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used as different types of chemicals to modify the SBC. With the aid of chemical activation,
the modified SBC showed higher adsorption performances on DOMs removal with maxi-
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of MSBC suggested that the content of C-C and C-O functional groups on the surface of
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modified sludge-based activated carbon (MSBC) played an important role on the adsorption
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capacities of MSBC towards DOMs removal in sewage. Additionally, the residual molecular
weight of DOMs in sewage was investigated using a 3-dimension fluorescence excitationemission matrix (3D-EEM) and high-performance size exclusion chromatography (HP-SEC).
Results showed that the chemical modification significantly improved the adsorption capacity of MSBC on humic acids (HA) and aromatic proteins (APN), and both of NaOH-MSBC
and HCl-MSBC were effective for a wide range of different AMW DOMs removal from sewage,
while the HNO3 -MSBC exhibited poorly on AMW organics of 2,617 Da and 409 Da due to the
reducing content of macropore. In brief, this study provides reference values for the impact
of the chemicals of the activation stage before the SBCs application.
© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

∗

Corresponding authors.
E-mails: zhanght@tsinghua.edu.cn (H. Zhang), zhwj_1986@126.com (W. Zhang).

https://doi.org/10.1016/j.jes.2020.08.005
1001-0742/© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences. Published by Elsevier B.V.

journal of environmental sciences 100 (2021) 340–352

Introduction
A large amount of waste activated sludge (WAS) is produced
in recent decades during the urban sewage treatment process,
which is a huge problem faced by sewage treatment. WAS is
mainly composed of extracellular polymeric substances (EPS),
microbial cells, minerals, and nutrients, etc (Gong et al., 2014).
The treatment and disposal of sludge are accounted for 50%
- 60% of the cost of sewage treatment (Ren, 2004). The traditional sludge treatment and disposal process includes aerobic and anaerobic digestion, landfill, composting, incineration and land use, etc. (Hadi et al., 2015). These traditional
sludge disposal technologies are limited due to its high costs
and disadvantages of causing secondary pollution to the environment. Recently, the carbonization of sludge leads to a
widespread application due to its harmlessness. For example,
Cheng et al. prepared the sludge activated carbon (SAC) by aluminum salt conditioning coupled with the pyrolysis process,
as well as its application for organic pollutants removal from
anaerobic digestion fluid, and the organic matter removal efficiency could reach 45% (Cheng et al., 2019). Wang et al. used
SAC as a skeleton agent coupled with organic polymer flocculant to remove soluble biopolymer in sludge synchronously,
and improved the dewatering performance of anaerobic digestion sludge (Wang et al., 2018). Besides, Wang et al. prepared a sludge-carbon catalyst to activate persulfate to degrade 2-phenol, and 2-phenol degradation efficiency could
reach 88.7% (Wang et al., 2017).
However, the application of sludge-based activated carbon
(SBC) is limited due to its poor specific surface area, small
pore volume, high ash content and poor adsorption performance (Ros et al., 2006a). Recently, the physical and chemical modification was used to improve the structural characteristics of SBC to improve its specific surface area and adsorption capacity (Smith et al., 2009). For example, Rio et al.
reported that steam activation increased the specific surface
area of SBC to 226 m2 /g (Rio et al., 2006). Ioannidou and
Zabaniotou et al. proposed that the activated carbon prepared from organic wastes modified by CO2 activation has
a higher specific surface area than that by steam activation (Ioannidou and Zabaniotou, 2007). In addition to physical methods, chemical activation reagents (sodium hydroxide, potassium hydroxide, zinc chloride, etc (Chen et al., 2002;
Kang et al., 2006; Rio et al., 2006).) and acid pickling (hydrochloric acid, sulfuric acid, phosphoric acid, and nitric acid,
etc (Guo and Rockstraw, 2007; Ros et al., 2006a; Zhang et al.,
2005).) were the main chemical means for SBC modification.
Chemical modification could significantly improve the porosity, and increase the type and relative content of functional
groups on the surface of SBC. For example, nitric acid modification could introduce functional groups of C=N/C-N=O
(Li et al., 2019), moreover, the increased content of N was beneficial to the induction catalysis of oxides by SBC (Duan et al.,
2018; Yun et al., 2018). Furthermore, chemicals like KOH
would not change the crystal structure of SBC (Mian and Liu,
2020).
There were still residual trace organic pollutants in the effluent of the secondary sedimentation tank after the sewage
treatment. Traditional sewage treatment processes were no
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longer to achieve in-depth treatment of these trace organic
pollutants. Similar to activated carbon, SBC is a porously
and easy to automatically control with strong adaptability
to changes in water volume, water quality, and water temperature. Therefore, SBC adsorbents are promising materials for organic pollutants removal from sewage due to its
high porously. Parmila Devi et al. reported that sludge-based
adsorbents had been used to remove pollutants such as
heavy metals, dyes, phenols, and phenolic compounds, phosphates and miscellaneous compounds from sewage (Devi and
Saroha, 2017). Ding et al. showed that SBC could remove a variety of antibiotics from sewage, and the carbon phase and
inorganic mineral components of SBC were conducive to the
adsorption of organic compounds (Ding et al., 2012). Moreover, Haberkamp et al. believed that SBC made from sludge
could effectively remove a variety of residual organic pollutants in secondary effluent (Haberkamp et al., 2007). With
discussed above, it could be concluded that the adsorption
of DOMs by SBC in secondary effluent was mainly related
to the physical-chemical properties (chemical composition,
structural characteristics and surface chemical properties) of
SBC and the hydro-chemical background of DOMs (Apul and
Karanfil, 2015). And the mechanism of DOMs adsorption by
SBC mainly includes pore filling, diffusion and distribution,
hydrophilic and hydrophobic action, π -π coupling, electrostatic action, and hydrogen bond action (Cho et al., 2008;
Inyang and Dickenson, 2015).
In this study, in order to improve the structural properties of traditional SBC, WAS is used as a carbon source,
and three different types of chemicals (hydrochloric acid, nitric acid, and sodium hydroxide) were used to modify the
SBC obtained from WAS. The obtained SBC through hightemperature pyrolysis coupled chemical modification was further applied to the advanced treatment of secondary effluent. The objectives were to: (1) investigate the modification
effects of chemicals on the structural properties of SBC including microscopic morphology, pore structure, element composition and functional groups of MSBC; (2) evaluate the adsorption performance of different MSBC towards the residual organic matter in secondary effluent; (3) establish the internal relationships between the physicochemical properties
of MSBCs and DOMs treatability using 3D-EEM and HP-SEC
analysis.

1.

Materials and methods

1.1.

Materials

1.1.1.

Chemical agents

Hydrogen chloride (HCl, analytical reagent (AR)), sodium hydroxide (NaOH, AR) and hydrogen nitrate (HNO3 , AR) were purchased from Sinopharm Chemical Reagent Co., Ltd. in China.

1.1.2.

Waste activated sludge and secondary effluent

The waste activated sludge (WAS) and secondary effluent
were obtained from the secondary sedimentation tank in the
Xiaohongmen Wastewater Treatment Plant (WWTP) in Beijing, China. The sludge properties are as following: VSS/TSS
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54.00%, BET surface area11.64 m2 /g, pore volume 0.06 m3 /g
and average pore size 20.69 nm. The properties of secondary
effluent are shown in Appendix A Fig. S3 and Table S1. Before
the preparation of SBC, the WAS need to pretreated. Firstly,
the sludge (about 98% moisture content) was dewatered by the
suction filtration. The obtained sludge cake (about 80% moisture content) was dried in drying oven until constant weight.
Next, grinding the sludge to powder (through 200 mesh), and it
will be used the subsequent pyrolysis and carbonization process.

1.2.

Experimental procedure

1.2.1.

Synthesis and modification of SBC

The sludge powder was carbonized using a tube-type resistance furnace (OTF-1200X, Hefei Kejing Materials Technology
Co., Ltd., China) under nitrogen atmosphere, the heating rate
and nitrogen flow rate were 10 °C/min and 0.5 L/min, respectively, and the samples were heated at 800 °C for 30 min. After
the pyrolysis process, the obtained SBC particles were washed
three times using ultrapure water to remove undesired organics, and then the obtained SBC was dried at -5°C and 0.001
Pa by freeze dryer (LGJ-10, Song yuan freeze dryer) and manual grinding into fine particles (through 200 mesh) for further
modification.
Different acid-base modifiers (HCl, HNO3 and NaOH) were
used to modify SBC (MSBC). SBC was impregnated in an
acid-base modifier by the "impregnation method". Specifically,
putting 5 g SBC powder into 500 mL of HCl, HNO3 and NaOH
solutions with a concentration of 2 mol/L, respectively. The
beakers were placed in a constant temperature oscillating incubator at room temperature (25 °C) and oscillated at a slow
speed of 50 r/min for 12 hr. After the reaction, the MSBC was
washed repeatedly with ultrapure water until the solution was
neutral, and then put the MSBC into the freezer drier for drying. The 3 kinds of MSBC were named HCl-MSBC, HNO3 -MSBC
and NaOH-MSBC, respectively.

1.2.2.

Adsorption experiment

In order to evaluate the adsorption performance of SBC, the
SBC powder was added to 100 mL of secondary effluent in 250
mL beakers with the magnetic stirring (350 r/min) at 25 °C. The
SBC dosages were controlled in the range from 0.2 to 2.0 g/L.
The adsorption kinetics and adsorption isotherm were studied with the dosage of MSBC and SBC were 1 g/L at 25 °C, and
the chemical oxygen demand (COD, mg/L) of secondary effluent was measured in the adsorption reaction time at 0.5, 1.0,
1.5, 2.0, 3.0, 4.0, 6.0, 8.0, 10.0 and 12.0 min. Besides, the effect
of different temperatures on the adsorption process was studied at 20, 25, 30, 35 and 40 °C. After the adsorption process, the
mixture was separated through centrifugation and the supernatant was collected to analyze the variation of COD.
The adsorption efficiency of different SBC on dissolved organic matters (DOMs) was evaluated by the variation of COD.
The DOMs removal efficiency was calculated using Eq. (1):
DOMs removal efficiency =

(DOC0 − DOCt )
× 100%
DOC0

(1)

Where, DOC0 (mg/L) is the initial concentration of DOMs,
DOCt (mg/L) is the equilibrium concentration of DOMs.
The adsorption capacities (qe , mg/g and qt , mg/g) were calculated using the Eqs. (2) and (3):
qe =

(C0 − Ce )V
m

(2)

qt =

(C0 − Ct )V
m

(3)

Where, C0 (mg/L), Ce (mg/L) and Ct (mg/L) are the DOMs concentrations at the initial, equilibrium and time t, respectively.
V (L) is the solution volume and m (g) is the mass of SBC adsorbent.
The linear pseudo-first-order and pseudo-second-order kinetic models could be expressed by Eqs. (4) and (5):
ln (qe − qt ) = lnqe − k1 t

(4)

t
1
t
= 2
+
qt
qe
qe k 2

(5)

Where qe (mg/g) and qt (mg/g) are the adsorbed amount of
solute by an adsorbent at equilibrium state and time t (min),
respectively. e k1 (1/min) and k2 (g/(mg•min)) are pseudo-firstorder and pseudo-second-order rate constants, respectively.
The Langmuir and Freundlich models are defined as in
Eqs. (6) and (7), respectively:
qe =

qm bCe
1 + bCe

1

qe = KFCe n

(6)

(7)

where Ce (mg/L) is the equilibrium DOMs concentration in solution; qm (mg/g) is the maximum monolayer adsorption capacity in the Langmuir model; b (L/mg) is the Langmuir constant; KF (mg/g (L/mg)1/n ) is the Freundlich constant; and n is
the adsorption intensity.

1.3.

Analytic methods

1.3.1.

Characterization of SBC

The specific surface area of SBC was determined by the
Brunauer-Emmett-Teller (BET) method using the adsorption
isotherm data obtained at 77 K using an ASAP 2010 Plus
analyzer (Micromeritics Instrument Corp., USA). A ZEISS
Sigma HD scanning electron microscope (SEM; ZEISS, Germany) was used to observe the micro-morphology of SBC.
Thermogravimetric analysis of SBC was performed using an
STA 409PC Luxx simultaneous thermal analyzer (NetzschGerätebau, Germany) for simultaneous thermogravimetricdifferential thermal analysis (TG-DTA) analysis under N2 at
10°C/min with temperature-programmed in the range 0 –
1300°C. The functional groups of SBC were analyzed using a
Thermo Nicolet Nexus 670 FT-IR spectrophotometer (Thermo
Fisher, USA), and the spectrophotometer was monitored in
the range of 4000 - 400 cm−1 . Moreover, the surface composition of SBC was examined using an X-ray photoelectron spectroscopy (XPS, Thermo ESCALAB 250 spectrometer, USA). The
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Fig. 1 – Adsorption desorption curve and pore size distribution of sludge-based activated carbon (SBC) and modified
sludge-based activated carbon (MSBC).

crystal structures of SBC were analyzed using a D8-FOCUS Xray diffractometer (XRD; Bruker AXS D8-Focus, Germany) with
a diffraction angle in the range of 10° - 80°.

1.3.2.

were used for AMW calibration (Chow et al., 2008; Liu et al.,
2013).
Chemical oxygen demand (COD) was measured by a HACH
DR2800 COD analyzer. The pH was measured using a pH meter
(pHS-3C, Shanghai).

Characterization of DOMs

The DOMs changes in secondary effluent were determined
using 3-Dimension fluorescence excitation-emission matrix
spectrums (3D-EEM, HitachiF-4500) measurement, with an excitation range from 200 to 400 nm at 5 nm sampling intervals and an emission range from 220 to 550 nm at 5 nm sampling interval. The spectra were recorded at a scan rate of
12,000 nm/min, using excitation and emission slit bandwidths
of 5 nm. Besides, EEMs were analyzed by parallel factor analysis (PARAFAC) (Yu et al., 2010), and the software MatLab 8.6
(MathWorks Inc., USA) was employed for processing the EEM
data.
The apparent molecular weight (AMW) distribution was
determined using high-performance size-expulsion chromatography (HP-SEC) equipped with a Waters 2487 Dual λ
Absorbance Detector. AMW was measured by a Waters liquid chromatography system which was consisted of Waters
1525 pump system, and the analytes were separated using a
Shodex KW 802.5 column (Shoko, Japan). Besides, the analysis
was carried out using phosphate (5 mmol/L) and NaCl (0.01
mol/L) as the mobile phase, all the mobile phases were filtered through a 0.22 μm membrane and degassed for 30 min
using ultrasonication before the HP-SEC tests, and the flow
rate was controlled by 0.8 mL/min. Polystyrene sulfonate standards (Sigma-Aldrich, USA) of molecular weights 1.8-32 kDa

2.

Results and discussion

2.1.

Characterization of SBC and MSBC

2.1.1.

Morphological characterization of SBC

The adsorption surface area of SBC was characterized using
BET measurement as shown in Appendix A Fig. S1, the adsorption surface area of SBC increased from 11.64 to 50.75 m2 /g
as a result of inorganic ash and minerals dissolution from
MSBC by the erosion of strong acids and bases (Kang et al.,
2006; Rio et al., 2006; Ros et al., 2006a; Zhang et al., 2005). It
was found that NaOH modification improved the pore structure of SBC the most with the adsorption surface area of
179.81 m2 /g, followed by HNO3 -MSBC (177.59 m2 /g), while
there were no obvious changes with HCl modification. Besides,
as shown in Fig. 1, the pore size distribution studies showed
that the pore structure of HCl-MSBC was in the range of 2 6 nm, and <2 nm for HNO3 -MSBC and NaOH-MSBC. In contrast, the pore structure of unmodified SBC was mainly in the
range of 6 - 50 nm. Suggesting that the mesopores of SBC
were converted to micropore with the strong acid and alkali
modification.
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Fig. 2 – Surface morphology (SEM) of SBC and MSBC.

Fig. 3 – Chemical characteristics of SBC: (a) The surface functional groups (FT-IR); (b) crystal structure of SBC and MSBC.

The physical surface morphology of the SBC is shown in
Fig. 2. The surface of the SBC was uneven roughness, and the
particles were accumulated by different sizes with no obvious
pore structures. While the surface of HCl-MSBC showed elongated pores like etched fractures with obvious porosities and
plenty of pores of different sizes. Besides, the surface of HNO3 MSBC and NaOH-MSBC also become rough, and many fractures were smaller than HCl-MSBC appeared, which was coincided with the pore size distribution analysis of MSBC. Results
suggested that the strong dissolution of the acid and based solution caused rough and more developed pores of MSBC due to
its etching characteristics, and the increased specific surface

area of MSBC was beneficial for organic pollutant adsorption
removal from sewage (Lillo-Ródenas et al., 2005).

2.1.2.

Chemical properties of SBC

The thermostability of SBC was determined using a
thermogravimetric-differential thermal analysis (TG-DTA)
and the results are shown in Appendix A Fig. S4. It could
be clearly seen that the raw sludge cake underwent 53.61%
mass content loss when the temperature was raised to 500°C,
indicating that the organic matters in sludge was degraded.
However, SBC exhibited excellent thermal stability, there were
about 5.50% of the mass content loss before 800°C.
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Fig. 4 – The element composition (XPS) of SBC and MSBC.

FT-IR was used to analyze the surface functional groups
of SBC (Fig. 3a), and there were no obvious distinctions between SBC. The band appeared at 1,047 cm−1 was related to
the stretching vibration peak of Si-O-C or Si-O-Si, 1,606 cm−1
was the stretching vibration peak of C=C (aromatic hydrocarbon) (Streit et al., 2019). The double-peak phenomenon was
observed around 2,946 cm−1 and 2,867 cm−1 , which could be
attributed to symmetrical and asymmetric C-H stretching vibration from ethyl and methyl group (Yang et al., 2010). Besides, the band at 3,406 cm−1 was attributed to the asymmetric stretching vibration of the O-H bond of alcohols, phenols
and absorbed water (Streit et al., 2019). It could be seen that
the strength of the hydroxyl peak at 3,400 cm−1 increased significantly after modification, indicating that the hydrophilic
group on the surface of MSBC was increased after chemical
modification. The expansion vibration at 1,047 cm−1 was increased after modification due to the dissolution of the inorganic substance by strong acid and base solution, which resulted in more Si functional groups exposed. It was worth noting that MSBC still retained the original functional groups, and
the oxygen-containing functional groups of the MSBC were
more fully exposed, which could increase the active adsorption sites of MSBC.
The crystal structure of SBC characterized by XRD was
shown in Fig. 3b. Results showed that peaks at 26.2° was detected in all samples, which was attributed to the typical of
002 planes of crystallite graphite structure (Wang et al., 2017).
The diffraction peaks appeared near 26° and 36° belonged to
amorphous C. In general, amorphous C was the main existing state in biochar, while the carbon structures with graphitization generated during the carbonization process (Ros et al.,
2006b). Besides, according to the XRAY40 standard card, the

diffraction peaks appeared near 21 ° and 26 ° were the related
to the diffraction of quartz (SiO2 ), and the SiO2 was the main
crystal state in SBC. It was obvious that the diffraction peak
intensity signal of SiO2 was enhanced after modification due
to the inorganic ash removal from SBC. It was worth noting
that the diffraction peak appeared at 38.5° was suspected to
be the AlPO4 crystal, which may be the product of the reaction between the aluminum salt added in the chemical phosphorus removal process of sewage and the phosphate in the
sludge. The diffraction peaks appeared around 49° and 60° represented minerals of lignite, which were easily soluble in acid
solution to produce humic acid (HA) and cause secondary pollution, and it could not be decomposed by high temperature
under anaerobic conditions. However, they could be eluted by
acid and base during chemical modification, and the berlinite has the characteristics of a high melting point and porosity, which could improve the adsorption performance of MSBC
(Gan et al., 2015).
The XPS spectrum of SBC and MSBC is shown in Appendix
A Fig. S2. The XPS spectra indicated that the presence of C1s,
O1s and N1s at the binding energy of about 284 eV, 533 eV and
398 eV, respectively, and there were weak Al2p, Si2p and P2p
peaks at 75 eV, 107 eV and 136eV (Guo et al., 2017; Ma et al.,
2016; Zhang et al., 2007), respectively. The relative content of
elements in different SBC is shown in Fig. 4a. After modification, the C1s content of MSBC was relatively increased, while
the content of O1s was reduced, among which the C1s content in HCl-MSBC and NaOH-MSBC were more significantly
increased. It was shown that the oxygen-containing minerals
were dissolved and eluted during the acid and base modification, and the modified reagent might react with the oxygencontaining functional groups of MSBC during the modification
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process, resulting in the reduction of the relative content of
O1s. Previous studies have shown that high C1s content and
low O1s content would be beneficial to the adsorption performance of SBC (Cho et al., 2008). Besides, the relative content
of Al2p and P2p were significantly reduced after modification
by HCl, HNO3 and NaOH, but the relative content of the stable elements such as N1s and Si2p were increased. For HNO3 MSBC, the relative content of O1s and N1s were higher than
other MSBC, this might be due to the strongly oxidizing HNO3
reacted with the hydroxyl group on the surface of MSBC, and
the products of nitrite and amino groups have adhered to the
surface of MSBC, which would increase the content of O1s and
N1s on the surface of HNO3 -MSBC. Besides, the surface chemical composition of HCl-MSBC and NaOH-MSBC were approximately similar.
In addition, the process of acid and based modification also
had a great impact on the functional groups on the surface of
MSBC. To further understand the existence of elements, the
C1s spectrum was deconvoluted into four sub-peaks located
at the binding energy of 284.5 ± 0.2, 285.1 ± 0.2, 286.4 ± 0.2,
and 289.5 ± 0.2 eV, which are ascribed to C–C, C–O, O-C=O and
C=C functional groups (Guo et al., 2017) as shown in Fig. 4b.
In general, the larger the binding energy, the more stable of
the functional group. The relative amounts of different groups
are shown in Fig. 4c. It was obvious that the relative content
of C-C in the NaOH-MSBC has increased, while the content
of O-C=O has decreased relatively in all the MSBC. Moreover,
the relative content of the C-O functional group in the MSBC
modified by acid (HCl and HNO3 ) was increased, which might
be due to the carboxylation reaction of O-C=O in MSBC under
the strong acid condition and C=O was cut off to produce carboxyl groups (Jaramillo et al., 2010; Lu et al., 2012). However,
the relative content of C-O was decreased under the condition of strong alkalinity, which may be due to the reaction of
the carboxyl group on the surface with sodium hydroxide to
form sodium carboxylate. But the C=C did not change significantly in the modification process, because the stable chemical properties of aromatic rings are not easily affected by acid
and alkali.

2.2.

Adsorption performance of SBC

2.2.1.

Removal efficiency of dissolved organic matters

The adsorption capacities of SBC towards DOMs were studied with various SBC dosages, adsorption time and temperature (Fig. 5). As shown in Fig. 5a and Fig. 5b, the DOMs removal efficiency increased with SBC dosage, and the DOMs
removal efficiency reached the equilibrium as SBC dosage of
1.0 g/L within 2 hr. The maximum DOMs removal efficiency of
HCl-MSBC, HNO3 -MSBC, and NaOH-MSBC were 63.24%, 62.15%
and 72.13%, respectively. In contrast, the DOMs removal efficiency of the original SBC was 44.14% within 8 hr with the
SBC dosage of 1 g/L. Suggesting that MSBC exhibited higher
adsorption abilities on DOMs in sewage after the chemical
modification, and the NaOH-MSBC performed the best due
to its highest specific surface area (BET = 179.81 m2 /g), while
the relatively weak adsorption capacity of HNO3 -MSBC might
be related to its high O content and low C content. Moreover, the effect of temperatures on the DOMs removal efficiency by MSBC is shown in Fig. 5c. It could be seen that the

Fig. 5 – Effect of reaction conditions on the adsorption
performance of different SBC: (a) dosage of different SBC; (b)
adsorption time; (c) adsorption temperature.

DOMs removal efficiency increased first and then decreased
with the increase of temperature, and SBC performed the best
at 30 °C. The adsorption isotherms for DOMs on different
SBC at 25°C are presented in Fig. 6a, b, and the adsorption
isotherms constants of Langmuir and Freundlich models are
listed in Table 1. The experimental values of different SBC and
the Freundlich isotherms have an excellent correlation coefficient (R2 ). It followed that the adsorption of DOMs onto SBC
fitted the Freundlich adsorption isotherm well, implying the
heterogeneity or pore structure of SBC surfaces would play
an important role in multi-layer adsorption for organic matters removal. The kinetics of SBC for DOMs adsorption were
fitted using the pseudo-first-order and pseudo-second-order
model, and the fitting results and kinetic parameters are displayed in Fig. 6c, d and Table 2. It was obvious that the higher
R2 values were observed in the pseudo-second-order model
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Fig. 6 – Adsorption performance of DOMs by different SBC: (a) Langmuir isotherm model; (b) Freundlich isotherm model; (c)
Pseudo first-order model; (d) Pseudo second-order model.

Table 1 – Langmuir and Freundlich isotherm constants for the adsorption of DOMs onto SBC.
Sample

SBC
HCl-M/SBC
HNO3 -M/SBC
NaOH-M/SBC

Langmuir isotherm model

Freundlich isotherm model
2

qm
(mg/g)

b
(L/mg)

R

68.05
74.80
88.78
118.98

0.0401
0.0533
0.0454
0.0399

0.8613
0.8334
0.8776
0.8350

KF
(mg/g (L/mg)1/ n )

n

R2

66.5
75.85
91.52
123.36

3.43
2.62
2.45
1.34

0.9041
0.8598
0.9128
0.8695

Table 2 – The kinetic fitting results of adsorption processes of different SBC.
Sample

SBC
HCl-M/SBC
HNO3 -M/SBC
NaOH-M/SBC

Pseudo-first-order kinetic model

Pseudo-second-order kinetic model
2

Qe

k1

R

22.39
28.93
27.39
29.05

0.7667
1.6590
1.4328
2.1876

0.6438
0.3997
0.2660
0.2706

Qe

k2

R2

22.39
28.93
27.39
29.05

0.0417
0.0689
0.0765
0.1367

0.9955
0.9968
0.9986
0.9992
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Fig. 7 – 3D-EEM spectra of main fluorescence components obtained from parallel factor analysis (PARAFAC).

(R2 >0.99) for different SBC. The calculated qe of SBC, HClMSBC, HNO3 -MSBC and NaOH-MSBC were 22.39, 28.93, 27.39
and 29.05 mg/g, respectively, and these results were well consistent with the actual experimental data. These results indicated that the adsorption system was conformed with the
pseudo-second-order kinetic model for the entire sorption period. Therefore, the chemisorption was dominated during the
sorption process (Gan et al., 2015), and physical adsorption
also contributed to organic removal simultaneously. In addition, the k2 of NaOH-MSBC was significantly higher than the
other two MSBC, indicating that its adsorption rate may be the
fastest.

2.2.2.

Treatability assessment of DOMs

3D-EEM was widely used for organic matter characterizations due to its high selectively and sensitive detection
(Hudson et al., 2008). The substances classification of water
samples in 3D-EEM spectrum could be divided into 4 regions:
tryptophan protein region (TPN, λex/em = 250 - 400/280 - 380
nm), aromatic protein region (APN, λex/em = 200 - 250/280 380 nm), humic acid (HA, λex/em = 250 - 400 / >380 nm) and
fulvic acid (FA, λex/em = 200 - 250/ >380 nm) (Chen et al., 2003).
The DOMs in sewage was mainly composed of soluble microbial products (SMP) including polysaccharide, proteins and
micropollutants (Wang et al., 2009). The results of the main
fluorescence components in 3D-EEM spectra obtained from
the parallel factor analysis (PARAFAC) are shown in Fig. 7, the
major fluorescent components of DOMs in sewage were HA
and APN. As shown in Fig. 8, within 0.5 hr, the HA and APN
removal efficiencies of HCl-MSBC, NaOH-MSBC and HNO3 MSBC were 84.34% and 74.77%, 83.71% and 75.04%, 64.89% and
59.30%, respectively. In contrast, the HA and APN removal efficiencies of unmodified SBC were only 32.92% and 28.23% in
0.5 hr. Indicating that the adsorption abilities of SBC towards
HA and APN were enhanced evidently due to the fully exposed functional groups. Moreover, the content of C-C functional groups was increased significantly, indicated that the
hydrophobicity of the surface of MSBC was improved after
modification. The hydrophobic interface was conducive to the
exposure of adsorption sites and more adequate contact with
organic molecules, which could improve the adsorption performance of MSBC (Wang et al., 2016).

Additionally, as shown in Fig. 9, the fluorescence intensity
of HA and APN decreased initially and then increased with the
temperature, and the lowest of fluorescence intensity of HA
and APN were at 30 °C, suggested that the MSBC performed
the best at 30 °C. Besides, it was clearly that the adsorption
capacity of MSBC on HA was stronger than that of APN. Previous studies claimed that there was an adsorption competition between HA and APN during the adsorption process, and
the HA was often dominated in the adsorption competition,
which lead to adsorption capacity of other adsorbates would
be reduced (Yıldız et al., 2008).
During the sewage treatment, the systematic analysis of
the different molecular weight of DOMs played an important
role in understanding the specific distribution and behaviors
of organic matters in sewage. As shown in Fig. 10a, there were
5 AMW absorption peaks at 409, 866, 1401, 2075, and 2617
Da in raw wastewater, respectively. The organic matters were
mainly divided into two fractions according to the MW distribution: the medium-MW component (1000 - 4000 Da) and the
low-MW component (< 1000 Da) (Lyko et al., 2008). The peak
area variation of different AMW components in wastewater
were shown in Fig. 10b. Results showed that the adsorption
capacity of MSBC towards all kinds of AMW components has
been improved after the chemical modification, and the adsorption capacities of HCl-MSBC and NaOH-MSBC were higher
than HNO3 -MSBC. This was because the content of macropores in HNO3 -MSBC had been greatly reduced after modification, resulting in a decrease of the macromolecular organics (2075 and 2617 Da) adsorption efficiency by HNO3 -MSBC.
Besides, the adsorption capacity of HNO3 -MSBC towards organic components of 409 Da was also relatively weak due to
the small amount of micropores.

2.3.

Adsorption mechanism

Due to the large specific surface area, the abundant pore structure, the diversity of surface function groups, the high relative content of C and the low inorganic mineral content, the
prepared SBC is already a excellent absorbing material. After the modification, the specific surface area and pore structure of obtained MSBC was further improved. And more hydrophilic oxygen-containing functional groups were attached
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Fig. 8 – Variation of 3D-EEM fluorescence components with reaction time.

Fig. 9 – Variation of 3D-EEM fluorescence components with different temperatures.
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Fig. 10 – Variation of different apparent molecular weight components in wastewater before and after adsorption by
different SBC.

to the surface of the material, increasing the adsorption performance. Furthermore, the removal of DOMs is mainly a
chemisorption process by the results of above kinetic and
isotherm models studies. The type and amount of functional
groups covered on the surface of SBC determine the adsorption performance. Notably, the electrostatic interaction is not
the decisive role because of the amphoteric functional groups
of SBAC, while hydrogen bonding is the main force in the adsorption process. Besides, the hydrophilic functional groups
such as hydroxyl and phenolic hydroxyl groups on the surface of SBC can bond with N on humic acid. Carbonyl and ester groups can bond with aromatic nitrogen on humic acid by
electron donor receptor interaction. Thus, the physical properties (the large specific surface area and the abundant pore
structure) are not the absolute factor to determine the adsorption performance of SBC, the amount of adsorption sites
brought by hydrophilic functional groups on the surface of
SBC are the most crucial.

functional group and C element. Both NaOH-MSBC and HClMSBC were effective for a wide range of different AMW DOMs
removal from sewage, but the HNO3 -MSBC exhibited poorly
on AMW organics of 2617 Da and 409 Da due to the reducing
content of macropore. The study provided important guidance
for the chemical modification of SBC and its application on
sewage treatment fields.

3.

Appendix A Supplementary data

Conclusions

In this study, the effects of different types of chemical modification on the morphological and physicochemical properties
of SBC were investigated, and the MSBC was further applied
in advanced treatment of secondary effluent. Results showed
that the BET specific surface area of MSBC was significantly
increased due to the elution of ash and minerals by chemicals, and the pore size distribution was transformed to micropore. Moreover, the C-C functional groups were increased
after the chemicals modification process, which was effective
to improve the surface hydrophobicity of MSBC. Moreover, the
C-O functional groups increased after acid modification while
decreased after alkali modification, which mainly because the
ash was removed and the crystal structure was retained. The
MSBC exhibited excellent adsorption properties on DOMs removal, and the orders of adsorption capacity were: NaOHMSBC> HCl-MSBC> HNO3 -MSBC. Besides, the adsorption was
conformed to Freundlich isotherm and pseudo-second-order
kinetic models, with the maximum adsorption of 29.05 mg/g.
The adsorption capacities of MSBC towards HA and APN were
increased significantly due to the increasing in C-C surface
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