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Abstract

As an environmentally friendly energy recovery technology, microwave pyrolysis has huge development potential
in sludge resource treatment. This paper comprehensively reviews the progress of microwave pyrolysis of sludge,
focusing on the mechanisms and development status of microwave pyrolysis equipment. The effects of pyrolysis
temperature, heating rate, microwave absorbers, sludge properties and catalysts on microwave pyrolysis efficiency
and its products are also discussed. Finally, the differentiation compared with conventional pyrolysis is summarized.
It is suggested that target products can be controlled directionally by changing the pyrolysis conditions and
exploring the harmful products produced in the microwave pyrolysis process. Future research directions are
proposed to help the subsequent extensive application of microwave pyrolysis technology in sludge treatment.
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1 Introduction

In recent decades, the amount of excess sludge discharge
and oily sludge production is increasing along with the
expansion of the sewage treatment industry and petro-
chemical industry, reaching annual outputs of 90 and 3
Mt respectively [1, 2]. Wastewater sludge contains a
large number of pathogenic bacteria, trace metal ele-
ments and polycyclic aromatic hydrocarbons (PAHs),
and other toxic pollutants. Besides those mentioned
above, oily sludge also contains radioactive materials [3].
Sludge is highly perishable, and toxic substances limit
the beneficial applications of sludge, increasing the cost
of sludge treatment, which has significant environmental
and health hazards. Moreover, sludge contains a high
amount of organic matter, which can be treated with ad-
equate technologies to reduce pollution and use as re-
newable energy [4, 5].

The common treatment technologies mainly include
dewatered sludge to landfill, biological treatments and
heat treatments but these technologies still have some
drawbacks. For instance, solidified sludge for landfilling
requires land occupation and has serious hazards to the
ecological environment [6]. Biological treatments mainly
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use microbes and plants for remediation or use sludge
composting to prepare soil amendments, such as sludge
compost, anaerobic digestion, which is simple to operate
and have great potential for success, but takes time and
is sensitive to temperature, and also has many other fac-
tors affecting efficiency and is difficult to control [6].
Heat treatments have certain advantages for energy re-
covery and reducing sludge volume, including inciner-
ation, gasification, liquefaction, and pyrolysis. The first
three terms can kill pathogens completely and recycle
the calorific value, but other resources are not fully used.
It also discharges toxic substances with environmental
and health hazards, even giving rise to the problem of
energy consumption. In contrast, pyrolysis is economic-
ally effective and does not generate secondary pollution,
which plays an important role in solid waste reduction
and energy recovery [7].

Pyrolysis is a process in which the materials are heated
in an oxygen-free atmosphere, with the volatilization, de-
hydration, dehydrogenation and decarboxylation of or-
ganic components first, followed by the pyrolysis or
catalytic pyrolysis of heavy compounds or coke which
can produce pyrolysis residue (bio-char), pyrolysis oil
(bio-oil) and pyrolysis gas (syngas). Pyrolysis is divided
into conventional pyrolysis (CP) and microwave pyroly-
sis (MWP) according to heating methods [7]. The pyr-
olysis temperature of CP is high, which expends a
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considerable amount of heat and the operation is com-
plicated, leading to a problem of secondary energy con-
sumption. Compared to CP, MWP has a lower pyrolysis
temperature and a high energy resource utilization rate
[5]. High-quality pyrolysis products can be obtained in
MWP which are widely used to recover and utilize bio-
mass and other organic wastes.

In this paper, the research progress of sludge MWP is
reviewed for the pyrolysis mechanisms, the differenti-
ation between MWP and CP, and the development sta-
tus of MWP equipment. Then, the effects of the
pyrolysis temperature, heating rate, microwave ab-
sorbers, sludge properties and catalysts on MWP effi-
ciency and characterization of products are discussed.
Moreover, the harmful products in MWP are analyzed.
Through the review of recent literature, the understand-
ing of MWP sludge process is deepened, and the reason-
able selection of pyrolysis process parameters and
treatment of harmful substances is expected to realize
the recovery of directional products in MWP. Finally,
the potential research directions of MWP sludge in the
future are put forward to provide help for the applica-
tion of MWP in sludge treatment.

2 Methods

2.1 Microwave pyrolysis mechanisms

Microwaves are high-frequency electromagnetic waves
with frequencies of 300 MHz-300 GHz. 2450 MHz is
one of the most commonly used frequencies in industry.
The distribution of temperature and heat transfer direc-
tion of conventional electric heating and microwave
heating is shown in Fig. 1 [8]. As shown in Fig. 1, con-
ventional electric heating firstly heats the surface of ma-
terials and then the heat is transferred towards the
interior of materials, whereas microwave heating starts
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from the interior and then transfers heat to the surface
of materials.

In CP, a thick carbonization layer is formed on the
surface of sludge, which is not conducive to heat trans-
fer, resulting in high surface temperature and low in-
ternal temperature of the sludge [9]. The heat transfer
and mass transfer of pyrolysis products are in opposite
directions, combined with moisture content and high
viscosity, it leads to high local temperature and low effi-
ciency of pyrolysis. Contrarily, a gradually decreasing
temperature gradient is formed from the inside of the
materials to the outside surface in microwave heating.
The released volatile matter diffuses from the inside to
the external surface in the same transfer direction. Typ-
ically, the efficiency of converting electromagnetic en-
ergy to heat energy can be as high as 80-85% through
the control of microwave power and effective microwave
absorption of materials. Thus, compared with CP, MWP
can more effectively promote the heat transfer and mass
transfer of volatile products.

The interaction between microwave energy and matter
can be divided into absorption, transmission, and reflec-
tion. Therefore, materials are divided into the following
three types [10]:

(1) Microwave absorbers: microwaves can be absorbed
by these materials, leading to rapid heating of the
medium. (2) Microwave-transparent materials: micro-
waves can pass through these materials without any loss.
(3) Microwave-reflective materials, where microwaves
cannot penetrate and are reflected with no or only a tiny
coupling of energy.

2.2 Microwave pyrolysis equipment

2.2.1 Main equipment

At present, the industrial application of MWP technol-
ogy has not been realized due to strict safety
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Fig. 1 Schematic diagram of temperature in conventional heating and microwave heating [8]

Volatile mass flow

Low
Microwave

Microwave heating




Li et al. Sustainable Environment Research (2022) 32:23

requirements. The development and design of MWP
equipment on an industrial scale has become an urgent
problem that needs to be solved [11]. MWP equipment
is similar to CP equipment, as shown in Fig. 2 [12],
mainly including a device for carrier gas, materials con-
veying, microwave, temperature detection, oil/gas separ-
ation and gas collection. Among these, the most critical
part is the microwave device, which consists of two main
parts: the microwave generator (magnetron) and the
microwave reaction chamber. The magnetron is con-
trolled by an electronic temperature controller that turns
the magnetron on and off instantaneously and controls
the heating process according to the immediacy of
microwave heating. The reactor is placed in the micro-
wave reaction chamber, where materials absorb the
microwave radiation and turn it into heat.

2.2.2 Measurement system

Measuring the various parameters accurately in the
MWP process can help to analyze and optimize the op-
eration process of MWP [13]. Temperature is an essen-
tial parameter in MWP, and the development history of
high-precision temperature measurement systems is
relatively long. Previously, thermocouples and infrared
optical pyrometers were mainly used to measure pyroly-
sis temperature. Dominguez et al. [14] measured the in-
ternal temperature of biomass by using a thermocouple,
and calibrated temperature with an optical pyrometer in
MWP, and found that the temperature measured by the
optical pyrometer represents the average pyrolysis
temperature of materials as the process reaches steady-
state. However, the traditional thermocouple and optical
pyrometers are inconvenient to use due to the lack of
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automatic control. Thus, Chen [15] and Lam et al. [16]
connected thermocouples to personal computers through
data acquisition systems, realizing the real-time measure-
ment of temperature. Later, Chaouki et al. [13] compared
and analyzed the traditional thermocouple and optical
pyrometer during the measurement process, and found
differentiation between the measured temperature and the
temperature of materials, which might be related to the
interference between electromagnetic field and thermo-
couple. Therefore, in terms of improvement measures, re-
ducing the interference between electromagnetic field and
thermocouple can help to improve the accuracy of
temperature measurements for one hand, trying to make
the thermocouple able to measure the overall temperature
of materials, which could also eliminate the temperature
measurement errors.

Farag and Chaouki [17] used an air-thermometer in
MWP to measure the overall temperature of materials
with an uneven temperature gradient. Compared to the
traditional measurement methods, the air-thermometer
can reduce measurement errors and provide more ac-
curate thermodynamic parameters for kinetic analysis of
the pyrolysis process.

In addition to temperature, the weight change of mate-
rials is also an important parameter for heat and mass
transfer in the kinetics analysis of MWP. The initial
microwave thermo-gravimetric-analyzer (MW-TGA)
was built by Farag and Chaouki [17]. The system can
real-time monitor the weight of materials at different re-
action stages. Farag et al. [18] further improved the
MW-TGA system by connecting the reactor outlet with
a product manifold, which can online measure the
weight loss and the average temperature of materials at
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Fig. 2 A schematic of the microwave preparation reactor assembly [12]. (1) microwave cavity; (2) quartz reactor; (3) waveguide; (4) magnetron; (5)
PC with fuzzy logic algorithm; (6) power governor; (7) infrared radiation thermometer; (8) gas flowmeter; (9) tar products collection unit; (10) gas
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the same time. Moreover, this system can also separate
products at different times and temperatures.

2.2.3 Stirring device in microwave pyrolysis equipment

The absorbers are carbonized on the sludge surface in
the MWP process due to the selectivity of microwave
heating, resulting in the dielectric loss of sludge. The
carbonization zone along with the temperature increases
forms high-temperature hot spots instantaneously [19].
Therefore, fully mixing of microwave absorbers and ma-
terials can improve the uniformity of microwave absorp-
tion and temperature field [13]. Besides that, it is
necessary to optimize the design of stirring devices in
MWP equipment to improve the uniformity of materials
in absorbing effective microwave radiation.

When the materials are composed of tiny particles, a
modal agitator is used in the irradiation chamber to en-
hance the uniform distribution of microwaves emitted
by the magnetron. The modal agitator is located near
the outlet of the microwave generator in the exposed
area. Using multi-metal blade rotation form, it can ef-
fectively enhance the uniform distribution of effective
microwave radiation [13].

2.2.4 The controversies of MWP equipment

MWP is an optimized pyrolysis technology based on CP
to some extent, which improves pyrolysis efficiency, but
there are still some controversies about the MWP
process. From the perspective of energy consumption,
CP can use industrial waste heat to meet the require-
ments and consume low-quality energy, while MWP can
only use high-quality electrical energy, resulting in high-
quality energy consumption. For the temperature meas-
uring system, since the temperature measuring require-
ments of MWP are higher than those of CP, it is
necessary to further develop new thermometers suitable
for MWP [13]. Currently, optimizing thermometers fo-
cuses on two aspects: one is optimizing size to improve
the accuracy and to reduce the response time of ther-
mometers. The other is to develop materials for manu-
facturing thermometers minimize the effects of
microwave radiation. For the design of microwave reac-
tors, the use of reflective materials such as metals should
be avoided because the presence of metals can generate
electric arcs which may damage microwave equipment.
Moreover, more innovations are needed in MWP de-
vices besides the mode stirrer to improve the uniform
distribution of microwaves in the materials [13].

3 Discussion

3.1 Influencing factors of MWP

3.1.1 MWP temperature

The yield and composition of gas, liquid and solid prod-
ucts in MWP are closely related to the operating
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temperature. Solid-phase products are mainly produced at
low temperature and low heating rate, whereas gas-phase
products are easily produced at high temperature and
have a long residence time, while liquid-phase products
are easily produced at high temperature and have short
residence time [16]. This is correlated with the breaking of
different bonds at different temperatures. The C-H alkyl
and C=0 carbonyl groups are cleavable below 600 °C, but
the aromatics are cleavaged and reformed again at high
temperatures [20]. As a result, the yield of liquid-phase
products composed of aromatic hydrocarbons and ali-
phatic hydrocarbons can decrease, while the yield of gas-
phase products can increase. In addition, there is a com-
plex kinetic and thermodynamic coupling during the pyr-
olysis process. A high final pyrolysis temperature can
change the phase equilibrium and increase evaporation,
decreasing the residence time of pyrolysis oil to secondary
reaction and the pyrolysis oil is rapidly gasified. Then li-
quefied into a liquid phase after leaving the high-
temperature zone [21]. Therefore, the temperature is one
of the most critical factors of MWP.

Temperature also has an important influence on the
distribution of products. Zhang et al. [12] analyzed the
distribution of MWP products and transformation of ni-
trogen in coke, tar and gas products at different temper-
atures, and showed that the temperature plays an
important role in transforming nitrogen in coke, tar and
gas products. The vyield of biogas fraction produced at
temperatures above 500 °C is higher than 10%, while the
yield of tar is lower than 15%. Most volatiles are escaped
in the range of 300-500 °C, and when the temperature is
above 800 °C, the production of coke, tar and gas tends
to stabilize. As reported by Lin et al. [22], pyrolysis oil
obtained from MWP is mainly formed between 200 and
400 °C, increasing pyrolysis temperature and prolonging
residence time did not improve the yield of the liquid
phase significantly.

To improve the yield and quality of pyrolysis products,
the temperature can be optimized and appropriate cata-
lysts can be added to promote the formation or fracture
of some functional groups. Lam et al. [23] used an acti-
vated carbon particle bed under inert conditions for the
MWP of waste oil and found the optimal pyrolysis
temperature to be 600 °C. At this temperature, the liquid
phase products are mainly composed of light alkanes
and aromatic hydrocarbons, and the recovery is nearly
75%, while the recovery of gas phase and solid phase
products is the lowest. Xie et al. [20] studied the influ-
ence of temperature on the yield and composition of
pyrolytic oil and found that the proportion of aliphatic
group and aromatic hydrocarbon in the product is the
highest at the temperature of the highest pyrolysis oil
yield, while the proportion of oxygen and nitrogen com-
pounds is the lowest.
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Lin et al. [24] pyrolyzed the petrochemical indus-
trial sludge with high moisture content by using a
multi-mode microwave oven at 400-800°C. Sludge
has two pyrolysis peaks at 325-498 and 548-898 K in
the entire process, and pyrolysis oil is composed
mainly of aromatic hydrocarbons, with the carbon
atom range of C9-Cl4 and calorific value range of
36.4-385MJkg ', In a word, the target products
with higher yields can be obtained by adjusting the
pyrolysis temperature to realize the recycling of re-
sources and reduce pollution.

3.1.2 Heating strategy

The heating strategy is also one of the essential parame-
ters in MWP which can be divided into slow pyrolysis,
fast pyrolysis and flash pyrolysis [8]. Slow pyrolysis is
characterized by the heating rate < 1Ks™ !, temperature
range of 550-950K, and residence time of 450-550s.
Fast pyrolysis is characterized by the heating rate of 10—
200 Ks™ !, temperature range of 850-1250K, and resi-
dence time of 0.5-10s. Flash pyrolysis has a heating
rate > 1000 Ks™', temperature range of 1050-1300K
and residence time <0.5s [25]. Different heating strat-
egies lead to different pyrolysis products, the main prod-
ucts of slow pyrolysis are pyrolysis residues, and faster
heating rate is favorable for the generation of liquid and
gas fractions.

The pyrolysis of organic matter in sludge only starts
after water evaporates in CP, which counteracts the
combined effect of pyrolysis and steam distillation,
resulting in the slow rise of temperature and the ex-
tension of low-temperature pyrolysis time. However,
the interaction between water evaporation and organic
matter pyrolysis runs through the entire MWP
process, which significantly increases the heating rate
and is beneficial to increase the yield, quality and
heat value of pyrolysis oil [22]. Wan et al. [26]
treated the waste shipping oil by using MWP technol-
ogy, and 66 wt% pyrolysis oil, 24 wt% pyrolysis gas
and 10 wt% pyrolysis residues were obtained at a fast
heating rate (40°Cmin™ ') and temperature of 600 °C.
The pyrolysis oil is mainly composed of C9-C30 hy-
drocarbons, and the calorimetric value and energy re-
covery of oily sludge are significantly improved.

Although MWP can reach the same or higher
temperature than CP in a short time, there are also some
bottlenecks. Firstly, the heating rate control is difficult
due to the influence of microwave power. Secondly, a
fast heating rate can lead to the problems, such as con-
densation difficulty, which limits the industrial applica-
tion of the technology. However, the development
prospects of MWP sludge are very bright with the devel-
opment of related research and MWP equipment.
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3.1.3 Microwave absorbers

The dielectric loss of microwave absorbers becomes the
only heat source when water evaporation is completed.
Thus, microwave absorbers can improve the entire
temperature in MWP, deepening the degree of sludge
pyrolysis. However, most of the organic components in
sludge are not microwave absorbers, meaning that the
sludge cannot be directly heated to the temperature re-
quired for pyrolysis. Therefore, mixing sludge with
microwave absorbers can rapidly achieve the desired
pyrolysis temperature. The common microwave ab-
sorbers include graphite, SiC, activated carbon, carbon
fiber, pyrolysis residues, and biomass char. The selection
of microwave absorbers should follow the following
principles: low economic costs; no pollution to the prod-
ucts; and no toxic substances produced [27].

Graphite and carbon as microwave absorbers can in-
crease the yield of syngas (H, + CO). Dominguez et al.
[28] conducted related experimental analysis. Using car-
bon as an absorber can increase the yield of syngas by
66%, while using graphite as an absorber can signifi-
cantly increase the hydrocarbon content of gas products.
Regarding the energy absorption efficiency of SiC, pyr-
olysis residues and graphite as microwave absorbers, the
energy recovery efficiency of SiC is higher than that of
graphite and pyrolysis residues [29]. Although SiC can
better achieve sludge reduction and resource recovery,
but the cost of SiC is high, and the harmful gas and dust
pollution emitted by SiC residues into the environment
cannot be ignored. According to economic analysis, mix-
ing original sludge with its pyrolysis residues can reach a
high temperature of pyrolysis, which could reduce the
volume of sludge by more than 80% and can obtain alka-
line porous carbonaceous residues, combustible gases
and liquids, which provide a good choice for reducing
resource consumption [29].

The methane conversion rates of adding pyrolysis resi-
dues and activated carbon under different pyrolysis con-
ditions are different. Activated carbon has a larger
specific surface area in CP, which has better catalytic ac-
tivity than pyrolysis residues. Under the conditions of
MWP, the methane conversion rate of pyrolysis residues
as absorbers is significantly higher than that of activated
carbon. The solid residues produced melted beads after
pyrolysis due to the “microwave plasma” generated in
MWP, which causes Si/Al and other materials in the res-
idues to melt, and then pass through the metal-
microwave interaction to promote pyrolysis [30].

The amount of absorbers can influence the MWP
process. The basic characteristics of the formation rate
of liquid/gas phase products remain unchanged, but the
recovery rate of pyrolysis oil firstly increases and then
decreases. As the amount of absorbers increases, the
heating rate of oily sludge and the yield of products
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(such as oil and gas) depend on the ratio of granular ac-
tivated carbon (GAC) to oily sludge [15]. The heat of the
heating process cannot satisfy the complete pyrolysis
when the amount of GAC is too small. And excessive
addition can cause serious coking, both of which lead to
a decline in yield and quality of pyrolysis oil.

For now, the co-pyrolysis of sludge and another bio-
mass has become the current research focus [31]. Blend-
ing several biomass feedstocks can deepen the co-
pyrolysis reaction, increasing the calorific value of pyr-
olysis products, and reducing the content of inorganic
and toxic substances, which has an extensive application
prospect. Although related literature confirmed that pyr-
olysis residues and other microwave absorbers join pyr-
olysis, but until now, it is still unclear how they can
absorb microwave energy and need to further deepen
the pyrolysis mechanisms.

3.1.4 Sludge properties

The sludge properties are key factors affecting the di-
electric properties of sludge, such as moisture content,
oil content and particle size, which are crucial to the en-
tire pyrolysis process [5, 27]. Therefore, it is necessary to
discuss the different properties of sludge.

3.1.4.1 Moisture content The moisture in sludge is an
excellent absorber, the rapid changes in the electric field
of microwave radiation cause the dipole to rotate, lead-
ing to its dielectric loss factor increasing with the in-
crease of microwave frequency. The moisture content of
most of the sludge is as high as 80%, which significantly
affects the dielectric property of sludge and the penetra-
tion depth of microwaves, thereby increasing the pyroly-
sis efficiency [27].

Moisture is beneficial to the formation of gas-phase
products and has a certain effect on oil composition, re-
ducing the yield of coke. The high-frequency electro-
magnetic energy of microwave radiation directly acts on
chemical bonds, which are more likely to vibrate, break
and dehydrogenate, resulting in a higher H, yield [32].
Moisture contributes to the generation of hydrogen and
produces a steam-rich atmosphere at high pyrolysis tem-
peratures, which intensifies the endothermic reaction
with the pyrolysis steam [7], leading to the reaction be-
tween water vapor and methane increasing with the in-
crease of moisture content, and more CH, is converted
into CO and H,.

For energy analysis, Capodaglio et al. [33] used the
monomodal microwave oven to pyrolysis wastewater
sludge, and evaluated the energy by comparing the re-
covery rate of pyrolysis oil, indicating that the recover-
able energy in pyrolysis oil is greater than the energy
consumed in the actual pyrolysis process. As there is no
process standardization for MWP at present, Table 1
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summarizes the product yields of MWP sludge under
different moisture content and operating conditions in
different literature. The recovery rate of pyrolysis oil
under different processes is determined, which is helpful
to analyze the energy balance in the pyrolysis process.

Compared with CP technology, MWP technology can
integrate drying, dehydration, and pyrolysis with a higher
heating rate and shorter sludge pyrolysis time for sludge
with high moisture content. However, the excessively
high moisture content may lead to the mixing of water
fractions in pyrolysis oil, reducing the quality of pyrolysis
oil [8].

3.1.4.2 Oil content Oily sludge has highly toxic and car-
cinogenic effects and is very dangerous with a high re-
covery value and oil content of 10-50% [2]. However, oil
is non-polar and negatively affects the uniform heating
of the sludge in MWP. The high oil content leads to the
slow heating rate of sludge and increases energy con-
sumption. Therefore, microwave absorbers should be
added to improve the efficiency of MWP and reduce en-
ergy consumption, and its pyrolysis products have better
quality and higher value [16]. Chen [15] used MWP to
treat sludge from crude oil storage tanks with GAC, and
mass fractions of carbon and hydrogen in pyrolysis oil
are 67.6—72.1 and 10.4—14.2% respectively. The calorific
value of pyrolysis oil is approximately 33.2-36.8 MJ kg™ *,
which can be used as boiler fuel or raw materials for
gasoline and diesel oil production.

Liu et al. [37] conducted MWP of oily sludge and ob-
tained pyrolysis yields of 9.3 wt% (syngas), 85.9 wt% (pyr-
olysis oil) and 4.7 wt% (biochar). For the energy input and
output, the yield of total chemical energy recovery is 80%
and the yield of energy loss is 20%. For large-scale MWP,
energy efficiency can be improved. Through the above
yield of energy recovery and products, Table 2 summa-
rizes the pyrolysis products obtained by MWP of sludge
with different oil content for energy analysis under differ-
ent pyrolysis conditions. Due to the differences in sludge
composition, MWP equipment and pyrolysis operating
conditions, the composition and yield of pyrolysis prod-
ucts are different, and some pyrolysis efficiency indices are
expressed as oil removal efficiency. In conclusion, it can
be seen from Table 2 that a part of the yield of pyrolysis
oil is relatively high, which fully indicates that MWP of
sludge with high oil content is technically feasible. How-
ever, despite its broad application prospects, there are still
few studies on the application of MWP technology in the
treatment of oily sludge, and the recovery and utilization
of pyrolysis oil require safety testing.

3.1.4.3 Sludge particle size The sludge particle size is
also an important factor in the pyrolysis process, which
can affect the intensity and distribution of the
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Table 1 The product yields of microwave pyrolysis sludge under different moisture content and operating conditions

Sludge source Composition Pyrolysis Pyrolysis Catalysts/  Pyrolysis Pyrolysis Pyrolysis Ref.
conditions/ temperature microwave carbon oil yield gas yield
carrier gas (°C) absorbers  yield (wt%) (wt%)

(Wt%)

Wastewater sludge in  Moisture: 84.9 + 1.20 wt%; Volatile ~ Multimode- 400-800° Not 69-519 16.3— 14.8- [6]
a petrochemical plant. solids: 9.4 +0.11 wt%; Ash: 5.6 + microwave reported 20.3¢ 29.5¢

0.06 wt%; Combustibles™ 629+ 15 oven; Ny;

wit%; Ash®:37.1 +0.85 wt%
Wastewater sludge in  Moisture: 32.6 + 2.5 wt%; Volatile 400-800° Not 65-42° 16.2—- 83-37.7¢
a chemical plant. solids: 39.3 + 1.8 wt%; Ash: 28.1 + reported 238

1.3 wit%; Combustibles®: 58.3 + 2.7

wito; Ash®41.7 + 3.1 wt%

Sludge in a Moisture:78%; Ash?: 42%;Volatile Multimode- 500-800° Not 40-36°  45-18%  15-46°  [12]

wastewater treatment matter®: 55%; microwave reported

plant. oven; Ar;

Sludge in the Moisture: 84.9 + 1.2 wt%; Solids: Multimode- 400-800° Not 57-69¢  14-20¢  15-299  [24]

wastewater treatment 15.1 + 0.3 wt%; Volatile: solids®: microwave reported

facility of a 62.9 +0.27 wt%; Ash®: 37.5+0.18 oven; Ny;

petrochemical plant.  wt%;

The dewatered high-  Moisture: 88.10 wt%; ash™: 61.88 Self-made 1131.7° SiC 783+39 30+07 170+£48 [29]

ash sludge from. In- wt%; organic substance®: 38.12 single-mode b o

dustrial wastewater wt%; for ash analysis indicated that and linear ad- 919.2 Graphite 843+73 34+07 108434

treatment plant the contents of Si, Fe, and Al were  justable micro-  1003.5° Pyrolysis 825+45 35406 12151

more than 10.10 wt% and all wave oven; Ny; residues
existed in the form of oxides.

Sludge in the Moisture: 78 wt%; Ash®:17.5 wt%; Modified 450-600¢ ZSM-5 SiC 62.3— 16.5— Not [34]

metropolitan Volatile matter®: 82.2 wt%; Fixed microwave balls 3309 280¢ reported

wastewater treatment carbon® 0.3 wt%; oven; Vacuum;

plant.

The remaining sludge  Moisture:84.3%; ash®: 46.72%; Single-mode 500-900° Not 700 + 145+ 113+ [35]

in the 5 secondary organic substance®: 50.42%; fixed and linear reported 34- 0.7- 0.6—

sedimentation tank of carbon® 2.86%; C, H, N and S* adjustable 60.0 + 144 + 235+

a sewage treatment 2886 wt%, 7.35 wt%, 388 wt% and  microwave 2,04 0.54 114

0y . .
plant. 08I with. oven; Ny 10wt% Ca0 652+ 155+  171%
27— 0.7- 0.8-
510+ 158+ 331+
08° 06° 16°
10 wt% 702+ 115+ 151+
Fe,05 29- 0.5- 0.7-
550+ 144 + 295+
14° 06" 08"
Sludge in urban Moisture: 80 wt%; Ash™: 24.5%; Multimode- 490° Not 394 498 108 [36]
: o o ;
wastewater treatment Volatile matter®: 75.5%; m\crgwaye 330-1200° reported 773- 1832729 44-602°
plants. oven; N; d
326
“Dry base

PMaximum quantity
“Optimal amount

9Process temperature value or addition amount. Indicating the temperature range of the pyrolysis process or the added amount, and corresponds to the range of

the pyrolysis product yield

microwave field, thus affecting the microwave absorption
efficiency of sludge [27].

The effects of sludge particle size on MWP are mainly
as follows: (1) the heating rate of sludge particles and
the volatile precipitation rate; (2) the heat and mass
transfer rate; and (3) the contact area between the gas/
solid phase and the catalysis between the gas/solid
phases [14]. Basically, the specific surface area of sludge
increases with the decrease of sludge particle size, which
promotes the catalysis of the solid phase and increases

the gaseous phase products [14]. At present, there are
few pieces of research on the effects of sludge particle
size in MWP and its mechanisms of action, and it is ur-
gent to carry out relevant research.

3.1.5 Catalysts

Apart from the above factors, adding an appropriate
amount of catalyst in MWP could effectively reduce the
activation energy of pyrolysis reaction and the
temperature required by the reaction, which provides a
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Table 2 The product yield of sludge impurities with different oil content under different microwave pyrolysis conditions
Sludge source Composition Pyrolysis Pyrolysis Catalyst/ Pyrolysis Pyrolysis Pyrolysis Ref.
conditions/ temperature microwave carbon oil yield gas yield
carriergas  (°C) absorbers  yield (wt%) (wt%)
(Wt%)
Qily sludge in the crude Moisture: 28,67 wt%; Sludge Ny; 890° The 323-83- 563- 114-Not  [15]
oil storage tank of a combustibles: 68.85 wt9%; Ash: 2.48 granular- 149° 775- reported-
petroleum refinery plant  wt%; Oil: 45.21 wt%; activated 68.6° 16.5¢
carbon: 0—
10-15%
Waste automotive Containing the harmful substances N, 400 Particulate 67 8 25 [16]
engine oil in an MG-ZT  such as soot and PAHSs, as well as carbon
diesel car additive impurities such as 430 46 28 26
chlorinated paraffins and 500 16 58 26
olychlorinated biphenyls.
Pov pheny 550° 5 69° 26
600 7 65 28
650 9 55 36
700 8 34 56
Qily sludge in Shengli Moisture® 5.88 wt%; TPH?9; 95300 Multimode- 300 Not 99,5¢ [19]
Qil Field mgkg™'; C* 1054 wt%; N* 0.14 microwave reported 916"
wit96; H*:1.58 wt9%; 5% 0.20 wit%; oven; Ny;
Waste shipping oil in Containing metal particles, soot and 1 kW 400 20 wt% 59 20 21 [26]
the diesel engine of other scum, and high microwave 500 Activated 1 60 30
fishing boats concentrations of potentially oven; Ny; carbon
hazardous compounds (such as 600 10 66 24
PAHs, metals and soot)
Oily sewage generated ~ Moisture: 31.03 wt%; Volatile: 6586  Monomodal 500 Not 4.7 859 93 [37]
during crude oil wt%;Ash: 1.67 wt%; microwave reported
extraction on the Bohai oven; Ny;
Sea oil production
platform, China.
Soil contaminated with ~ Moisture: 4.9 wt%;TPH?: 40-110g Domestic Not reported 2.5 wt% 41.3¢ [38]
heavy furnace oil (HFO  kg™'; pH: 6.83; microwave Spent 878°
Grade V) oven; He; graphite ’
91.2°¢

“Dry base
PMaximum quantity
“Optimal amount

9Process temperature value or addition amount. Indicating the temperature range of the pyrolysis process or the added amount, and corresponds to the range of

the pyrolysis product yield
€0il removal efficiency
fOil recovery efficiency

9Total Petroleum Hydrocarbon

possibility for MWP technology in the application of
sludge recycling [35]. Adding catalysts to the pyrolysis
process could improve the yield and quality of pyrolysis
gas, and directional production can be realized. How-
ever, the residence time of pyrolysis steam through the
catalyst increases, which easily leads to the pyrolysis and
carbonization of volatile compounds, thus reducing the
yield of pyrolysis oil. For pyrolysis residues, using the
catalysts can improve the yield of pyrolysis residues [20].

The commonly used catalysts are mainly zeolite cata-
lysts (ZSM-5, HZSM-5) and metal oxide catalysts (CaO,
Fe,03), etc. The yield of pyrolysis oil is reduced by using
ZSM-5 as a catalyst in the MWP of sludge. Due to the
high selectivity of ZSM-5 to aromatics, the quality of
pyrolysis oil is improved [34]. As reported by Xie et al.
[20], HZSM-5 catalyst has high stability in the process of

microwave-assisted pyrolysis of sludge, and report the
effects of pyrolysis temperature and catalyst ratio on the
product distribution and composition of pyrolysis oil.
When CaO and Fe,Oj as catalysts, CaO is conducive to
acquiring pyrolysis gas in the MWP process, while
Fe,O3 is better for pyrolysis oil. Moreover, the catalyst is
affected by pyrolysis temperature in the MWP. The
quality of pyrolysis oil catalyzed by CaO has the best
quality at 800 °C, and CaO can directionally catalyze the
production of large amounts of H,. However, Fe,O3 can
directionally catalyze the production of large amounts of
CH, at 900 °C [35].

Due to the rapid rise of temperature and short pyroly-
sis process of materials during the MWP, the deactiva-
tion of catalysts caused by sintering and coking at high

pyrolysis temperature may occur. Therefore, the
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appropriate pyrolysis temperature should be selected for
the effective use of catalysts in MWP.

3.2 Harmful products during MWP of sludge

Compared with CP, MWP sludge produces less harmful
substances, but there are still harmful components pro-
duced, which impact the environment. Therefore, this
section will analyze the harmful products produced in
the process of sludge treatment by MWP technology.

3.2.1 Harmful gas products

The content of organic components in sludge residues
gradually decreases with the increase of MWP
temperature, such as C, H, O and N. These elements
generate H,, CH, and CO and some oily products con-
taining nitrogen or oxygen [29]. CO, generated by
MWP can be self-volatilized with sludge residues, which
leads to the concentrations of CO, and CH, in MWP
gas products to 50 and 70% lower than that in CP gas
products, respectively [39]. For the following reasons, ex-
cept for electromagnetic energy acting on chemical
bonds, the higher the temperature of MWP is, the more
it is conducive to the water/gas conversion reaction and
the cracking of long-chain alkanes. The presence of
water vapor promotes the steam reforming reaction of
volatile substances and the partial gasification of solid
carbon-containing substances, leading to increased CO
production with the increase of temperature [40]. Mean-
while, methane reforming is caused by the heteroge-
neous reaction between solid residues and volatile
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substances assisted by microwave, which can explain the
decrease of CO, and CH, content and the increase of
H, and CO production in the gas obtained from MWP
[32]. MWP process dramatically reduces the production
of H,S at the same time [14, 15]. Figure 3 shows the
production pathway of H,S in MWP and CP processes.
The first three pathways exist in both pyrolysis, while
the fourth pathway only exists in CP. It can be seen from
Fig. 3 that the production pathway of H,S in the pyroly-
sis process is as follows [41]:

(1) The unstable mercaptan structure in sludge de-
composes to H,S when the temperature is lower than
300°C. (2) The unstable aliphatic-S compounds in tar
decompose to H,S at 300-500 °C. (3) Aromatic-S com-
pounds in tar decompose to H,S at 500-800 °C. (4) The
stable thiophene-S compounds decompose to H,S at
700-800 °C in CP.

The decomposition of aromatic-S and thiophen-S
compounds resulted in a significant increase in the
yield of H,S in CP. However, CaO in coke is pro-
moted to react with H,S due to its unique heating
characteristics and short residence time in MWP, and
secondary cracking of thiophen-S compounds is
inhibited, significantly reducing the generation of H,S
[41]. The higher pyrolysis temperature of MWP also
promotes the conversion of sulfur into inorganic sul-
fur with higher stability in pyrolysis carbon. More-
over, microwave reduces the specific surface area of
biochar, which is also conducive to solidifying the sul-
fur elements in sludge [29].

H,S H,S | H,S . H,S
A A | A " A
( \(1)1 1 @ 1 I
1 '—:—a Aliphatic-S : 1 3) :
M t 1 1 1
Srcapan 1 Aromatic-S T ' C))

1 1 Thiophene-S I
I | |
: Thiophene-S : :
I I - I
) LS [ I
Thiophene T Stable + Thiophene-S +
1 mercaptan 1 S, I
I — | - I

FZO °C®300 °C 500 °C 700 °C 800 °C

l&— Three conversion pathwaysin common for microwave —) Addx.nona.l_)'
and conventional pyrolysis bathw ay for
conventional
pyrolysis
Fig. 3 Sulfur transformations in the pyrolysis processes [41]
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In conclusion, MWP technology reduces the emission
of carbon dioxide and hydrogen sulfide, increases the
calorific value of pyrolysis gas, and reduces the harm to
the environment.

3.2.2 PAHs

PAHs have anti-biodegradability and carcinogenicity,
while liquid phase products produced by CP sludge con-
tain a large number of PAHs, which are mainly formed
by the following two ways [32, 42, 43]:

(1) Diels-Alder reaction for the formation of PAHs.
While alkanes generate olefins and dienes under de-
hydrogenation reactions, and cyclization and subsequent
aromatization generate aromatic compounds during pyr-
olysis to form PAHs, Microwaves can enhance the Diels-
Alder reaction to cyclize single alkenes and conjugated
dienes (including their derivatives) at higher tempera-
tures to form more cyclohexene and its derivatives [32,
42]. Its mechanisms are shown in the Fig. 4. (2) In sec-
ondary pyrolysis reaction, light aromatic hydrocarbons
are condensed with acetylene to form a small amount of
PAHs in the gas phase.
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The production of PAHs is closely related to pyrolysis
conditions in MWP, the rapid heating rate increases the
evaporation rate of organic vapors, causing the rapid
quenching of light aromatic compounds and inhibiting
the condensation reaction. Therefore, functional groups
can be retained until pyrolysis is completed, such as ali-
phatic and oxidizing compounds of sludge, and polycyc-
lic aromatic compounds will not be generated [28].
PAHs mainly exist in liquid products for the content dis-
tribution of PAHs in the three-phase products after pyr-
olysis. The intensity of cracking and dehydrogenation in
MWP can reduce high molecular weight PAHs and im-
prove synthesis gas quality, resulting in a lower PAH
content in gas-phase products. In terms of the types of
PAHs contained in solid residues, Lin et al. [44] mea-
sured about 26 PAHs in MWP residues, including 16
PAHs and 10 nitro-PAHs. When the pyrolysis
temperature is 800 °C, 2—3 rings of naphthalene, phen-
anthrene and anthracene are the main PAHs, whose
content has been significantly reduced. The content of
5-6 rings of benzo(a) pyrene, indeno (1,2,3-cd) pyrene
and dibenzo(a,h) anthracene is the lowest. As reported
by Xu et al. [45], the residues hardly contain over 4-

(1) Dehydrogenation of Alkanes to Alkanes/Dienes

e T W > 1,3-Butadiene
(2) Cyclisation
i ™
+ “%| Cyclohexene
\ \/
3) Aromatisation
G P
—_ Q Benzene
Mg

(4) Example formation route for PAH

Fig. 4 Diels—Alder reaction for the formation of polycyclic aromatic hydrocarbons [42]
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rings PAHs after high-temperature pyrolysis. MWP can
produce less PAHs than CP by selecting appropriate pyr-
olysis parameters to reduce the risk of toxicity.

3.2.3 Heavy metal ions in solid and liquid phases

MWP residues have significant immobilization effects on
heavy metal ions, significantly reducing the number of dis-
solved heavy metals. The mechanisms of immobilization of
heavy metals are that the carbon obtained from MWP has
small pores by selecting appropriate pyrolysis temperature,
and can make residues appear glassy and improve the fix-
ation efficiency of heavy metals, which reduces the leaching
capacity of organic matter and heavy metals.

In the pyrolysis process, the mechanisms of metal mi-
gration are as follows [1]: weak acid extraction of metal
state due to dehydration consolidation function decom-
position, gradually transformed into oxidation state or
state residue. As the pyrolysis temperature rises, vitreous
residual lattices damage and speed up the release of
heavy metals, leading to cut down the content of the
heavy metal residue state. Meanwhile, some of the or-
ganic matter escapes under the high-temperature and
heavy metal residue state is released into the environ-
ment, part of the particle adsorption, the rest reacts to
form a reducible state. Thus, a highly alkali environment
is formed in MWP, resulting in the formation of a large
number of particles containing metal elements on the
surface, which contributes to the stability of heavy
metals [1, 46]. A schematic diagram of metal migration
in the pyrolysis process is shown in Fig. 5.

In addition, after pyrolysis of sludge at high tempera-
tures, some vitrification pyrolysis residues can be ob-
tained. Figure 6 shows the SEM diagram of the residues
obtained after CP and MWP of sludge. It can be seen
that different from the porous texture of the residues
generated by CP, the solid residues of MWP are glassy,
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and the heavy metals remaining in the residues can be
embedded in the glassy residues tightly [39].

For liquid-phase products, Lam et al. [23] performed
oily sludge in MWP and found that the content of heavy
metal ions in pyrolysis oil is significantly reduced, the
Cd and Cr decreased by 46 and 32% respectively, and
the total content of Cu, Ni, Pb, Zn and Fe decreased by
93-97%. There are three possible reasons for the de-
crease of heavy metal ion content in the pyrolysis oil ob-
tained by MWP technology [13]:

(1) Microwaves produce local hot spots, which weaken
the bonding force between metal and four different nitro-
gen atom rings in the porphyrin ring, and promote the re-
lease of metal ions from the pyrolysis oil to solid residues.
(2) In pyrolysis oil, heavy metal ions exist in the form of
polar salts, significantly enhancing heavy metal removal
ability. (3) The difference in dielectric properties and mag-
netic properties of the absorbers improves the selectivity
of removing heavy metal ions from the pyrolysis oil and
the yield of the pyrolysis oil is not affected.

In conclusion, the content of heavy metals in pyrolysis
oil is effectively reduced after the treatment of sludge by
MWP, which indicates that the microwave radiation and
the addition of absorbers have essential effects on the so-
lidification of heavy metals in pyrolysis residues. However,
more details such as the interaction of complex compo-
nents and the immobilization of free heavy metal ions in
the MWP process have not been clarified, and the treat-
ment mode of pyrolytic carbon after heavy metal enrich-
ment and the migration behavior of heavy metals in
pyrolysis gas products also need to be further studied.

3.3 Summaries of MWP

3.3.1 Differentiation between CP and MWP

At present, the MWP industry has broad prospects. In
general, due to the unique method of microwave
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Fig. 6 SEM microphotographs of the solid residues obtained in the electric (Vef) and microwave furnaces (Vmw) [39]

heating, there are many differences in the heating mode
of materials, process equipment, influencing factors of
the pyrolysis process and pyrolysis products. The organic
components of raw materials absorb microwave energy
in MWP, which destroys the branches and part of the
main skeleton of organic macromolecules to form free
radical carbon chains. These small molecular fragments
recombine to form condensable products, such as aro-
matics, aliphatic hydrocarbons, and some non-
condensable products. These products escape from pyr-
olysis residues in the form of volatile compounds and
are discharged from the pyrolysis system via carrier gas
[47]. The high efficiency of microwave heating can in-
hibit the secondary reaction in the solid phase and im-
prove the quality of pyrolysis oil and pyrolysis gas. This
section also sorts out the differentiation between CP and

3.3.2 Products recyclability of MWP

In the form of microwave heating, the controllability and
immediacy of the MWP temperature are conducive to
the fixation of the enriched metals in the carbon-
containing matrix, thus reducing the possibility of re-
lease into the food chain in the soil [48]. Biochar can be
used as the microwave absorber for product recycling to
participating in in-situ pyrolysis. Moreover, it also has
been shown to have a variety of uses, such as solid fuels,
soil conditioner and flue gas purification applications,
construction materials or contaminated site remediation.
The obtained pyrolytic oil can replace some fossil fuels,
and be used to produce energy and chemicals, or be
used as a substitute for asphalt [5]. However, the assess-
ment of risk characteristics of pyrolysis oil must be car-
ried out systematically for safety use [49]. Microwaves

MWP, as shown in Table 3. can promote heterogeneous catalytic reactions by
Table 3 The differentiation between conventional pyrolysis and microwave pyrolysis
Differentiation Conventional pyrolysis (CP) Microwave pyrolysis (MWP) Ref.
Heating mode Conventional heat source heating Microwave heating [7, 8]
Energy conversion  Chemical energy, electrical energy, etc, into Electromagnetic energy into heat energy [10]
heat energy
Heating path Superficial heating via conduction, convection,  In-core volumetric and uniform heating at molecular level [8]
and radiation
Heating Nonuniformity, tardy Selectivity, immediacy, uniformity, high efficiency [9, 19, 27]
characteristics
Pyrolysis process Slower, longer time Faster, shorter time [8, 16]
Main influencing Pyrolysis temperature, heating rate, catalyst Pyrolysis temperature, heating rate, microwave absorbers, sludge  [12, 21,
factors properties 23, 24]
Pyrolytic products  Pyrolysis residues, pyrolysis oil, pyrolysis gas Pyrolysis residues, pyrolysis oil, pyrolysis gas, the quality of [26]
pyrolysis oil/gas is better
Harmful products  Relatively more, strong carcinogenic character  Relatively few, little carcinogenic character [32, 39,
41-43]
Energy output rate  Relatively low utilization rate Relatively high utilization rate [37]
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interacting with biochar to generate microplasmas and
hot spots, which helps to increase the content of syngas
in biogas to replace biogas [47].

4 Conclusions

The research on microwave pyrolysis sludge mainly fo-
cuses on the differentiation between MWP and CP and
optimizing the microwave pyrolysis process, while there
are relatively few studies on the mechanisms of micro-
wave pyrolysis, energy conversion, heat and mass trans-
fer, and other issues. Although the pyrolysis conditions
(pyrolysis temperature, heating strategy, microwave ab-
sorbers, sludge properties, catalysts etc.) can achieve the
directional control of the pyrolysis target products, due
to the complex composition of sludge, the influencing
mechanisms and regulation mechanisms of various pyr-
olysis factors have not been clearly defined, and there
are also disputes on the input of high-grade electric en-
ergy for microwave pyrolysis. At present, there are two
trends in the development direction of microwave pyr-
olysis sludge: one is the safety assessment of microwave
pyrolysis products to improve the recycling of sludge
disposal; the other is the energy analysis of microwave
pyrolysis technology to achieve the purpose of reducing
energy consumption and saving resources. Therefore,
subsequent studies on microwave pyrolysis sludge can
be carried out from the following aspects:

(1) The mechanisms of microwave absorbers and the
in-situ participation of pyrolysis residues in the pyrolysis
process. (2) The content and migration of heavy metals
in pyrolysis oil and pyrolysis gas to enhance the safety of
oil and gas products. (3) The kinetic equation of micro-
wave pyrolysis sludge should be established to solve the
energy efficiency ratio under different operating condi-
tions to provide basic data for the process optimization
of microwave pyrolysis sludge. (4) The preparation of
microwave absorbing catalysts with good wave absorbing
performances and high catalytic activities. (5) The design
of large microwave pyrolysis reactors and the application
of microwave pyrolysis sludge processes.
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