
RESEARCH ARTICLE

Insight into the effects of biochar as adsorbent and microwave receptor
from one-step microwave pyrolysis of sewage sludge

Jun Zhang1
& Yu Tian1

& Linlin Yin1
& Jie Zhang1

& Jörg E. Drewes2

Received: 20 January 2018 /Accepted: 12 April 2018 /Published online: 25 April 2018
# Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract
The effect of biochar, derived from one-step microwave pyrolysis of sewage sludge (OMPSS), on the removal of industrial
wastewater (eosin and safranine T) was investigated in this study. Meanwhile, the multiple-reuse potential of biochar as micro-
wave receptor to raise the pyrolysis temperature was also tested during the pyrolysis process. The results showed that OMPSS
prepared adsorbents had excellent adsorption performance, achieving the highest removal efficiencies of 97.3 and 95.9% for
eosin and safranine T, respectively. Further analysis indicated that this was due to its appropriate porous structure and surface
chemistry characteristics, where the SBET and pore volume of adsorbent AC-1 reached 459 m2/g and 0.23 cm3/g, respectively.
The multiple reuses of biochar adsorbents after five times as microwave receptor was feasible, where the pyrolysis temperature
could increase sharply from room temperature to 800 °Cwithin 5 min. Themechanism analysis revealed that the limiting stage of
adsorption was chemical sorption. This research provided an alternative way for the preparation of functional adsorbent and
microwave receptor.
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Introduction

Municipal sewage sludge is generated in wastewater treatment
plants in the process of sewage treatment, and the waste
stream of sewage sludge is rapidly growing worldwide. In
China, for example, over 30million tons (dry solids) of treated
sludge is produced with the increasing rate of 10–15% each
year (Tian et al. 2013; Zhang et al. 2014, 2017a, b). Moreover,
sewage sludge is composed of organic, pathogenic, and toxic
substances. If not disposed of properly, serious pollution prob-
lem would follow. Thus, the handling of sewage sludge is one

of the most significant challenges in wastewater management.
The conventional application of sewage sludge on agricultural
land, landfill, and incineration faces significant difficulty due
to health, environmental, and social concerns (Smith et al.
2009). Consequently, it is of interest to search for innovative
approaches for beneficial use of sewage sludge.

Since sewage sludge contains the high content of organic
matter, it is reasonable to use this carbonaceous matter as raw
material in the preparation of carbonaceous adsorbents. This
would not only solve the pollution problem of sewage sludge
but provide a sustainable waste-to-resource way of producing
adsorbent for wastewater treatment. Recently, the feasibility of
using sludge to produce adsorbent has been demonstrated by
chemical and physical activation methods. For adsorbents
produced by carbonization, the highest BET surface areas
from the carbonization of sewage sludge were reported to be
359 m2/g (Zhai et al. 2004) and 141 m2/g (Seredych and
Bandosz 2007), respectively. The optimum carbonization
temperature for maximizing the BET surface area was mainly
depended on the composition of different sewage sludge
(Smith et al. 2009). Physical activation produced adsorbents
typically exhibit relatively low surface areas. Ros (Ros et al.
2006) reported a surface area of only 55 m2/g through the
air/N2 mixture activation, and the highest BET surface area

Responsible editor: Guilherme L. Dotto

* Jun Zhang
hitsunyboy@126.com

* Yu Tian
hit_tianyu@163.com

1 State Key Laboratory of Urban Water Resource and Environment
(SKLUWRE), School of Environment, Harbin Institute of
Technology, Harbin 150090, China

2 Chair of Urban Water Systems Engineering, Technical University of
Munich, 85748 Garching, Germany

Environmental Science and Pollution Research (2018) 25:18424–18433
https://doi.org/10.1007/s11356-018-2028-9

http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-018-2028-9&domain=pdf
http://orcid.org/0000-0002-5683-777X
mailto:hitsunyboy@126.com
mailto:hit_tianyu@163.com


was 226 m2/g obtained by a two-stage procedure consisting of
carbonization followed by activation (Rio et al. 2006). It
should be noted that the adsorbent produced after an activation
step was generally referred to as activated carbon. As regards
adsorbents produced by chemical activation, the BET surface
areas reported in the studies were usually in the ranges of 658–
1882 m2/g, where KOH, NaOH, ZnCl2, H2SO4, and H3PO4

were reported as the most effective activation reagents (Smith
et al. 2009).

Based on the above analysis, it was noted that the large
surface areas of prepared adsorbents were all produced by a
two-stage procedure, whereby the sludge was carbonized first
and then impregnated and activated with chemical reagents or
gas mixture. This two-step procedure makes the production of
adsorbent complex and difficult because many issues need to
be considered during the process. In addition, although chem-
ical activation achieves larger BET surface area compared
with other methods, a large number of chemical agents are
required leading to the high cost of adsorbent production (Li
et al. 2011).

In this study, a one-step microwave pyrolysis method
(OMPSS) was proposed to prepare biochar adsorbent and mi-
crowave receptor simultaneously. Microwave pyrolysis has
distinctive advantages of rapid heating, low temperature of
reactor wall, and less PAH release than the conventional py-
rolysis, which is regarded as a potential technology for sludge
pyrolysis to recover energy efficiently. The cost of producing
sludge-based activated carbon was reduced significantly since
the microwave pyrolysis time was usually less than 10 min, in
which the carbonization and activation steps proceeded simul-
taneously. Additional benefit would be generated from the
application of this carbon adsorbent for wastewater treatment
where no chemical agents were introduced. Therefore, the
objective of the present work was to investigate the feasibility
of OMPSS method to prepare sludge-based adsorbent. The
surface area and porous structure, surface morphology, and
chemistry structure of prepared adsorbents were character-
ized. Besides, the reuse potential of prepared adsorbents dur-
ing microwave pyrolysis process was explored. Moreover, the
adsorption performance and mechanism of dye wastewater
such as eosin and safranine T on prepared adsorbents were
investigated. This work could provide an alternative way for
production of sewage sludge-based biochar adsorbents and
microwave receptors.

Materials and methods

Adsorbents preparation

The raw sewage sludge was collected from a municipal waste-
water treatment plant in Harbin, China. Sludge sample was

first dried at 105 °C up to constant weight and then ground and
sieved to a desired particle size.

Microwave pyrolysis of sewage sludge was conducted in a
fixed-bed device, and its detailed operation information was
given in previous studies (Zhang et al. 2017a, b). The one-step
preparation of carbon adsorbents (OMPSS) was conducted
under the optimum conditions with microwave power of
1200 W, irradiation time of 10 min, and dosing ratio of 1:3.5
(microwave receptor/sludge, wt.%) according to our previous
study (Zuo et al. 2011). Since the sewage sludge was trans-
parent to microwave irradiation. Thus, before pyrolysis, sew-
age sludge using as precursor was impregnated with commer-
cial activated carbon (AC-C, Tianjin Benchmark Chemical
Reagent Co. Ltd., China) which played the roles as micro-
wave receptor. Furthermore, the obtained biochar adsorbent
(activated carbon product) after one-time pyrolysis, namely
AC-1, was recycled as microwave receptor to evaluate its
reuse potential during microwave pyrolysis. Consequently,
the adsorbents of AC-2 to AC-5 were prepared after two-
time to five-time pyrolysis reactions based on the method
mentioned above.

Adsorption experiments

Adsorption tests of eosin and safranine Twere conducted in a
thermostatized shaker at 25 °C and stirred at 150 rpm for
adsorption. The concentrations of eosin and safranine T solu-
tions were determined in a UV-Vis spectrophotometer bymea-
suring the light absorbance at a wavelength of 516 and
553 nm, respectively.

For the kinetic studies, 200 mg of prepared adsorbents was
mixed in stoppered flasks with 100 mL of dye solutions under
their optimum pH of 3 and 8, respectively. During adsorption
experiments, pH of aqueous solutions was adjusted and main-
tained by HNO3 or NH3·H2O. The initial eosin and safranine
T concentrations were 100 mg/L, respectively. The concentra-
tions of eosin and safranine T solutions were measured at
different sampling times. The adsorption efficiency (%) of
dyes was calculated by Eq. (1):

D ¼ C0−Cð Þ
C0

� 100% ð1Þ

where C0 (mg/L) and C (mg/L) are the solute concentrations
of eosin and safranine T at initial and sampling time,
respectively.

For the isotherm experiments at 25 °C, different flasks
containing 100 mL of solutions and different amounts of ad-
sorbent were stirred during the equilibrium time and the
amounts of adsorbates retained in equilibrium (qe) were cal-
culated. All the above experiments were duplicated under the
same experimental conditions.
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Characterization of prepared adsorbents

The iodine value for the prepared adsorbents was measured
according to Chinese standard (GB/T 12496.8–1999). The
surface area (SBET) and porosity of adsorbents were character-
ized by nitrogen adsorption at 77 K in a sorptometer (Nowa
4000, Quantachrome, USA). Prior to analysis, the samples
were degassed at 150 °C for 8 h until a pressure below 10−3

Torr was reached. The surface morphology of adsorbents was
observed by a scanning electron microscopy (SEM, JSM-
6700F, Japan), and the types of the crystalline phases were
characterized by X-ray with Cu Kα radiation (XRD:
P|max-γβ, Rigaku, Japan). The range of 2-theta used for the
XRD analysis was ranged between 10° and 90°. For FTIR
characterization, a fixed weight of each sample was mixed
with KBr before analysis. Transmission measurements were
carried out in the 4000–400 cm−1 region with a spectrometer
(Perkin Elmer Spectrum, GX, USA) at a resolution of 4 cm−1.

Results and discussion

Characterization of prepared adsorbents

Surface area and porous structure

The main factors affecting the adsorption performance of ad-
sorbents were the specific surface area, pore volume, and pore
size distribution (Marques et al. 2011; Monsalvo et al. 2011).
The values of the BET surface area and porous parameters of
different carbon adsorbents are shown in Table 1. It can be
found that SBET and pore volume of AC-1 reached 459 m2/g
and 0.23 cm3/g, respectively, accounting for about 70% of the
BETsurface area of commercial adsorbent (AC-C). This result
indicated that the pore structure of AC-1 developed well dur-
ing microwave pyrolysis. However, the SBET and pore volume
of AC-5 were reduced significantly after multiple reuses in the
pyrolysis process, suggesting the porous structure in the AC-5
was destroyed and sintered contributing to the decline of ad-
sorption capacity finally. With respect to the BETsurface area,
the adsorbents prepared by the one-step microwave pyrolysis
presented competitive advantage compared with the

conventional pyrolysis methods. The maximum SBET reached
141 m2/g when sewage sludge was used as the single precur-
sor to produce adsorbents during conventional pyrolysis
(Seredych and Bandosz 2007). Marques (Marques et al.
2011) reported that the highest SBET attained by CO2 activa-
tion and carbonization was 228 and 153 m2/g, respectively,
both of which were less than 459 m2/g of AC-1 obtained in
this study. Through the literatures (Bagreev and Bandosz
2004; Smith et al. 2009), it was found that the carbon adsor-
bents produced by physical activation or carbonization did not
exhibit SBET in excess of 300 m2/g for the sewage sludge-
based adsorbents.

The pore size distribution of adsorbent determined its se-
lective adsorption capacity. From Table 1, the average pore
size of 3.1 and 8.6 nm was obtained for the adsorbents of AC-
1 and AC-5, which was located in the mesopore range (2–
50 nm), while the AC-C pore size was less than 2 nm indicat-
ing the micropore structures were the dominating pores in this
adsorbent. The major mesopore structure of sludge adsorbent
was also reported by other researches (Liu et al. 2010; Stüber
et al. 2011). The capillary condensation of mesopores under
certain relative pressure would contribute to the adsorption of
some molecules that could not enter the micropores (Wen
et al. 2011). Thus, the mesopore structure of adsorbents
displayed an important effect on the adsorption of macromol-
ecules. It was believed that the predominant mesoporous ad-
sorbents were derived from the evolution of organic matter
during pyrolysis. Based on the above analysis, it was sup-
posed that the competitive SBET and dominating mesoporous
structures of AC-1 adsorbent might arise from the special
heating characteristic of microwave pyrolysis process.
Different from the conventional pyrolysis, sewage sludge in
the microwave heating system was heated inside and outside
synchronously leading to the sharp decrease of residence time
during microwave pyrolysis (Zhang et al. 2017c).

Surface morphology

SEM analysis on the different adsorbents is shown in Fig. 1.
The results presented that AC-1 had rough areas containing
various irregular-shaped porous structures including both the
macropores and more transitional pores internally, and AC-C
possessed mainly the abundant micropores. However, the ad-
sorbent surface of AC-5 was quite dense and even no pores
existing, indicating multiple reuses of this biochar adsorbent
resulted in the destruction of porous structure during pyroly-
sis. Those pores with different size and shape could influence
the adsorption performances of carbon adsorbents in different
degrees because the adsorbate would firstly pass through them
before reaching the adsorptive site (Wen et al. 2011). From
Fig. 1, some impurities on the surface and wall of the pores
were also found which might contribute to the negative effect
on the adsorption capacity of adsorbents.

Table 1 BET surface area of different adsorbents

Sample SBET (m
2/g) DP (nm) Vt (cm

3/g)

AC-1 459 3.10 0.23

AC-2 378 4.66 0.18

AC-3 265 5.18 0.13

AC-4 106 7.82 0.05

AC-5 85 8.60 0.03

AC-C 650 1.95 0.38
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Surface chemistry structure

The crystallization conditions of dried sludge and adsor-
bents prepared by pyrolysis were characterized by XRD.
The XRD patterns of samples are shown in Fig. 2. It can
be seen that all the samples displayed certain degree of
microcrystalline structures, but the arrangement of these
carbon crystallites was irregular in the form of amorphous
structure. For the sewage sludge-based adsorbents, the
sludge carbon exhibited two peaks at around 2θ = 23°
and 26°, corresponding to the (100) and (002) planes of
the typical carbon materials, respectively (Martins et al.
2007). The result demonstrated that the carbon structure
was not destroyed after microwave pyrolysis. It was noted
that a significant increase of peak intensity at 2θ = 23°
was observed for the adsorbent AC-1, which was consis-
tent with the newly generated porous structure of AC-1
during the pyrolysis.

Multiple-reuse potential of prepared adsorbents

Heating characteristics during microwave pyrolysis

At normal condition, the pyrolysis temperature did not exceed
300 °C by direct pyrolysis of sewage sludge without micro-
wave receptor, because most of sludge compositions were
transparent to microwave irradiation (Domínguez et al.
2006, 2003) and could not absorb this kind of energy. Thus,
it was important to impregnate microwave receptor in the
sludge to achieve high temperature during pyrolysis. The tem-
perature rising curves of sewage sludge impregnated with dif-
ferent adsorbents (AC-1 to AC-5) as microwave receptors are
shown in Fig. 3. The temperature rising curves showed the
similar trends, where the temperatures of sludge increased
sharply to reach 800 °C at 5 min and then maintained the
steady state until the end. The results indicated that the multi-
ple reuses of biochar products (adsorbents) as microwave

a b

c

Fig. 1 SEM images of different adsorbents: a AC-1, b AC-5, c AC-C
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receptor was feasible during microwave pyrolysis of sewage
sludge, which provided a cost-effective way for the applica-
tion of prepared adsorbents.

Particle size and iodine value of adsorbents

The carbon adsorbents obtained after pyrolysis were sieved
into four groups including 20, 40, 60, and > 60 mesh. The
variations of particle size and their corresponding iodine value

of different adsorbents were examined, and results are shown
in Figs. 4 and 5. It was seen that the masses of 20 mesh and 40
mesh particles gradually decreased with the increase of reuse
times, while the former changed slightly after three times of
reuse possibly resulting from the bulk aggregation. Different
from the stable state of 60 mesh, the mass of > 60 mesh par-
ticle increased gradually with the increasing reuse time. It was
also noted that 40-mesh particles dominated in the AC-1 and
AC-2, while the > 60mesh played the leading role for AC-3 to
AC-5. As for the iodine values of different adsorbents, it was
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found that the total iodine value of each adsorbent decreased
with the rise of reuse time. In detail, the iodine value contri-
bution of 20-, 40-, and 60-mesh particles declined with mul-
tiple reuses. However, it remained stable for the particle size of
> 60 mesh. Considering the changing trend of surface area of
adsorbents, the iodine value displayed a positive relationship
with the surface area. It was reported that iodine value can
represent the surface area contributed by pores larger than
1 nm and was a good indication of the adsorption capacity
of a carbonaceous adsorbent for water pollutant removal (Lin
et al. 2012; Satya Sai et al. 1997). Therefore, based on the
above analysis on the surface area, porous structure, heating
characteristic, and iodine value of each adsorbent, the AC-1
was supposed to be the better one among all the adsorbents
and will be used for the industrial wastewater adsorption in the
following studies.

Adsorption performance of prepared adsorbents

Adsorption capacity

To investigate the adsorption performance of eosin and
safranine T, AC-1 and AC-C were selected as the adsor-
bents for the dye wastewater removal in this section. The
removal efficiency curve of AC-1 with different adsorption
times under the optimum pH and dosage was presented in
Fig. 6. It can be seen that both the removal rate of eosin and
safranine T increased rapidly with the adsorption time at
the initial stage and then gradually stabilized. The highest
removal efficiency of eosin and safranine T achieved 97.3
and 95.9% respectively under their optimum adsorption
time of 320 and 490 min. It was reported that under the
optimum pH of acidic (eosin) and basic (safranine T) con-
ditions, the competitive influence of OH− in the acidic
solution and H+ in the basic solution was inhibited

significantly respectively, contributing to the high removal
of the two dyes (Ngulube et al. 2017).

For comparison purpose, the effect of different adsorbents
on the removal of eosin and safranine T dye wastewater is
shown in Table 2. It can be seen that the commercial activated
carbon (AC-C) had better adsorption capacity than the pre-
pared carbon adsorbent AC-1. For the eosin wastewater, the
adsorption capacity of AC-C and AC-1 was 43.66 and
24.33 mg/g, respectively. Regarding the safranine T dye, the
adsorption capacities of AC-C and AC-1 were 70.78 and
48 mg/g, respectively. It was noticed that the adsorption ca-
pacity of AC-1 contributed to 55.7 and 67.8% of those of AC-
C for the two dyes, which was resulting from the different
BET surface area of the two adsorbents. This was consistent
with other researchers, who reported that the highest BET
surface area also led to the largest phenol uptake in the inves-
tigated range of concentration (Julcour Lebigue et al. 2010).
Besides, the adsorption performance of prepared sludge ad-
sorbent was comparable to other activated carbons from rice
straw (Johns et al. 1998), peanut hull (Brown et al. 2000), and
wood sawdust (Kalavathy et al. 2005). The disparity in the
adsorption capacities of AC-1 and other adsorbents probably
was resulted from the amounts of polar functional groups on
the adsorbent surface induced by the difference in carboniza-
tion degree (Lin et al. 2012; Liu et al. 2010). Thus, considering
the high cost and the difficulty for regeneration of the
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Table 2 Comparison of adsorption capacity of adsorbents

Sample Initial concentration (mg/L) Adsorption capacity (mg/g)

AC-C AC-1

Eosin 100 43.66 24.33

Safranine T 100 70.78 48
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commercial activated carbon, the multiple reuses of sludge
prepared adsorbents provided a cost-effective solution for pol-
lutant removal. This replacement can not only achieve a cer-
tain degree of wastewater treatment but also solve the problem
of high cost present in the current wastewater treatment by
physical adsorption.

FTIR characterization

To elucidate the changes of functional groups of AC-1 before
and after the adsorption of dye wastewater, the FTIR analysis
was conducted and the result is shown in Fig. 7. The differ-
ence of adsorbent adsorption did not give rise to a significant
change in peak position of FTIR spectrums, indicating that the
same species of functional groups were contained on the ad-
sorbent surface. The broadband at wavelength of 3425 cm−1

was corresponded to the stretching vibration (3700–
3200 cm−1) of hydroxyl groups (O–H), and the band at about
1634 cm−1 was assigned to the C=O stretching vibration (Lin
et al. 2012). The broad peak at 1042 cm−1 was mainly related
to C–O stretching vibration of alcoholic, phenolic, and car-
boxylic groups or possibly Si–O–C and Si–O–Si structures
(Duggan and Allen 1997).

The peak intensities of O–H, C–O, and C=O groups on the
surface of AC-1 were reduced significantly after adsorption,
suggesting that the positive role of sludge-based adsorbent on
dye removal can be associated with its surface chemistry.

Despite a lot of studies investigated the adsorption of organic
compounds by activated carbons, the mechanism by which
these compounds were adsorbed was still not completely well
understood. It was believed that the mechanism was not only
determined by donor–acceptor complex interaction but also
by the solvent effect (Monsalvo et al. 2011). Yin et al.
(2007)) reported that the significant adsorption of phenols
could be attributed to the synergy effect of physic-sorption
and surface chemical polymerization induced by the oxygen-
containing functional surface groups. The decline of peak in-
tensities of oxygen-containing groups was also observed in
this study. Our previous study on the effect of temperature
on the adsorption capacity of adsorbents also confirmed this
point (Zhang et al. 2017b). Therefore, it was inferred that the
adsorption of acidic and basic dyes on the surface of AC-1
adsorbent was caused by both physical adsorption and surface
chemistry process.

Adsorption kinetics and isotherm analysis

Adsorption kinetics has been widely studied to describe the
adsorption process and mechanism of organic contaminants
adsorption (Liao et al. 2012; Zhao et al. 2008). In this study,
kinetic analysis was conducted by using the Lagergren first-
order and Lagergren second-order model.

The equation of Lagergren first-order kinetic model
could be expressed as follows (Rozada et al. 2005;
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Salvadori et al. 2013):

ln qe−qð Þ ¼ lnqe−k1t ð2Þ

where qe(mg/g) is the calculated equilibrium amount of
dyes on AC-1; q(mg/g) is the amount of dyes adsorbed
on AC-1 at time t (min); k1 (min−1) is the rate constant of
Lagergren first-order equation.

Lagergren second-order kinetics are expressed by Eq. (3):

t
q
¼ 1

k2q2e
þ 1

qe
t ð3Þ

where qe(mg/g) and q(mg/g) are uptake of dyes at time t and
equilibrium, respectively; k2(g/(mg min)) is the rate constant
of Lagergren second-order equation.

The fitting curves of Lagergren first-order and Lagergren
second-order models are shown in Fig. 8a, b, and correspond-
ing kinetic parameters are presented in Table 3. From Fig. 8, it
was seen that both the Lagergren first-order and Lagergren
second-order models fitted the experimental data well, but
the Lagergren second-order kinetics model fitted better which
could be confirmed by the higher correlation coefficient in
Table 3. This revealed that the limiting stage of adsorption
process was more chemical sorption mechanism than the mass
transfer from the solution to the adsorbent surface (Rozada
et al. 2005).

Additionally, the adsorption isotherm experiments were al-
so conducted in this study and the isothermal results are
shown in Table 4. Langmuir and Freundlichmodels were used
to fit these isotherm data. For the eosin adsorption, the
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Fig. 8 Adsorption kinetics of
eosin and safranine T onto the
sludge-based adsorbent (AC-1).
a Fittings to the first-order kinetic
model. b Fittings to the second-
order kinetic model

Table 3 Kinetic parameters for adsorption of dyes on AC-1

Sample qe (mg/g) Lagergren first-order Lagergren second-order

k1 R2 k2 R2

Eosin 25.063 0.0067 0.9674 0.00327 0.9992

Safranine T 48.544 0.0062 0.9356 0.00186 0.9997

Table 4 Results from fitting to Langmuir and Freundlich models

Sample Langmuir isotherm Freundlich isotherm

b (L/mg) q0 R2 n k R2

Eosin 1.0116 38.3142 0.9833 4.2070 18.7068 0.9204

Safranine T 0.1100 149.2537 0.7984 1.4663 17.1672 0.8702
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Langmuir adsorption isotherm provided better fitting in terms
of R2 (0.9833), suggesting the adsorption of eosin was mainly
due to monolayer coverage of eosin molecules onto the sur-
face of prepared carbon adsorbents. However, the adsorption
of Safranine T followed the Freundlich isotherm better with a
higher coefficient. The 1/n values in Freundlich model were
below 1 indicating favorable adsorption of the two dyes on the
prepared carbon adsorbents.

Conclusions

This study investigated the dual effects of biochar on indus-
trial wastewater treatment and on raising pyrolysis tempera-
ture as adsorbents and microwave receptor, respectively. The
SBET and pore volume of prepared adsorbents (AC-1) reached
459 m2/g and 0.23 cm3/g, respectively, which was better than
those obtained by conventional pyrolysis/carbonization and
physical activation methods. Multiple reuses of biochar adsor-
bents (AC-1 to AC-5) as microwave receptor was feasible
during microwave pyrolysis, where the pyrolysis temperature
increased sharply to 800 °C within 5 min. However, the total
iodine value of each adsorbent decreased in the order of AC-
1 > AC-2 > AC-3 > AC-4 > AC-5. AC-1 was the better one
among all the adsorbents in terms of surface area, porous
structure, heating characteristic, and iodine value. For adsorp-
tion performance, AC-1 presented the highest removal effi-
ciency of 97.3 and 95.9% for eosin and safranine T respec-
tively under the experimental condition. Further FTIR analy-
sis found that the adsorption of acidic and basic dyes on the
surface of AC-1 was the combined effect of physical adsorp-
tion and surface chemistry process. The adsorption kinetic
could be better described by Lagergren second-order model,
and favorable adsorption of eosin and Safranine T was fitted
well by Langmuir and Freundlich isotherm, respectively.
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