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ABSTRACT: This is the first report to model the behavior of phosphorus in sewage sludge under a hydrothermal condition for
the ranges of temperature 300−600 °C and reaction time 5−30 s using a continuous reactor. The pressure was fixed at 25 MPa.
H2, CO2, and CH4 were components of the product gas. At the short reaction time of less than 10 s, organic phosphorus (OP)
was almost completely converted to inorganic phosphorus (IP) under supercritical conditions. Then, a part of IP precipitated in
the reactor. Kinetics parameters for the reaction from OP to IP were determined by assuming the first-order reaction. The
precipitation rate in proportion to oversaturation fitted the experimental data well.

1. INTRODUCTION

Fossil fuels are limited-vitality energy sources, and their
utilization is related to environmental issues. These problems
have driven researchers to develop renewable energy
technologies including gasification of biomass. A type of
potential biomass that is a low-cost material and available in a
large amount is sewage sludge. Sewage sludge contains a large
amount of organic matter,1 nitrogen, and phosphorus. Thus,
sewage sludge can be utilized to generate gas for energy, as well
as to recover phosphorus that is also a valuable commodity
material. In pioneering studies, Adam et al.3 found that P
bioavailability was considerably inflated throughout the
thermochemical treatment. Unfortunately, sewage sludge has
high water content. The challenge of exploitation of biomass
with high water content is that predrying is often needed for
the most ancient thermochemical treatment method to recover
energy.2

Meanwhile, the technology of sub- and supercritical water
gasification utilizes water as the medium where various
reactions of biomass can take place. The term “supercritical”
denotes the region of temperature on the far side of the critical
point, i.e., 374 °C. Under this condition, the hydrogen bonding
between molecules in water weakens and contributes to H2
production.4,5 In distinction, the term “subcritical” denotes the
region of the temperature higher than 100 °C and less than the
critical temperature (374 °C) with high pressure (5−22 MPa).
Under the subcritical condition, the liquid state of water is
maintained.6 Recent works of supercritical water gasification
(SCWG)7−11 demonstrated that under the supercritical water
condition all of the fluids become one phase. Therefore, water
is a suitable solution for organic materials and gaseous
products. The gasification reaction of wet biomass in water
can be carried out using SCWG, and the predrying process can
be abolished.12

Studies on SCWG of sewage sludge, focusing on gas
production, have been carried out. Supercritical water has been
confirmed to be able to convert SS into H2, CO, and CH4 with
the less solid product than that of traditional thermal
processes.13 Another study reported that using a high-pressure

autoclave the effect of chemical composition on gas production
was reported. At the higher reactant composition, the total gas
production increased.14 Also, Reddy et al.15 pointed out that
the gasification efficiency was affected by the feed biomass
concentration.
Sewage sludge contains a high amount of phosphorus that

makes it an important resource for phosphorus recovery.
Phosphorus has been produced using traditional techniques as
a marketable product, like mineral plant food, fodder, pure
type of phosphorus, and phosphoric acid.16 Therefore, a
deeper understanding of P recovery from sewage sludge is
necessary. Several studies have been recently performed
concerning phosphorus recovery from sewage sludge. As
reported by Yuan et al.,17 the EBPR method is an attractive
method for phosphorus recovery from wastewater treatment.
Arakane et al.18 reported that under the subcritical water
condition magnesium ammonium phosphate (MAP) crystal-
lization is a common technique for phosphorus recovery in
excess sludge. Most recently, Zou and Wang19 claimed that
crystallization as hydroxyapatite (HAP) is often used for
phosphorus recovery in domestic wastewater. These results
show that the recovery rate of total phosphorus was 0.593
mol/mol. The removal efficiencies were 0.826, 0.875, and
0.916 for COD, PO4

3−-P, and NO3-N, respectively.
Considering that sub- or supercritical water gasification

gasifies organics, leaving phosphorus behind, this technology
should be effective for phosphorus recovery in sewage sludge.
It is also critical for energy generation from sewage sludge
because inorganic removal results in no production of ash to
plug the reactor. In addition, phosphorus recovery helps
improving the economic aspect of the process by value added
by-product formation. However, as far as we know, studies on
phosphorus behavior combined with gas generation as well as
the reaction kinetics of P transformation of sewage sludge
under the hydrothermal condition are still limited. This
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information should be important for the phosphorus
regeneration process from sewage sludge using sub- or
supercritical water. Thus, we herein aim to elucidate the
behavior of phosphorus together with sewage sludge gas-
ification characteristics and determine the kinetics of
phosphorus change during hydrothermal gasification.

2. MATERIALS AND METHODS
2.1. Feedstock. The sewage sludge in this work was the same as

the one previously reported.20 Briefly, it was active sludge produced
from the Higashi-Hiroshima wastewater treatment plant. The particle
size of 40 μm was obtained after the pulverization process. The
properties of the sewage sludge were obtained by our research
group21 as shown in Table 1. A water deionizer (Organo, BB-5A)
produced deionized water (<1 μS/cm) to be used here.
2.2. Experimental Details. Using a continuous reactor, sewage

sludge was gasified in not only subcritical water but also the
supercritical water region. We have already reported the details of the
reactor.20 The reactor was made from stainless steel 316 with an inner
diameter of 2.17 mm (an outer diameter is 3.18 mm) and a length of
12 m and was heated by an electric furnace. While flowing water at 25
MPa, the constant desired temperature was achieved with the electric
furnace. Then, feedstock was fed into the system. After waiting for 1 h
for the steady-state condition, sample collection was made for gas and
liquid effluent.
To cool down the reactor, water was fed into the reactor, resulting

in part of phosphorus precipitated in the reactor recovered for
collection and analysis.

The reaction temperature was changed as 300, 350, 500, 550, and
600 °C. The residence time was changed from 5 to 30 s. Calculation
to obtain the residence time has been introduced in our previous
study.20

2.3. Analytical Method. The details of the analysis employed in
this work are presented elsewhere.20 Briefly, the rate of gas generation
was determined on the basis of the gas collection time to fill the 14
cm3 sampling bottle with the gas. After experimental runs, gas was
sampled and analyzed by gas chromatography (GC). By using a TOC
analyzer, the carbon content in the liquid phase was determined. To
measure the phosphate ion in the liquid phase, an ion chromatog-
raphy (IC) analyzer was used. To measure the total phosphorus (TP)
amount, the molybdenum blue methodology was the successful
application. The equations to determine IP and TP yields in this study
are presented elsewhere.20

The calculation of carbon gasification efficiency (CGE) in this
study was done by eq 1, where Cgas, CIC, and Cfeedstcok denote carbon
amount in the gas product [mol], liquid product [mol], and the
sewage sludge [mol], respectively.

=
+C C

C
CGE

gas IC

feedstock (1)

The measurement was conducted thrice, and the average was taken.

3. RESULTS AND DISCUSSION
Figure 1 shows the product carbon distribution in gas and
liquid after all experimental runs. Carbon balance higher than
0.8 was obtained for each condition. The carbon yield of gas
increases rapidly with temperature. This is the typical behavior

Table 1. Proximate and Ultimate Analysisa

proximate analysis [kg/kg-dry] ultimate analysis [kg/kg-dry] (wt/wt, dry base)

water content [kg/kg-wet] VM FC Ash C H N S O P

0.792 0.775 0.580 0.167 0.431 0.066 0.044 0.024 0.259 0.013
aVM, volatile matter; FC, fixed carbon; C, carbon; H, hydrogen; N, nitrogen; S, Sulfur; O, oxygen.

Figure 1. Carbon balance: carbon in the liquid, solid, and gas products: (a) 300 °C, (b) 350 °C, (c) 500 °C, (d) 550 °C, and (e) 600 °C. The data
for 500, 550, and 600 °C are taken from Amrullah and Matsumura.20
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observed in the SCWG process. The temperature exceeding
the critical point (374 °C) gives the increase of gaseous
products, as observed by Paksung and Matsumura.9 As
mentioned by another previous work,22,23 higher gas yield
was obtained when the temperature was higher than the critical
value due to the reduced ionic product and the decreased
water density.
Table 2 shows the CGE of sewage sludge at varies

temperatures and residence times. It clearly shows that the

high temperature and long residence time resulted in high
CGE. This is the widely recognized characteristics of
hydrothermal gasification.24−27 At temperatures above 500
°C, the effect of the residence time may look to be
insignificant, showing a smaller increase in the CGE. This
should be due to the characteristics of the first-order reaction.
A higher temperature results in a higher conversion, where
unreacted feedstock becomes less and the increase in the CGE
becomes small.
Figure 2 shows the corresponding gas composition. Under

the subcritical condition, it can be clearly seen in Figure 2a,b
that H2 and CO2 were obtained as the major gas products.
CH4 and C2H4 were obtained in a small quantity, and no CO
was found. This result agrees well with a previous publication

by Seif et al.,27 who showed that CO was a negligible amount
of distillery wastewater treatment in subcritical water gas-
ification. In the SCWG regime, the temperature has more
effect on product gas composition. Figure 2c,d shows gas
compositions for supercritical water conditions. H2, CO2, and
CH4 are main gaseous products under SCWG, and small
amounts of C2H4 and C2H6 were also obtained. The level of
CO was negligible. This result agrees with a previous work,25,28

where no CO was obtained using humic acid. Most recently,
Castello et al.29 concluded that water−gas shift and
methanation reactions had an important role in the gas-
phase species, where CO was a reactive gas.30

At 330−350 °C, CO2 was obtained as the main gas product.
The decarboxylation reaction should have taken place. This
result agrees with prior studies,31−34 where at a lower
temperature the decarboxylation reaction occurred. At a higher
temperature (500−550 °C), the water−gas shift reaction took
place in addition to the thermal decomposition of intermediate
compounds, resulting in H2 production as the key product in a
short time. At all temperatures and a longer residence time, the
methanation reaction proceeded, causing the CH4 increase.
This result agrees well with another previous work.35 Overall,
this result trend goes along with those of Wilkinson et al.36 and
Matsumura et al.,37 i.e., temperature has affected the
gasification rate of biomass. Sewage sludge is thus usual
gasification feedstock and its behavior is predictable and
controllable in this sense.

3.1. Behavior of Phosphorus. Figure 3 shows the
phosphorus yield after sub- and supercritical water gasification.
Figure 3a,b displays the phosphorus yield under the subcritical
condition. The residence time affects the OP and IP behavior.
The yield of OP decreases, whereas the yield of IP increases.
Apparently, OP is converted to IP under the hydrothermal
condition. This result shows good agreement with that of Zhu

Table 2. CGE Results at Different Temperatures and
Residence Times

temperature [°C] CGE [−]

residence time [s] 300 350 500 550 600

5 0.14 0.17 0.41 0.63 0.59
10 0.14 0.18 0.41 0.60 0.60
20 0.21 0.20 0.46 0.62 0.64
30 0.23 0.21 0.50 0.64 0.72

Figure 2. Gas composition for each condition: (a) 300 °C, (b) 350 °C, (c) 500 °C, (d) 550 °C, and (e) 600 °C. The data for 500, 550, and 600 °C
are taken from Amrullah and Matsumura.20
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et al.,21 who found that at a longer reaction time OP was
completely converted using an autoclave reactor.
Figure 3c−e shows that OP yield also decreases with a

residence time in the supercritical region but more rapidly. IP
yield increases in correspondence to this OP decrease, but for a
longer residence time, a decrease in IP yield is observed,
leading to an increase in the yield of remaining IP. The
conversion of OP is approximate 99% when the residence time
was 10 s and the temperature is high. Supercritical water shows
the low solubility of salt, which must have caused the
precipitation of the IP product.
Reaction kinetics for phosphorus behavior was modeled as

follows. The overall change of phosphorus is as follows.

→ →OP IP (remaining IP) (2)

Conversion of OP to IP should be associated with the
decomposition of organic compounds. Assumption of a first-
order reaction should be natural. Conversion of IP in the liquid
phase to remaining IP is precipitation. This rate is zero when
the liquid-phase IP concentration [IP] is lower than the
saturated IP concentration [IP]0, and when more IP is
accumulated in the liquid phase, [IP] becomes greater than
[IP]0 and it can be in proportion to the oversaturation, [IP] −
[IP]0. It is also noted that integration of this precipitation rate
gives the amount of remaining IP and that the sum of the
yields of OP, IP, and remaining IP should be unity. Taking into
account that yields of liquid-phase products are in proportion
with the liquid-phase concentration of the product, the
following sets of equations are obtained.

= −Y
t

k Y
d (OP)

d
(OP)1 (3)

= < < ′
Y

t
t t

d (remaining IP)
d

0 (0 )
(4)

= [ − ] ≥ ′
Y

t
k Y Y t t

d (remaining IP)
d

(IP) (IP ) ( )2 0 (5)

= + +Y Y Y1 (OP) (IP) (remaining IP) (6)

where Y(X) denotes the yield of X, but Y(IP0) denotes the
liquid-phase inorganic phosphorus yield that corresponds to
the saturated concentration of inorganic phosphorus, k1 and k2
denote constants, and t′ denotes the time when [IP] becomes
equal to [IP]0.
Integrating eq 3 gives

= −Y k t(OP) exp( )1 (7)

While Y(IP) is less than Y(IP0) or 0 < t < t′,
= − −Y k t(IP) 1 exp( )1 (8)

=Y(remaining IP) 0 (9)

Thus,

= − − ′Y k t(IP ) 1 exp( )0 1 (10)

When Y(IP) is greater than Y(IP0) or t ≥ t′, eq 6 gives the
following.

∫= − + + [ − ]
′

k t Y k Y Y t1 exp( ) (IP) (IP) (IP ) d
t

t

1 2 0

(11)

By differentiating this equation in terms of t, we obtain

− − + + [ − ] =k k t
Y

t
k Y Yexp( )

d (IP)
d

(IP) (IP ) 01 1 2 0

(12)

This differential equation can be solved with the boundary
condition

= ′ =t t Y Y: (IP) (IP )0 (13)

and the following solution can be obtained.

Figure 3. Phosphorus yield obtained in this study for each experimental condition: (a) 300 °C, (b) 350 °C, (c) 500 °C, (d) 550 °C, and (e) 600
°C. The data for 500, 550, and 600 °C are taken from Amrullah and Matsumura.20
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=
− − − ′ − − ′

−

+ − − ′ + [ − − − ′ ]

Y
k k t k k t k t t

k k

k t t k t t Y

(IP)
exp( ) exp( ( ))

exp( ( )) 1 exp( ( )) (IP )

1 1 2 1 2

2 1

2 2 0
(14)

Finally,

= − −Y Y Y(remaining IP) 1 (OP) (IP) (15)

Substituting eq 7 and eq 14 into eq 15 gives

= −
‐

[ − − − ′ − − ′ ]

− − − ′ − [ − − − ′ ]

Y
k

k k
k t k t k t t

k t t k t t Y

(remaining IP) 1 exp( ) exp( ( ))

exp( ( )) 1 exp( ( )) (IP )

2

2 1
1 1 2

2 2 0 (16)

The constant parameters k1, k2, and Y(IP0) were determined.
The LSE method and nonlinear regression were employed in
this study.
Figure 4 shows the experimental and calculated yields of OP,

IP, and remaining IP. The calculated yield is shown as a solid
line. The comparison between experimental data for
phosphorus yield and calculated values is depicted in Figure 5.

The calculated conversion of OP during hydrothermal
gasification of sewage sludge fitted well with the experimental

Figure 4. Phosphorus behavior of sewage sludge under sub- and supercritical water conditions at (a) 300 °C, (b) 350 °C, (c) 500 °C, (d) 550 °C,
and (e) 600 °C. The symbols represent the experimental data, and the solid lines represent the calculated data. The data for (c), (d), and (e) are
taken from Amrullah and Matsumura.20

Figure 5. Parity plot of P yield in sub- and supercritical water
gasification of sewage sludge (temp., 300−600 °C; 25 MPa; and SS
concentration, 0.1 wt %).
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data. Thus, obtained parameters are presented in Table 3. It is
to be noted that for the parameters associated with

precipitation, k2 and Y(IP0) show a large difference between
supercritical and subcritical values. Considering the large
change in physical characteristics of water at a critical point,
this phenomenon may be understandable.
The Arrhenius plot was taken for the constant parameter

associated with the reaction, k1, as shown in Figure 6. A good
straight line was obtained. The activation energy (Ea) was 18.5
kJ mol−1, and the value of the pre-exponential factor (A) was
5.4 s−1.

4. CONCLUSIONS
The behavior of phosphorus during hydrothermal gasification
at various temperatures and residence times was investigated
for the first time. At the short residence time (10 s), OP was
converted into IP quickly and then part of IP was precipitated
in the reactor. The conversion of OP to IP model assuming the
first-order reaction and the precipitation rate in proportion to
oversaturation was proposed and the calculation based on this
fitted the experimental data well.
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