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ABSTRACT: Aerobic digestion is commonly used to achieve secondary sludge
reduction in the small-size wastewater treatment plants. Nevertheless, secondary sludge
degradation is usually restricted by the slow hydrolysis rate and low degradable
percentage of secondary sludge. Here, we present an innovative approach using
pretreatment of free ammonia (FA, i.e. NH3), a renewable chemical from wastewater, to
improve the degradation of secondary sludge during aerobic digestion. The secondary
sludge was degraded by 36 ± 4% (volatile solids (VS) basis) within 15 days of aerobic
digestion while being pretreated at 300 mg NH3−N/L (pH 9.0; total ammonia nitrogen
= 800 mg N/L) for 24 h, whereas only 23 ± 3% (VS basis) of the secondary sludge
without FA pretreatment was degraded over the same period. Similarly, the production
of inorganic nitrogen also increased from 27 ± 2 to 38 ± 2 mg N/g VS after
implementing FA pretreatment, corroborating the idea that degradation of secondary
sludge was eﬀectively improved by FA pretreatment. Further analysis by model revealed
that the improved hydrolysis rate and increased degradable percentage of secondary
sludge were responsible for the enhanced sludge degradation in aerobic digestion. It was also found that FA pretreatment would
produce an aerobic digestate with a better stability and dewaterability, as indicated by the lower degradable percentage of
digestate and the decrease of capillary suction time from 38 ± 1 to 34 ± 1 s, respectively. Economic analysis indicates that the FA
pretreatment approach would be economically favorable when the sludge transport and disposal cost is higher than $40/wet
tone.
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■

INTRODUCTION

the sludge was electrochemically pretreated for 30 min at
electric power of 5 W.5 However, the previously proposed
approaches need either large amounts of chemical consumption
or intensive energy input, resulting in intensive costs.4
Therefore, an alternative approach with a low cost is still
required.
Our recent studies have shown that free ammonia (FA,
NH3), a renewable material from WWTPs, is able to enhance
the anaerobic degradation of sludge.13,14 For example, Wei et al.
demonstrated primary sludge pretreatment using FA for 24 h at

Large quantities of excess sludge are produced in the activated
sludge system of the wastewater treatment plants (WWTPs)
and huge costs are needed for its disposal.1−3 Aerobic digestion
is a common method for sludge stabilization and reduction
prior to its disposal in the small-size WWTPs. Nevertheless, the
degradation of secondary sludge in aerobic digestion is usually
restricted by the slow hydrolysis rate and low degradable
percentage of secondary sludge.4 To this end, plenty of sludge
pretreatment approaches have been developed to improve
secondary sludge degradation, such as mechanical, chemical,
biological, and electrical pretreatment.5−12 For example, Song
et al. reported that the volatile solids degradation increased
from 28 to 34% at an aerobic digestion time of 17.5 days after
© 2017 American Chemical Society
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85−680 mg NH3−N/L could enhance anaerobic methane
production by 5−15%.14 Wei et al. also showed that anaerobic
methane generation from secondary sludge could be enhanced
by 20−30% under the same FA pretreatment conditions.13
Wang et al. demonstrated that the sludge concentration in the
mainstream reactor decreased after incorporating FA pretreatment in the sludge recycling line.15 Furthermore, the FA
pretreatment approach was demonstrated to be economic
attractive.13−15
These ﬁndings allowed us to hypothesize that FA pretreatment on secondary sludge before aerobic digestion could be a
potential approach for improving sludge degradation. To
conﬁrm this assumption, a secondary sludge was pretreated
for 24 h by FA at 300 mg N/L with the secondary sludge
without FA pretreatment as the control. An activated sludge
was used to aerobically digest these secondary sludges for 15
days, during which the degradations of the secondary sludges
with and without FA pretreatment were calculated and
compared based on volatile solids (VS) destruction and
biomass speciﬁc inorganic nitrogen production. Model-based
analysis was conducted to reveal the reason for the enhanced
sludge degradation by FA pretreatment. The dewaterability of
aerobically digested sludge was also evaluated by capillary
suction time. Economic evaluation was also performed to shed
light on the economic potential of the FA pretreatment
approach. This study for the ﬁrst time evaluated the eﬀect of FA
pretreatment on the degradation of secondary sludge during
aerobic digestion.

■

the sludges would be used for diﬀerent purposes, as detailed in the
section “Aerobic Digestion Experiments”. Note that our previous study
has demonstrated that pH 9.0 pretreatment cannot enhance sludge
degradability. We also demonstrated that NH4+−N pretreatment alone
at 800 mg N/L would not improve sludge degradability.13
Consequently, no separate control with pH 9.0 pretreatment or
NH4+−N pretreatment was conducted. The TAN concentrations
before and after FA pretreatment were comparable (p > 0.05) (i.e.,
approximately 800 mg N/L). The SCOD concentration after FA
pretreatment was also measured. The secondary sludge solubilization
was expressed as the SCOD release divided by the VS of secondary
sludge.
Aerobic Digestion Experiments. The aerobic digestion experiments were carried out to evaluate if the secondary sludge degradation
could be increased by FA pretreatment during aerobic digestion. Four
aerobic digesters (AR1−AR4) were established, with the details shown
in Table 1. First, 1.5 L of digesting sludge was added to each digester.

Table 1. Experimental Conditions Employed in the Aerobic
Digestion Tests
reactor

experimental conditions

AR1

0.4 L of FA (300 mg N/L) pretreated secondary sludge + 1.5 L of
digesting sludge
0.4 L of untreated secondary sludge + 1.5 L of digesting sludge
0.4 L of untreated sludge + TAN (170 mg N/L in AR3 at pH 7.0)
+ 1.5 L of digesting sludge
0.4 L of supernatant from original secondary sludge + 1.5 L of
digesting sludge

AR2
AR3
AR4

For the experimental aerobic digester, 0.4 L of FA pretreated
secondary sludge was transferred to AR1, which resulted in the ratio of
digesting sludge to secondary sludge being 1.7 based on the dry VS
mass. This was to ensure that the amount of digesting sludge was
adequate for aerobically digesting secondary sludge. Into AR2 and
AR3, which served as the control digesters, was put 0.4 L of secondary
sludge without any pretreatment. The ratio of digesting sludge to
secondary sludge was also 1.7 in AR2 and AR3 based on the dry VS
mass. In addition, an NH4+−N stock solution was also added to AR3,
resulting in an additional TAN concentration of 170 mg N/L in AR3.
This was to enable the initial TAN concentration in AR3 to be
comparable with that (i.e., 800 mg TAN/L × 0.4 L/1.9 L) in AR1,
whereby the impact of TAN on the degradation of secondary sludge in
the aerobic digester was assessed. Into AR4 was put 0.4 L of
supernatant from original secondary sludge, serving as a blank. During
the aerobic digestion experiments, dissolved oxygen (DO) was
maintained at >5.0 mg/L. In all aerobic digesters, pH was maintained
at 7.0 ± 0.1 during the aerobic digestion. The aerobic digestion
experiments lasted for about 15 days. This aligned with the hydraulic
retention time (HRT) of the full scale aerobic digester.4 Tap water was
intermittently added to all the aerobic digesters to compensate for the
water that evaporated in the aerobic digestion.
Samples were taken every 2−3 days from each digester during the
15 day period for analyzing TS, VS, and inorganic nitrogen (NH4+−N,
NO2−−N, and NO3−−N), which were performed in triplicate.
Afterward, the degradation percentage of the secondary sludge and
the biomass speciﬁc inorganic nitrogen production (i.e., sum of
NH4+−N, NO2−−N, and NO3−−N) were calculated as detailed in the
section “Calculations and Model Analysis”. All the ammonium/FA was
removed in less than 2 days. The dewaterability of aerobically digested
sludge (i.e., aerobic digestate) was also assessed by capillary suction
time (CST, an indicator of dewaterability) and was expressed as CST
divided by the TS content (%) of the digestate (s).
Calculations and Model Analysis. The degradation percentage
of the secondary sludge during the aerobic digestion period was
determined from the VS destruction in each digester using the
following equation:17

MATERIAL AND METHODS

Sources of Sludge. The secondary sludge and digesting sludge
were employed for the following aerobic digestion tests. The
secondary sludge was harvested from the return sludge line of a
WWTP (sludge retention time = 10 days) with the total solids (TS)
and volatile solids (VS) concentrations being 9.2 ± 0.2 and 7.2 ± 0.2
g/L, respectively. Its pH, total chemical oxygen demand (TCOD)
concentration, and soluble chemical oxygen demand (SCOD)
concentration were 7.1 ± 0.1, 9.4 ± 0.2 g/L, and 0.2 ± 0.2 g/L,
respectively. Digesting sludge was collected from the aerobic unit of
the same WWTP with TS and VS concentrations of 4.2 ± 0.2 and 3.3
± 0.1 g/L, respectively. Its pH, TCOD, and SCOD concentrations
were 7.1 ± 0.1, 4.4 ± 0.2 g/L, and 0.2 ± 0.1 g/L, respectively. The
digesting sludge was applied to aerobically degrade the secondary
sludge, with the details shown in the section “Aerobic Digestion
Experiments”.
Secondary Sludge Pretreatment by FA. Batch experiments
were conducted to anaerobically pretreat the secondary sludge using
FA. Three batch reactors were used with each reactor having 0.6 L of
secondary sludge. One reactor served as an experimental reactor, and
the other two served as the control reactors. An ammonium stock
solution (80 g/L) was dosed into the experimental reactor to gain a
total ammonia nitrogen (TAN, i.e., NH3−N + NH4+−N) concentration of 800 mg N/L. pH was then controlled at 9.0 ± 0.1 during the
24 h pretreatment period. The FA concentration was determined as
300 mg N/L by the formula STAN × 10pH/(Kb/Kw + 10pH), in which
STAN is the TAN concentration, Kb is the ionization constant of the
ammonia equilibrium equation, and Kw is the ionization constant of
water.16 The Kb/Kw value was determined using the formula Kb/Kw =
e6344/(273+T) (T = 25 °C during this experiment).16 The FA
concentration was chosen based on the ﬁndings of a previous study
that 300 mg NH3−N/L was biocidal to bacteria.13 It should be
highlighted that this was only a proof-of-concept study; therefore, only
one set of FA treatment conditions was tested here. In contrast to the
experimental reactor, pH was only monitored and not adjusted in the
control reactors and was observed as 7.0−7.5. No NH4+−N was added
into the control reactors. The two control reactors were the same but
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destruction and inorganic nitrogen production during aerobic
digestion.
The degradation percentage of secondary sludge (VS basis)
with and without FA pretreatment over the 15 days aerobic
digestion was shown in Figure 1. The secondary sludge was

P(td) = (VS(d0) − VS(d) − (VS(d0)sup − VS(d)sup ))
× VR /VSS/VSSS

(1)

where P(td) is the degradation percentage of secondary sludge (%),
VS(d0) is the VS concentration in digesters AR1−AR3 at day 0 (g/L),
VS(d) is the VS concentration in digesters AR1−AR3 at day d (g/L),
VS(d0)sup is the VS concentration in AR4 at day 0 (g/L), VS(d)sup is
the VS concentration in AR4 at day d (g/L), VR is the working volume
of the digesters (i.e., 1.9 L), VSS is the volume of FA pretreated
secondary sludge added to the digester (i.e., 0.4 L), and VSSS is the VS
concentration of the secondary sludge (i.e., 7.2 g/L).
The biomass inorganic nitrogen production from secondary sludge
was determined based on the inorganic nitrogen concentration (i.e.,
sum of NH4+−N, NO2−−N and NO3−−N) using the following
equation:17
TIN(d) = (TIN(d) − TIN(d0) − (TIN(d)sup − TIN(d0)sup ))
× VR /VSS/VSSS

(2)

where TIN(d) is the biomass inorganic nitrogen production from
secondary sludge (mg N/g VS), TIN(d) is the inorganic N
concentration in digesters AR1−AR3 at day d (mg N/L), TIN(d0)
is the inorganic N concentration in digesters AR1−AR3 at day 0 (mg
N/L), TIN(d)sup is the inorganic N concentration in digester AR4 at
day d (mg N/L), and TIN(d0)sup is the inorganic N concentration in
digester AR4 at day 0 (mg N/L).
The degradable percentage (Y) and hydrolysis rate (k) are two
crucial parameters related to the degradation of secondary sludge in
aerobic digestion. They were estimated by ﬁtting the VS-based
secondary sludge degradation percentage to a ﬁrst order kinetic model
(eq 3) using Aquasim 2.1d with sum of squared errors (Jopt) as an
objective function.
Y (t ) = Y0(1 − e−kt )

Figure 1. Degradation percentage of secondary sludge (VS basis) with
and without FA pretreatment during the 15 days aerobic digestion
period.

degraded by 36 ± 4% in the 15 day aerobic digestion period
while being pretreated at 300 mg NH3−N/L, whereas only 23
± 3% of untreated secondary sludge was degraded in AR2 over
the same period. This reveals that secondary sludge degradation
in aerobic digestion could be increased by FA pretreatment. It
is also interestingly shown in Figure 1 that the improved
secondary sludge degradation was mainly achieved in the initial
6 days. Afterward, the degradation of secondary sludge was
comparable (p > 0.05) for the sludges with and without FA
pretreatment. This reveals that the improved secondary sludge
degradation could be mainly attributed to the quickly
biodegradable part rather than the slowly biodegradable part.
This is in agreement with the ﬁndings of previous study,13
where the quickly biodegradable part was concluded as a major
reason for the improved anaerobic sludge degradation.
Figure 2 shows the concentration of biomass inorganic
nitrogen production during aerobic digestion. It is obvious that
a higher inorganic N production from the FA pretreated
secondary sludge was observed in comparison to that without
FA pretreatment. The total inorganic N production in the 15

(3)

where Y(t) is degradation percentage of secondary sludge at time t
(%), Y0 is degradable percentage of secondary sludge (%), k is
hydrolysis rate (days−1), and t is time (days). The nondegradable
percentage of secondary sludge was calculated as the diﬀerence
between 100% and Y0.
Analysis. Mixed liquor samples from the aerobic digesters were
ﬁltered using 0.45 μm pore size disposable Millipore ﬁlter unit.
Afterward, the inorganic nitrogen concentrations (NH4+−N, NO3−−N
and NO2−−N) of the ﬁltered samples were measured by a Lachat ﬂow
injection analyzer. The concentrations of TS and VS were analyzed
based on the standard methods.18 The capillary suction time was
measured by a capillary suction timer (case dimension: 22 × 16 × 7
cm3, Triton-WPRL, Type 304). An analysis of variance was used to
evaluate the signiﬁcance of results. Herein, p > 0.05 is considered to be
statistically insigniﬁcant, whereas p < 0.05 is considered to be
statistically signiﬁcant.

■

RESULTS AND DISCUSSION
Impact of FA Pretreatment on Secondary Sludge
Solubilisation. The impact of FA pretreatment on secondary
sludge solubilization was evaluated by SCOD release. The
SCOD only increased by about 0.04 ± 0.01 mg SCOD/mg VS
in the control reactors without pH adjustment or ammonium
addition. In contrast, SCOD increased by about 0.12 ± 0.02 mg
SCOD/mg VS after FA pretreatment at 300 mg NH3−N/L for
24 h. This indicates that FA pretreatment could enhance sludge
solubilization.
Impact of FA Pretreatment on Secondary Sludge
Degradation in Aerobic Digestion. Full-scale secondary
sludge with and without FA pretreatment were added into the
aerobic digesters to evaluate their degradability. The degradation of secondary sludge was evaluated based on the VS

Figure 2. Biomass speciﬁc inorganic nitrogen production from
secondary sludge with and without FA pretreatment during the 15
days aerobic digestion period.
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days aerobic digestion was 38 ± 2 and 27 ± 2 mg N/g VS,
respectively, in the cases of secondary sludges with and without
FA pretreatment. Since the inorganic N stems from the
destruction of the extracellular polymeric substances and/or
bacterial cells, the higher inorganic N production suggested a
higher secondary sludge degradation. This aligns well with the
results of the VS-based secondary sludge degradation. The
inorganic N production veriﬁed that FA pretreatment is capable
of improving secondary sludge degradation in the aerobic
digestion.
Degradable Percentage and Hydrolysis Rate of
Secondary Sludge. The degradable percentage (Y) and
hydrolysis rate (k) of the secondary sludges with and without
FA pretreatment were determined by model-based analysis, as
summarized in Table 2. FA pretreatment signiﬁcantly increased

the bound water could be transformed into free water after EPS
degradation.19 In addition, cells also contain water and thus
water release could also occur following cell destruction. Our
recent studies have demonstrated that FA pretreatment on
sludge could destruct EPS and cells.13 This would result in the
loss of water-binding capacity and open bacteria cells with cell
water freed.20 Consequently, the dewaterability of aerobic
digestate can be improved. However, it should be noted that
the aerobic digestion tests in this study were in a batch mode,
which only aimed to demonstrate the feasibility of the proposed
FA pretreatment approach. Therefore, continuous tests still
need to be conducted in the future to better evaluate the eﬀect
of FA pretreatment on the dewaterability of the aerobic
digestate. Laboratory centrifuge test or belt ﬁlter test instead of
CST test should also be used in the continuous tests to
quantitatively determine the dry solids content of the
dewatered digestate, thereby quantitatively evaluating the
improvement of the digestate dewaterability caused by FA
pretreatment.
Potential FA Pretreatment Approach for Improving
Secondary Sludge Degradation During Aerobic Digestion. In this study, it was demonstrated that FA pretreatment
before aerobic digestion of secondary sludge can be used to
improve degradation of full-scale secondary sludge for the ﬁrst
time. This was tested experimentally by laboratory aerobic
digestion experiments. Model-based analysis further revealed
that the improved degradation could be attributed to both the
enhanced hydrolysis rate and the increased degradable
percentage of secondary sludge.
The proposed FA pretreatment approach is demonstrated in
Figure 3. The secondary sludge produced in the wastewater

Table 2. Determined Hydrolysis Rate (k) and Degradable
Percentage (Y) (VS Basis) of Secondary Sludges with and
without FA Pretreatment on the Basis of Model Analysis
degradable percentage
(Y, %)

parameters
untreated
sludge
FA
pretreated
sludge

hydrolysis
rate
(k, days−1)

degraded in
aerobic
digestion
(%)

degradable
but not
degraded
(%)

nondegradable
percentage (%)

0.12 ± 0.01

23 ± 3

4±3

73 ± 3

0.21 ± 0.01

36 ± 4

1±4

63 ± 4

(p < 0.05) k from 0.12 ± 0.01 to 0.21 ± 0.01 days−1, indicating
FA pretreatment is eﬀective in enhancing hydrolysis rate of
secondary sludge in the aerobic digestion. Similarly, FA
pretreatment also substantially increased (p < 0.05) Y from
27 ± 3 to 37 ± 4%, indicating FA pretreatment is eﬀective in
increasing the degradable percentage of secondary sludge in the
aerobic digestion as well. This reveals that FA pretreatment
transforms part of the nondegradable materials in the secondary
sludge into the degradable ones. The above also suggests that
the improved degradation of secondary sludge in the aerobic
digestion can be attributed to both the improved hydrolysis rate
and the increased degradable percentage of the sludge. In
addition, Table 2 also indicates that almost all the degradable
materials of the aerobic digestate with FA pretreatment have
been degraded in the 15 day aerobic digestion, as indicated by
an extremely low degradable percentage of the aerobic digestate
(i.e., 1 ± 4%). In contrast, 4 ± 3% of the aerobic digestate
without pretreatment is until degradable. This suggests that FA
pretreatment can achieve an aerobic digestate with a better
stability.
Dewaterability of Aerobic Digestate. The dewaterability
of aerobic digestate with and without FA pretreatment was
evaluated by CST. It was observed that the CST of aerobic
digestate decreased (p > 0.05) from 38 ± 1 to 34 ± 1 s after
implementing FA pretreatment, indicating FA pretreatment
before aerobic digestion is eﬀective in improving dewaterability
of aerobic digestate.
The sludge contains free water and bound water. Free water
is easily removed, whereas bound water is diﬃcult to eliminate.
Extracellular polymeric substances (EPS) have been reported to
play a crucial role in binding bound water by forming a loose
but highly hydrated capsule around the bacterial cell wall to aid
the survival of the bacterial cell.19 It has also been reported that

Figure 3. Conceptual graph of the FA pretreatment approach for
improving degradation of secondary sludge and achieving an aerobic
digestate with a better stability and dewaterability.

treatment process is ﬁrst fed to the FA pretreatment reactor.
The FA pretreated secondary sludge is then fed to the aerobic
digester, in which the FA concentration is signiﬁcantly diluted
by >2 orders of magnitude by the digesting sludge in the
aerobic digester; thus, the biological activity in the aerobic
digester would not be negatively aﬀected. In the aerobic
digester, the enhanced sludge degradation can be achieved. The
aerobic digestate with FA pretreatment also has a better
stability and dewaterability. Therefore, the sludge transport and
disposal cost will be substantially reduced. The digestate will be
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Table 3. Economic Evaluation of FA Pretreatment Approach for Improving Degradation of Secondary Sludge
parameters

values

WWTP size (m3/day)
decay rate of the nitrifiers (days−1)
decay rate of the heterotrophs (days−1)
yield of the nitrifiers (g COD/g N)a
yield of the heterotrophs (g COD/g COD)
inert COD produced in bacteria decay (g COD/g COD)
mixed liquor suspended solids concentration in the bioreactor (mg/L)
mixed liquor volatile suspended solids concentration in the bioreactor (mg/L)
sludge retention time in the bioreactor of the WWTP (days)
mixing energy of the reactor (kwh/(m3·days))
power price ($/kwh)
solids content in thickened secondary sludge
solids content in dewatered secondary sludge
cost of sludge transport and disposal ($/wet tonne)
price of NaOH ($/tonne)
price of NH4Cl ($/tonne)
lifetime of the reactor (year)
interest for initial capital expenditure
secondary sludge degradation (VS basis)
HRT of the aerobic digester (days)
capital cost of aerobic digester ($)
aerobic digester without FA pretreatment
annual cost of aerobic digester ($/year)
energy cost for oxygen consumption ($/year)
sludge transport and disposal cost ($/year)
secondary sludge degradation (VS basis)
HRT of the aerobic digester (days)
capital cost of aerobic digester ($)
annual cost of aerobic digester ($/year)
secondary sludge pretreatment time by FA (h)
pH in the FA pretreatment reactor
TAN concentration in FA pretreatment reactor (mg N/L)
FA concentration in the FA pretreatment reactor (mg N/L)
aerobic digester with FA pretreatment (assuming same HRT as the
aerobic digester without FA pretreatment)
cost of pH adjustment ($/year)
cost of TAN ($/year)
cost of FA generation ($/year)
cost for FA technology implementation (including FA generation
cost, FA pretreatment reactor cost, etc.) ($/year)
energy cost for oxygen consumption ($/year)
sludge transport and disposal cost ($/year)
saving ($/year)
secondary sludge degradation (VS basis)
HRT of the aerobic digester (days)
capital cost of the aerobic digester ($)
annual cost of aerobic digester ($/year)
secondary sludge pretreatment time by FA (h)
pH in the FA pretreatment reactor
TAN concentration in FA pretreatment reactor (mg N/L)
FA concentration in the FA pretreatment reactor (mg N/L)
aerobic digester with FA pretreatment (assuming same sludge
degradation as the aerobic digester without FA pretreatment)
cost of pH adjustment ($/year)
cost of TAN ($/year)
cost of FA generation ($/year)
cost for FA technology implementation (including FA generation
cost, FA pretreatment reactor cost, etc.) ($/year)
energy cost for oxygen consumption ($/year)
sludge transport and disposal cost ($/year)
saving ($/year)

20000
0.122
0.222
0.2422
0.62522
0.222
4000
3200
10
0.12
0.1
6%
15%
30−1504,23
200b
110b
20
8.5%
23%
15
215000
23000
11000
75000−380000
36%
15
215000
23000
24
9.0
800
300
500
2500
3000
6000
19000c
65000−330000
−4000−36000d,e
23%
5
97000
10000
24
9.0
800
300
500
2500
3000
6000
11000c
75000−380000
7000e

a

COD: chemical oxygen demand. bMarket price from http://www.alibaba.com/. cOxygen consumption was determined according to organic carbon
and nitrogen balance22 dThe implementation of FA pretreatment is economically favorable only in cases where the sludge transport and disposal cost
is higher than $40/wet tone. eSaving related to the improved dewaterability of aerobic digestate was not included in the economic analysis because
the CST test employed in this study did not allow quantitative assessment of the digestate dewaterability. Therefore, the saving would be higher if
the improved digestate dewaterability was considered.
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consumption cost) because the result would depend on plenty
of factors such as the sludge characteristics. The comparison
should be conducted by performing experiments using the
same sludge and with the same sludge degradation achieved.
However, the FA approach at least shows the advantage
qualitatively because it is economically favorable.
This FA pretreatment approach is only in its infancy stage.
Consequently, more work needs to be done to comprehensively investigate and optimize this pretreatment approach (i.e.,
optimizing FA/pH/TAN concentration and pretreatment
time). In terms of mechanisms, this study shows that FA
pretreatment enhanced the sludge solubilization. Also, model
analysis reveals that FA pretreatment improved both degradable
percentage and hydrolysis rate of secondary sludge. These
could collectively contribute to the enhanced sludge degradation. However, more studies (e.g., chemical structure analysis of
sludge/EPS) are still required to explore the mechanisms in
more detail. Nevertheless, the scope of the optimization and
mechanism exploration would be quite large and therefore
would need a comprehensive study that cannot be accommodated in this initial proof-of-concept study.

dewatered. The liquor will be returned to the head of the
WWTP, where the nitrogen in the liquor will be removed via
nitriﬁcation and denitriﬁcation. The dewatered sludge will be
transported and disposed. Also, FA is a renewable chemical that
can be gained in situ from the reject water of the WWTP, which
contains FA at 30−560 mg N/L.13,21 Therefore, this FA
approach is environmentally friendly. This FA pretreatment
approach can also potentially be used to enhance the sludge
degradation in the commonly used autothermal thermophilic
aerobic digestion, postaerobic digestion (i.e., anaerobic
digestion followed by aerobic digestion), and postanaerobic
digestion (i.e., anaerobic digestion followed by another
anaerobic digestion). This will be further assessed in the future.
A desktop scaling up evaluation on a WWTP of 20 000 m3/d
was performed to shed light on the economic potential of the
FA pretreatment approach. Two kinds of economic assessment
were conducted. One was performed by assuming an identical
aerobic digestion time (i.e., HRT) in the two aerobic digesters
with and without FA pretreatment. Consequently, the
degradation percentages of secondary sludge would be diﬀerent
in these two aerobic digesters, thereby leading to the diﬀerences
in the oxygen consumption and sludge disposal costs. The
other was conducted by assuming an identical degradation
percentage of secondary sludge in the aerobic digesters with
and without FA pretreatment. Consequently, the aerobic
digestion time in these two aerobic digesters would be
diﬀerent, thereby resulting in diﬀerent volumes and capital
costs of the two aerobic digesters.
In the ﬁrst economic assessment, 15 days of HRT was
assumed for the two aerobic digesters with and without FA
pretreatment. The aerobic digester with 23% (VS basis)
secondary sludge degradation served as a control. The other
digester includes FA pretreatment at 300 mg N/L for 24 h,
gaining a 36% (VS basis) secondary sludge degradation. The
economic assessment results are shown in Table 3. After
implementing FA pretreatment, the cost saving is predicted to
be −$4000−36 000/year depending on sludge transport and
disposal costs. The FA pretreatment approach would be
economically favorable when the sludge transport and disposal
cost is higher than $40/wet tone. The cost saving is from the
reduced sludge transport and disposal cost ($10 000−50 000/
year) subtracting the extra cost for oxygen consumption
($8000/year) and FA pretreatment implementation ($6000/
year, including $3000/year for FA generation). In the second
economic assessment, 6 days of HRT was assumed in the
aerobic digester with FA pretreatment, which attained a similar
secondary sludge degradation to the aerobic digester with an
HRT of 15 days and without FA pretreatment. Table 3 shows
that the cost saving is predicted to be $7000/year. The cost
saving stems from the reduced capital cost of the aerobic
digester ($13 000/year) deducting the extra cost for
implementing FA pretreatment ($6000/year, including
$3000/year for FA generation). Therefore, the FA pretreatment
approach is economically favorable for improving degradation
of secondary sludge in aerobic digestion. In addition, the
savings related to the improved dewaterability of aerobic
digestate was not included in the economic evaluation because
the CST test employed in this study did not allow quantitative
assessment of the digestate dewaterability. Therefore, the
savings would be higher if the improved digestate dewaterability
was considered. Nevertheless, it would be diﬃcult to make the
direct quantitative comparison with the other available
approaches in terms of cost (e.g., chemical and/or energy

■

CONCLUSIONS
Laboratory aerobic digestion tests were conducted in this study
to assess the feasibility of improving secondary sludge
degradation by FA pretreatment in aerobic digestion. The key
conclusions of this study are as follows: (1) Secondary sludge
degradation could be enhanced by FA pretreatment prior to
aerobic digestion. (2) Both hydrolysis rate and degradable
percentage of secondary sludge in aerobic digestion could be
increased by FA pretreatment. (3) FA pretreatment can achieve
an aerobic digestate with a better stability and dewaterability.
(4) The FA pretreatment approach would be economically
favorable when the sludge transport and disposal cost is higher
than $40/wet tonne.
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