past several decades, some conventional
landfill leachate treatments have been developed [3-7].

*Corresponding author.

However, due to its complexity, a combination of chemical,
physical and biological steps is required to treat leachate for
direct discharge into surface water [8]. Research on landfill
leachate has been becoming a fascinating area in the field of
environmental protection [9].

With the decreasing of fossil fuel, new ways of bio-
mass energy utilization have been studied all over the
world in the last decades [10]. Today, hydrogen has become
an important kind of raw materials in petrochemical and
chemical industry, and there is a growing interesting the use
of hydrogen as fuel. Hydrogen is defined as a green attrac-
tive energy source and has attracted extensive attention
worldwidely due to its potential higher energy efficiency
and less generation pollutants, which may replace conven-
tional fossil fuels in the future [11-12].

Supercritical water (SCW, T > 374.15°C, P > 22.12 MPa)
presents complete miscibility with oxygen and organics,
making supercritical water a very suitable medium for the
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biomass pyrolysis, oxidation and reduction of organics [13].
High solubility of the intermediates in the reaction medium
significantly inhibits tar and char formation that are one of
the main drawbacks of conventional gasification. Supercrit-
ical water gasification is an advanced technology which can
obtain hydrogen- rich gaseous products from wet biomass
without any drying process [14]. Many reports have pre-
sented the gasification of waste and biomass to produce
hydrogen in the supercritical water condition, with high
efficiency of hydrogen production [15-20]. Results in these
reports showed that the effect of temperature and residence
time on hydrogen yield is positive, but the changes in pres-
sure had no effect on the gas yield.

In recent years, supercritical water gasification of waste
and biomass have been widely studied, however, few stud-
ies on treatment of landfill leachate in supercritical water
are reported. Gasification of landfill leachate in supercriti-
cal water can not only treat efficiently the leacate, but also
obtain hydrogen.

Gong had reported the treatment of landfill leach-
ate using supercritical water oxidation (SCWO) [21-22].
During SCWO process, organics can be degraded into CO,
and H,O finally in a few minutes or even several seconds
via homogeneous oxidation reaction with oxidant in SCW.
COD removal efficiency of landfill leachate could reach up
t0 99.23% at 430°C and 30 MPa. It has been verified by Wil-
liams and Onwudili [23] that almost complete oxidation of
the organic components of the leachate could be achieved
under SCWO. In these reports mentioned above, very high
removal efficiency of organic pollutants in leachate was
obtained. However, wet biomass in leachate was not uti-
lized effectively to produce clean energy. Therefore, devel-
oping a new landfill leachate resource utilization process
using supercritical water gasification is attractive.

Gong et al. reported partial oxidation of landfill leach-
ate under supercritical water condition. The results showed
that hydrogen gas yield, TOC removal rate and carbon
recovery rate of 14.32 mmol-g TOC”, 82.54% and 94.56%
was achieved under optimum conditions, respectively [8].
And carbonate and bicarbonate were the most abundant
carbonaceous substances in product, whereas CO, and H,
were the most abundant gaseous products. The research
indicated that landfill leachate could not only be treated
efficiently in supercritical water, but also massive biomass
in leachate be gasified to produce hydrogen.

In this study, landfill leachate was treated by supercrit-
ical water gasification without oxidant in batch reactor, in
order to obtain the hydrogen. We examined the effects of
temperature, pressure, reaction time and raw leachate con-
centration on TOC and TN removal efficiency, gas com-
ponent, gaseous product yield. The product of leachate
gasification was also investigated, which is discussed in
detail below.

2. Materials and methods

The landfill leachate used in this experiment was col-
lected from municipal solid waste landfill site on Zhengzhou,
China. The solid waste deposited in the landfill was domes-
tic garbage such as food waste, paper, plastic and so on.
The leachate generated from landfill was collected by pipe

and stored in regulating reservoir. The leachate used in this
experiment was collected from reservoir with artificial sam-
pler, which was young with the age of less than 5 years. The
characteristics of leachate are shown in Table 1. Nitrogen was
used to check the air tightness and eliminate the air in device
before experiment, which purity was up to 99%. All the other
chemicals used in experiments were purchased with analyt-
ical purity. Catalyst Na,CO, was an hydrous reagents and
supplied by the Tianli Chemical Reagent Co., Ltd. the alka-
line catalysts Na,CO, was analytical pure reagents.

In these experiments, temperature, pressure, reten-
tion time and catalyst are the independent variables. Each
experiment was carried out at desired condition (tempera-
ture 380-500°C, pressure 22.5-36.5 MPa, reaction time 5-25
min, catalyst 0-10 wt %). Gas component and gas yield of
each gaseous component, TOC/TN removal efficiency are
the dependent variables, whose values depends on the
value of independent variables.

2.1. Apparatus and experimental procedures

The scheme diagram of experimental apparatus is shown
in Fig. 1. Supercritical water gasification reactor is produced
by Nantong HuaAn supercritical extraction Co. Ltd, which is
a batch type with volume of 600 mL. The reactor is made of
stainless steel HC276. The highest temperature and pressure
for reactor is 650°C and 60 MPa. For the safety, the operation
pressure is fixed under 40 MPa. The reactor shell is wrapped
in insulation. The inside temperature is regulated and moni-
tored by the temperature control device with + 1°C precision.
The pressure of the reactor is shown in pressure gauge. The
cooling coil is fixed in the reactor and to be used for cooling
the reactor rapidly with water to ambient temperature at the
end of each experiment.

The experimental steps are as follows. Before the
experiment, nitrogen is injected into the reactor to avoid
the effect of air on the gasification result. According to
the temperature and pressure required in the experiment,
landfill leachate is charged into the reactor with high
pressure metering pump. Then, the reactor is electrical
heated with the average heating rate of 3°C/min (In these
experiments, the maximum desired temperature is set at
500°C, it will take about 150 min to reach 500°C in reactor).
The pressure in reactor increase with rise of temperature,
which is determined by the volume of feed solution and
temperature. When temperature and pressure reach the
set point, this point is recorded as the starting point of the
reaction. The setting operation condition was held for 5-25

Table 1
The characteristics of landfill leachate used in experiments

Parameter Range
COD, mg-L?! 11736-47029
TOC, mg-L™ 3207-14810
SS, mg-L™ 545-982
NH3-N, mg-L* 412-956

TN, mg-L™* 449-1326
pH 5-7
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Fig. 1. Scheme diagram of supercritical water gasification system.
1. nitrogen cylinder 2. check valve 3. pressure reducing valve 4.
inlet of leachate 5. outlet of cooling water 6. inlet of cooling water
7. temperature control 8. thermocouple 9. safety valve 10. pressure
gauge 11. valve 12. gas collecting 13. cooling coil 14. liquid product
15. thermocouple 16. reactor 17. heating coil 18. insulaiton wall.
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min. After the fixed reaction time (5-25 min) is reached,
the gasification is suspended, then the cooling water is
opened, and reaction temperature, pressure and reaction
time are recorded. The effluent is cooled down to room
temperature rapidly with cooling water (If the tempera-
ture in reactor is 500°C, it will take about 60 min to cool the
reactor from 500°C to room temperature). Gaseous prod-
ucts are collected into gasbag for analysis. When the pres-
sure inside reactor decrease to normal level, flushing the
reactor using nitrogen, then residual mixtures in reactor
are collected into beaker. The mixtures in beaker are sepa-
rated by filtration. The liquid and solid phase products are
analyzed by gas chromatography-mass spectrometry and
infrared spectrum, respectively.

In this paper, gasification reaction condition changes as
follows: reaction temperature 380-500°C, pressure 22.5-36.5
MPa, reaction time 5-25 min. The experiment is repeated
at different conditions. Each experiment was done twice
under the same conditions. The results presented in this
paper were the average value of two experiments.

2.2. Sample analysis

The characteristics of landfill leachate before the super-
critical water gasification are specied with the value of COD,
SS, TOC and TN. Measurement for the concentration of COD
and SS is made using China standard methods (water qual-
ity-determination of the chemical oxygen demand-dichro-
mate method (GB11914-89) and water quality-determination
of suspended substance-gravimetric method (GB11901-89).
TOC and TN are monitored by N/C 2100 TOC analyzer.
The compounds in raw leachate and liquid phase mixtures
are analyzed using gas chromatograph and mass spectrum

(GC-MS), Agilent 7890A /5975C. The component of gaseous
product generated from gasification is analyzed by DLI-
3005P portable infrared gas analyzer. The solid phase resid-
uals are analyzed by infrared spectrum, IR200.

The following TOC/TN removal efficiency, gas com-
ponent and gaseous product yield equations are utilized to
evaluate the gasification characteristics:

2.3. TOC/TN removal efficiency

In this paper, the TOC and TN removal efficiency is usu-
ally used to indicate the decomposition degree of carbohy-
drate and nitrogenous compounds in landfill leachate. TOC
removal efficiency is calculated using following equation:

TOC.-TOC
Xroc =[—Tb C e ]x 100% @
where X . is TOC removal efficiency (%), TOC, is the TOC
concentratlon in raw landfill leachate (mg-L- l) and TOC,
is TOC concentration of liquid phase effluent (mg: L‘1)
TN removal efficiency is calculated using Eq. (1) with TN
instead of TOC.

2.4. Gas yield

Gaseous products generated from supercritical water
gasification are collected and analyzed. The main constit-
uent of gaseous product is hydrogen, methane, carbon
dioxide and carbon monoxide. Gas yield of each gaseous
component is defined as the molar amount of each pro-
duced gas per weight of total organic compounds in landfill
leachate added in reactor, which is calculated as following
equations.

Y,
G _ H,,CO,,CH, @)
Ha €Oz, CHy = QxTOC, X Xy
where G, is the yield of hydrogen (mol'kg™), Y,,, is the

molar amount of hydrogen (mol), Q is the volume of land-
fill leachate in reactor (mL), TOCis the TOC value of initial
landfill leachate (mg-L™), X .. is the TOC removal effi-

o is the yield of carbon diox-

ciency. Similarly, G_,, G, G
ide methane and carbon mon0x1de, respectively.

3. Results and discussion

Landfill leachate used in these experiments is compli-
cated with large amount of organic compounds. And its
gasification in supercritical water is a complex process.
Similar to other biomass, landfill leachate gasification gas-
eous products is mainly composed of hydrogen, methane,
carbon dioxide and carbon monoxide [8]. In our experi-
ments, we observed the gas composition included H,, CH,,
CO, and CO. H, and CH, was the main composition. The
maximum H, and CH, composition of 57% and 55.1% was
observed, and the H, and CH, gas yield was 107.15 mol-kg™
and 69.30 mol-kg™ at corresponding conditions. The effect
of temperature, raw landfill leachate concentration, catalyst
and reaction time on gas composition and gas yield would
be discussed subsequently.
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3.1. Effect of temperature on gasification

The effect of reaction temperature on gas composition is
shown in Fig. 2. At 30 MPa, 10 min, as the reaction tempera-
ture increased from 380°C to 500°C, the fraction of hydro-
gen increased from 23.4% to 55.2%, while the fraction of
methane increased from 12% to 47%, declined to 36%. When
pressure increased from 30 MPa to 36 MPa, the fraction of
hydrogen increased from 20.7% to 55.6%, and the methane
increased from 15% to 55%, then decreased to 38.9% with
increase of temperature. We also observed that the fraction
of carbon monoxide decreased rapidly with increase of
reaction temperature from 380°C to 500°C. The fraction of
carbon monoxide declined from 55.48% and 55.4% to 1.9%
and 1.1% at 36 MPa, 30 MPa, respectively. Meanwhile, the
reduction of carbon dioxide fraction was observed with
increase of reaction temperature, which decreased from
7.82% and 8.3% to 2.6% and 2.45% at 36 MPa, 30 MPa,
respectively.

The experimental results indicated that the reaction
temperature has a positive effect on hydrogen production
from landfill leachate gasification in supercritical water.
At lower temperature (380°C), the main gas product is
carbon monoxide. When the temperature increased from
380°C to 500°C, hydrogen is the main product, which frac-
tion reaches 55.6% and 55.2% at 36 MPa, 30 MPa, respec-
tively. Because of endothermal reaction, the increase
of temperature from 380°C to 470°C is beneficial to the
water—gas shift reaction [Eq. (3)] and methanation reac-
tion [Eq. (4)], which led to higher fraction of hydrogen
and methane, lower carbon monoxide and carbon diox-
ide fraction. When temperature increased to 500°C, the
methanation reaction [Eq. (4)] is inhibited. Hydrogen is
the main product. Thus, higher temperature is favor to
hydrogen production. The result obtained in our work
coincided with the public literature. The aim of this study
is to obtain more hydrogen production from landfill leach-
ate. Thus, the optimum temperature for leachate gasifica-
tion in supercritical water is 500°C.

CO(g)+H,0(g) - CO,(g)+H,(g) (3)
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Fig. 2. Effect of temperature on gas composition (pressure 30
MPa, 36 MPa; retention time 10 min).
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CO(g)+ H,(g)—CH,(g)+H.0(g) @
The same trend of gas yield increasing with reaction
temperature is shown in Fig. 3. The hydrogen gas yield
also increased from 13.35 mol'kg” and 23.82 mol-kg™
to 94.73 mol-kg™ and 107.15 mol'kg™ at 36 MPa, 30 MPa,
respectively. And the methane gas yield also increased
from 9.67 mol-kg™ to 66.28 mol-kg™ at 36 MPa. The same
trend was observed at 30 MPa. However, at 36 MPa, the
gas yield of carbon monoxide still decreased rapidly from
35.77 mol-kg™ to 3.24 mol-kg™". The carbon dioxide gas yield
changed from 5.04 mol'kg™ to 4.43 molkg™. The experi-
mental results suggested that increase of reaction tempera-
ture led to increase of hydrogen and methane gas yield, and
the higher temperature is favor to hydrogen production.

3.2. Effect of pressure on gasification

The effect of pressure on gas composition was obtained
at 10 min, 450°C. As shown in Figs. 4 and 5, with an increase
of pressure from 22.5 MPa to 36.5 MPa, the molar percent-
age of hydrogen in gas product decreased straightly from
57% to 37.5%. And the hydrogen yield also decreased from
72.48 mol-kg™ to 24.76 mol-kg™.

However, methane gas composition increased from
28.2% to 55.1% with increase of pressure. The methane yield
increased slightly from 35.86 mol-kg™ to 46.35 mol-kg™, then
declined to 36.38 mol-kg™.

The change of carbon dioxide and carbon monoxide
fraction and gas yield with increase of pressure was also
obtained. Carbon dioxide fraction increased from 2.4% to
4.1% with pressure increased from 22.5 MPa to 36.5 MPa.
The gas yield decreased slightly from 3.18 mol-kg™ to 2.71
mol-kg™.

In addition, with increase of pressure, the carbon mon-
oxide molar fraction and gas yield declined from 11.30% to
2.30%, 14.37 mol-kg™ to 1.52 mol-kg™, respectively.

Generally speaking, pressure had no positive effect
upon biomass gasification characteristics in supercritical
water [15,16]. The influences of pressure upon the gasifica-
tion characteristics are complicated. High pressure favors
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Fig. 3. Effect of temperature on gas yield (pressure 30 MPa, 36
MPa; retention time 10 min).
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Fig. 5. Effect of pressure on gas yield (temperature 450°C; reten-
tion time 10 min).

ionic reaction pathway, which inhibits gas production reac-
tions. In addition, higher pressure leads to higher water
density and higher ionic product, so hydrolysis reactions
and pyrolysis reactions are promoted. Therefore, higher
pressure favors gasification process. In this study, the exper-
imental results suggested that at 450°C, higher pressure is
favorable to methanation reaction [Eq. (4)], but adverse to
the water—gas shift reaction [Eq. (3)], which lead to higher
methane and carbon dioxide production, lower hydrogen
and carbon dioxide. In conclusion, the effect of pressure on
gas yield indicated that higher pressure is not profitable to
hydrogen production. Thus, in order to obtain more hydro-
gen production, the optimum of pressure for landfill leach-
ate gasification in supercritical water is 22.5 MPa.

3.3. Effect of catalyst on gasification

It has been confirmed that the alkali catalysts such as
K,CO,, KOH, Na,CO,, and NaOH had positive effect on
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Fig. 6. Effect of catalyst Na,CO, on gas composition (450°C, 28
MPa, 15 min).
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Fig. 7. Effect of catalyst Na,CO, on gas yield (450°C, 28 MPa,
15 min).

biomass gasification in supercritical water [24-26]. In this
experiment, Na,CO, was added in landfill leachate gasifi-
cation with different concentration. The effect of Na,CO, on
gasification at 450°C, 28 MPa, 15 min was shown in Figs. 6
and 7.

As shown in Figs. 6 and 7, comparing with 43.1% and
14.2 mol-kg™ without catalyst, the hydrogen composition
and gas yield increased to 57.92% and 19.90 mol-kg™ with
catalyst loading amount increasing from 0 to 7 wt %. How-
ever, the methane composition and gas yield decreased
from 49.1%, 16.23 mol-kg™' to 27.9%, 9.18 mol-kg™, respec-
tively. The results indicated adding of Na,CO, is benefi-
cial to the steam reforming reaction, resulting in increase
of hydrogen production. The carbon dioxide and carbon
monoxide fraction decreased from 7.83%, 12.11% to 6.9%,
9.33%, respectively. In order to obtain more hydrogen pro-
duction, the optimum amount of Na,CO, is 7 wt %, consid-
ering with the hydrogen composition and yield in gaseous
production.
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3.4. TOC/TN removal efficiency

Our previous work [22] indicated that up to 99.23% of
pollutants in leachate were removed during landfill leach-
ate oxidation in supercritical water at 440°C, 30 MPa. The
main purpose of this work was to get hydrogen-rich gas
with the decomposition of pollutants in leachate. Thus,
TOC, TN removal efficiency of landfill leachate after gasifi-
cation was also investigated.

As shown in Fig. 8a, at 29 MPa, the TOC, TN removal
efficiency increased from 8.36%, 8.33% to 70.53%, 39.71%,
respectively, with temperature increase from 380°C to 500°C.
The maximum TOC and TN removal efficiency was up to
85.56% and 49.88%, respectively, under corresponding reac-
tion condition. The results indicated temperature had posi-
tive effect on TOC and TN removal. Figs. 8b—d suggest that
pressure, reaction time and catalyst Na,CO, had no obvi-
ous effect on TOC and TN removal efficiency. Because of
different reaction mechanism between supercritical water
gasification and oxidation, hydrocarbons in leachate were
converted by several reactions including steam reform-
ing, water-gas shift, methanation, and hydrogenation.
The conversion of hydrocarbons in landfill leachate was
not completely without oxidant. According to the GC-MS
analysis results shown in Fig. 9, partial organic compounds
with complex structure were decomposed to low molecu-
lar compounds. But, many complicated organics were not
decomposed, resulting in relatively low removal efficiency
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of pollutants comparison with SCWO. All these experimen-
tal results indicated that organics in landfill leachate was
not converted completely, which coincided with the rela-
tively lower TOC and TN removal efficiency. Thus, because
of existence of many complicated organics in landfill leach-
ate and relatively high concentration of TOC, the effluent
could not be discharged to river without treated. Accord-
ing to our previous studies, pollutants in landfill leachate
could almost be removed completed in supercritical with
addition of oxidants. Thus, it is possible to acquire hydro-
gen and completely remove pollutants in landfill leachate
with addition of oxidant, which would be studied in our
next experiments.

3.5. Gasification liquid products

The compounds in raw landfill leachate and liquid
phase mixtures were analyzed using GC-MS, which were
shown Fig. 9. As shown in Fig. 9a, the main compounds in
raw landfill leachate were hexanoic acid, pentanoic acid,
phenol, p-cresol and other complex carbohydrate with a
little amount of nitrogenous compounds. After supercrit-
ical water gasification, the liquid products were mainly
composed of cyclopentanone, 2-octanone, phenol, p-cresol
and nitrogenous compounds. The GC-MS analytic result
indicated that low molecular weight carboxylic acid in raw
landfill leachate was decomposed, which was not detected
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Fig. 8. TOC/TN removal efficiency of landfill leachate gasification in supercritical water (a) effect of temperature; (b) effect of pres-

sure (c) effect of reaction time; (d) effect of catalyst.
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Fig. 9. GC-MS analysis result for raw landfill leachate and gasification liquid product (a) raw landfill leachate; (b) liquid product of

gasification (450°C, 36.5 MPa, 25 min).

in liquid products. And new type of nitrogenous com-
pounds such as benzenamine and pyridinecarboxaldehyde
was observed in liquid products, which indicated decom-
position of nitrogenous compounds in raw landfill leachate.

3.6. Gasification solid products

It has been reported that tar and char will be generated
in the preheating process of SCWO system [27,28]. And
the portion of tar and char reaching 57.6% at 500°C and
decreased to 24.6% at 650°C in the supercritical water gas-
ification of black liquor was reported [29]. Because of high
COD concentration, Gong et al. predicated that tar and char
would be generated in the preheater and SCWO system [8].
In our experiments, Infrared spectrum was used to ana-
lyze the solid phase product during SCWO gasification. As
shown in Fig. 10, the solid products were mainly composed
of travertine, ankerite and calcite. These matters generated
in landfill leachate gasification were not reported in pub-
lished studies. Tar and char were not detected in our experi-
ments. Possible reason is that batch gasification reactor was
used in our experiments. Landfill leachate was heated at
reactor, char and tar generated possibly at preheating pro-
cess might be converted at reactor.

“Transmittance

a0 ’ T a0 ’ T a0 ’ " 1000
Wavenumbers (cm-1)

Fig. 10. Infrared spectrum analysis result for landfill leachate
gasification solid phase product (450°C, 36.5 MPa, 25 min).

4. Conclusions

The experimental results indicated that supercritical
water gasification is an effective method to treat landfill
leachate with production of hydrogen-rich gas. Hydro-
gen, methane, carbon dioxide and carbon monoxide were
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obtained from landfill leachate gasification. The results
showed that hydrogen composition and gas yield increased
with increase of temperature, the highest value of 57% and
107.15 mol-kg™ was achieved. The TOC and TN removal
efficiency also increased with an increase of temperature.
The catalyst Na,CO, loading amount had positive effect
on hydrogen production. The effect of pressure on landfill
leachate gasification in supercritical water was not obvious.
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