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dy of pyrolytic carbons prepared
from printed circuit boards by magnetic and
electrostatic separation

Yujiao Kan, * Fangyuan Zheng and Ruxin Zhang

Physical technology is the main method to separate metal and non-metallic fractions from printed circuit

boards (PCBs). The non-metallic fractions from magnetic and electrostatic separation have different

ingredients, which enables them to be prepared into pyrolytic carbon with different properties. To

discover the influence of separation technologies for PCBs on the preparation, characterization and

application of pyrolytic carbon, two kinds of nonmetal fraction from magnetic and electrostatic

separation were chosen as the precursors of pyrolytic carbon. The thermogravimetric analysis of non-

magnetic fraction and non-conductive fraction at different heating rates was discussed in the paper. The

optimal heating rate of 10 �C min�1 was applied in preparing pyrolytic carbons. Pyrolytic carbons

prepared from the non-magnetic fraction and non-conductive fraction had visible differences in their

morphological and pore structures. Pyrolytic carbons of the non-magnetic fraction exhibited higher BET

surface area (313 m2 g�1) and higher adsorption capacities for ciprofloxacin (142.82 mg g�1) than those

of pyrolytic carbon of the non-conductive fraction (SBET: 235 m2 g�1, qm: 78.17 mg g�1). Equilibrium data

fit better to the Freundlich model than the Langmuir model. According to the calculated thermodynamic

parameters, CIP adsorption processes by the two pyrolytic carbons were spontaneous and endothermic.

Although the metal recovery from PCBs through electrostatic separation is higher, pyrolytic carbon

prepared from the non-magnetic fraction shows better pore characteristics and adsorption properties.

This paper might be the first report of the effect of separation technology for PCBs on the preparation of

pyrolytic carbons. This paper contributed to the reutilization of non-metallic fractions of PCBs and the

development of a cyclic economy.
1. Introduction

In recent years, with the development of network technology,
waste electric and electronic equipment (WEEE) has become
a serious problem for humans to resolve.1 Printed circuit boards
(PCBs), as an important part of WEEE, have attracted attention
across the world. Now the recycling of PCBs has become a hot
topic because of their potential environmental hazards and rich
natural resources.2

The main recycling processes for PCBs are physical/
mechanical and chemical recycling technique.3 Physical/
mechanical process usually uses crusher, classier and sepa-
rator to separate metals and nonmetals from PCBs. And it
includes magnetic separation, liquid otation, eddy current, wind
separation and electrostatic separation, etc.4 Physical separations
have the advantage of high recovery and low cost. Chemical
method mainly includes pyrometallurgy and hydrometallurgy.
Pyrometallurgy is through incineration to remove plastic and other
organic ingredients in PCBs to make the metal enrichment.
ering, Shandong University of Science and

l: kanyujiao@163.com

3499
Hydrometallurgy is through acidic or alkaline leaching method to
make metal dissolve in solution, then use solvent extraction,
precipitation, ltering and distillation method to make the metal
enrichment.5 Either way, the by-products generated from chemical
method would cause the secondary pollution. Therefore,
researchers have begun to focus on the physical/mechanical
recovery methods for PCBs in recent years.

Magnetic and electrostatic separation are two common
mechanical separations.6 Magnetic separation is the pretreatment
process of electrostatic separation, it can only separate the
magnetic fraction (Fe, Ni, Co, etc.) from the non-magnetic fraction
(plastic, glass, Al, Cu, etc.). Aer the magnetic separation, part of
the metal is still in the non-magnetic fraction. However, aer
electrostatic separation, almost all the metals are separated.
Therefore, the two kinds of nonmetal fraction from magnetic and
electrostatic separation have different ingredients.

Considering the high content of carbon in non-metal frac-
tion, it is also a carbon source for preparing activated carbon.7

In our previous study, H3PO4,8,9 NaOH,7 KOH10 and steam11 were
used as activating agents to prepare activated carbons of PCBs.
However, the pyrolysis of PCBs without any activating agent has
not been studied. Different ingredients of two kinds of
© 2021 The Author(s). Published by the Royal Society of Chemistry
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nonmetal fractions from magnetic and electrostatic separation
may affect the properties of pyrolytic carbons. Therefore, the
effect of separation technology for PCBs on the preparation of
pyrolytic carbons is intend to be researched.

Ciprooxacin (CIP), as a synthetic antibiotic, has been widely
used in the treatment of bacterial infections in human and
animals. The presence of CIP in water sources can lead to the
development of antibiotic resistant bacteria, which is harmful to
the health of the human. Nowadays, all kinds of methods have
been used for CIP removal from environmental water system, such
as adsorption,12 photo-degradation,13 catalytic oxidation14 and
biodegradation15 etc. Among these methods, adsorption method
has attracted much attention because of its simple operation, low
cost, high efficiency and low impact on the environment.16

In this paper, the inuence of separation technologies for
PCBs on the preparation, characterization and application of
pyrolytic carbon was analyzed. Various properties including
BET surface area, pore volume, and pyrolysis mechanism were
investigated. The adsorption experiments of CIP were also dis-
cussed to compare the performance of two pyrolytic carbons.
2. Materials and methods
2.1 Raw material

The whole process technology for recycling PCBs is shown in
Fig. 1. Firstly, the raw material (PCBs) were crushed and sepa-
rated through a grinder. Then, the product was separated
through magnetic separator to get the magnetic fraction and
non-magnetic fraction. Because the magnetic force on the
magnetic particle is greater than gravity, magnetic particles
were transported on the conveyor, and then carried to collection
tank by the rotation of roller and the dividing of strips. While
the non-magnetic fractions were unaffected by magnetic force,
and they could directly remove to the non-magnetic eld area.17

The element analysis of non-magnetic fraction shows as
follows: non-metalloid: 75.62%; Cu: 8.58%; Cr: 3.45%; Al:
3.11%; Ni: 2.89%; Sb: 2.36%; Pt: 2.04%; Zn: 1.95%. The particle
size of non-magnetic fraction is 1–2 mm. The non-magnetic
fraction was separated through electrostatic separator to get
the conductive fraction and non-conductive fraction. Corona
charge and induction charge are the two charging mechanisms
of conductive and non-conductive particles. Due to the
Fig. 1 The whole process technology for recycling PCBs.

© 2021 The Author(s). Published by the Royal Society of Chemistry
difference in the electrical conductivity of the two particles,
their movement paths are also different.17 Conductive particles
were subjected to electrostatic induction, discharged to the
earthed electrode and detached from the rotating roll. However,
the non-conductive particles were subjected to corona charge.
The charged non-conductive particles are pinned by the electric
image force to the rotating roll, and then they will move with the
rotating roll, swept by the brush and fall in the tank. The
element analysis of non-conductive fraction shows as follows:
non-metalloid: 99.21%; Cu: 0.32%; Cr: 0.24%; Ni: 0.23%. The
particle size of non-conductive fraction is 0.5–1 mm. The two
kinds of nonmetal fraction obtained from magnetic separation
and electrostatic separation are named MS and ES, which are
the raw materials for preparing pyrolytic carbons. Fig. 2 shows
the image captured by the optical microscope. The shape of
metal and ES is a plate, and the shape of berglass powder and
MS is a stripe. MS and ES have different shapes under the same
size, which is due to the separation technology.

2.2 Pyrolytic carbon

In order to ensure that MS and ES had a uniform particle size, they
weremilled to 60mesh (0.25mm). The sieved samples were heated
to 650 �C at a heating rate of 10 �C min�1 and maintained at the
temperature for 3 h, the whole preparation process was conducted
in a horizontal cylindrical furnace (SKQ-3-10) under N2 atmo-
sphere (0.5 L min�1). Aer cooling to the room temperature, the
pyrolytic carbons were washed with deionized water. Aerwards,
the pyrolytic carbons were dried, ground and sieved to 100 mesh
(0.15 mm). The pyrolytic carbon prepared from MS and ES were
named MSC and ESC, respectively.

2.3 Characterization methods

The thermogravimetric analysis of MS and ES were measured by
an SDT-simultaneous TGA-DTA model (SHI-MADZU, TGA-50).
MS and ES were performed under N2 atmosphere (0.5
Lmin�1) with the different heating rate of 5, 10 and 15 �Cmin�1

up to 800 �C. The pore structure and specic surface area of
MSC and ESC were determined by a surface area analyzer (JW-
BK122W, Beijing JWGB Sci. & Tech. Co., Ltd., China) by N2

adsorption/desorption at 77 K. The element contents of MS and
ES were measured by an energy dispersive spectrometer
instrument (Elementar Vario EL III, Germany). The surface
RSC Adv., 2021, 11, 33490–33499 | 33491
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Fig. 2 Optical images of metal (a), MS (b), fiberglass powder (c) and ES
(d).
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morphology of activated carbon was obtained by scanning
electron microscopy (SEM) (Hitachi S-520, Japan). Products of
MS and ES decomposition in the condensed phase were ana-
lysed by a gas chromatography-mass spectrometer (GC-MS)
(Agilent 7000B, USA). The geometric measurements were per-
formed by optical microscope (DM 500, LEICA, Germany).
2.4 Adsorption experiment

In order to study the effect of contact time on the adsorption of
CIP. Experiments were carried out in beakers (1000 mL), which
were wrapped around tinfoil to prevent photolysis. Solutions were
stirred with a magnetic stirrer at a constant speed (175 rpm). Time
measurements began when the adsorbent (1 g) was added in the
CIP solution (1 L). Samples were taken at different time intervals to
be determined. A sets of batch adsorption experiments were con-
ducted in the constant temperature incubator shaker (BPN-25HL)
using 100 mL conical asks at desired condition (shaking speed
175 rpm, 0.05 g carbon/50 mL solution and setting temperature of
20, 25, 30 �C) for 25 h. Aer equilibration, samples were ltered
using a 0.45 mm membrane lter, then CIP concentration of the
ltrate was determined by a UV-vis spectrophotometer (UV-754,
Shanghai) at the maximum wavelength of 275 nm.

The amount of CIP removed at equilibrium, qe (mg g�1), was
calculated as follows:

qe ¼ ðCo � CeÞV
m

(1)

where Co and Ce are the initial and equilibrium concentration of
CIP (mg L�1), V is the solution volume (L), andm is the weight of
adsorbent (g).
2.5 Adsorption isotherm models and thermodynamics

The adsorption isotherm describes how the adsorbent inter-
acted with the adsorbate. Two common models, Langmuir18
33492 | RSC Adv., 2021, 11, 33490–33499
and Freundlich19 isotherm model, are applied to t equilib-
rium data for the adsorption of CIP onto MSC and ESC.
Langmuir model presumes monolayer coverage of adsorbent
over a homogenous adsorbent surface. Freundlich model is
based on a heterogeneous surface, and it has been used for
the adsorption process of multilayer adsorption. The non-
linear forms of the Langmuir and Freundlich equations can
be expressed as:

qe ¼ qmkLCe

1þ kLCe

(2)

qe ¼ kFCe

1
n (3)

where Ce (mg L�1) is the equilibrium concentration of CIP, qe
(mg g�1) is the amount of CIP adsorbed at equilibrium, qm (mg
g�1) is CIP maximum adsorption amount, kL (L mg�1) and kF
(mg g�1(L mg�1)1/n) are the Langmuir and Freundlich isotherm
constant, respectively.

The thermodynamic parameters provide a deeper insight
into adsorption mechanism. Enthalpy change (DH, kJ mol�1),
entropy change (DS, kJ (mol K)�1) and Gibbs free energy change
(DG, kJ mol�1) were determined by the thermodynamic
equations.20

3. Results and discussions
3.1 Pyrolysis kinetics

The pyrolytic kinetics curves of MS and ES (heating rate: 5, 10
and 15 �C min�1) are depicted in Fig. 3. Fig. 3a and b show the
thermo gravimetric analysis (TGA) curves of MS and ES, Fig. 3c
and d show the derivative thermo gravimetric (DTG) of MS and
ES. Little mass loss is observed between 100 and 250 �C as
a result of the moisture content. The raw materials could be
decomposed when the heating temperature is above 250 �C.
Large mass loss can be divided into three stages: 250–370 �C,
370–500 �C and 500–800 �C. During the rst stage, the mass
loss accounts for about 60% of the whole mass loss, which is
due to the dehydration-condensation reaction of phenolic
groups in the epoxy resin, the water molecules escape in large
numbers. Besides, when the temperature is above 300 �C, the
ether bridge bonds with low bond energy cleave, volatile
organic compounds are generated to escape.21 Therefore, the
maximum weight loss rate appears in this stage. During the
second stage, the ether bridge bonds continue to cleave,
small molecules are generated and volatilize. During the last
stage, the mass loss only accounts for 10% of the whole mass
loss. The crosslinking structures of epoxy resin were
destroyed, the reaction of crosslinking, cyclization and chain
transfer in aromatic monomer occurred, little molecules
escaped. At last, pyrolytic carbon was formed.22

Seen from Fig. 3a and b, the largest mass loss occurs at the
heating rate of 10 �C min�1, the TGA curves of 5 �C min�1 are
almost coincided with that of 10 �C min�1. Generally, the less
heating rate results in better pyrolysis, more ether bridge
bond and methylene bond on the side chain of benzene ring
break to form free radicals, these free radicals can react with
other macromolecules. At last, more volatile gases are
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The pyrolytic kinetics curves at 5, 10 and 15 �Cmin�1 of MS and ES ((a) TGA thermograph of MS; (b)TGA thermograph of ES; (c) DTG curves
of MS; (d) DTG curves of ES).
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generated and less pyrolysis residues are le. The mass loss
at the heating rate of 5 �C min�1 is a little less than that of
10 �C min�1, which is probably because the polymer mole-
cules degraded slowly at a low heating rate.23 Similar
phenomenon has been reported by Kumari et al.24 and Font
et al.25 When the heating rate is 15 �C min�1, the temperature
rises fast, many materials are pyrolyzed simultaneously. The
pyrolysis reactions become more intense, a large number of
unstable unsaturated substances are generated, which
inhibits the pyrolysis of stable macromolecular substances.26

Then, bond cleavage and cyclizing polymerization reactions
occurred in the unsaturated substances.27,28

Seen from Fig. 3c and d, with the increasing heating
rate, the peak temperature of pyrolysis increases and the
DTG curves shis to higher temperatures region. For MS,
the peak temperature rise from 300 to 322 �C; for ES, the
peak temperature rises from 301 to 321 �C. As the heating
rate increases, pyrolytic reaction time decreases at
a certain temperature, resulting in the decrease of
decomposition amount at the temperature. Therefore,
higher temperature is needed for the same organic matter
decomposition.29,30

Above all, to ensure that the pyrolysis of MS and ES can be
completed, 10 �C min�1 is chosen for the pyrolysis rate. In
© 2021 The Author(s). Published by the Royal Society of Chemistry
order to analyze the pyrolysis mechanism of MS and ES, GC/
MS analysis was performed. Fig. 4 shows the GC/MS analysis
of MS and ES. Results show that the variety of organic matter
is coincident in different raw materials, but the content
shows diversity. Reactions (Fig. 5) suggested could be
concluded from the products. A probable path for the
generation of radicals from tetrabromobisphenol A is the
formation of an unstable halocyclohexadienone.31 The
cleavage of a carbon–bromine bond lead to release bromine
radical and generate HBr and tribromobisphenol A (eqn (4)).
Tribromobisphenol A also can yield dibromobisphenol A
(two isomers).32 While, the cleavage of carbon–carbon bond
could generate two radicals (eqn (5)), at the same time, it can
generate phenol, 2-bromophenol, 2,6-dibromophenol and 2-
bromo-4-(1-methylethenyl)phenol among decomposition
products (Fig. 4). A likely pathway for the formation of p-
bromo-substituted phenols products is shown in eqn (6). The
products of p-bromo-substituted phenols mainly include 4-
bromophenol, 2,4-dibromophenol and 2,4,6-tri-
bromophenol.33 GC/MS analysis of MS and ES shows differ-
ences, which may be associated with the content of metal
elements in MS and ES. Two reactions have been proposed
leading to SbBr3 formation, which have been shown in eqn
(7) and (8):34
RSC Adv., 2021, 11, 33490–33499 | 33493
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Fig. 4 GC/MS analysis performed on the condensable product of MS and ES.
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Sb2O3 + 6HBr / 2SbBr3 + 3H2O (7)

SbOBr + 2HBr / SbBr3 + H2O (8)

The formation and evolution of gaseous SbBr3 may occur
during the pyrolysis process, which may affect the formation of
organic matter.
Fig. 5 The pyrolysis products of brominated epoxy resin (X: H or Br).

33494 | RSC Adv., 2021, 11, 33490–33499
3.2 Surface morphology characterization

Fig. 6 shows the SEM micrographs of MS, ES, MSC and ESC.
Seen from Fig. 6a and b, MS and ES have different shape
characteristics. The resin and berglass powder are separated
completely aer the process of electrostatic separation. The
resin powder shaped like a plate is from epoxy ber laminate,
and the berglass powder shaped like a stripe is from
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The SEM micrographs of MS (a), ES (b), MSC (c) and ESC (d).

Fig. 7 The N2 adsorption/desorption isotherms (a) and pore size distribution (b) of MSC and ESC.
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a phenolic paper laminate. Aer pyrolysis, a few pores were
generated on the surface of the resin powder, but the surface of
berglass was still smooth (Fig. 6c and d). The weak side chains
and bridge bond of organic matter in resin powder broke to
form free radical, then free radical combined to form gas and
escaped from the surface of resin powder. Compared with resin
Table 1 Porous structure parameters and yield of MSC and ESC

Pyrolytic
carbon SBET (m2 g�1) Smic (m

2 g�1) Smic/SBET (%)

MSC 313 299 95.53
ESC 235 223 94.89

© 2021 The Author(s). Published by the Royal Society of Chemistry
powder, berglass has high heat stability, thus no pore was
generated on the surface of berglass.
3.3 Surface area and porosity analysis

The N2 adsorption/desorption isotherms and pore size distri-
bution of MSC and ESC are shown in Fig. 7. The texture
Vtot (cm
3 g�1) Vmic (cm

3 g�1) Dp (nm) Yield (%)

0.121 0.103 1.833 41.8
0.116 0.087 1.973 43.5

RSC Adv., 2021, 11, 33490–33499 | 33495

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra05287j


Fig. 8 Adsorption isotherms using non-linear method of Langmuir (solid line) and Freundlich model (dash line) for CIP onto MSC (a) and ESC (b).

Table 2 Langmuir and Freundlich isotherm parameters of MSC and
ESC

Activated
carbon T (�C)

Langmuir Freundlich

qm kL R2 kF 1/n R2

MSC 20 142.82 0.4134 0.7133 105.61 0.0593 0.9466
25 145.33 0.3985 0.7482 105.73 0.0626 0.9601
30 147.62 0.4051 0.7338 106.29 0.0651 0.9536

ESC 20 78.17 0.1976 0.9084 61.42 0.0408 0.9874
25 90.11 0.1588 0.8964 65.25 0.0554 0.9805
30 105.50 0.1485 0.9083 71.85 0.0672 0.9791

Table 3 Thermodynamic parameters for the adsorption of CIP by
MSC and ESC

Activated
carbon T (K) DG DH DS

MSC 293 �28.8120 27.287 0.1914
298 �29.7029
303 �30.7259

ESC 293 �27.0138 5.2934 0.1101
298 �27.3851
303 �28.1144
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parameters and yield of MSC and ESC are listed in Table 1. The
results indicated the development of porosity in the PCBs
during the pyrolysis process, both samples showing isotherms
of type I, which are characteristic of highly microporosity. But
they also showed a hysteresis loop indicating the existence of
mesoporous. Most of the pores of both samples fell into the
range of micropore and mesopores, only few pores belong to
macropore. The greater N2 adsorption capacity results in
a larger BET surface area (313 and 235 m2 g�1 for MSC and ESC,
respectively). This is a consequence of the higher development
of microporosity (95.53% for MSC and 94.89% for ESC).
Besides, the content of Sb in MS is higher than that in ES, the
33496 | RSC Adv., 2021, 11, 33490–33499
form of Sb existing in the printed circuit boards is Sb2O3. Sb2O3

can react with HBr to form SbBr3, the evaporation reaction of
SbBr3 results in the pore-creating of MSC.35 Thus, the micro-
porosity, and BET surface area of MSC is larger than that of ESC,
the yield of MSC is less than that of ESC.

3.4 Adsorption experiments

As shown in Fig. 8, symbols represented experimental data,
solid and dash line represented the tted Langmuir and
Freundlich model. The isotherm parameters obtained from the
two models were given in Table 2. The better-tting model was
determined by the higher R2 value. As shown in Table 2, the R2

values for MSC and ESC obtained from Freundlich model were
higher than that obtained from Langmuir model. Freundlich
model seemed to be much more applicable than Langmuir
isotherm model. Therefore, the surfaces of MSC and ESC were
relatively heterogeneous, which was likely caused by heteroge-
neous interactions of different functional groups on the
carbons' surfaces with CIP. For all carbons, the 1/n values are
much smaller than 1, which indicated a favorable adsorption.
The qm values of the carbons for CIP adsorption at 20 �C fol-
lowed an order of MSC (142.82 mg g�1) > ESC (78.17 mg g�1).
The adsorption of CIP onto MSC and ESC may be attributed to
p–p electron donor–acceptor (EDA) interaction between bulk
systems on the surface of pyrolytic carbons and molecules.

Thermodynamic parameters were listed in Table 3. The
positive values of DH conrmed the endothermic nature of the
CIP adsorption process, while the positive values of DS sug-
gested the randomness at the solid–solution interface
increased. Compared with ESC, the DS values of MSC was
larger, which indicated the higher affinity of MSC toward CIP.
The negative values of DG indicated the adsorptive performance
of CIP on pyrolytic carbons were feasible and spontaneous. The
absolute values of DG increased with the increasing tempera-
ture, indicating the adsorption was favorable at high
temperature.

The maximum adsorption capacities of CIP on different
adsorbents were given in Table 4. No activating agent was used
in the preparation process, so the specic surface area of
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 4 The maximum adsorption capacities of CIP on different adsorbents

Adsorbents Activating agent Specic surface area (m2 g�1) Adsorption capacity (mg g�1) Reference

Arundo donax Linn H4P2O7 1568 329 36
Bamboo H3PO4 + K2CO3 2237 613 37
Prosopis juliora H3PO4 946 370 38
Rice husk Steam 1019.9 314.8 39
Folium cycas K2CO3 721.67 204.08 40
Carbon xerogel Steam + HNO3 786 284 41
Enteromorpha H4P2O7 1124 216.55 42
Lignin H3PO4 931.53 418.6 43
Bamboo H3PO4 767 281.47 44
Multiwalled carbon nanotube KMnO4 + H2SO4 708.16 150 45
Magnetic carbon composite Fe(NO3)3 + FeCl3 79.02 90.1 46
Palm leaet H2SO4 24.4 133.3 47
Magnetic N-doped porous carbon ZnO + Co(OH)2 171.29 1563.7 48
Potato leaves and steams FeCl3 + NaCl 26.28 11.5 16
Bio graphene KOH 493.54 172.6 49
MSC — 313 142.82 This study
ESC — 235 78.17 This study
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pyrolytic carbon is small, but its adsorption performance is
good. The comparison showed that MSC and ESC are promising
adsorbents to remove CIP from aqueous solutions.
4. Conclusion

MSC and ESC are two kinds of pyrolytic carbon, and they were
respectively synthesized from nonmetal fraction of PCBs
through magnetic separation and electrostatic separation. The
nonmetal fractions through different separations have distinct
composition and morphology, which lead to the diversity of
MSC and ESC. MSC exhibited higher BET surface area (313 m2

g�1) and total pore volume (0.121 cm3 g�1) than those of ESC
(235 m2 g�1 and 0.116 cm3 g�1). And the CIP adsorption
capacity of MSC was also larger than that of ESC. Althoughmore
metal can be recycled from PCBs through electrostatic separa-
tion, pyrolytic carbon prepared from the nonmetal fraction
through magnetic separation shows better pore characteristics.
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