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Abstract: Excess sludge reduction has been a research hotspot for a long time. Ultrasonic treatment
of excess sludge was an efficient and green pretreatment method, and also can be combined with the
addition of oxidants. To improve the effect of ultrasound treatment on sludge destruction, hydrogen
peroxide (H2O2) was added to examine the combined results in the current study. The effects of the
ultrasound/hydrogen peroxide system on the release of sludge organic matter during the destruction
process were studied. Single-factor experiments were carried out to determine the optimal operating
conditions. With the initial pH of 11.0, H2O2 concentration of 0.5 mmol/L, initial sludge concentra-
tion of 17 g/L, and 15 min ultrasonic treatment, the maximum soluble chemical oxygen demand
(∆SCOD) in the sludge supernatant after destruction was achieved at 3662.78 ± 239.21 mg/L, with a
disintegration degree of 28.61 ± 2.14%, sludge reduction rate of 19.47 ± 0.82%, and the change of
mixture sludge concentration (∆MLSS) of 3.31 ± 0.06 g/L. Meanwhile, the release of nitrogen and
phosphorus were greatly improved. Under the optimal conditions, the release of total nitrogen (TN),
ammonia nitrogen (NH3-N) and total phosphorus (TP) were 282.30± 24.06 mg/L, 25.68 ± 2.09 mg/L,
and 105.69 ± 7.84 mg/L, respectively. The current work had provided solid evidence showing the
addition of hydrogen peroxide can effectively strengthen the treatment effects of ultrasound on
sludge destruction.

Keywords: sludge destruction; sludge reduction; ultrasound; hydrogen peroxide; lysis

1. Introduction

Biological methods are often used to deal with water pollution problems [1,2]. As the
mainstream biological method, the activated sludge method is often used in the treatment
of urban wastewater because of its low price, good treatment effect, and short residence
time [3]. However, as a by-product produced in the activated sludge process, excess
sludge has become a difficulty in the downstream treatment process in most wastewater
treatment plants (WWTP), owing to its large quantity, high water content, richness of
organic components, pathogens, and heavy metals [4]. A number of studies have shown
that the investment and operating costs for the treatment and disposal of excess sludge
are as high as 25% to 65% of the investment and operating costs for the entire WWTP [5].
Thereby, the recycling utilization [6] and reduction of excess sludge [7,8] has been a research
hotspot over a long time, yet it is difficult for the conventional sludge treatment method to
achieve sludge utilization and reduction simultaneously [9,10].

Water 2021, 13, 266. https://doi.org/10.3390/w13030266 https://www.mdpi.com/journal/water

https://www.mdpi.com/journal/water
https://www.mdpi.com
https://doi.org/10.3390/w13030266
https://doi.org/10.3390/w13030266
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/w13030266
https://www.mdpi.com/journal/water
https://www.mdpi.com/2073-4441/13/3/266?type=check_update&version=1


Water 2021, 13, 266 2 of 13

In most WWTPs, the denitrification efficiency is often reduced due to insufficient
organic matter. Commonly used carbon sources such as glucose and sodium acetate can
increase the carbon–nitrogen ratio of the influent, thereby achieving more efficient nitrogen
removal, but long-term dosing causes increased operating costs. Using excess sludge as
a low-cost carbon source to improve denitrification efficiency for WWTP is an attractive
option for researchers recently, as releasing its own organic matter could also facilitate the
reduction of excess sludge. A number of studies have focused on sludge lysis technology,
such as ozone [11], Fenton [12], acid-base [13,14], ultrasound [15], microwave [16,17], and
mechanical [18]. Among those sludge lysis methods, ultrasonic pretreatment has been
widely studied, as it is usually regarded as a simple method for operation, with wide
application range, high efficiency, none secondary pollution [19] and can be combined with
other processes [20,21].

A reduction rate of 60–70% residual sludge solids was found by Wu et al. [22] when
ultrasonic specific energy was 1.0–1.5 kJ/mL. He et al. [23] reported a sludge reduction
rate of 67.6%, energy efficiency at 0.012 kgTS/kWh, and sludge destruction rate of 15%
after a 15 min ultrasonic treatment process. Ultrasonic treatment of excess sludge was
more efficient and green than many other pretreatment methodologies, and the combined
addition of oxidants could be employed to further enhance sludge destruction.

H2O2 is a low-cost strong oxidant, which produces clean oxidation product-water [24].
The combination of H2O2 and ultrasound can strengthen the destruction of sludge and
improve the biodegradability of the product. This work compares the effects of ultrasonic
and ultrasonic/H2O2 on the release of sludge organic matter and sludge reduction effi-
ciency, optimizes the associated parameters, and determines working conditions to provide
a theoretical basis for the application of the system in sludge treatment.

2. Materials and Methods
2.1. Excess Sludge Source

The sludge used in the experiments was obtained from the thickening tank of a
municipal wastewater treatment plant (WWTP) in Shenzhen, China. After it was retrieved,
the sludge was stored in a refrigerator at 4 ◦C for less than 72 h. In the experiment, the
sludge and its supernatant were proportioned to the required concentration. The basic
properties of thickened sludge are showed in Table 1.

Table 1. Properties of the excess sludge.

Properties Range

pH 6.5–6.9
Water content (%) 97.5–98

MLSS (g/L) 16.5–20.2
MLVSS (g/L) 8.64–9.74

MLVSS/MLSS 0.45–0.50

2.2. Ultrasonic/H2O2 Destruction Experiment

The experiment was conducted in 1 L open glass beakers (400 mL sludge) which
were half-immersed in an ultrasonic generator (JP-100PLUS), as shown in Figure A1. The
experiment was carried out under room temperature (23~25 ◦C) and the energy density for
ultrasonic treatment was 0.2 w/mL with a treatment frequency of 40 kHz. The effects of
different initial pH (3.0, 5.0, 7.0, 9.0, 11.0), H2O2 dosage (0, 0.1, 0.5, 1.0, 2.0, 5.0 mmol/L),
initial sludge concentration (8, 11, 14, 17, 20 g/L), and ultrasonic treatment time (5, 10,
15, 20, 30 min) on sludge destruction were examined by single-factor experiments using
sequential batch tests. ∆SCOD, lysis rate, ∆MLSS, and sludge reduction were used to
evaluate the degree of sludge destruction. The release effects of NH3-N, TN, TP were
investigated. To adjust pH, NaOH solution (4 mol/L) and HCl solution (4 mol/L) were
applied. The experiment was repeated twice. To prevent an excessive temperature during
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the treatment, cooling water from the ultrasonic generator was exchanged after each trial
of the ultrasonic treatment.

2.3. Analysis
2.3.1. Evaluation of the Destruction Effect of Sludge

The destruction effect of sludge is measured by disintegration degree, which is calcu-
lated by Formula (1):

DDSCOD =
SCODt − SCOD0

TCOD− SCOD0
× 100% (1)

where DDSCOD is the disintegration degree of the excess sludge (%); TCOD is total chemical
oxidation demand of the original sludge (mg/L); SCOD0 is the dissolved chemical oxy-
gen demand in the sludge supernatant before treatment (mg/L); SCODt is the dissolved
chemical oxygen demand in the sludge supernatant after treatment (mg/L).

2.3.2. Evaluation of Sludge Reduction

The sludge reduction is evaluated by the sludge reduction rate, as shown in Formula (2).

SSReduce =
MLSS0 −MLSSt

MLSS0
× 100% (2)

where SSReduce represents the sludge reduction rate (%); MLSS0 is the suspended solids
concentration of raw sludge mixture (g/L); MLSSt is the suspended solids concentration of
the sludge after treatment (g/L).

2.3.3. The Analysis of Other Indexes

The analysis of conventional indicators such as NH3-N, TN, COD, TP, mixed liquid
suspended solids (MLSS), mixed liquid volatile suspended solids (MLVSS), were all carried
out by national standard methods [25].

2.3.4. Statistical Analysis

Student’s t-tests were conducted to analyze the significant differences (p < 0.05) be-
tween parallel samples.

3. Results and Discussion
3.1. The Effect of Initial pH on Sludge Destruction
3.1.1. The Effect of Initial pH on the Release of N and P

The effect of initial pH on the release of nitrogen and phosphorus in the system is
shown in Figure A2a. The effect of improving the release of NH3-N under acidic conditions
was not significant. The release of NH3-N and TN increased with the increase of pH. Under
alkaline conditions, the lysis efficiency of sludge was significantly improved. The results
showed that the increase of pH could significantly improve the dissolved cells of sludge
(p < 0.05). Compared with the release of TN at pH 9.0, the TN release at pH 11 under
the ultrasonic/H2O2 treatment increased from 52.27 ± 9.00 mg/L to 137.53 ± 8.06 mg/L,
where the solubilization effect had been elevated by 1.63 times, meaning that OH- could
be involved in the sludge destruction process. It was found that destruction effect of
sludge was improved after adding H2O2. Especially under neutral and acidic conditions,
the improvement was more significant. This was probably due to the fact that redox
potential of H2O2 under alkaline conditions cannot effectively exert its strong oxidizing
properties [26]. In addition, H2O2 under alkaline conditions mainly exists in the form of
ions, and the dissolved organic matter can be directly oxidized [27,28]. From Figure A2b,
it was found that adding H2O2 under neutral and acidic conditions cannot effectively
enhance the release of phosphorus; but on the contrary, it might inhibit the effect. The
reason was probably that, under acidic and neutral conditions, the H2O2 molecule attached
to the surface of the sludge would decompose into oxygen and water [29], which could
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thereby enhance the aerobic state of the sludge, and subsequently strengthen the adsorption
of phosphorus.

3.1.2. Effect of Initial pH on the Release of Organic Matter

The release of organic matter can directly characterize the degree of destruction to the
sludge, and it can also be used to determine whether the supernatant of the sludge can
be used as a carbon source. The effect of initial pH on the release of organic matter in the
system is shown in Figure A2c. Under acidic conditions, the lysis rate of sludge and the
eluted SCOD of the sludge were similar between the groups (with and without adding
H2O2). While at pH 9.0, adding H2O2 could increase ∆SCOD from 482.0 ± 6.0 mg/L to
662.0 ± 22.0 mg/L, which was about 37% elevation (p < 0.05). At pH 11.0, adding H2O2
could enhance the disintegration degree by 1.85% and SCOD by 168 mg/L, respectively.
Although there was a certain increase in the release of organic matter, the increase at this
concentration is not significant (p > 0.05). This might be owing to the reason that the sludge
was easier to dissolve under alkaline conditions, and the originally loose sludge flocs could
further decompose by the oxidation of H2O2. While initial pH was larger than 11.0, most of
the H2O2 exists as HO2

-, which would weaken the mineralization of COD [30]. However,
under acidic conditions, the redox potential of H2O2 was higher, which could oxidize and
mineralize the SCOD, thereby reducing the concentration of organic matter and resulting
in a more significant lysis rate.

3.1.3. Effects of Initial pH on the Reduction of Sludge

During cell lysis, the organic matter originally presenting in the sludge flocs will
gradually be released into the liquid phase, resulting in the reduction of MLSS and the
quantity sludge. ∆MLSS and sludge reduction rate can be indicators that reflect the effect
of the system on sludge reduction. The influence of initial pH on the system’s sludge
reduction is shown in Figure A2d. Sludge is composed by organic matter and inorganic
matter, and the reduction of MLSS is mainly caused by the removal of organic matter.

In acidic conditions, ∆MLSS and sludge reduction rate showed a decreasing trend
along with the increase of pH, while in alkaline conditions, ∆MLSS and sludge reduction
rate increased along with the increase of pH. It can be seen from Figure A2d that the
sludge reduction rate was the lowest at pH 7.0, which was only 2.81% after adding H2O2.
At pH 11.0, adding H2O2 enhanced the sludge reduction rate from 12.64 ± 1.28% to
14.16 ± 0.56% and ∆MLSS from 1.73 ± 0.18 g/L to 1.93 ± 0.08 g/L (p < 0.05). The reason
for the phenomenon is that the sludge is soaked in the alkaline environment, the organic
matter in it will be looser and more likely to be attacked by ultrasonic cavitation through
mechanical and chemical effects [31]. Studies have shown that ultrasound and alkali can
quickly improve the solubilization of sludge, which was around 2.8 times that of alkali
treatment alone [32]. However, it is worth noting that, at pH 3.0, the sludge reduction rate
before and after adding H2O2 increased, which was inconsistent with the experimental
results of lysis rate. This was due to the strong oxidizing properties of H2O2 at low
pH [33]. In addition, hydrogen peroxide is relatively stable under acidic conditions, which
can slowly release oxygen, enhance the cavitation effect of ultrasound, and effectively
mineralize the organic matter in sludge [34]. Considering the lysing effect and reduction
effect of sludge, pH 11.0 was selected as its optimal working condition.

3.2. The Effect of H2O2 Addition on Sludge Destruction
3.2.1. The Effect of H2O2 Addition on the Release of N and P

Figure A3a,b shows the effect of H2O2 addition on the release of nitrogen and phos-
phorus. It can be seen from Figure A3a that the release of TN was the highest when H2O2
addition was 0.5 mmol/L, with a release amount of 162.25± 23.3 mg/L. The hourly release
of NH3-N was 33.8 ± 1.77 mg/L when H2O2 addition was 2 mmol/L. The reason for the
inconsistency of the optimal release effects of NH3-N and TN was probably that the targets
of H2O2 oxidation were different. At 0-0.5 mmol/L, the release of TN increased rapidly,
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which was 23.1% (p < 0.05) higher than the release effect without adding H2O2, indicating
that the main function of H2O2 at this time was to oxidize the sludge flocs and dissolve
the sludge flocs. However, in the process of 0.5–2 mmol/L, the release efficiency of TN
decreases. This was because high-level H2O2 could decompose itself, and the generated
bubbles that might hinder the effect of ultrasonic cavitation. Non-vacuum cavitation bub-
bles are usually difficult to be broken; even if they can be broken by ultrasonic action,
the energy produced would be much lower than that of vacuum cavitation bubbles [35].
Furthermore, the oxygen decomposed by H2O2 participates in the sonolysis could form
·OOH [36], and its existence would decrease the ·OH produced by ultrasound and H2O2.
In addition, as there was more organic matter in the liquid phase that could react with
H2O2, in particular, organic matter containing amino groups reacts with H2O2 to gradually
release NH4

+ during the oxidation process, thereby increasing the concentration of NH3-N
in the solution. In Figure A3b, the release effect of TP was maximum when the dosage
of H2O2 was 0.5 mmol/L, which increased from 56.23 ± 0.1 mg/L to 63.78 ± 0.4 mg/L
(p < 0.05) compared with none H2O2 addition. Although the release of total phosphorus
had increased significantly, compared with the total phosphorus content of the sludge, the
released proportion was still a much lower value.

3.2.2. The Effect of H2O2 Addition on the Release of Organic Matter

It can be seen from Figure A3c that when the addition of H2O2 was 0.5 mmol/L, the
release of SCOD from sludge was significantly enhanced. Compared with none H2O2
addition, SCOD was increased by 385 mg/L, and the disintegration degree increased by
21.22% (p < 0.05), indicating that at the concentration from 0 to 0.5 mmol/L H2O2 addition
could enhance lysis effect. However, H2O2 has a relatively mild effect on the treatment
of sludge, which mainly affects the extracellular polymer (EPS) in the sludge floc [37].
When the dosage of H2O2 was higher than 0.5 mmol/L, the self-decomposition of H2O2
could decrease the sludge lysis. A similar phenomenon was found by Gao et al. [38] while
using ultrasonic/H2O2 for the removal of bisphenol A. Even the release of SCOD could
be enhanced at low-level H2O2 addition; the elevation of the release of SCOD was also a
low value. A proper H2O2 dosing strategy would be undoubtedly essential if the current
technology is considered for a subsequent industrial application.

3.2.3. The Effect of H2O2 Addition on Sludge Reduction

Under the treatment conditions of pH 11.0 and H2O2 dosage of 0.5 mmol/L, the
∆MLSS reached 2.13 ± 0.17 g/L. That means that H2O2 at this concentration could better
improve the rate of sludge reduction (p < 0.05). Combined with the release curve of organic
matter in the previous section, it can be found that the lysis efficiency and sludge reduction
were not sufficient at H2O2 dosage of 5 mmol/L.

There might be two reasons: (1) the oxygen formed from the self-decomposition of
H2O2 was absorbed by the sludge, which changed the sludge properties so the sludge
become not conducive to destruction; (2) the oxygen bubbles from H2O2 decomposition
could be adsorbed by the surface of sludge, which decreased the ultrasonic mass transfer.

3.3. Effect of Initial Sludge Concentration on Sludge Destruction
3.3.1. Effect of Initial Sludge Concentration on the Release of N and P

The initial sludge concentration could indicate the substrate concentration in the
reaction system. The impact of initial sludge concentration on nitrogen and phosphorus
release is shown in Figure A4a,b.

In Figure A4a, sludge concentration ranged from of 8 to 17 g/L, while the sludge
concentration increased, the destruction gradually increased. The release of TN had been
shifted from 64.90 ± 9.07 mg/L to 180.10 ± 5.88 mg/L (177.5% elevation) (p < 0.05), with
the sludge concentration increased by 112.5%, which indicated that the lysis process would
be facilitated at high sludge concentration. According to Figure A4b, it was found that the
release of TP was basically consistent with that of TN, reaching maximum when the sludge
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concentration was 17 g/L, with a release of TP at 65.73 ± 1.35 mg/L. Some studies have
shown that the viscosity of the liquid could enhance the cavitation effect of ultrasound
within a certain range, but high liquid viscosity may hinder the ultrasonic cavitation
effect [39].

3.3.2. Effect of Initial Sludge Concentration on Organic Matter Release

The organic matter in the reaction system would increase along with the elevation of
the initial sludge concentration. Higher organic matter concentration can boost the sludge
solubilization efficiency of the ultrasonic/H2O2 system. The release of organic matter is
displayed in Figure A4c.

It can be seen from Figure A4c that with the increase of sludge concentration, ∆SCOD
increased steadily from 945.79 ± 3.69 mg/L to 2830.24 ± 89.06 mg/L (p < 0.05), which
was nearly twice that of the original level (945.79 ± 3.69 mg/L), indicating that the higher
sludge concentration can effectively enhance the ultrasonic/H2O2 lysis of sludge. However,
when the sludge concentration was 20 g/L, the disintegration degree and SCOD release
were slightly decreased compared with that at 17 g/L. This might be due to the elevation
of liquid viscosity with the increase of sludge concentration, which would hinder the
ultrasonic destruction effect. At the same time, the self-decomposition of H2O2 (at high
H2O2 level) may weaken the oxidation effect of H2O2.

3.3.3. Effect of Initial Sludge Concentration on Sludge Reduction

The optimal sludge reduction was obtained when the initial sludge concentration was
14 g/L, and MLSS was reduced by 1.78 ± 0.11 g/L (Figure A4d). However, within the
range of 14–20 g/L, both sludge reduction rate and ∆MLSS decreased slightly, which was
possibly owing to the incomplete destruction of sludge by ultrasound/H2O2. However, at
sludge concentration of 17 g/L, although the reduction efficiency decreased, the release of
SCOD was significantly higher than that at sludge concentration of 14 g/L. As the main
component of extracellular polymer is proteoglycan, at high sludge concentration, the
high-level extracellular polymer might protect the cell from being crushed. As a result, the
sludge concentration of 17 g/L was selected for the following experiments.

3.4. Effects of Ultrasonic Duration Time on Sludge Destruction
3.4.1. Effects of Ultrasonic Duration Time on the Release of N and P

Ultrasonic time had played an important role in the release of various substances from
sludge, and its effect on nitrogen and phosphorus release is shown in Figure A5a,b.

The NH3-N and TN release appeared to be a gradual increasing trend along with the
increase of ultrasonic time. With the increase of ultrasonic time, the cavitation and thermal
effects produced by ultrasound could improve the lysis of sludge and cause greater destruc-
tion. At 15 min, after adding H2O2, the release of TN increased from 257.79 ± 19.36 mg/L
to 282.30 ± 24.06 mg/L, which was nearly 10% (p < 0.05), indicating that the presence
of H2O2 could significantly promote the treatment performance of ultrasound. It can
be seen from Figure A5b that the release rate of TP was relatively higher in the period
of 0–15 min, which increased from 57.89 ± 2.40 mg/L to 105.69 ± 7.84 mg/L (p < 0.05).
That indicates that the sludge was rapidly decomposed under the action of ultrasonic for
0–15min. Some studies have shown that the ultrasonic destruction of sludge can be divided
into fast stage and slow stage. The fast stage is mainly due to the reduction of sludge
particle size through destruction, and the extracellular polymer wrapped around the cells
is rapidly dissolved in the liquid phase. The slow stage is mainly due to the reduction of
easily soluble and decomposable substances in the sludge [40]. In this stage, ultrasound
may disrupt exposed cells. Compared with the previous stage, the efficiency of the current
stage is relatively slow.
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3.4.2. Effect of Ultrasonic Time on Organic Matter Release

The effect of ultrasonic time on the release of organic compounds is shown in Figure A5c.
With the increase of ultrasound time, more organic matter was released. The effect of ul-
trasound can effectively reduce the solid concentration of sludge, and the extracellular
polymer and cell contents can be effectively dissolved out [41]. It can be seen that after
adding H2O2, the sludge destruction was enhanced. When the reaction time was 15 min,
adding H2O2 increased ∆SCOD from 3087.71 ± 223.58 mg/L to 3662.78 ± 239.21 mg/L,
which was enhanced by 18.62% (p < 0.05). The release amount was similar to the effect of
applying ultrasonic alone for 20 min, indicating that the addition of H2O2 can effectively im-
prove the lysis efficiency of sludge and shorten the ultrasonic time. Active oxygen existed
in H2O2 is the main factor that decomposes organic matter and promotes sludge compati-
bilization, where ·OH could play a pivotal role in the process [42]. Meanwhile, more ·OH
can be produced under ultrasound, which would further enhance the solubilization of
ultrasound on sludge.

3.4.3. Influence of Ultrasonic Time on Sludge Reduction

The effect of ultrasonic time on sludge reduction can be seen in Figure A5d, the
improvement on sludge reduction reached maximum at 15 min. The sludge reduction rate
increased from 16.16 ± 0.83% before adding H2O2 to 19.47 ± 0.82% after adding H2O2,
while ∆MLSS was increased by 0.562 g/L (p < 0.05). The results indicated that there was
more organic matter being dissolved, and ultrasonic sludge lysis had been significantly
improved by H2O2.

3.5. Economic Analysis

An economic analysis was conducted to evaluate the prospect of the ultrasonic/H2O2
sludge pretreatment technology (Table 2). As shown in Table 2, a process coupling three
stages, “the ultrasonic/H2O2 pretreatment”, “sludge drying and incineration”, and “recov-
ering potential valuable by-products from the sludge supernatant”, was considered.

In the pretreatment stage, the costs were mainly composed of the energy consumption
of ultrasound and the chemical dosage (NaOH and H2O2), which was $259.90/ton DS in
total. Considering a 20% sludge reduction by the ultrasonic/H2O2 treatment, the costs
of the second stage drying and incineration could be reduced by around 20%, which was
$311.20/ton DS.

The sludge supernatant obtained after 5–7 days of anaerobic acidification basically
meets the preparation conditions of MgNH4PO4·6H2O, and more than 50% of TN could be
converted to NH3-N without adjusting the pH value. If MgCL2 is used as the magnesium
source, at least 90% of P could be recovered [43], with the MgNH4PO4·6H2O recovery
quantity of around 44.22 kg/ton DS. The organic matter has gradually decomposed into
small-molecule organic matter, which is more valuable. Due to the low nitrogen removal
efficiency of low C/N sewage, organic matter such as glucose and sodium acetate were
usually used as additional carbon sources to enhance the removal effect of TN [44]. Volatile
fatty acids produced by acidification of organic matter in sludge can also be used as
alternative carbon sources [45]. The price of glucose is $278/ton COD (calculated by COD),
the price of sodium acetate trihydrate is $564/ton COD (calculated by COD) [46], and the
average value is $421/ton COD. After calculation, the final economic cost is $345.76/ton
DS, which is slightly lower than the operating cost of only the cost of conventional drying
and incineration ($389/ton DS) [47].
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Table 2. Economic analysis of ultrasonic/H2O2 sludge pretreatment coupled with downstream by-products recovery.

Process Item Material Consumption Market Average Price Estimated Costs

I: Ultrasonic/H2O2
pretreatment

NaOH 0.8 kg/m3 $510/ton $24.00/ton DS
H2O2 (30%) 0.5 mol/m3 $186/ton $0.62/ton DS
Ultrasound 0.20 kW/L $0.08/kWh $235.28/ton DS

Total $259.90/ton DS

II: Conventional drying
and incineration Total $389/ton DS [47] $311.20/ton DS

III: By-products
recovery

MgCl2 22.91 kg/ton DS $541/ton $12.39/ton DS
COD 215.44 kg/ton DS $421/ton COD $−90.70/ton DS *

MgNH4PO4·6H2O 44.22 kg/ton DS $3325/ton $−147.03/ton DS *
Total $−237.73/ton DS *

I + II + III Total $345.76/ton DS

*: Minus value represents that the corresponding item would reduce the cost.

4. Conclusions

(1) pH has an important impact on sludge destruction. Alkaline conditions can effec-
tively promote the solubilization of internal substances in sludge, making the sludge
structure loose, and make it easier for the oxidation of H2O2. In terms of sludge
reduction, alkaline condition betters acid condition, while acid condition outcompetes
neutral condition.

(2) Excess H2O2 cannot further enhance the sludge lysis effect; on the contrary, it will
play an inhibitory role on sludge destruction. H2O2 can be used as the scavenger
of ·OH to eliminate the ·OH produced by ultrasound/H2O2, and the decomposed
oxygen will hinder the cavitation effect of ultrasound.

(3) When the initial pH is 11.0, the concentration of H2O2 is 0.5 mmol/L, the initial sludge
concentration is 17 g /L, and the ultrasonic time is 15 min long, the ∆SCOD in the
supernatant after the sludge destruction can reach 3662.78 ± 239.21 mg/L, the disinte-
gration degree is as high as 28.61 ± 2.14%, the sludge reduction rate is 19.47 ± 0.82%,
and the ∆MLSS is reduced by 3.31 ± 0.06 g/L. The release of TN, NH3-N, and TP
were 282.30 ± 24.06 mg/L, 25.68 ± 2.09 mg/L, and 105.69 ± 7.84 mg/L, respectively.
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Appendix A

Figure A1. Schematic of the experimental set-up.

Figure A2. Effect of different initial pH on (a) NH3-N and TN, (b) TP, (c) ∆SCOD and DDSCOD, and (d) ∆MLSS and SSReduce.
(Error bars represent the standard deviation, N = 2).



Water 2021, 13, 266 10 of 13

Figure A3. Effect of different H2O2 dosages on (a) NH3-N and TN, (b) TP, (c) ∆SCOD and DDSCOD, and (d) ∆MLSS and
SSReduce. (Error bars represent the standard deviation, N = 2).

Figure A4. Effect of different initial sludge concentrations on (a) NH3-N and TN, (b) TP, (c) ∆SCOD and DDSCOD, and (d)
∆MLSS and SSReduce. (Error bars represent the standard deviation, N = 2).
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Figure A5. Effect of different ultrasonic times on (a) NH3-N and TN, (b) TP, (c) ∆SCOD and DDSCOD, and (d) ∆MLSS and
SSReduce. (Error bars represent the standard deviation, N = 2).
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