
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Se

pt
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 1

/2
2/

20
26

 1
:3

6:
15

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Upgrading bioch
Department of Civil and Environmental

Daehak-ro, Nam-gu, Ulsan 44610, South Ko

+82-52-259-2629; Tel: +82-52-259-2752

† Electronic supplementary information
FT-IR spectra, and TGA curves of
compounds in PETE pyrolysis residue
selenate and selenite with PETE/RS-derive

Cite this: RSC Adv., 2019, 9, 28284

Received 17th July 2019
Accepted 31st August 2019

DOI: 10.1039/c9ra05518e

rsc.li/rsc-advances

28284 | RSC Adv., 2019, 9, 28284–282
ar via co-pyrolyzation of
agricultural biomass and polyethylene
terephthalate wastes†

Seok-Young Oh * and Tae-Cheol Seo

Spent polyethylene terephthalate (PETE) bottles were collected and co-pyrolyzed with rice straw (RS) to

examine the characteristics and performance of biochar as a sorbent for various types of U.S. EPA

priority pollutants, including 2,4-dinitrotoluene (DNT), 2,4-dichlorophenol (DCP), Pb, chromate (CrO4
2�),

and selenate (SeO4
2�). During sorption of contaminants to PETE/RS-derived biochar, PETE residues from

pyrolysis, pH, and pyrolysis temperature greatly affected the sorption process. Depending on the types of

contaminants and experimental conditions, co-pyrolysis of PETE and RS may enhance the sorption of

contaminants through different sorption mechanisms, including hydrophobicity, electrostatic force, ion

exchange, surface complexation, and surface precipitation. Unlike other contaminants, selenate was

reductively transformed by delocalized electrons from the graphitic structure in biochar. Our results

strongly suggest that co-pyrolysis of PETE and agricultural wastes may be favorable to enhance the

properties of biochar. In addition to syn-gas and bio-oil from co-pyrolysis, biochar may be a valuable

by-product for commercial use.
1. Introduction

Production, usage, and disposal of plastics are an integral part
of modern everyday life. Without plastics, most mass-produced
items cannot be packaged for merchandizing. Unfortunately,
most plastics revert to waste aer use. By 2015, more than 8.3
billion tons of plastics were estimated to have been produced
globally, of which only 12% was incinerated and 9% recycled.1

Currently, microplastics pollution affecting ocean plants and
animals is being tracked as a hot worldwide issue,2 and disposal
and recycling of plastic wastes is a signicant environmental
concern. According to the Korea Ministry of Environment,
about 12.4million tons of plastic wastes were generated in 2016,
but the recycling percentage (such as for refuse plastic fuels)
was only 30%. Aer China banned the import of plastic wastes
from South Korea in 2018, the treatment and nal disposal of
plastic wastes became a huge problem.

Polyethylene terephthalate (PETE, (C10H8O4)n) is a popular
plastic that is widely used in synthetic textiles, bottles, and
lms. In 2015, the annual plastic production rate was greater
than 56 million tons,3 and PETE bottles have become
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ubiquitous in daily life. In South Korea, more than 2.5 billion
PETE bottles were produced in 2015. PETE, like many other
plastics, is an excellent candidate for thermal disposal (incin-
eration), as it is composed of carbon, hydrogen, and oxygen,
with only trace amounts of catalyst elements (but no sulfur).
PETE has the energy content of so coal. Therefore, unless
collected PETE bottle waste is reprocessed for recycling, incin-
eration is the inevitable disposal option. Since the 1970s, it has
been reported that pyrolysis of plastic wastes produces pyrolysis
oil and gas, which can be further transformed to commercial
products.4,5 Pyrolysis of biomass wastes has also been proposed
to dispose of agricultural wastes and to reduce the release of
carbon dioxide by converting biomass into char and alternative
energy (e.g., syn-gas and bio-oil) in response to climate change.6

Unfortunately, the quality of crude bio-oil is not satisfactory for
commercial use as a fuel.7 To improve the quality of bio-oil,
several researchers have proposed co-pyrolysis of plastics/
polymer wastes, which results in increased carbon and
hydrogen contents and improved yield of usable bio-oil with
higher heating values and lower acidity, density, and oxygen
content.8–11

Char (biochar) is another by-product from co-pyrolysis of
biomass and polymers. Biochar has been intensively used as
a sorbent for contaminants.12,13 In several studies, the yield of
biochar was reduced but the heating values were improved.14–16

Co-pyrolysis also resulted in increased aromaticity via growth of
polycyclic aromatic hydrocarbons (PAHs).17,18 Bernardo et al.
suggested that upgraded biochar synthesized from co-pyrolysis
of biomass and polymers can be used as an adsorbent.19
This journal is © The Royal Society of Chemistry 2019
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Recently, we also proposed co-pyrolysis of agricultural and
plastic wastes as a disposal option to treat plastic wastes.20 Co-
pyrolysis of rice straw (RS) with polypropylene (PP), polyethylene
(PE), or polystyrene (PS) increased the carbon content, cation
exchange capacity (CEC), surface area, and pH of the biochar. As
a result, sorption of 2,4-dinitrotoluene (DNT) and Pb to
polymer/RS-derived biochar was markedly enhanced. Increased
aromaticity and hydrophobicity may be responsible for
enhancing DNT sorption to polymer/RS-derived biochar. In
contrast, increased CEC, higher pH, and the newly developed
surface area may account for enhancement in Pb sorption. We
also found that polymer residues were strongly responsible for
enhancement in sorption of nitro explosives.21 Sorption of
ionizable halogenated phenols, such as 2,4-dichlorophenol
(DCP), 2,4-dibromophenol (DBP), and 2,4-diuorophenol (DFP),
onto polymer/RS-derived biochar was also signicantly
enhanced by changing the properties of biochar due to polymer
residues.22 Toxicity characteristic leaching procedures and
Microtox® bioassay analyses indicated that polymer/RS-derived
biochar showed no harmful effects.21

Although there have been intense studies on the co-pyrolysis
of polymer/RS-derived biochar, there have been no attempts to
apply pyrolysis for real plastic wastes generated from everyday
life. Among the polymer wastes, we selected spent PETE bottles
and co-pyrolyzed them with rice straw (RS) to investigate the
characteristics and performance of biochar as a sorbent for
various types of pollutants. DNT, DCP, Pb, chromate (CrO4

2�),
and selenate (SeO4

2�) were selected because they are classied
as U.S. EPA priority pollutants, and we hypothesized that PETE/
RS-derived biochar would enhance sorption of those contami-
nants. We determined the basic properties of PETE/RS-derived
char, and its maximum sorption capacities for those contami-
nants were determined according to Langmuir sorption
isotherm models. We also examined factors affecting sorption
of the contaminants to PETE/RS-derived biochar, such as
amount of PETE, initial pH, and effect of pyrolysis temperature.
Here, the possible sorption mechanisms for each contaminant
are also discussed.

2. Materials and methods
2.1. Chemicals and materials

2,4-Dinitrotoluene (DNT, 97%), 2,4-dichlorophenol (DCP, 99%),
PbCl2 (98%), Na2CrO4, (98%), and Na2SeO4 (>98%) were
purchased from Aldrich Chemical Co. (Milwaukee, WI, USA).
Chemicals were used as received without further treatment. All
solutions were prepared with deionized water. Spent PETE
bottles, mostly commercial 500 mL mineral water bottles, were
collected from a recycling collection station in University of
Ulsan, South Korea. The labels on the PETE bottles were
completely removed, and the bottles were completely dried in
the shade. Then they were cut into small pieces with a scissors
and ground into small particles (1–5 mm) using an electric
mixer.

Rice straw collected from rice farms in the city of Ulsan was
used as biomass to synthesize PETE/biomass-derived biochar.
The sampled RS was dried in an oven at 105 � 5 �C for at least
This journal is © The Royal Society of Chemistry 2019
2 h. Aer storage in a desiccator overnight, the dried RS was
pulverized into smaller sizes (less than 5 mm) using an electric
mixer. Then the PETE particles were mixed with the ground RS
at volumetric ratios of 10 : 90 and 20 : 80. The completely mixed
PETE/RS mixtures were co-pyrolyzed at 550 �C for 4 h using
a tube-type electrical furnace under N2 at 1000 cm3 min�1. Aer
cooling to room temperature, the co-pyrolyzed PETE/RS-derived
biochar was put in a desiccator for additional drying. To
determine the effect of pyrolysis temperature, the temperature
was changed to 900 �C for another round of co-pyrolyzation.

Properties of the synthesized PETE/RS-derived biochar,
including pH, Brunauer–Emmett–Teller (BET) surface area,
cation exchange capacity (CEC), anion exchange capacity (AEC),
point of zero charge (PZC), and elemental composition, are
summarized in Table 1.23–26 X-ray photoelectron spectroscopy
(XPS; K-Alpha™ system, Thermo Scientic, Pittsburgh, PA, USA)
and Fourier transform infrared spectroscopy (FT-IR; Nicolet
iS5™, ThermoFisher Scientic, Waltham, MA, USA) spectra
were obtained to identify the developed surface functional
groups. Scanning electron microscopy (SEM; JSM 600F, JEOL
Ltd., Tokyo, Japan) images were also obtained to investigate the
surface morphology. Thermogravimetric analysis (TGA) was
conducted to determine the mass change as a function of
pyrolysis temperature under anaerobic conditions using a TGA
system (STA409C/3/F, Netzsch Group, Selb, Germany).

2.2. Batch sorption experiments

Batch sorption experiments were performed using a 40 mL
amber vial containing 20 mL of solution and PETE/RS-derived
biochar (0.1–5.0 g) at 25 � 2 �C. Aer sealing with screw caps
with PTFE–silicon septa, duplicate vials were shaken on an
orbital shaker at 180 rpm throughout the experiment, except
during sampling. Preliminary experiments indicated that
sorption of contaminants onto the biochar reached equilibrium
aer 24 h. Initial concentrations of the contaminants were 5–
600 mg L�1. Equilibrium solution pH was close to biochar's pH
(10.7–12.3). Using 0.1 M HCl and 0.1 M NaOH, the effect of pH
on sorption of DCP to PETE/RS-derived biochar was evaluated
by testing at pH 4, 7, and 10. Though we adjust the initial pH
using HCl and NaOH, increasing solution pH at equilibrium
was inevitable due to buffering capacity of biochar. Final solu-
tion pH for initial pH, 4, 7, and 10 was 8.3–8.7, 8.8–9.8, and
10.3–11.6, respectively. Aer equilibrium was reached, aliquots
were withdrawn using glass syringes and immediately passed
through a 0.025 mm cellulose membrane lter (Millipore, Bur-
lington, MA, USA) for analytical determination of contaminants.
A set of control vials was set up under identical conditions
without PETE/RS-derived biochar to determine possible loss of
the contaminants due to sorption onto the inner surface of the
vial. Considering the loss of contaminants from batch experi-
ments, the sorbed amounts of contaminants were calculated.

2.3. Chemical analysis

DNT and DCP were analyzed using high-performance liquid
chromatography (Ultimate® 3000 HPLC; Dionex, Sunnyvale,
CA, USA) equipped with a Dionex Acclaim® 120 guard column
RSC Adv., 2019, 9, 28284–28290 | 28285
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Table 1 Properties of biochar co-pyrolyzed with rice straw (RS) and PETE waste

Pyrolysis temperature pH23 BET SAa (m2 g�1) CEC (cmol kg�1)24 AECb (cmol kg�1)25 PZC26

Elemental contentsc,d (%)

C H O N

550 �C RS 11.2 16.7 3.08 4.74 8.19 56.1 2.77 12.7 1.92
RS + PETE (9 : 1 v/v) 12.3 19.3 4.53 14.5 9.77 60.1 1.91 12.8 0.61
RS + PETE (8 : 2 v/v) 11.6 35.0 7.28 13.7 10.7 63.4 1.90 9.81 0.42

900 �C RS 11.1 44.8 1.85 14.6 9.93 63.5 0.69 0.42 0.40
RS + PETE (9 : 1 v/v) 10.9 32.7 3.12 6.70 10.6 59.2 1.05 3.91 0.54
RS + PETE (8 : 2 v/v) 10.7 21.3 3.62 8.87 10.7 57.7 1.03 5.11 0.55

a Brunauer, Emmett, and Teller (BET) surface area was analyzed using a nanoPOROSITY-XQ (Mirae Scientic Instruments, Gwangju, Korea) using
N2.

b pH ¼ 8.0. c Analyzed using the Vario EL Elemental Analyzer (Elementar Analysensysteme GmbH, Langenselbold, Germany). d Elemental
contents of PETE: C 62.5%, H 3.59%, O 38.0%, and N 0.02%.
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(4.3 � 10 mm) and an Acclaim® 120 C-18 column (4.6 � 250
mm, 5 mm). The analytical methods and conditions for quan-
tication of DNT and DCP are described in detail elsewhere.20

The concentration of Pb was determined by an atomic absorp-
tion spectrophotometer (AAS) (5100 ZL; PerkinElmer, Waltham,
MA, USA) equipped with a graphite furnace. Chromate and
selenate were analyzed using ion chromatography (Dionex ICS-
100). A mixture of Na2CO3 (4.8 mM) and NaHCO3 (1.0 mM) was
used as the eluent. The injection volume and ow rate were 10
mL and 1.5 mL min�1, respectively. The suppressor current was
set to 40 mA. Analytical duplicates, standards, and blank
samples were used for quality control of the data. To identify
residues from PETE pyrolysis, qualitative analysis was con-
ducted using gas chromatography-mass spectrometry (GC-MS)
(GC-2010 and QP-2010; Shimadzu, Kyoto, Japan) equipped
with an Agilent HP-5ms capillary column (30 m � 0.32 mm,
1.0 mm thickness; Agilent, Santa Clara, CA, USA). Analytical
conditions are described in detail in our previous paper.20
Fig. 1 Removal of DNT by PETE/RS-derived biochar.
3. Results and discussion
3.1. Properties of PETE/RS-derived biochar

Aer addition of PETE to RS for co-pyrolysis, pH, BET surface
area, CEC, and PZC of the PETE/RS-derived biochar signicantly
increased as the PETE portion increased (Table 1), indicating
that sorption of cationic metals to PETE/RS-derived biochar
could be favorable. Elemental analysis showed that carbon
content increased as hydrogen, oxygen, and nitrogen contents
slightly decreased, consistent with previous results in pure
polymer/RS-derived biochar.18 This change in elemental
contents suggests that residues arising from PETE remain, and
that development of surface functional groups may occur. SEM
images showed that the morphology of PETE/RS-derived bio-
char was similar to that of RS-derived biochar (Fig. S1 in ESI†).
XPS and FT-IR analyses also supported that development of
surface functional groups continued aer co-pyrolysis (Fig. S2
and S3†). Additional X-ray diffraction analysis also conrmed
maintenance of a graphitic structure (data not shown). These
results implied increased sorption of contaminants to PETE/RS-
derived biochar. As pyrolysis temperature increased from 550 to
900 �C, BET surface area, PZC, and carbon content of RS-derived
biochar increased (Table 1). In contrast to 550 �C, co-pyrolysis
28286 | RSC Adv., 2019, 9, 28284–28290
with PETE at 900 �C decreased the carbon content, suggesting
that carbon residues from PETE are eliminated at elevated
temperature. Thermogravimetric analysis showed additional
loss of weight at 600–900 �C (Fig. S4†). The addition of PETE
also increased the CEC, which could be advantageous for
sorption of cationic metals. Overall, our results showed that the
properties of PETE/RS-derived biochar were similar to those of
pure polymer/RS-derived biochars.20
3.2. Sorption of DNT and DCP to PETE/RS-derived biochar

Regarding sorption of DNT to RS biochar, the maximum sorp-
tion capacity from Langmuir sorption isotherm models was
5.1 mg g�1, as shown in Fig. 1 (hereaer, all maximum sorption
capacities are based on Langmuir sorption isotherm models).
This sorption capacity was similar to previously reported values
(4.6 mg g�1).27 Addition of PETE (by 10 and 20 v%) to RS for co-
pyrolysis enhanced the maximum sorption capacity to 9.5 and
10.2 mg g�1, respectively. The enhancement could be attributed
to increasing aromaticity, which enhanced p–p electron donor
acceptor (EDA) interactions between nitro functional groups
and electron-rich parts in graphitic regions.

Carbon residues from PETE pyrolysis may also be involved in
enhancement via hydrophobic sorption. The calculated H/C
This journal is © The Royal Society of Chemistry 2019
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ratios for RS-derived biochar and PETE/RS- (10/90 and 20/80 v/
v)-derived biochar were 0.049 and 0.031 and 0.030, respec-
tively (according to Table 1), conrming the increasing hydro-
phobicity of biochar surface responsible for enhancement in
sorption of DNT in the biochar system. GC-MS analysis (Table
S1 in ESI†) showed C3–C5 compounds (e.g., 2-propanone, 2-
pentene, etc.) as possible residues from PETE pyrolysis. Namely,
unlike co-pyrolysis with PP, PE, or PS, smaller molecules
remained on the biochar surface, suggesting that hydrophobic
sorption may not be markedly dominant. Increasing the pyrol-
ysis temperature to 900 �C, the maximum sorption capacity for
RS biochar increased to 19.2 mg g�1, but the maximum sorption
capacity for PETE/RS-derived biochar did not change signi-
cantly. It is likely that the decrease of sorption due to loss of
PETE-originated carbon residues and the increase of sorption
due to developed aromaticity at elevated temperature were
mutually compensated, consistent with previous results.20

Sorption of DCP to biochar was somewhat different from
that of DNT. The maximum sorption capacity of RS biochar for
DCP was 11.5 mg g�1 (Fig. 2), consistent with previous results.20

Co-pyrolysis with PETE (10 and 20 v%) increased the sorption
capacity to 12.3 and 12.5 mg g�1, respectively. Thus, it appears
that the effect of co-pyrolysis with PETE was not signicant. In
contrast to pure polymer/RS-derived biochar, with which the
sorption of DCP was signicantly enhanced,18 the sorption to
PETE/RS-derived biochar was only slightly enhanced. It is likely
that hydrophobic sorption may not be dominant. At equilib-
rium pH (11.2–12.3), the log Kow of DCP was estimated to be
3.16–3.19 according to Nowosielski and Fein's method.28 The
DCP was still hydrophobic. Instead, the carbon residues from
PETE pyrolysis were mostly C3–C5 (Table S1†) and were less
hydrophobic than residues from PP, PE, and PS pyrolysis
(mostly C12–C22) under identical conditions.21 Due to the
decrease of carbon number in carbon residues from polymers,
hydrophobic sorption from PETE/RS-derived biochar may not
be as strong as that in RS/PP, PE, or PS-derived biochar systems.
Moreover, the DCP was completely deprotonated, negatively
Fig. 2 Removal of DCP by PETE/RS-derived biochar.

This journal is © The Royal Society of Chemistry 2019
charged at equilibrium pH according to the pKa of DCP (7.60).
The biochar surface was also slightly negatively charged
considering PZC and equilibrium pH. Therefore, a repulsive
force between deprotonated DCP and the biochar surface could
have existed, and electrostatic sorption was not dominant.
Meanwhile, p–p EDA interactions between the chloro func-
tional groups and the electron-rich parts in graphitic regions of
the biochar may be a possible mechanism to account for the
sorption of DCP. By increasing the pyrolysis temperature to
900 �C, the sorption of DCP to RS biochar increased (to 16.4 mg
g�1), probably due to increasing aromaticity. Co-pyrolysis with
PETE (10 and 20 v%) also enhanced the maximum sorption
capacity (to 19.1 and 20.2 mg g�1, respectively) when the
pyrolysis temperature was increased to 900 �C. According to
TGA analysis (Fig. S4†), carbon residues were almost completely
removed, although small amounts of hydrogen and oxygen
remained (Table 1). Accordingly, the aromaticity of PETE/RS-
derived biochar may not be greatly different from that of
other biochars. Therefore, the slight increase in sorption
capacity may be due to change in surface of the biochar from
a negative to a neutral charge by changing the PZC and pH aer
co-pyrolysis with PETE (Table 1). The neutral charge of the
biochar surface and the deprotonated DCP having a higher
log Kow are possible explanations for the slight enhancement of
DCP sorption to PETE/RS-derived biochar at a 900 �C pyrolysis
temperature. Therefore, we needed to further explore the effect
of pH.

To determine the effect of pH on sorption of DCP to PETE/
RS-derived biochar, we examined the effect of initial pH
(Fig. 3). According to Nowosielski and Fein's method,28 as pH
decreased, the hydrophobicity of the DCP greatly decreased
(estimated log Kow ¼ 0.30 and 0.31 for pH 4 and 7, respectively).
As pH decreased to 4 and 7, the DCP was not deprotonated (pKa

¼ 7.90), indicating the DCP was neutrally charged. Due to its
lower hydrophobicity, p–p EDA interactions between the chloro
functional groups and the electron-rich parts in the biochar
may be important. At pH 4 and 7, the biochar surface was
positively charged according to PZC (Table 1). As shown in
Fig. 3(a), at pH 4, addition of PETE (10 and 20 v%) to pyrolysis of
RS biochar increased the sorption of DCP (to 18.8 and 22.8 mg
g�1, respectively) compared with RS biochar pyrolyzed at 550 �C
(12.2 mg g�1). This indicated continuing hydrophobic sorption
to the PETE/RS-derived biochar. At 900 �C, the sorption of DCP
to the biochar further increased to 21.2 mg g�1 (Fig. 3(a)),
indicating that increasing aromaticity at elevated pyrolysis
temperature is also responsible for enhanced sorption of DCP.
The effect of co-pyrolysis with PETE was not as signicant as
that at 550 �C, showing a 22–25 mg g�1 sorption capacity,
because most of the PETE residues were removed at 900 �C
(Fig. 3(a)). At pH 7, very similar results were observed (Fig. 3(b)).
However, the sorption trends are different at pH 10 (Fig. 3(c)). At
550 �C, the surface was negatively charged, and the DCP was
deprotonated though the estimated log Kow of the DCP was
2.72.28 Addition of PETE to RS pyrolysis resulted in change in
the surface of the biochar to neutral or less negative. As a result,
sorption of DCP to PETE/RS-derived biochar slightly increased.
At 900 �C, compared with RS biochar, sorption of DCP to PETE/
RSC Adv., 2019, 9, 28284–28290 | 28287
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Fig. 3 Effect of initial pH on removal of DCP by PETE/RS-derived
biochars pyrolyzed at 550 �C and 900 �C, respectively; (a) pH 4, (b) pH
7, and (c) pH 10.
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RS-derived biochar was markedly enhanced. Because the
surface charge of the biochar was changed from negative to
positive, the maximum sorption capacity of the deprotonated
DCP to the biochar surface increased from 31.1 mg g�1 to 52.2
28288 | RSC Adv., 2019, 9, 28284–28290
and 53.1 mg g�1, indicating that electrostatic sorption of DCP to
biochar was dominant. Overall, the results suggested that
electrostatic sorption, hydrophobicity, and p–p EDA interaction
sorption mechanisms are involved in the sorption of DCP to
PETE/RS-derived biochar, and that the importance of each
mechanism differs according to the given conditions (mostly
pH).
3.3. Sorption of Pb to PETE/RS-derived biochar

Pb sorption to biochar was slightly enhanced aer co-pyrolysis
with PETE (Fig. 4). By adding PETE (10 and 20 v%), the
maximum sorption capacity increased from 95.0 mg g�1 to 111
and 115 mg g�1, respectively, probably due to increasing CEC
with intact surface functional groups. Development of strong
aromaticity may also be responsible for enhancement of Pb
sorption via Cp (delocalized electrons in biochar)–cation inter-
actions. It also appears that the effect of pH may be dominant
via surface precipitation by increasing pH. When increasing the
pyrolysis temperature to 900 �C, no signicant difference was
observed. The maximum sorption capacities of RS biochar and
PETE/RS (10/90 and 20/80 v/v)-derived biochar for Pb were
90 mg g�1 and 115–118 mg g�1, respectively (Fig. 4). The
negligible effect of co-pyrolysis with PETE may be due to
compensation of the two mechanisms. Increasing CEC and
aromaticity aer co-pyrolysis with PETE (Table 1) may result in
an increasing sorption capacity. Simultaneously, the surface
charge was changed from negative to positive aer co-pyrolysis
with PETE, resulting in decreased electrostatic sorption. Thus,
due to this compensation, the effect of increasing pyrolysis
temperature was not signicant. It should be noted that most of
the removal of Pb may occur via surface precipitation as a form
of hydroxide, oxyhydroxide, or carbonate at elevated pH, which
can also account for the negligible differences among PETE/RS-
derived biochars at different pyrolysis temperatures. It should
be noted that compared with other dried biomass wastes,29

these sorption capacities for Pb were not signicantly improved.
Therefore, more customized upgrading procedure may be
required.
Fig. 4 Removal of Pb by PETE/RS-derived biochar.

This journal is © The Royal Society of Chemistry 2019
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3.4. Sorption of chromate and selenate to PETE/RS-derived
biochar

Sorption of chromate to biochar pyrolyzed at 550 �C was not
signicant, showing a 1.2 mg g�1 maximum sorption capacity
(Fig. 5(a)). Co-pyrolysis with PETE (10 and 20 v%) signicantly
enhanced the sorption capacity to biochar to 5.5 and 5.8 mg g�1,
respectively, probably due to decrease in repulsive force from
the surface charge change and increase in AEC. Surface co-
precipitation with other cations at elevated pH could not be
completely ruled out. Increasing the pyrolysis temperature to
900 �C, chromate sorption to RS biochar was signicantly
enhanced, showing a 4.9 mg g�1 maximum sorption capacity
(Fig. 5(a)). Increasing AEC could be responsible for the
enhancement (Table 1). Meanwhile, increasing aromaticity may
also be an explanation of this enhancement. Interaction
between anions and electron-decient parts of the graphitic
regions in biochar may account for the increase of sorption
capacity. Co-pyrolysis with PETE (10 and 20 v%) slightly
enhanced the maximum sorption capacity to 5.9 and 6.1 mg
g�1, respectively, possibly due to surface charge change from
negative to neutral.
Fig. 5 Removal of (a) chromate and (b) selenate by PETE/RS-derived
biochar.

This journal is © The Royal Society of Chemistry 2019
Selenate sorption was very different (Fig. 5(b)), showing
a 12.0 mg g�1 maximum sorption capacity to RS biochar.
However, by adding PETE to RS pyrolysis (10 and 20 v%), the
maximum sorption capacity greatly decreased to 4.5 and 4.2 mg
g�1, respectively. This result indicated that the sorption mech-
anisms were different from chromate sorption to biochar.
Neither electrostatic sorption between anions and biochar
surface nor increasing AEC of PETE/RS-derived biochar
explained this steep decrease in selenate sorption. It appears
that removal of selenate may involve other mechanisms. With
the assumption that biochar transforms selenate over time, we
conducted controlled experiments with selenate in the presence
of PETE/RS-derived biochar. The results showed that the sele-
nate was transformed into selenite (SeO3

2�) with PETE/RS-
derived biochar (Fig. S5†). Thus, removal of selenate by bio-
char was due to sorption to biochar as well as reductive trans-
formation by delocalized electrons generated by graphitic
structures in the biochar. Even at a 900 �C pyrolysis tempera-
ture, sorption of selenate to biochar remained unexplainable.
The increasing aromaticity at elevated temperature did not
increase the sorption capacity of selenate. It appears that
development of aromaticity may enhance the production of
delocalized electrons to reduce selenate, and that the reductive
transformation of selenate was more dominant at a 900 �C
pyrolysis temperature. It should be noted that selenite was also
reductively transformed to more reduced forms, specically
elemental selenium (Se0) and selenide (Se2�), in the presence of
biochar (data not shown). The kinetics and pathways of selenate
reduction with PETE/RS-derived biochar remain to be explored.
We will report on this result in the near future.
4. Conclusions

Overall, during sorption of contaminants to PETE/RS-derived
biochar, the pH and PETE residues from pyrolysis strongly
affect the sorption of contaminants. Depending on the types of
contaminants, co-pyrolysis of PETE and RS may enhance the
sorption of contaminants through different sorption mecha-
nisms, including hydrophobicity, electrostatic force, ion
exchange, surface complexation, and surface precipitation.
Unlike other contaminants, selenate was reductively trans-
formed by delocalized electrons from the graphitic structures in
the biochar. Our results suggest that co-pyrolysis of PETE and
agricultural wastes may be favorable to enhance the properties
of syn-gas, bio-oil, and biochar. Energy properties and values of
syn-gas and bio-oil, the toxicity of biochar, and the effects of
impurities in various types of plastic waste will be relevant
factors in the development of new biochar products through co-
pyrolysis with plastic waste.
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