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AbstractÐThe need for readily biodegradable organic matter to support denitri®cation and enhanced
biological phosphorus removal (EBPR) can be satis®ed using external or internal carbon sources. This
paper examines the production and removal of volatile fatty acids (VFAs), mainly acetic acid, and
other hydrolyzed products from sludge using hydrothermal treatment at subcritical (<3748C) and
supercritical (>3748C) temperatures. Subcritical water oxidation (SubCWO) achieved e�ective
hydrolysis (>95% as COD) of the sludge organic solids but incomplete oxidation (<95% as COD) of
the organic component of sludge. SubCWO also produced COD-rich liquors, which contained as much
as 30% wt/wt hydrolyzed COD, including 10% wt/wt acetate. The contribution of acetate to COD in
the liquor increased as treatment progressed, accounting for as much as 80% of the soluble COD when
the oxidation e�ciency exceeded 80%. While SubCWO resulted in partial COD removal, complete
oxidation (>99% as COD) of the organic component of sludge, including oxidation of hydrolysis
products, was achieved using supercritical water oxidation (SCWO). Accordingly, hydrothermal
treatment using SubCWO and SCWO can provide a useful sludge management option, combining
sludge mass and volume reduction with the production of useful organic matter to support biological
nutrient removal. # 2000 Elsevier Science Ltd. All rights reserved
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INTRODUCTION

Providing a source of readily biodegradable COD
supports denitri®cation and enhanced biological
phosphorus removal (EBPR). Short chain fatty

acids, especially acetate, have been demonstrated to
be most suitable to support EBPR (Gerber et al.,
1987). Fermentation and thermophilic aerobic
digestion are processes capable of producing VFAs

from primary sludge for EBPR. In the fermentation
process, the acid formers produce VFAs, mainly
acetic and propionic acids. Proponents of thermo-

philic digestion suggest that the process has several
advantages over fermentation (Chu et al., 1997),
including maximizing acetic acid production and

limiting propionic acid accumulation.
It is generally recognized that hydrothermal treat-

ment using wet air oxidation (WAO) of sludge pro-
duces high-strength liquors. The need for recycling

of the high-strength liquor into the treatment plant
has traditionally been considered a major disadvan-
tage associated with WAO. Metcalf and Eddy

(1979) reported that the BOD of the liquor can be

as high as 40±50% of that of the raw sludge, which
when recycled can increase the BOD loading in the

total ¯ow by as much as 30±50%. More recently,
researchers (Barlindhaug and Odegaard, 1996a, b;
Henze and Harremoes, 1990; Karlsson, 1990;

Odegaard and Karlsson, 1994) have successfully
used the hydrolyzed organic matter from sludge as
a carbon source for denitri®cation. To maximize
the production of thermal hydrolysis products for

denitri®cation, the researchers have generally used
oxygen-starved reactions, occasionally acidi®ed the
sludge to pH 1±2.5, and limited the reaction tem-

peratures to below 2008C. Barlindhaug and
Odegaard (1996b) reported that for a typical raw
sludge with a total COD of 35,000±44,000 mg/l, the

hydrothermally produced liquor typically contained
10,000±15,000 mg/l COD. Karlsson et al. (1997)
reported on the performance of a pilot-scale chemi-
cal/hydrothermal process that was intended to pro-

duce organic matter from sludge for denitri®cation.
The process required acidifying the sludge to pH 1
and heating to 1508C. Following treatment, the

liquor and solids were separated and neutralized
using lime and the liquor was recycled to provide a
carbon source for denitri®cation.

A signi®cant fraction of the organic matter in
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thermally produced liquors was found to be readily
biodegradable. Researchers (Barlindhaug and

Odegaard, 1996a, b; Friedman et al., 1988; Henze
and Harremoes, 1990; Hurwitz et al., 1965;
Odegaard and Karlsson, 1994; Teletzke et al., 1967;

Wu et al., 1987) con®rmed that hydrothermal treat-
ment of digested and undigested sludges produced
liquors that were readily treatable by aerobic,

anoxic and anaerobic biological processes.
Barlindhaug and Odegaard (1996a) reported that
thermal hydrolysis products performed as well as

biological hydrolysis products in terms of support-
ing denitri®cation. Some WAO products however
were found to be inhibitory for strictly anaerobic
biological treatment of undiluted liquors. Friedman

et al. (1988) reported WAO of anaerobically
digested sludge at 2308C resulted in an e�uent that
responded readily to anaerobic treatment, while

e�uents generated at 2708C inhibited anaerobic
treatment. It should be noted however that recycled
liquors contribute as low as 1±2% of the waste-

water in¯ow (Metcalf and Eddy, 1979) and accord-
ingly, recycled liquors are expected to undergo
signi®cant dilution.

The hydrothermal treatment used to generate the
data presented in this paper consisted of oxidative
processes including subcritical water oxidation
(SubCWO) and supercritical water oxidation

(SCWO). Hydrothermal oxidation generates su-
perior air emissions when compared with oxygen-
starved hydrothermal treatment. SubCWO is

achieved at temperatures below the critical point
for water (<3748C and 22.1 MPa). SubCWO
includes wet air oxidation (WAO), which is a rela-

tively low temperature and pressure (120±3008C; 1±
10 MPa) process. Using oxygen from air as the oxi-
dant, WAO achieves incomplete oxidation of the
organic matter in sludge (less than 80±85% COD

reduction). SCWO occurs at temperatures above
3748C and can virtually achieve complete destruc-
tion of the organic component of sludge, subject to

residence time and reaction temperature.
The results and discussion presented in this paper

are intended to demonstrate the following two

aspects of hydrothermal treatment using SubCWO
and SCWO: (1) destruction of the organic com-
ponent of sludge; and (2) the production and

removal of intermediate hydrolysis products, such
as VFAs. The results demonstrate the ¯exibility of
hydrothermal treatment using SubCWO and SCWO
in terms of achieving the desired sludge treatment

objectives, including maximizing the production of
hydrolyzed organic matter, controlling the VFAs
content in the hydrolyzed products, and maximizing

sludge destruction. Compared with previously pub-
lished studies, the discussion presented in this paper
examines the use of oxidative hydrothermal treat-

ment, rather than oxygen starved treatment, for
producing useful organic products from sludge. The
discussion also extends the concept of utilizing

sludge organic matter to support EBPR as well as
denitri®cation. The data and discussion also demon-

strate the capacity of the SCWO as a process suit-
able for achieving near complete removal of the
organic component of sludge.

METHODOLOGY

The data presented in this paper were generated by a
study that was originally designed to investigate the
destruction of the organic component of sludge under
SubCWO and SCWO conditions (Shanableh, 1990). The
results were obtained using batch and continuous ¯ow
reactors.
The batch reactor system (Fig. 1) consisted of a coiled

stainless-steel grade 316 (SS-316) tube reaction vessel
(6.35 mm OD � 4.57 mm ID � 1.22 m long � 20-ml
volume), pressure transducer, a thermocouple, and a reac-
tor holder. The reaction vessel was connected to a shaker
for mixing and heated using a ¯uidized sand path. The
reaction temperatures were varied in the range of 250±
4508C and the reaction time was in the range of less than
1 to 60 min. During a typical batch test, the reactor was
charged with a homogenized sludge sample, mounted on
the shaker, pressurized with oxygen, checked for leaks,
immersed in the heated ¯uidized sand bed for the desired
reaction time, then removed and submerged in a water
bath to terminate the reaction.
The continuous-¯ow reactor consisted of two concentric

SS-316 tubes (Fig. 2). The outer tube dimensions were:
50.8 mm outside diameter (OD) � 25.4 mm inside diam-
eter (ID) � 5.74 m long. The dimensions of the inner tube
were: 12.7 mm OD � 10.9 mm ID � 5.74 m long. The
nominal reactor volume was approximately 2.8 l. The
reactor was heated using band electric heaters distributed
along the lower two-thirds of the outer tube. Pressure was
controlled by a back-pressure valve regulator and was
measured using a pressure transducer. Oxygen was injected
into the annular space at the middle length of the reactor,
which created an oxidation reaction zone of approximately
1.5 l. The maximum reaction temperatures within the reac-
tion zone varied in the range of 250±4608C and the reac-

Fig. 1. Schematic of the batch reactor system.
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tion pressure was maintained at 28 MPa. The experiments
were conducted at 50 g/min and 100 g/min sludge ¯ow
rates, which provided a maximum residence time within
the reaction zone of 30 min at 50 g/min and 15 min at
100 g/min. At SCWO temperatures, the expansion of
water created a supercritical ¯uid with densities of ap-
proximately 0.2±0.4 g/ml, which reduced the residence
times within the reaction zone proportionally.

The secondary activated sludge was obtained from the
return line of a plant treating a mixture of domestic, re®n-
ery, petrochemical, and pulp and paper wastewaters. The
choice of treatment plant sludge was to accommodate the
original aim of the study, which was focused on the
destruction of the organic component of sludge. The solids
content of the sludge was modi®ed to produce the desired
concentration. The thickened sludge contained approxi-
mately 3% total solids (TS), 1.8% volatile solids (VS), ap-
proximately 30,300±31,900 mg/l total COD, and 1250±
1950 mg/l soluble COD. The TKN in the raw sludge was
approximately 510±650 mg/l.

The water quality parameters, ammonia, TKN, TS, VS
and COD, were measured following standard analytical
procedures (APHA, 1989). Acetic and propionic acids
were measured using a Tracor 550 Gas Chromatograph
equipped with a ¯ame ionization detector (FID) and
recorder. A 122 cm long � 6.4 mm OD � 4 mm ID glass
column packed with GP Carbowax 20 M/0.1% H3PO4

was used. The column temperature was maintained at
1008C. The column inlet and outlet temperatures were
maintained at 1908C. The detector temperature was main-
tained at 1608C. The carrier gas was nitrogen and the ¯ow
rate was 40 cm3/min. Samples and standards were acidi®ed
by the addition of one ml of H3PO4 to 10 ml sample and
the sample injection volume was 0.4 ml.

DISCUSSION

This discussion is focused on the following two

aspects of sludge processing using hydrothermal

treatment: (1) destruction of the organic component

of sludge; and (2) production of dissolved organic

products, including VFAs, from sludge for biologi-

cal nutrient removal (BNR).

Fig. 2. Simpli®ed schematic of the continuous-¯ow, vertical reactor system.

Fig. 3. Hydrothermal removal of COD and production of
soluble COD and acetate in the continuous ¯ow reactor.

Useful organic matter from sludge 947



Destruction of the organic component of sludge

The data presented in Fig. 3 show that the re-

sidual sludge COD in the e�uent from the continu-
ous ¯ow reactor decreased from approximately

9000±10,000 mg/l to 1000±3000 mg/l as the reaction

temperature increased in the range of 280±4608C.
The data clearly indicate that most of the residual

COD was in the soluble form. The COD reduction
was in the range of 67±97% and was higher at the

lower mass ¯ow rate of 50 g/min which allowed a
higher reaction time. It should be noted that

because of the expansion of water and reduced den-

sity, the residence time within the reaction zone
under SCWO conditions declined to 20±40% of the

residence time under SubCWO conditions. The
treatment results obtained using the batch and con-

tinuous ¯ow reactors con®rmed that the degree of

COD removal was dependent on the reaction time
and temperature. The treatment capability of

SubCWO at temperatures below 3008C was limited
to a maximum of approximately 85% COD

removal, even when the reaction time was extended

to 1 h. This was because the process generated ther-
mally resistant by-products, mainly acetic acid,

which limited the SubCWO treatment e�ciency. On
the other hand, SCWO was capable of reducing the

organic content of the sludge to any desired level in
a relatively short reaction time. In the batch reactor

(Table 1), treatment resulted in a maximum of ap-

proximately 86% COD removal in 60 min at
3008C, 94% in 60 min at 3508C, and 99.8% in

30 min at 4008C. Achieving near complete
(>99.9%) COD removal required less than 10 min

at 4508C.
The production and accumulation of soluble

COD products, including acetic and propionic acids

(Figs 3 and 4), imply that the level of decompo-

sition of sludge solids exceeded COD removal. The
data in Table 1 con®rm that hydrothermal treat-

ment at SubCWO and SCWO temperatures was
more e�ective in destroying sludge solids than in

achieving COD removal. A 70±99% removal of the
organic component of the sludge solids tested

(1.8% VS, 60% VS/TS) represents a mass reduction

of approximately 42±59%, on a dry solids basis.
The destruction of the organic component of sludge

solids signi®cantly improves the settlability and

dewaterability of the residues. At 3% TS, the
thickened secondary sludge used in this study did
not settle at all after 2 h in a 1-l graduated cylinder.

Following treatment at 280±4608C in the continu-
ous ¯ow reactor, the sludge settled to 10±20% of
the original volume in 30 min.

Production of VFAs and other dissolved COD

The data in Figs 5±7 show the variability of the

treatment results obtained using the batch and con-
tinuous ¯ow reactors at various combinations of
temperatures and reaction times. The data are pre-

sented normalized as a function of COD removal.
The smooth trends established by the data con®rm
that the same level of treatment can be achieved

using various combinations of reaction tempera-
tures and residence times. Vallejo (1996) also con-
cluded that VFAs production from sludge and

other feedstocks using SubCWO was dependent on
the level of feedstock treatment, regardless of the
reaction temperatures and residence times.
Hydrothermal oxidation destroys the solid or-

ganic component of sludge in two major steps: (1)
thermal decomposition (i.e., hydrolysis); and (2)
oxidation. The treatment proceeds in-series; thermal

hydrolysis then oxidation (Shanableh and Gloyna,
1998). The accumulation and removal of hydrolyzed
organic products depend on the di�erence between

the rates of generation through thermal hydrolysis
and removal by oxidation. The accumulation of
products is also dependent on the degree of removal
of the original organic component of sludge. The

data in Fig. 5 show the accumulation of hydrolyzed
COD in the e�uent, which suggests that thermal
hydrolysis was faster than oxidation. The accumu-

lated hydrolyzed COD was depleted through oxi-
dation following the exhaustion of hydrolyzable
organic solids. For example, by the time 40% COD

removal was achieved, approximately 65% of the
organic solids were hydrolyzed. Below 40% COD
removal, oxidation rather than thermal hydrolysis

was the rate-limiting step. As a result, the soluble
COD increased from the initial concentration of
1,250 mg/l to about 9000±10,000 mg/l (Fig. 6). At
approximately 40% COD removal, the remaining

Table 1. Selected batch treatment results at SubCWO, near SCWO and SCWO temperatures

Reaction time
(min)

SubCWO at 3008C Near SCWO at 3508C SCWO at 4008C

Total COD
removal
(%)

Solids COD
removal
(%)

Soluble
COD
(mg/l)

Total COD
removal
(%)

Solids COD
removal
(%)

Soluble
COD
(mg/l)

Total COD
removal
(%)

Solids COD
removal
(%)

Soluble
COD
(mg/l)

0.5 40.4 74.5 10560 49.9 82.0 9850 80.4 97.1 5040
4 44.9 69.8 7840 72.1 94.2 6690 89.4 98.4 2730
10 69.3 87.2 5520 81.8 97.6 4770 94.9 98.8 1190
20 79.7 96.7 5140 86.6 98.5 3590 98.3 99.7 420
30 81.9 96.6 4460 87.1 98.4 3410 99.6 99.8 70
45 83.6 97.0 4070 92.2 98.7 1960 ± ± ±
60 85.9 97.8 3600 93.8 99.7 1760 ± ± ±
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COD was nearly equally divided between the solids
and dissolved matter. Above 40% COD removal,
the concentration of hydrolyzed COD started to

decline as oxidation became faster than hydrolysis.
The maximum measured soluble COD (approxi-
mately 9000±10,000 mg/l) amounted to approxi-

mately 30% of the 30,000 mg/l COD in the raw
sludge.
A signi®cant fraction (20±80%) of the hydrolyzed

COD consisted of acetic acid (Fig. 7). The data in-
dicate that acetic acid increased to a maximum con-
centration of approximately 3000 mg/l and
remained relatively steady at 3000 mg/l then

declined as a result of oxidation. The detectable
production of VFAs larger than acetic acid was lim-
ited to a small quantity (approximately 200 mg/l,

Fig. 4) of propionic acid. The data indicate that
while oxidation reduced the concentration of the
hydrolyzed COD when the COD removal exceeded

30%, acetic acid concentrations did not decline

until the COD reduction exceeded approximately
70±80%. This re¯ects the resistance of acetic acid

to oxidation compared with the other organic pro-
ducts of thermal decomposition. The resistance of
acetic acid to oxidation also provides a degree of
control over the VFAs content in e�uents resulting

from SubCWO treatment. The data in Fig. 7 for
example suggest that increasing the COD removal
from 30 to 80% increases the contribution of acetic

acid to the organic load in the liquor from approxi-
mately 30 to 70% without a signi®cant loss of
acetic acid.

The data presented in this study con®rmed that
the production of VFAs from the tested secondary
activated sludge reached approximately 10±11% wt/

wt acetic acid (0.1 g acetic acid/g TS). Hurwitz et
al. (1965) reported that WAO of primary sludge at
temperatures of 200±2508C resulted in VFAs pro-
duction of 12.9±14.9% wt/wt acetic acid. For a con-

Fig. 5. Thermal hydrolysis and oxidation of the organic
component of sludge. (Normalized batch and continuous-

¯ow data at 250±4608C and 0.5±60 min.)

Fig. 6. Thermal transformations of the solid and soluble
components of sludge. (Normalized batch and continuous-

¯ow data at 250±4608C and 0.5±60 min.)

Fig. 7. Production of hydrolyzed COD and acetic acid.
(Normalized batch and continuous-¯ow data at 250±

4608C and 0.5±60 min.)

Fig. 4. Production of propionic acid and ammonia in the
continuous ¯ow reactor.
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ventional plant treating an average wastewater ¯ow

of approximately 22,000 m3/d, and producing ap-
proximately 6000 kg/d primary sludge and 2000 kg/
d secondary sludge (Metcalf and Eddy, 1979), the

production of VFAs can reach approximately 1100
kg/d as acetic acid. In this case, liquor recycling can
increase the concentration of VFAs in the total ¯ow

by approximately 45±50 mg/l, which compares well
with biological VFAs production. A survey of the

performance of nine primary sludge fermenters in
Australia and Canada found that the various types
employed increased the VFAs concentration in the

total ¯ow by 7±49 mg/l as COD, with an average
of approximately 26 mg/l (Munch and Koch, 1997).
It must be emphasized however that hydrothermal

treatment should not be considered as a process
solely intended for producing VFAs. The main
objective of hydrothermal treatment is sludge

destruction, and as such, it is possible to integrate
primary sludge fermentation and hydrothermal

treatment within the same wastewater treatment
plant.
Recycling is not limited to VFAs but also

includes other organic products of thermal de-
composition. The experimental results in Fig. 7 in-

dicate that the liquor contained as much as 30%
wt/wt COD (0.3 g COD/g TS), including 10% wt/
wt acetic acid. The identi®ed organic products in

hydrothermal sludge treatment liquors include
VFAs, proteins, amino acids, sugars, sterols, and
lipids (Teletzke et al., 1967; Barlindhaug and

Odegaard, 1996a,b). Researchers have con®rmed
that hydrothermal organic products are available
for aerobic, anoxic and anaerobic treatment

(Barlindhaug and Odegaard, 1996a, b; Friedman et
al., 1988; Hurwitz et al., 1965; Teletzke et al., 1967;

Wu et al, 1987). The biological availability of ther-
mal hydrolysis products for supporting enhanced
biological phosphorus removal is currently being

investigated (Jomaa, 1999).
A major limitation of recycling hydrothermally

produced organic matter to support BNR is the

recycling of dissolved TKN products, mainly
ammonia. The data in Fig. 4 indicate that approxi-

mately 500 mg/l NH4±N was produced from the
treatment of the secondary sludge tested, which
contained a relatively low concentration of TKN

(1.7% TKN/TS). For sludges containing 2.5±5%
TKN, which is the typical range found in primary
and secondary sludges (Metcalf and Eddy, 1979),

the recycling of VFAs-rich liquors can potentially
increase the concentration of TKN in the total ¯ow

by approximately 10±20 mg/l. The recycling of
NH4±N increases the TKN load and consequently
a�ects the treatment performance and the level of

oxygen demand in the process. The oxidation of
NH4±N using hydrothermal treatment requires elev-
ated reaction temperatures in excess of 5008C.
Helling and Je�erson (1988) reported that at
SCWO temperatures below 5258C, ammonia did

not oxidize at a measurable rate while Wightman
(1981) observed that up to 20% ammonia oxidation

was achieved at 4008C. Clearly, ammonia oxidation
is not expected within the SubCWO environments
necessary for the production of dissolved COD. If

necessary however, ammonia can be removed from
the liquor prior to recycling through stripping or
recovered through magnesium±ammonium±phos-

phate precipitation (Barlindhaug and Odegaard,
1996a, b).
Because of the relatively high capital and operat-

ing costs, the use of hydrothermal sludge treatment
has traditionally been limited to plants located in
highly populated urban areas where it is di�cult to
secure sites for land application and disposal. In ad-

dition, the use of WAO has traditionally su�ered
from recycling high-strength liquors into the treat-
ment plant. In BNR plants however, the production

of recyclable organic matter using SubCWO may
provide an additional incentive in favor of consider-
ing this technology. On the other hand, SCWO

o�ers the option of eliminating the organic com-
ponent of sludge. SCWO systems are at the early
stages of development and require further engineer-

ing re®nement to reduce the capital and operating
costs.

CONCLUSIONS

The results presented in this paper con®rmed that
hydrothermal treatment using SubCWO and SCWO

can be used to achieve e�cient sludge treatment
and produce signi®cant quantities of potentially
recyclable organic by-products (i.e. hydrolyzed

COD including VFAs). SubCWO at temperatures
below 3708C resulted in e�ective hydrolysis
(>95%) of sludge solids, incomplete COD removal

(<90%) and COD-rich liquors. SubCWO gener-
ated e�uents that contained approximately 30%
wt/wt hydrolyzed COD from sludge solids, includ-

ing 10% wt/wt acetic acid. SCWO on the other
hand o�ers the option of achieving near complete
removal of the organic component of sludge.
SCWO at temperatures below 4508C was capable of

achieving COD removals in excess of 99% within
10±30 min. Accordingly, hydrothermal treatment
using SubCWO and SCWO can provide ¯exibility

in terms of combining sludge treatment to any
desired level with producing useful organic matter
for BNR.
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