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ABSTRACT

Low-temperature biochar was prepared by pyrolyzing municipal waste activated sludge and used
for the adsorptive removal of a cationic dye methylene blue (MB). It was observed that both the
as-prepared and demineralized sludge biochars pyrolyzed at 200°C (BC200) outperformed other
biochars for MB uptake. The sophisticated pore structure and suitable surface properties of sludge
biochar BC200 might facilitate the uptake of MB, in which the abundant surface functional groups
played the key role. The uptake of MB on both as-prepared and demineralized BC200 increased dra-
matically from pH 5, while the demineralized BC200 performed better than the as-prepared BC200 at
pH > 7. The experimental data was better fitted by the pseudo-second-order model, indicating a pos-
sible chemisorption process. The Langmuir model worked better to describe the isotherm data than
Freundlich model for both the as-prepared and demineralized BC200, suggesting a monolayer cover-
age of MB on both biochars. At 298 K, the g4, values for the as-prepared and demineralized BC200 were
177.6 and 184.9 mg/g, respectively, much higher than those of other biochars reported in literature.
The demineralized BC200 had an almost equivalent adsorption capability to the as-prepared BC200.
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1. Introduction

As one of the physical-chemical methods for water
treatment, adsorption technology has attracted increasing
concern because of its excellent removal capacity for vari-
ous pollutants from aqueous solutions. Especially for the
removal of anionic pollutants, adsorption shows its pri-
ority to other techniques with the advantages of high effi-
ciency, low cost, ease of operation and low sensitivity to
other co-existing substances [1,2]. Activated carbon, which
was first used by the ancient Egyptians in 2000 B.C, is still
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widely applied in water treatments. However, the applica-
tion of commercial activated carbon is limited as a conse-
quence of complicated production technology and higher
costs. Therefore, the development of low-cost carbon-based
adsorbents, including low production and application cost,
is highly anticipated.

Although some biomasses can be directly used as low-
cost adsorbents, biochars derived from biomasses such as
agricultural wastes, forestry wastes, animal manures and
activated sludge via incomplete combustion operations
such as pyrolysis and carbonization, are considered as ideal

1944-3994/1944-3986 © 2020 Desalination Publications. All rights reserved.



258 W. Chen et al. / Desalination and Water Treatment 188 (2020) 257-265

substitution of activated carbon in the field of water treatment
[3-8]. Compared to the direct application of the above bio-
masses, biochar will cause neglectable secondary pollution
and work as an eco-friendly adsorbent for soil and water con-
taminated with organic/inorganic substances. Furthermore,
the generation of biochar offers the chance to turn bioenergy
into a carbon-negative industry as low-temperature pyroly-
sis, with carbon sequestration and gas capture, is expected
to be a carbon-neutral energy source [9,10]. Currently, low-
temperature pyrolysis is conveniently applied to convert
biomass into biochars [11] in which organic leaching and
secondary pollution from the raw biomass can be effectively
avoided. As one of the typical municipal wastes, a huge
amount of sludge is generated from biological wastewater
treatment annually, which would pose a severe threat to envi-
ronment and human health if they are improperly treated
and disposed of. Activated sludge itself has the potential
for wastewater treatment. For instance, anaerobic granular
sludge has advantages of lower energy consumption, higher
loading, and less amount of residual sludge, especially when
treating a high concentration of organic wastewater [12].
However, as sludge contains lots of bacteria, protozoa, and
extracellular polymeric substances, direct use of sludge for
wastewater treatment is a risk under some circumstances.
Comparatively speaking, utilization of sludge biochar might
be an ideal choice for practical adsorption process.

Further, the pyrolytic temperature is one of the key
parameters to determine the adsorption capability of gen-
erated biochars. The increased pyrolytic temperature could
increase the carbon content, improve thermal stability and
regulate the structural, and surface, characteristics of bio-
chars [13,14]. Our previous study indicated that wheat
straw biochar pyrolyzed at 200°C was more sensitive to an
external magnetic field due to its unique surface structure
[15]. Therefore, the uptake of contaminants is expected to
be significantly influenced by the pyrolytic temperature. In
this study, sludge biochars were prepared under different
pyrolytic temperature and the adsorption of the cationic dye
methylene blue (MB) on the prepared biochars were eval-
uated by a series of batch experiments, including effects of
the pyrolytic temperature of biochar generation, solution
pH and initial dye concentration, adsorption kinetics and
isotherm. The adsorption mechanism was further discussed.
What should be mentioned is that the exhausted adsorbent
could be regenerated by thermal treatment for reuse or
subjected for incineration as a kind of industrial waste.

2. Materials and methods
2.1. Materials

MB (purity > 98.5%,) was purchased from Tianjin Chemi-
cal Reagent Research Institute (Tianjin, China). The other
chemicals used were of analytical grade. Deionized (DI)
water was used to prepare solutions throughout the study.

2.2. Preparation of biochars derived from activated sludge

Municipal activated sludge was collected from the
dewatering stage of Matougang wastewater treatment plant
(Zhengzhou City, China). The collected sludge was air-dried,

ground and screened through a 40 mesh sieve for further
use. The pre-treated sludge was put into a crucible, in a
compressed state, and covered with a tight-fitting lid. Then,
the crucible was placed in a muffle furnace under various
temperatures (200°C, 300°C, 400°C, 500°C, and 600°C) for
2 h. After natural cooling, the resultant sludge biochar was
placed in a 4 mol/L HCl solution for 12 h and separated by
filtration. After that, the residues were rinsed with DI water
until a neutral solution pH was achieved. The product was
then oven-dried overnight at 80°C. The treated biochars were
finally preserved in a desiccator for subsequent use. These
sludge biochars were hereafter designated as BC200, BC300,
BC400, BC500, and BC600, respectively wherein the suffix
number represented the pyrolytic temperature.

2.3. Characterization

The surface morphologies of the raw sludge and
biochars pyrolyzed at different temperatures were charac-
terized by a Philips Quanta-2000 scanning electron micros-
copy (SEM) coupled with an energy-dispersive X-ray (EDX)
spectrometer (Holland). Surface functional groups of these
biochars were recorded on a Nicolet NEXUS 470 Fourier-
transform infrared spectroscopy (FTIR) spectrophotom-
eter from 400 to 4,000 cm™. The specific surface areas of
sludge biochars were measured by nitrogen adsorption/
desorption using BET method with a surface area and pore
size analyzer (NOVA 2200e, USA).

2.4. Batch adsorption studies

Adsorption of MB onto the sludge biochars were con-
ducted in cylindrical flasks. The stock solutions of MB
(500 mg/L) were prepared by dissolving MB in DI water. All
working solutions with the desired concentration were pre-
pared by diluting the stock solution with DI water. 10 mg
of sludge biochar was added to a conical flask containing
50 mL 10 mg/L of MB solution. Constant and vigorous stir-
ring was maintained by mechanical agitation for 24 h. For
the kinetics study, 200 mg of sludge biochar was added to
a 1,000 mL solution with the initial MB concentration of
20 mg/L. The mixed solution was magnetically stirred at a
constant rate.

After adsorption, samples were collected and filtered
through a 0.45 um syringe membrane before analysis. The
adsorption reaction was carried out at 298 K except for the
study on the effect of reaction temperature on the isotherm.
All solution pH values were maintained at neutral pH except
for the study of pH effect. Solution pH adjustment was
adjusted by the addition of a dilute HCI or NaOH solution.

2.5. Analysis methods

The concentration of MB was analysed using an UVmini-
1240 spectrophotometer (Shimadzu, Japan) by monitor-
ing emissions at the wavelength of maximum absorption
(664 nm). The removal percentage of MB was given by:

0

R—[1—C']x100% 1)
C



W. Chen et al. / Desalination and Water Treatment 188 (2020) 257-265

The adsorption capacities (g, q,) were calculated as
follows:

Vv

7.=(C=C)y @
Vv

7,=(C-C)y @)

where g, and g, (mg/g) are the adsorption capacities at
equilibrium and time ¢ (minutes); C, C, and C, (mg/L) are
the concentrations of MB at initial stage, equilibrium and
t (minutes), respectively; V (L) is the volume of solution,
and W (g) is the mass of the sludge biochar used.

3. Results and discussion
3.1. Characterization of sludge biochars
3.1.1. Surface morphology

The surface morphologies of the raw sludge, demin-
eralized BC200, B300, and BC400 are shown in Fig. 1.
Typically, the raw sludge was severely compacted while the
sludge biochars consisted of particles with the diameters
below 10 um. After pyrolysis, the resulting biochars had
a loose and porous structure. Moreover, the particle size
of biochar was significantly decreased with an increase in
pyrolysis temperature. For the BC400 biochar, the particle
size actually became less than 1 um, in which the biochar
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evidently had an abundant pore structure compared to
other biochars. The porous structure of sludge biochar
was expected to facilitate the uptake of contaminants from
aqueous solution.

From EDX analysis, carbon contents of the raw sludge,
demineralized BC200, BC300 and BC400 were 50.8%, 53.0%,
54.5%, and 55.9% (wt.%), respectively. Obviously, both the
raw sludge and related biochars are carbon-rich, and carbon
content increased with the pyrolysis temperature slowly.
After pyrolysis, the oxygen content decreased sharply from
37.8% of the raw sludge to 4.9% of demineralized BC200,
which was similar to the pyrolysis performance of other
waste [16]. Interestingly, the nitrogen content increased from
0% of the raw sludge to 3.3% of demineralized BC200. Like
biochars derived from other wastes, the surface of the pre-
pared biochars would become more hydrophobic due to
the increased carbon content and the concurrent decrease in
oxygen content with an increase in pyrolytic temperature.

3.1.2. Fourier-transform infrared spectroscopy

The FTIR spectra of the raw sludge biochars BC200,
BC300 and BC400 are compared in Fig. 2. Typically, the
strong band at 3,429 cm™ represented the stretching vibra-
tion of adsorbed water. This band almost disappeared when
the pyrolytic temperature was higher than 200°C. The bands
at 2,920 and 2,851 cm™ were assigned to C-H stretching,
which weakened gradually as well. These indicated the
significant loss of moisture, water of hydration and C-H
functional groups during the pyrolysis process. Meanwhile,

Fig. 1. SEM micrographs of the raw sludge (a), and demineralized sludge biochars including BC200 (b), BC300 (c) and BC400 (d).
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Fig. 2. FTIR spectra of the raw sludge and the sludge biochar
BC200, BC300 and BC400.

the bands of the raw sludge at 929 cm™, 1,417 cm™ (-CH,
or C=C) and 1,642 cm™ (aromatic C=C and C=0) almost
disappeared [12,17,18], while the band at 1,030 cm™ (C-C
and C-O in esters) shifted to 1,017 cm™. Further, among all
the biochars including BC200, BC300 and BC 400, the total
FTIR absorption bands on BC200 were typically more well-
defined and stronger, indicating more abundant functional
groups of BC200 surface. It was worth to mention that the
band at 1,519 cm™ was attributed to the vibration of NH-
groups [12], which was only well-defined in the FTIR spec-
tra of BC200. The loss of oxygen-containing functional
groups such as carbonyl and hydroxyl groups indicated the
decline of oxygen content with increasing in pyrolytic tem-
perature, which was consistent with the afore-mentioned
EDX observations.

3.2. Effect of pyrolytic temperature of biochars on MB adsorption

The pyrolytic temperature of biochar can influence its
surface structure as well as surface chemical properties such
as contents of O— and H-containing functional groups [5]. The
resulting surface polarity, surface area, and aromaticity are
important characteristics affecting the adsorption of organic
contaminants [19]. Considering the definite organic leaching
and secondary pollution caused by the raw sludge, only the
sludge biochars were applied for MB adsorption. Therefore,
the adsorption performance of the as-prepared and demin-
eralized biochars BC200, BC300, BC400, BC500, and BC600
were compared and the results are presented in Fig. 3. The
as-prepared and demineralized biochars BC200 outper-
formed other biochars for the uptake of MB. The uptake of
MB by the as-prepared and demineralized BC200 achieved as
much as 47.0 and 49.2 mg/g, respectively. The corresponding
removal percentages were 94.0% and 98.4%, respectively. As
mentioned above, the abundant NH- groups were observed
on BC200 alone judged from the FTIR spectra of these bio-
chars, which is consistent with the afore-mentioned EDX
results. It was reported that the presence of N-containing
groups could be favorable for adsorption of MB through
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Fig. 3. Effect of pyrolytic temperature of biochar on MB adsorp-
tion. MB concentration was 10 mg/L.

strong 77 electron donation-acceptance interaction with
N-containing aromatic structure [20]. Considering the abun-
dant functional groups on BC200, it could be deduced that
it was the superior surface functional groups on BC200 that
led to an enhanced adsorption capability for MB. Though
the carbon content of the demineralized BC200 was higher
than that of the as-prepared biochar, the difference between
the two biochars was not significant in this case. An increase
in pyrolytic temperature usually increases the surface areas
of biochars, which is beneficial to the MB adsorption. The
surface areas of BC200, BC400, and BC600 were 0.8, 6.4, and
51.7 m?/g, respectively. Unfortunately, the uptake of MB on
BC600 was not the highest among these biochars. The low
adsorption capability of MB on BC600 indicated that the sur-
face chemical property of biochar played a more important
role during the adsorption of MB. Additionally, as the yield
for BC200 production achieved as much as 52.3%, which was
especially higher than those of other biochars, BC200 was
the best choice for contaminant adsorption. Therefore, both
the as-prepared and demineralized BC200 was selected in
the following tests.

3.3. Effect of MB concentration on adsorption

The effect of MB concentration on the adsorption perfor-
mance was investigated to further figure out the adsorption
capability of the as-prepared and demineralized biochars
BC200, as illustrated in Fig. 4. For the demineralized BC200,
The adsorption capacity for MB (q,) at initial MB concen-
tration of 5, 10, 20 and 40 mg/L can reach 24.8, 49.2, 74.0
and 94.3 mg/g, respectively. Accordingly, the correspond-
ing removal percentages were of 99.6%, 98.4%, 68.2% and
48.5%, respectively. Owing to the higher carbon content of
the demineralized BC200, a slightly higher MB uptake was
observed at different initial MB concentrations. Additionally,
the residual MB solution was almost colorless at an initial
MB concentration of 5 and 10 mg/L. As such, only a very
limited amount of the sludge biochar BC200 can achieve
the decolorization and effective removal of MB from water,
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Fig. 4. Effect of MB concentration on the adsorption performance.

suggesting a promising application potential of sludge bio-
char on treating the dye wastewater.

3.4. Effect of solution pH

As well known, the protonation of functional groups
on the adsorbent can be highly affected by the solution pH.
Therefore, the effect of solution pH on the adsorption of
MB on sludge biochar BC200 was investigated and results
are shown in Fig. 5. The uptake of MB on the as-prepared
BC200 was increased dramatically when pH was evaluated
from 3.0 to 5.0, turn into a plateau in the pH range of 5.0-9.0
and further increased at extremely basic pH 11.0. For the
demineralized BC200, the adsorption of MB was enhanced
when pH was increased from 3.0 to 7.0 and kept stable with
the further increase in the solution pH. At high solution
pH, the deprotonation of functional groups (e.g., O-) on
the biochar surface would cause that the surface charge of
biochar become more negatively-charged which was bene-
ficial to the adsorption of positively-charged MB molecules
because of the enhancement of their electrostatic attrac-
tion force. As such, the adsorption of water-soluble MB on
both the as-prepared and demineralized BC200 was highly
pH-dependent, indicating the extreme importance of sur-
face functional groups.

On the other hand, it was reported that the ash and fixed
carbon contents were 55.7%, and 4.6%, respectively in the
sewage sludge sample, while 65.8% and 6.8%, respectively
in the sewage sludge pyrolyzed at 300°C [18]. The role of
ash might play a fundamental role in the uptake of MB mol-
ecules, while the fixed carbon would more highly affect the
adsorption performance of biochar under different solu-
tion pH due to strong sensitivity toward pH of functional
groups on the surface of fixed carbon. The better adsorp-
tion performance of the demineralized BC200 at pH > 7
might be attributed to the higher adsorption capability of
the fixed carbon than the ash within the biochar BC200. By
contrast, under acidic conditions, the abundant fixed carbon
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Fig. 5. Effect of solution pH on MB adsorption. MB concentration
was 20 mg/L.

led to the demineralized BC200 more positively charged
than the ash surface, and the strong repulsive force on the
demineralized BC200 might have inhibited the MB uptake
significantly. Furthermore, considering the expenditure for
biochar demineralization, the direct use of the as-prepared
sludge biochar might be an optimal choice for the adsorptive
removal of organic contaminants.

3.5. Adsorption kinetics

Adsorption kinetics study could predict adsorption rates
and understand adsorption mechanism of an adsorbent.
The adsorption kinetics of MB onto the biochar BC200 was
investigated at pH 3.0, 5.0, 7.0, 9.0 and 11.0, respectively.
Typical kinetics models, including the Elovich, the pseudo-
first-order, and pseudo-second-order models were used to
fit the experimental data.

The Elovich model, which is used to describe chemisorp-
tion occurring on a solid-liquid interface, can be expressed
as [21,22]:

q, :kln(t)+a (4)
where a (g mg/min) and k (mg/g) are constants.

The nonlinear and linear pseudo-first-order model is
expressed as [23]:

g,=q,(1-¢™) )

ln(qe —qt)=1nqe —kt (6)

The nonlinear and linear pseudo-second-order model
can be expressed as [24]:

kg2t

q, = W (7)
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where g, and g, are the adsorption capacities (mg/g) of the
biochar at equilibrium and at time ¢ (min), respectively; k,
(min™) and k, (g/(mg min)) are the related adsorption rate
constant for the pseudo-first-order and pseudo-second-order
model, respectively.

The kinetics data at neutral solution pH 7.0 and the
fitting results by the three kinetic models are as illus-
trated in Fig. 6. As to the linear pseudo-first-order and
pseudo-second-order kinetics models, they are simulated
kinetic parameters for both the as-prepared and demin-
eralized BC200 under different pH conditions are listed
in Table 1. The determined coefficients (R?) of the linear
pseudo-second-order kinetics model were all above 0.960,
which were especially higher than those of the linear pseu-
do-first-order model. The calculated g, values were much
close to the experimental values using the pseudo-second-
order kinetics model as well. For instance, the g, value of the
demineralized BC200 at pH 7.0 was 96.6 mg/g by the linear
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pseudo-second-order kinetics model, which was much close
to the experimental value 95.5 mg/g. Apparently, the linear
pseudo-second-order kinetics model fitted the experimental
data better. As such, it can be deduced that MB uptake on
both BC200 and demineralized BC200 was controlled by a
chemisorption process.

Meanwhile, from Fig. 6¢, it can be observed that about
70.3% and 88.1% of the total MB molecules were respec-
tively adsorbed on as-prepared and demineralized biochar
within the initial 240 min, followed by a slower adsorption
phase. The adsorption equilibrium can be almost achieved
within 24 h. Thus, an adsorption duration of 24 h was cho-
sen to ensure the adsorption equilibrium in the follow-
ing tests. By non-linear kinetics simulation, the simulated
kinetics parameters for both biochars under different pH
conditions are listed in Table 2. For both the as-prepared
and demineralized BC200, the experimental points were
much close to the simulated curves by the pseudo-second-
order kinetics model. Further, their determined coefficients
(R? of the pseudo-second-order models were all above
0.950, which were much higher than those derived from
the pseudo-first-order and Elovich models. Totally, the

204 (b) e
15- T a
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S 0. /,//
-
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I = A demineralized BC200
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Fig. 6. Linear (a,b) and non-linear (c) adsorption kinetics for the pseudo-first-order (a), pseudo-second-order (b) and Elovich simula-

tion for MB onto the biochar BC200 at neutral solution pH.
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Linear kinetics parameters simulated by the pseudo-first-order and pseudo-second-order kinetic models for MB adsorption on both
the as-prepared BC200 (BC200) and demineralized BC200 (D-BC200)

Linear pseudo-first-order model

Linear pseudo-second-order model

q, (mg/g) k, (min) R? q, (mg/g) k, (mg/(g min) R

BC200 pH=3 2027 02x10° 0.901 12.59 1.59 x 107 0.960
pH=5 39.44 3.02x10° 0.903 76.69 0.27 x 107 0.999

pH=7 22.48 2.93x10° 0.807 75.82 0.79 x 107 0.999

pH=9 20.94 2.64x10° 0.785 72.20 0.85 x 10 0.999

pH=11 10.42 2.18 x10° 0.557 92.94 2.32x10° 0.999

D-BC200 pH=3 411 1.35x 10 0.804 6.40 255 x 107 0.998
pH=5 413 3.04 x 107 0.981 56.37 021 x 107 0.993

pH=7 332 3.07 x 10 0.858 96.62 0.503 x 10°3 0.999

pH=9 253 291 x10° 0.685 96.81 0.67 x 107 0.999

pH=11 2.00 1.26 x 10 0.036 95.51 2.60 x 107 0.999

Table 2

Non-linear kinetics parameters simulated by the pseudo-first-order, pseudo-second-order and Elovich models for MB adsorption on
both the as-prepared BC200 (BC200) and demineralized BC200 (D-BC200)

Pseudo-first-order BC200 D-BC200
model
Pseudo-first-order q, (mg/g) k, (min™") R? g, (mg/g) k, (min™) R?
pH=3 11.09 1.03 x 102 0.949 5.37 1.8 x 107 0.937
pH=5 69.06 1.63 x 102 0.972 46.44 1.1x10? 0.915
pH=7 69.90 4.37 x 102 0.902 86.45 4.2 %107 0.817
pH=9 66.08 4.88 x 10 0.831 89.77 4.3 x 107 0.885
pH=11 88.43 1.54 x 107 0.870 94.8 2.86 x 10! 0.956
Pseudo-second-order q, (mg/g) k, (mg/(g min)) R? q, (mg/g) k, (mg/(g min)) R?
pH=3 12.70 1.0 x 103 0.976 6.01 4.0x10° 0.986
pH=5 76.49 3.0x10* 0.998 52.94 3.0x10* 0.969
pH=7 74.64 9.0 x10* 0.981 92.77 6.771 0.951
pH=9 70.20 1.1x1073 0.952 96.05 7.0 x10* 0.972
pH=11 92.39 2.0x10° 0.997 96.97 6.0 x 107 0.964
Elovich a (g mg/min) k (mg/g) R? a (g mg/min) k (mg/g) R?

(g mg/min)
pH=3 —4.27 2.37 0.986 0.983 -1.01 1.03
pH=5 -12.50 12.98 0.964 0.976 -11.34 8.86
pH=7 13.57 9.62 0.901 0.949 15.17 12.24
pH=9 16.31 8.57 0.913 0.898 17.13 12.41
pH=11 53.79 6.42 0.726 0.456 77.8 3.11

pseudo-second-order kinetic model was better to describe
the adsorption kinetics, suggesting possible chemisorption
occurring between MB molecules and biochars.

3.6. Adsorption isotherm

Adsorption isotherm study for MB uptake on both the
as-prepared and demineralized BC200 was conducted at

three different reaction temperatures (288, 298 and 308 K).
The isotherm curves of both biochars at 298 K are plotted in
Fig. 7. The Langmuir and Freundlich models were employed

to fit the experimental data.
The Langmuir equation is represented as [25]:

— quLCe
e =1vkC

©)
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The Freundlich equation is represented as [26]:

1

q,=kCr (10)

where g, is the amount of MB adsorbed onto the sludge
biochar (mg/g), C, is the equilibrium concentration (mg/L),
g, is the maximum adsorption capacity of the sludge biochar
(mg/g), k, is the equilibrium adsorption constant related
to the affinity of binding site (L/mg), k, is the Freundlich
constants related to the adsorption capacity.

The fitted isotherm curves are shown in Fig. 7 and the
isotherm parameters are given in Table 3. Based on the deter-
mined coefficient listed in Table 3, the Langmuir model fit-
ted the experimental data better than the Freundlich model.
Similarly, the determined coefficients (R?) of Langmuir
model were all higher than those of Freundlich model at
all the temperatures. The fitting results indicated that the
monolayer coverage of MB occurred on both biochars.
Additionally, at 298 K, the maximum adsorption capacities

200 -7

Table 4
Comparison of MB adsorption capacities on various carbona-
ceous sorbents

Sorbents g, (mg/g) Solution References
pH
Sludge biochar BC200 177.6 7.0 This study
Demineralized BC200 184.9 7.0 This study
Demineralized anaerobic
Sludge BC650 90.91 N.A. [12]
Sludge BC550 24.1 N.A. [17]
Wheat straw BC200 46.6 7.0 [15]
Carbon nanotubes 188.68 6.0 [27]
Graphene oxide 2439 6.0 [27]
Activated carbon 270.27 6.0 [27]
Activated sludge 66.23 N.A. [28]
Anaerobic digestion 9.5 N.A. [29]
residue
Palm bark 2.66 N.A. [29]
Eucalyptus 2.06 N.A. [29]
Phoenix tree leaves 80.9 N.A. [30]
Pistachio hull waste 389 8.0 [31]

“N.A. = Not available

m  as-prepared BC200

601 e demineralized BC200
404 ——Langmuir model
20 - - - Freundlich model
-7
0 50 100 150 200 250 300 350 400

Ce(mg/L)

Fig. 7. Adsorption isotherms for MB on both the as-prepared
and demineralized BC200 at 298 K.

Table 3

Langmuir and Freundlich isotherm parameters for the adsorp-
tion of MB onto both the as-prepared (BC200) and demineralized
BC200 (D-BC200)

BC200 D-BC200
288K 298K 308K 288K 298K 308K
Langmuir
q, (mg/g) 1512 177.6 2474 1511 1849 2411
k, (L/mg) 0.045 0.051 0050 035 0.19 0.21
R? 0984 0955 0956 0999 0999 0.988
Freundlich
k, (mg/g) 315 410 570 720 699 94.7
n 357 389 392 701 545 5.57
R? 0939 0951 0919 0753 0.815 0.839

"Suffix of BC indicates the pyrolytic temperature for biochar

(g,) calculated from the Langmuir model for the as-pre-
pared and demineralized BC200 were 177.6 and 184.9 mg/g,
respectively. The increasing reaction temperature can
improve the adsorption capacity of MB on both biochars,
suggesting that the adsorption process was endothermic
process. The adsorption capacities of other carbonaceous
sorbents reported for MB uptake in literature are compared
in Table 4. The as-prepared and demineralized BC200 out-
performed other biochars although their g, are lower than
those of carbon nanotubes, graphene oxide and activated
carbon.

4. Conclusion

Low-temperature sludge biochar was prepared by pyro-
lyzing municipal waste activated sludge and used for the
adsorptive removal of MB. The sludge biochar pyrolyzed at
200°C (BC200) outperformed the biochars prepared at other
temperatures. The sophisticated pore structure and suit-
able surface properties of sludge biochar might facilitate the
uptake of MB, in which the surface functional groups played
the key role. The uptake of MB on the as-prepared BC200
increased with the increase of pH, while the optimal adsorp-
tion of MB can be achieved at pH 7.0 for the demineralized
BC200. The pseudo-second-order kinetic model fitted the
experimental data better. The Langmuir model did a better
job on the fitting of the experimental data than the Freundlich
model, indicating monolayer coverage of MB occurred on
both biochars. At 298 K, the calculated maximum adsorp-
tion capacities (g,) of the demineralized BC200 were slightly
higher than that of the as-prepared BC200. Both BC200 bio-
chars outperformed other biochars previously reported in
the literature.
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