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Abstract: This study aimed to utilize a microwave technology to degrade active organic matters of
the municipal dewatered sludge in a high-temperature environment. The effects of extraction agent,
nanomaterial assistants, and microwave-absorbing agents and activating agents on the degradation
efficiency were investigated. Dimethyl carbonate was used as the extraction agent. Nanostructured
titanium oxide (TiO2) and zinc oxide (ZnO) exhibited effective assistance in the process of microwave
treatment. We also developed a kind of microwave-absorbing agent, which was the sludge-based
biological carbon. The sodium sulfate (Na2SO4), calcium hydroxide (Ca(OH)2), and magnesium
chloride (MgCl2) were selected as activating agents to facilitate the organic matter discharging from
the sludge. Through optimizing the experimental factors, it was confirmed that 0.1 wt% TiO2, 0.1 wt%
ZnO, 2 wt% dimethyl carbonate, 10 wt% sludge-based biological carbon, 7.5 wt% Ca(OH)2, 0.5 wt%
MgCl2, and 6 wt% Na2SO4 were the most appropriate addition amounts in the municipal dewatered
sludge to make the organic matter decrease from 42.17% to 22.45%, and the moisture content reduce
from 82.98% to 0.48% after the microwave treatment. By comparison, the organic matter degradation
is almost zero, and the moisture content decreases to 8.69% without any additives. Moreover, the
residual inert organic matter and sludge can be further solidified to lightweight construction materials
by using liquid sodium silicate as the curing agent. The research provides a significant reference for
the effective, fast, and low-cost treatment of the organic matter in the municipal sludge.
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1. Introduction

With the rapid development of construction in urban sewage treatment facilities, the rate of
sewage concentrated disposal increased accordingly, resulting in a sharp increase in dewatered sludge
quantity [1,2]. There are a large number of organic matters in the sludge, which usually exhibit different
contents and compositions due to the variety of the source of sewage, treatment process, the living
standard, and dietary habits of urban residents. Common sludge organic matter with high molecular
weight and boiling point often contains twigs, sawdust, small cloth, bacteria, insect eggs, and other
components [3]. However, the high content of organic matter in municipal dewatered sludge is easily
corruptible if the disposition of organic matters is inappropriate, which not only causes environmental
pollution, but also brings resource waste. Therefore, it is a great challenge to both manage municipal
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dewatered sludge by degrading the organic matters and explore an effective route to improve the
degradation efficiency.

Usually, traditional sludge treatment strategies include concentration, dehydration and
deweighting, dewatering, anaerobic and aerobic nitrification, pyrolysis, and drying [4–7]. As is
well known, microwave irradiation is a new type of green energy, which contains both electric field
and magnetic field. There are thermal effects and nonthermal effects under microwave irradiation,
both of which conduct highly efficient treatments for the organic matter, heavy metal, and water in
sludge [8,9]. When the nanostructured materials were irradiated by microwave, the dipole of organic
matters surrounded by the nanostructured materials would generate turning-direction polarization.
When the direction of the electric field with a high frequency is changed, the polarization direction of
the dipole will accordingly alter. In the change process, a lot of heat is produced due to friction among
the molecules, resulting in the temperature increase of the municipal dewatered sludge. Thus, the
thermal effect of microwave treatment can promote the degradation of the organic matters [10–12].

At the same time, the nonthermal effect of microwave treatment is more significant.
The microwave electric field increases the absorption efficiency and carrier separation of the
nanostructured materials, and promotes water removal and formation of free groups. More importantly,
the high-frequency electromagnetic waves of microwave radiation can penetrate the extraction medium
and reach the vascular bundle and adenocyte system [13]. The temperature inside the cell rises quickly
ascribes due to the absorption of microwave energy, leading to cell lysis. Consequently, the active
components in the cells flow out freely, which can be captured and dissolved by the extraction medium
at a low temperature. Therefore, microwave heating causes greater heating of materials compared with
conventional heating methods. Furthermore, microwaves can penetrate inside materials, providing
heat from inside to outside, which is advantageous to the volatilization of the water and organic
matters. As a result, the thermal effect and nonthermal effect of the microwave treatment together lead
to a fast organic matters extraction and sludge dewatering [14,15].

However, many organic matters with the characteristic of absorbing heating selectively cannot
absorb the microwave energy, which generates poor degradation efficiency [16]. In order to improve
the extraction of the organic matters from the sludge, we used the different additives into the sludge to
enhance the interfacial interaction of the organic matters and sludge [17].

In this work, the microwave was utilized to treat the municipal dewatered sludge. The mixture
of green extraction agent, a small amount of nanomaterials, and sludge-based microwave absorbent
and activating agents was introduced into the sludge with the irradiation of microwave, resulting in a
synergy effect to effectively improve the degradation of the organic matters.

2. Materials and Methods

The used sludge was taken from a sewage treatment plant of Wuhan City in Hubei. The sludge
parameters are moisture content of 82.98 wt%, natural density of 1.14 kg/m3, pH of 7.07, the content of
organic matter is 42.17 wt%, and the boiling point is 88 ◦C. The used microwave oven was self-designed
and manufactured by Guangzhou Diwei Microwave Equipment Co., Ltd. (Guangzhou, China), and
the output power of microwave ranged from 900 to 6300 W.

We conducted the single factor experiment to confirm the optimized addition of extraction
agent, nanomaterial assistants, microwave-absorbing agents, and activating agents. The typical
experimental scheme: Firstly, municipal dehydrated sludge (M0) was introduced into a polystyrene
cup with the thermal decomposition temperature of over 300 ◦C, and then a certain amount of assistant
nanomaterials (TiO2 and ZnO nanoparticles), activating agents (Na2SO4, Ca(OH)2 and MgCl2), and
absorbing agents (sludge-based biological carbon) were added into the cup with constant stirring.
The total weight of the mixture is M1. After the microwave treatment was conducted, the sludge was



Appl. Sci. 2019, 9, 1175 3 of 9

cooled to room temperature and weighted as M2. The quality reduction rate of the samples (ψ1) is
evaluated by the following Equation (1).

ψ1 = ((M1 − M2)/M0) × 100% (1)

The calculation method for the organic matter content: dry sludge (M2) after microwave treatment
was put into a ceramic crucible and the total weight is M3. The crucible was transferred into a muffle
furnace for heating treatment at 600 ◦C for 6 h, and the resultant weight is M4. The organic matter
content is calculated by Equation (2).

ψ2 = ((M3 − M4)/M2) × 100% (2)

Furthermore, we designed an orthogonal experiment to analyze the influence of activating agents,
determining the most suitable addition amount.

3. Results and Discussion

Under microwave radiation, the sludge could be rapidly heated up, promoting the hydrolysis of
carbohydrates into polysaccharides and monosaccharides with low molecular weights, and facilitating
the hydrolysis of proteins into polypeptides, dipeptides, amino acids, and other substances that are
further hydrolyzed into low molecular organic acids, ammonia, and carbon dioxide [12]. Meanwhile
fat would be hydrolyzed into stearic acid, palmitic acid, and so on. Phosphorus and nitrogen in cells are
also released due to the hydrolysis of nucleic acid. The mechanism illustration of microwave treatment
for the municipal dewatered sludge is shown in Figure 1. The mixtures of farthing nanomaterials,
green extraction agent, sludge-based microwave absorbent, curing binder, activator, and other low-cost
materials are irradiated by microwave together, resulting in the degradation of the organic matters,
and the dehydration and solidification of the residual materials.
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The above-mentioned hydrolysates could be extracted by suitable extractants [13]. Thus, the
choice of extractants plays a significant role in determining the efficiency of the microwave treatment.
As reported, dimethyl carbonate represents a new generation of nontoxic solvent, exhibiting the
characteristics of safety, convenience, less pollution, and diverse dissolution to organic compounds [14,
15]. Thus, in this work, we investigated the effect of dimethyl carbonate as an extraction agent on the
reduction rate of the organic matters under microwave irradiation.

The microwave treatment was conducted under the power of 6300 W for 2 min (an optimized
condition). The generated temperature is approximately 93.4 ◦C. The added mass ratios of the dimethyl
carbonate are 0 wt%, 1 wt%, 2 wt%, 3 wt%, and 4 wt%, respectively. Figure 2 displays the variation
tendencies of the sludge mass loss and the organic matter content as the content of the dimethyl
carbonate increased. The plot shows that the quality loss of the sludge mixture is initially increased
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and then decreased, and the mass loss rate of the mixture reached a maximum of 79.90% with dimethyl
carbonate content of 2 wt%. Accordingly, the content of organic matter decreased from 42.17% in the
initial stage to a minimum of 38.20%. As calculated, the 2 wt% dimethyl carbonate extracts only 3.97%
of the organic matter in the sludge under microwave radiation. There is still a lot of residual organic
matter in the sludge. It is considered that the extraction efficiency of the organic matter is hardly
improved by microwave radiation depending on dimethyl carbonate at a relatively low temperature
of 93.4 ◦C, and the organic matters with high molecular weight were tightly attached to the sludge, so
a higher energy is required to improve the extraction efficiency.
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As is well known, nanomaterials have a large specific surface area and many defects, thus,
they exhibit high surface adsorption and microwave absorption [15–19], which leads to the increase in
temperature around the nanomaterials.

To investigate the effect of ZnO nanoparticles on the degradation efficiency of the organic matters,
we mixed 0.2–1 wt% ZnO pretreated powder and 2 wt% dimethyl carbonate with the municipal
dewatered sludge under microwave treatment. Figure 3a presents the relationship of the mass loss and
organic matter content with the added content of ZnO. The plot reveals that the mass loss of the mixture
initially increased as the ZnO content increased, and maintains a saturated value. Correspondingly,
the organic matter content is greatly reduced when the added ZnO is increased to 0.1%, and then
displays a little increase. Thus, considering the nanomaterial cost, the amount of ZnO powder added
in the sludge was selected as 0.1 wt%. Through calculating the organic matter content, the result shows
that it is decreased from 42.17% to 37.87% after microwave treatment, and the degradation rate of the
organic matters in the sludge is 10.23%, suggesting an effective treatment by using a small amount
of ZnO.

It was also found that the TiO2 nanomaterial is another kind of effective additive to assist in
the degradation of organic matter. We conducted the microwave treatment using 0.1–0.5 wt% TiO2

nanoparticles and 2 wt% dimethyl carbonate. Figure 3b depicts the change of mass losses and organic
matter content with the added content of TiO2, demonstrating a similar variation tendency with the
case of ZnO. Therefore, the added amount of TiO2 powder is set as 0.1 wt%, and the content of organic
matter is decreased from 42.17% to 24.68%. The improvement in degradation efficiency of the organic
matters by ZnO and TiO2 powders is mainly because the nanomaterials could be suspended on the
surface of organic matters, and the friction between the nanomaterial and organic matter occur under
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the microwave with high frequency, leading to the requirement of a large amount of energy to improve
the degradation efficiency of the organic matters.

Before microwave treatment, ZnO and TiO2 nanomaterials should undergo a surface modification
process to reduce nanoparticle aggregation and improve the surface free energy of the nanomaterials.
Thus, we put the nanomaterials into the microwave oven to facilitate short-term activation before
mixing them with the sludge for the microwave treatment. When the microwave activation time is set
below 10 s, the degradation efficiency of the organic matters increased with the extension of activation
time. However, if the time is set as 10–20 s, the degradation efficiency would gradually decrease.
Thus, 10 s is an optimized pretreatment time, making the organic matter content decrease from 42.17%
to 26.91%.
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ZnO and TiO2 nanomaterials have been confirmed to effectively assist in degrading organic
matter. Furthermore, to further improve the degradation efficiency, microwave-absorbing agents are
also applied in the experiment. There have been many investigations that report their effects during
the process of microwave treatment [20]. Sludge-activated carbon powder, due to its decontamination
performance, was used as the microwave-absorbing agent in this work, which has been proven to
exhibit high removal efficiency of some organic materials and heavy metals [21]. Thus, 2 wt% dimethyl
carbonates, 0.1 wt% TiO2, and 0.1 wt% ZnO nanoparticles, as well as the sludge-activated carbon
powder with content of 5 wt%, 10 wt%, and 15 wt% were introduced into the sludge for the microwave
treatment. The mixture without sludge-activated carbon powder is also carried out for comparison.

It should be mentioned that the temperature of the mixture is increased when the amount of
the sludge-activated carbon enhanced. The highest temperature reached 212 ◦C, when the content
of sludge-activated carbon is 15 wt%. The mass reduction rate of the mixture exceeded 10%, and
the content of the organic matters was remarkably decreased from 42.19% to 26.25%, as displayed
in Figure 4. The effective degradation of the organic matters is ascribed to the elevation of the
temperature, and consequently resulted in the promotion of reactive activity. Furthermore, after
microwave treatment, the sludge-based biological carbon changed to residual dry sludge consisting of
carbonaceous materials, ZnO and TiO2 nanoparticles, and others. Thus, the dewatered sludge can be
further used as raw material of the microwave absorber.
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As reported, the organic matters could be effectively extracted with assistance of the cationic
exchange resin [22]. In this work, we also introduced the inorganic salts into the reaction to promote
the dissolution of protein, such as sodium sulfate, magnesium chloride, and calcium hydroxide,
which were regarded as the microwave activators. They can not only adjust the acid–base balance
of the sludge, but also improve the water removal [23]. Thus, we mixed sodium sulfate, magnesium
chloride, and calcium hydroxide with the municipal dewatered sludge in the presence of ZnO and
TiO2 nanoparticles. Figure 5a–c presents the effects of added MgCl2, Na2SO4, and Ca(OH)2 with
different mass ratios on the mass losses of sludge and organic matter content.
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Figure 5. Effect of the MgCl2 (a), Na2SO4 (b), and Ca(OH)2 (c) added amounts on the mass losses and
extraction of organic matter.

Figure 5a displays that the quality loss of the mixture is initially increased and then decreased as
the content of MgCl2 gradually increased. The largest mass loss is achieved when the added amount
of MgCl2 is 0.5 wt%. The content of the organic matters decreased from 42.17% to 26.98% as the
MgCl2 content increased from 0 to 1.5 wt%. Figure 5b shows that the mass loss rate of the mixture
and reduction of the organic matters achieved the highest values when the content of Na2SO4 was
6 wt%. Figure 5c shows that the sludge mass loss is firstly increased and then remains at a relative
stable value as the content of Ca(OH)2 increased from 0 to 15 wt%. The highest reduction rate of the
sludge reached 72.86%, while the content of the organic matters decreased from 42.17% to 24.68%, with
Ca(OH)2 content of 5 wt%.

To further optimize the added amount of MgCl2, Na2SO4, and Ca(OH)2 in the process of the
microwave treatment, we designed an orthogonal experiment to analyze the influence of each factor,
and the orthogonal experiments determined the most suitable contents for Ca(OH)2 of 7.5 wt%, MgCl2
of 0.5 wt%, and Na2SO4 of 6 wt%. The experimental results are listed in Table 1. The effects of MgCl2,
Na2SO4, and Ca(OH)2 on the mass loss of sludge and degradation of organic matters are crossed. It is
necessary to elucidated the most suitable adding content of the microwave activators. In the orthogonal
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experiment, we mixed into the 20 g of sludge TiO2 nanoparticles of 0.02 g, ZnO nanoparticles of 0.02 g,
dimethyl carbonate of 0.4 g, and sludge-based biological carbon after this microwave treatment of
1 g together.

Table 1. Results of the orthogonal experiments.

Orthogonality MgCl2/% Ca(OH)2/% Na2SO4/% Quality Reduction Rate Organic Matter Content

1 A1B1C1 0.5 2.5 0.5 67.53% 29.24%
2 A1B2C2 0.5 5 1 67.90% 28.79%
3 A1B3C3 0.5 7.5 1.5 69.88% 29.18%
4 A2B1C2 1 2.5 1 68.16% 30.99%
5 A2B2C3 1 5 1.5 68.38% 30.62%
6 A2B3C1 1 7.5 0.5 67.01% 30.54%
7 A3B1C3 1.5 2.5 1.5 70.01% 30.06%
8 A3B2C1 1.5 5 0.5 70.89% 30.13%
9 A3B3C2 1.5 7.5 1 71.14% 26.91%

Finally, in order to further solidify the residual organic matters, we introduced liquid water glass
into the mixture to conduct a curing process using the waste heat. In the experiment, 0.1 wt% ZnO
nanoparticles, 0.1 wt% TiO2 nanoparticles, 2 wt% dimethyl carbonate, 10 wt% sludge-based biological
carbon, 0.5 wt% MgCl2, 7.5 wt% Ca(OH)2, 6 wt% Na2SO4, and liquid water glass, with added amount
ratios of 0 wt%, 1 wt%, 2 wt%, 3 wt%, 4 wt%, and 5 wt%, were introduced into 20g of sludge. Figure 6
reveals that the mass loss rate of the mixture and content of the organic matters maintain relative
stable values when the content of liquid water glass was elevated, indicating that the liquid water glass
cannot play a significant role in promoting the degradation, but it can solidify the residual organic
matters and sodium silicate in the sludge mixture to produce lightweight construction materials using
one-step microwave irradiation. The compressive strength is remarkably enhanced over 2 MPa. When
the content of the liquid water glass was 5 wt%, the mass loss rate of the mixture reached 72.01%,
and the content of organic matter was reduced from 42.17% to 22.45%. Only ~46.76% of the inert
organic matter was stable in the sludge.
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In this work, we always put cost into the consideration. The total addition of the microwave
solvent and nanomaterial assistants is 2.2 wt%. The usage of dry municipal dewatered sludge as
the microwave-absorbing agent can further reduce the cost. The activating agents are industrial
by-products. By calculation, if one ton of municipal dewatered sludge is treated the cost of power
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consumption is 56 RMB. The price of added microwave solvent, nanomaterial assistants, and liquid
sodium silicate is 168 RMB. After microwave treatment, 0.6 ton of lightweight construction materials is
produced, which has a value of 300 RMB. Thus, we can obtain a profit of 76 RMB per ton.

4. Conclusions

In this study, we investigated the effects of the extraction agent, nanomaterial assistant,
microwave-absorbing agent, and activating agent on the degradation efficiency of the organic matters
in municipal dewatered sludge, which were conducted under the microwave treatment with a power
of 6300 W for 2 min. A high-temperature environment for sludge treatment was created in these cases.
The results showed that the optimized factors of the additives are as follows; the content of dimethyl
carbonate as the extraction agent is 2% and the added amounts of ZnO and TiO2 nanoparticles,
as nanomaterial assistants, are 0.1% and 0.1%, respectively. The content of sludge-activated carbon as
microwave-absorbing agent is 10%. The contents of MgCl2, Na2SO4, and Ca(OH)2 as activating agents
are 0.5 wt%, 6 wt%, and 7.5 wt%, respectively. The liquid water glass was introduced into the reaction
to conduct a curing process, making the solidification of the residual organic matters and improving
the compressive strength of the sludge simultaneously. This work developed a fast, facile, low-cost,
and harmless technology for the treatment of municipal sewage sludge. During the treatment, we took
the balance between the treatment cost and the ecological benefit of the environment into consideration,
and realized the high value utilization of municipal sewage sludge.
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