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Abstract: Residue char is the main by-product of the microwave-assisted pyrolysis of activated sludge
and it has a high content of fixed carbon and porous structure, but little is known about its character
as an absorbent. In this study, residue char of activated sludge with microwave-assisted pyrolysis
was used as an adsorbent to absorb methylene blue. The effects of pyrolysis temperature, pyrolysis
holding time, contact time, and adsorption temperature on the adsorption ability of residue char
were investigated. Kinetics, isotherm, and thermodynamic models were also included to study the
adsorption behavior. The results showed that the optimal pyrolysis condition was 15 min and 603 ◦C,
and the adsorption capacity reached up to 80.01 mg/g. The kinetics analyses indicated the adsorption
behavior followed the pseudo-second-order kinetics model and the adsorption process was mainly
due to chemical interaction. The adsorption isotherm was described by Freundlich model and thus,
its process was multimolecular layer adsorption. Furthermore, the thermodynamics parameters
(∆G0, ∆H0, and ∆S0) at different temperatures indicated that the nature of the adsorption process was
endothermic and spontaneous.

Keywords: sewage sludge; residue char; microwave pyrolysis; adsorption; methylene blue

1. Introduction

In recent years, eliminating dyes from wastewater has attracted great attention [1,2]. Synthetic
dyes are widely applied in various industries, including leather, textile, printing, cosmetics, and food
processing [3]. The components of dyes are complicated, consisting of aromatic rings and azo and amino
groups, which make them toxic, carcinogenic to aquatic life, and difficult to degrade [3]. Methylene blue
is considered as one of the most commonly used dyes [4,5]. During recent years, various technologies
have been adopted to eliminate dyes from wastewater, such as photocatalysis, advanced oxidation
processes, biodegradation, electrochemical removal, and ultrafiltration [6,7]. However, the process of
these methods is complex and has high costs, which limit their application in wastewater treatment.
Adsorption is thought to be a promising technology, due to its simple treatment process, high efficiency,
and wide applicability [8–22].
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With the development of urbanization and rapid growth of population, urban sewage is discharged
increasingly, meanwhile, the wide application of the activated sludge process making the amount of
discharged sludge has increased [23]. There are a variety of hazardous materials that exist in the sludge,
such as organic matter, metal ions, and pathogenic microorganisms [24,25]. The disposal of sludge
has become a great challenge for society. The application of conventional disposal methods such as
landfill, incineration, composting, and sea dumping is restricted, due to their negative influence and
potential risk on the environment [26].

Microwave pyrolysis technology as a new method in treating sludge, biomass, and different organic
wastes has aroused significant attention, since it has remarkable advantages, including volumetric
heating, a substantial increase in product value, less polycyclic aromatic hydrocarbons released than
traditional pyrolysis, energy-saving, and cost effectiveness [27,28]. Major research has concentrated
on the production of bio-oil and fuel gas [29]. Lin et al. [30] investigated the microwave-assisted
catalytic pyrolysis of sewage sludge for bio-oil production and found that bio-oil is mainly formed in
the pyrolysis temperature range of 200~400 ◦C. The higher heating rate (faster pyrolysis rate) both
improved the yield and quality of bio-oil. Dominguez et al. [31] found that the gas generated by
microwave pyrolysis sludge contains a large amount of H2 and CO, and the content of aromatic
compounds and aliphatic compounds in oil is higher compared with conventional pyrolysis. However,
as the main by-product, there are few studies focusing on the residue char, which contains a high content
of fixed carbon and complex pore structure. Thus, it is reasonable to use it as an adsorbent [32–37].

Therefore, the main purposes of this study were to (i) examine the adsorption capacity for
methylene blue of residue char derived from activated sludge by microwave-assisted pyrolysis;
(ii) investigate the influences of pyrolysis temperature, pyrolysis holding time, adsorption temperature,
and contact time on the adsorption capacity of residue char; (iii) interpret the underlying mechanism
on adsorption behavior using the kinetics, isotherm, and thermodynamics models. This work provided
a feasible method for the resource utilization of sewage sludge, and the presented results are helpful to
further understand the adsorption capacity of residue char for methylene blue.

2. Materials and Methods

2.1. Preparation of Residue Char

Activated sludge used in the experiment was obtained from Jingzhou municipal wastewater
treatment plant. About 1 m3 sludge was dried at 105 ◦C for 24 h, then, ground until passing 120-mesh
for analysis. The filtered sludge was used to produce the residue char using the microwave-assisted
pyrolysis apparatus (Figure 1).
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Briefly, the dried sludge and the residue char obtained from the last experiment were mixed in
a certain proportion, and then, the mixture was put into the sample cell and pyrolyzed at a certain
temperature. While the effects of added precursor char quality were not rigorously controlled by
this methodology, the precursor char was expected to have a negligible effect on the resultant char.
The condensed tar produced by pyrolysis was collected and the non-condensable gases were discharged
into the atmosphere. Finally, the residue char in the sample cell was crushed and then, passed through
a 120-mesh sieve, and the generated residue char was used for the subsequent adsorption experiment.
Table 1 shows the ultimate and proximate analysis of activated sludge. Figure 2 shows the SEM images
of the residue char. To investigate the influence of pyrolysis temperatures on the adsorption capacity of
the generated residue char, we used the residue char generated at four different temperatures (437, 512,
603, and 700 ◦C) to conduct the adsorption experiment.

Table 1. Ultimate and proximate analysis of activated sludge.

Ultimate Analysis (%) Proximate Analysis (%)

C H O N S Volatile matter Fixed carbon Ash
19.7 3.2 23.2 3.4 0.5 18.4 38.6 43.1
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2.2. Adsorption Procedures

For the kinetics study, 0.1 g residue char and 100 mL methylene blue solution (C0 = 100 mg/L) were
added in a conical flask and then, stirred at 20 °C. Samples were taken at series time intervals, including
15, 30, 45, 60, 90, 120, 180, and 240 min. The concentrations of methylene blue were analyzed using
the CARY 50 Prob UV–vis spectrophotometer (Varian, California, United States) at the wavelength of
665 nm. All the experiments were conducted in triplicate to calculate the average value and standard
deviation. The adsorption capacity of residue char was calculated by Equation (1):

q =
(C0 −Ct)V

m
(1)
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where q (mg/g) is the adsorption capacity; C0 and Ct (mg/L) are the concentrations of methylene blue at
initial and time t, respectively; V (mL) is the volume of solution; m (g) is the weight of adsorbent.

The equilibrium adsorption experiment was performed by adding the 0.1 g of residue char into a
series of conical flasks containing 100 mL methylene blue solution of various concentrations (80, 100,
120, and 140 mg/L). The flasks were stirred at 20 ◦C for 240 min, then, the samples were withdrawn and
filtered to measure methylene blue concentrations. Besides, the study was also conducted at 25, 30, 35,
and 40 ◦C to explore adsorption thermodynamics. All the adsorption experiments were conducted in
an incubator with a maintained temperature.

2.3. Adsorption Kinetics

The pseudo-first-order, modified pseudo-first-order, and pseudo-second-order kinetics model
and the intraparticle diffusion model were used to describe the adsorption kinetics process [38].
The pseudo-first-order kinetic model can be expressed as:

ln(qe − qt) = ln qe − k1t (2)

The pseudo-second-order kinetics model can be described as [39–41]:

t
qt

=
1

k2q2
e
+

t
qe

(3)

The rate constant k1 of pseudo-first-order kinetics model can be modified as:

k1 = K1
qe

qt
(4)

Then, the modified pseudo-first-order kinetics model is expressed as:

qt

qe
ln

(
1−

qt

qe

)
= −K1t (5)

The intraparticle diffusion model is defined by the equation:

qt = kpt0.5 + C (6)

where qe and qt (mg/g) are the amount of adsorbed methylene blue on residue char at adsorption
equilibrium and time t. k1 (min−1), k2 (g·mg−1

·min−1), K1 (min−1), and kp (mg·g−1
·min−0.5) are

the rate constants of the pseudo-first-order model, the pseudo-second-order model, the modified
pseudo-first-order kinetics model, and the intraparticle diffusion model, respectively [42].

2.4. Adsorption Isotherms

The Langmuir isotherm model assumes that the adsorption of methylene blue on residue char is
monolayer and homogeneous; the model can be expressed as follows [43]:

1
qe

=
1

qmKLCe
+

1
qm

(7)

The Freundlich isotherm model is an experimental model based on the non-ideal and multilayer
adsorption on the heterogeneous adsorbent surface, and can be described as [44]:

ln qe = ln KF −
1
n

ln Ce (8)
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where qe (mg/g) is the adsorbed amount of methylene blue on residue char and qm (mg/g) is the
maximum adsorption amount. Ce (mg/L) is equilibrium concentration. KL (L/mg) is the Langmuir
constant. KF (L/mg) is the Freundlich constant, representing the adsorption capacity. n is the constant
related to the adsorption intensity, and a value of 1/n ranging between 0 and 1 indicates the adsorption
is favorable [45].

2.5. Adsorption Thermodynamics

Adsorption thermodynamics were used to evaluate the effect of temperature on the adsorption
process. The adsorption thermodynamics parameters ∆H0, ∆S0, and ∆G0 can be calculated by the
following equations:

∆G0 = −RT ln KC (9)

ln KC = −
∆H0

RT
+

∆S0

R
(10)

where R (8.314 J/(mol·K)) is the gas constant, KC is the equilibrium constant at different temperature,
T (K) is the temperature, calculated from the intercept of the plot of ln(qe/Ce) against qe. ∆H0 and ∆S0

can be calculated from the slope and intercept by plotting lnKC against 1/T [46].

2.6. The Apparent Adsorption Activation Energy

Supposing that the ∆H0 and ∆S0 during the adsorption process are less affected by temperature
and can be ignored, the type of adsorption might be determined by the Arrhenius equation [47]:

ln k = −
Ea

RT
+ C (11)

where Ea (kJ/mol) is the activation energy, k is the adsorption rate constant, C is the constant,
R (8.314 J/mol K) is the ideal gas constant, and T (K) is the temperature.

3. Results and Discussion

3.1. Effect of Pyrolysis Temperature

Pyrolysis temperature plays a critical role in affecting the pore structure and the adsorption
property of the residue char. The ideal temperature cannot be reached by directly microwave heating,
since most of the components in the activated sludge are not easily heated by microwave [48]. However,
the main component of the residue char is fixed carbon, which is good at absorbing microwaves [49].
Salema et al. [50] investigated the effect of char as a microwave absorbent on the microwave pyrolysis
of oil palm biomass, and found that the addition of char could improve the heating rate and the
microwave pyrolysis products such as bio-oil, char, and gas depends on the proportion of biomass
and microwave absorbent. Thus, in this experiment, pyrolysis temperature was changed by adding a
certain amount of residue char (5%, 7.5%, 10%, and 12.5%) obtained from the last experiment into the
activated sludge.

Figure 3 shows the adsorption capacity for methylene blue of residue char generated under
different pyrolysis temperatures. The adsorption capacity increased rapidly from 40.06 mg/g at 240 min
to 80.08 mg/g at 120 min with increasing pyrolysis temperature from 437 to 603 ◦C. This was attributed
to the pyrolysis temperature not being high enough to release the volatile matter completely. When the
temperature was up to 700 ◦C, the adsorption capacity decreased.
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Figure 3. The effect of pyrolysis temperature on adsorption of char.

In previous studies, Chun et al. [51] found that with the temperature increased, the carbonization
reaction of residue char became more complete and the porous structure of the char was gradually
developed and formed. According to Liu’s research, the high carbonization and porous structure
of residue char generated under high temperature (603 ◦C) possessed high chemical stability and
large specific surface area, which can provide a great number of adsorption sites for methylene
blue [52]. When the temperature rose to 700 ◦C, the carbon element volatilized and the carbon
skeleton structure collapsed, leading to decreased specific surface area and adsorption capacity [53].
Therefore, the pyrolysis temperature had a significant effect on the adsorption capacity of residue
char, and higher pyrolysis temperature treatment of residue char can improve its adsorption capacity.
To further describe the adsorption process of methylene blue onto residue char, four classical kinetics
models were used to simulate the adsorption kinetics. Fitting curves and parameters of kinetics
models are shown in Figure 4 and Table 2, respectively. The correlation coefficient indicated that the
pseudo-second-order kinetics model could best fit the adsorption process with R2 ranging from 0.9776
to 0.9952, suggesting the adsorption process for methylene blue on residue char was due to chemical
adsorption interaction. Moreover, under the condition of the pseudo-second-order kinetics model, the
calculated adsorption capacity of residue char at equilibrium enhanced from 66.67 to 89.29 mg·g−1 as
the pyrolysis temperature rose from 437 to 603 ◦C. The adsorption rate constant had the same result
which increased from 1.05 × 10−4 to 5.24 × 10−4 g/(mg min) with the rising of pyrolysis temperature.
These results are consistent with the above result (Figure 3) that elevating pyrolysis temperature was
favorable to improve the adsorption capacity of residue char. Franca et al. [54] investigated the ability
of coffee press cake treated by microwave pyrolysis for removing methylene blue; when the initial
concentration increased from 100 to 750 mg/L, the adsorption capacity increased from 8.7 to 60 mg/g
and the rate constant up to 0.0393 g·mg−1

·min−1. Fan et al. [55] studied the co-pyrolysis of sewage
sludge and tea waste for the removal of methylene blue. The maximum rate constant was up to
0.2744 g·mg−1

·min−1, much higher than the result in this paper, the adsorption capacity only 15 mg/g.
Both the adsorption kinetic could be satisfactorily fitted by the pseudo-second-order model, consistent
with this paper.
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Figure 4. Effect of pyrolysis temperature on adsorption kinetics of char. (a) pseudo-first-order kinetics
model; (b) pseudo-second-order kinetics model; (c) modified pseudo-first-order kinetics model; (d)
intraparticle diffusion model.

Table 2. Fitting parameters for different kinetics models.

Pyrolysis temperature (◦C) 437 512 603 600 600
Pyrolysis holding time (min) 15 15 15 10 5

Pseudo-first order kinetics
qe (mg·g−1) 47.17 96.66 84.28 69.46 56.49
k1 (min−1) 0.016 0.033 0.035 0.029 0.026
R2 0.902 0.980 0.982 0.957 0.960

Pseudo-second order kinetics
qe (mg·g−1) 66.67 86.21 89.29 84.75 74.07
k2 × 10−4 (g·mg−1

·min−1) 1.05 2.6 5.24 3.89 4.2
R2 0.977 0.984 0.995 0.988 0.982

Modified pseudo-first order kinetics
qe (mg·g−1) 52.63 125.5 122.3 95.78 77.28
K1 (min−1) 0.010 0.028 0.031 0.024 0.021
R2 0.905 0.944 0.969 0.951 0.966

Intraparticle diffusion model

kp1(g·mg−1
·min−0.5

) 3.758 8.097 9.732 10.08 9.381
R2 0.995 0.991 0.996 0.999 0.998
kp2(g·mg−1

·min−0.5
) 1.600 0.263 0.426 0.464 0.500

R2 0.968 0.918 0.698 0.832 0.968

3.2. Effect of Pyrolysis Time

Figure 5 shows the influence of pyrolysis holding time (5, 10, and 15 min) on the adsorption
capacity for methylene blue of residue char. The amount of adsorption of different residue char
increased quickly within 120 min and most of the methylene blue was adsorbed in the first 60 min,
and the reaction gradually reached the adsorption equilibrium in 240 min. The adsorption capacity (qe)
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of different residue char ranged from 63.14 to 80.08 mg/g, and the adsorption capacity of residue char
significantly enhanced with the pyrolysis holding time increasing. It was attributed to the porosity
being enhanced and the blocked entrances of pores were cleared at a relatively long retention time [56].Processes 2020, 8, x FOR PEER REVIEW 8 of 15 
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Figure 5. The effect of pyrolysis time on adsorption of char.

Figure 6 presents the kinetic curves about the adsorption of methylene blue onto residue char
obtained at different pyrolysis holding times, and the fitting parameters of four kinetics models are
listed in Table 2.
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Figure 6. Effect of pyrolysis time on adsorption kinetics of char. (a) pseudo-first-order kinetics model;
(b) pseudo-second-order kinetics model; (c) modified pseudo-first-order kinetics model; (d) intraparticle
diffusion model.
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The pseudo-first-order kinetics equation can describe the initial stage of adsorption well, but as
the adsorption process goes on, the measured adsorption data gradually deviated from the fitted curve.
Since the pseudo-first-order kinetics model needs to know the qe before fitting the curves, it is difficult to
accurately measure the equilibrium adsorption amount. The correlation coefficient R2 of the modified
pseudo-first-order kinetics model is 0.9517–0.9690. However, the calculated equilibrium adsorption
qe is quite different from the experimental value, indicating that the modified pseudo-first-order
kinetics model cannot describe the adsorption process well. In contrast, the pseudo-second-order
kinetic model fitted the adsorption process well (R2 = 0.9828–0.9952), since the model reflected a
comprehensive adsorption mechanism of methylene blue on residue char: the external liquid film
diffusion, intraparticle diffusion, and equilibrium adsorption [57].

The intraparticle diffusion model was used to further investigate the adsorption mechanism
of methylene blue. The model suggested that if the plot of qt versus t1/2 is linear, the intraparticle
diffusion is the main mechanism in this adsorption process [58]. Figure 4d shows a multilinear plot,
suggesting the two phases of the methylene blue adsorption on residue char: the initial steep phase
and the horizontal phase. The initial rapid phase showed a straight line (R2 = 0.9911–0.9998) almost
through the origin, which indicated the intraparticle diffusion is the sole rate-limiting step controlling
this adsorption process. The fitted curve in the later slow phase (R2 = 0.6988–0.9681) showed the
adsorption process had reached the equilibrium stage, in addition to intraparticle diffusion, and there
were other factors that affect this process [59].

3.3. Equilibrium Isotherms

Figure 7 presents the adsorption isotherms of methylene blue on residue char at different
adsorption temperatures (20, 25, 30, 35, and 40 ◦C) with initial concentrations varying from 80 to
140 mg/L. The adsorption capacity significantly increased with an increase in equilibrium concentrations
and the residue char possessed the highest adsorption capacity when the temperature reached 40 ◦C,
which indicated that the improved adsorption temperature could enhance the adsorption ability of
residue char.
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The classic Langmuir and Freundlich isotherm models were used to describe the adsorption
process, and the fitting curves and parameters are listed in Figure 8. As shown in Table 3, the saturated
qm calculated from the Langmuir model was closer to that obtained from the experiment. However,
when the adsorption temperature gradually decreased, the R2 declined simultaneously, which indicated
that the Langmuir model did not fit the isotherm data very well. Conversely, the Freundlich
model exhibited a good simulation of the adsorption process with R2 varying from 0.9625 to 0.9914,
which shows that the adsorption is multimolecular layer adsorption [60]. As the adsorption temperature
increased, the n and KF increased, suggesting the residue char had stronger adsorption performance
at high adsorption temperature, which was consistent with the result of Figure 7. Besides, the KF
increased with the increment of temperature, suggesting that the adsorption process was endothermic.
The 1/n values between 0 and 1 showed that the adsorption process was favorable [61].
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Figure 8. Adsorption isotherms at different temperatures. (a) Langmuir isotherm model; (b) Freundlich
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Table 3. Parameters of isotherm models.

Temperature (K)
Langmuir Model Freundlich Model

qm/mg·g−1 KL/L·mg−1 R2 KF 1/n R2

293 90.09 0.672 0.857 60.3 0.101 0.962
298 90.09 0.948 0.873 64.5 0.087 0.977
303 92.59 1.038 0.949 67.3 0.085 0.989
308 95.24 1.400 0.942 70.5 0.081 0.991
313 95.24 3.387 0.963 77.6 0.060 0.983

3.4. Adsorption Thermodynamics

Figure 9a presents the plot of lnKC against 1/T. The parameters of thermodynamics at different
temperatures are listed in Table 4. The negative values of ∆G0 suggested that the adsorption process was
spontaneous [62]. The positive value of ∆H0 suggested that the adsorption process was endothermic,
and the result was confirmed by the fact that qm increased with increasing temperature [63]. The positive
value of ∆S0 reflects the increased randomness at the solid/liquid interface during the adsorption
process [64].

3.5. The Apparent Adsorption Activation Energy

The pseudo-second-order kinetics equation could better describe the adsorption process, thus,
the adsorption rate constant k was gained from the pseudo-second-order kinetics model. Figure 9b
presents the pseudo-second kinetic fitting curves of the adsorption of methylene blue on residue char
under various temperatures at 20, 30, and 40 ◦C, respectively. The values of R2 were 0.995, 0.995,
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and 0.996, and the values of k were 5.24 × 10−4, 5.79 × 10−4, and 6.18 × 10−4 g/(mg·min), respectively.
The activation energy was 6.30 kJ/mol, calculated from the slope of lnk versus 1/T shown in Figure 9c [65].
Low activation energies (5–40 kJ/mol) are characteristic of physisorption; higher activation energies
(40–800 kJ/mol) indicate the process is chemisorption [66].
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Table 4. Thermodynamic parameters at different temperatures.

Temperature (K) KC ∆G0 (kJ·mol−1) ∆S0 (J·mol−1·K−1) ∆H0 (kJ·mol−1)

293 9.860 −5.57

87.45 20.30
298 11.68 −6.09
303 12.51 −6.37
308 13.33 −6.63
313 17.85 −7.50

4. Conclusions

Residue char obtained by microwave-assisted pyrolysis of activated sludge presented a satisfactory
result on the adsorption of methylene blue. When the pyrolysis time is 15 min and the pyrolysis
temperature is 603 ◦C, the adsorption amount is up to 80.01 mg/g. The adsorption capacity increased
with the increment of pyrolysis temperature and holding time. The adsorption process can be
satisfactorily described by the pseudo-second-order kinetic model, which means the adsorption
process was mainly due to chemical interaction. The Freundlich model exhibited a good simulation
of the adsorption process, with R2 varying from 0.9625 to 0.9914, suggesting the adsorption was
multimolecular layer adsorption. The qm, kL, and kF increased with the increasing adsorption
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temperature and the thermodynamic constants ∆G0, ∆H0, and ∆S0 were −5.57 (at 20 ◦C), 20.30,
and 87.45 kJ/mol, respectively, which indicated the process was spontaneous and endothermic.
This study provides a theoretical foundation for the resource utilization of activated sludge.
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