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Abstract

Hydrothermal dechlorination has been widely studied for recycling end-of-life
polyvinyl chloride while the impact of embedded metal additives, a major component
of many waste PVC products, has rarely been reported. In this study, hydrothermal
treatment of used polyvinyl chloride pipe was carried out at a temperature range
between 220 and 280 °C to understand the role of metal additives in the dechlorination
process. The potential application of chlorine-free hydrochar as the precursor to prepare
CO; sorbents via chemical activation was also evaluated. The results demonstrated that
the well-distributed calcium carbonate in the polyvinyl chloride matrix, acting as an in-
situ neutralization agent, could accelerate the dechlorination of PVC, over 98.4% of
chlorine was removed at 260 °C or higher. Using the hydrochar prepared at 260 °C as
a single precursor, a series of activated carbons were successfully prepared via a facile
chemical activation process. Those hydrochar-derived carbons have a microporous
dominant structure with high surface area and total pore volume reaching up to 1927
m? g and 0.85 cm® g!, which showed great potential as CO» sorbents. Tested at 25 °C,
the microporous carbons exhibited both remarkable CO, adsorption capacities of 1.60
mmol g and 4.05 mmol g at 100 kPa and high CO2/N> selectivity of 42 at 15 kPa
COs. Advanced characterization demonstrated that the excellent CO» adsorption
performance originated from a unique combination of ultra-microporosity and surface
chemistry. This work provides an effective and sustainable strategy to recycle hard-to-
handle chlorinated plastic waste and reduce carbon emission.
Highlights
e Hydrothermal treatment of PVC containing additives (20 wt%) was carried out.
e The in-situ CaCOz could accelerate the dechlorination of PVC under mild

conditions.
e  Microporous carbons were successfully prepared by using PVC derived hydrochar.
e HPVC carbons exhibit superior CO, uptake and CO2/Nz selectivity at 25 °C.
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Nomenclature
Abbreviations
PVC

polyvinyl chloride
XRF

X-ray fluorescence spectroscopy
NLDFT

non-local density functional theory
FEI-SEM

field-emission scanning electron microscope
DSL

dual-site Langmuir
PSD

pore size distribution
BET

Brunauer—Emmett—Teller theory
IAST

ideal adsorption solution theory
Symbols
Clpyc

concentration of chlorine in original PVC
Clyroduct, T

concentration of chlorine in hydrochar at hydrothermal temperature of T

T
hydrothermal temperature
Y
yield of hydrochar at hydrothermal temperature of T
q
adsorption capacity
q4
mono-layer CO; capacity of site A
4B
mono-layer CO; capacity of site B
p
equilibrium pressure
ba
adsorption equilibrium constants for site A
bs
adsorption equilibrium constants for site B
SgeT
BET surface area
Viotal
total pore volume
Vmicro



micropore volume

Vmicr0<0‘7nm

volume of pores <0.7 nm

Qst

isosteric heat of CO> adsorption

1.0 Introduction

Polyvinyl chloride (PVC), one of the most commonly used and also most
environmentally damaging plastic, has been widely used in building, construction and
packaging due to its unique advantages including high durability, reusability and low
thermal conductivity [1-3]. According to the Plastics Europe report, the demand for
PVC reached 4.7 Mt in Europe, accounting for 9.6% of the total plastic demand, which
is only lower than polyethylene (PE) and polypropylene (PP) [4]. So, the recycling of
end-of-life PVC is receiving increasing attention. However, its high chlorine content
(around 56 wt% of the polymer’s weight) and high levels of hazardous additives
become the major barrier to recycling end-of-life PVC. Under the current condition,
landfill and incineration are the two main approaches for the disposal of waste PVC.
Landfill of PVC leads to the formation of Cl-containing hazards during
photodegradation that could migrate to the soil, water and atmosphere while the
formation of hydrochloric acid (HCI) and dioxin become the major barriers to its
efficient recycling processes such as incineration or pyrolysis [5 ,6]. Therefore, there is
an urgent need for a safe and environmentally friendly approach to waste management
of end-of-life PVC.

Dechlorination before treatment has been considered as an essential step for
recycling PVC waste. Several methods including dehalogenation using NaOH and
KOH/organic solvent mixture, ionic liquid (IL) mediated dehydrochlorination, thermal
treatment and hydrothermal treatment have been developed [2, 7-10]. Although the
high dehalogenation could be achieved at room temperature, dehalogenation using
organic NaOH or KOH solution is a complicated process and organic solvents such as
DMEF are of great environmental concern [11]. ILs also suffer from high cost, toxicity
in living organisms and inferior biodegradability [12]. In comparison, hydrothermal

treatment is increasingly recognized as a reliable, safe and environmentally friendly
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approach for PVC dechlorination whilst the final product, chlorine-free hydro char, is
a valuable end-of-pipe product that could be used as solid fuel or sorbents for
environmental decontamination [13, 14]. In subcritical water, the organic chlorine
presence in PVC could be effectively converted to water-soluble inorganic chlorine,
HCI, via elimination of HCIl or nucleophilic substitution with water molecules as
nucleophiles [15]. Previous studies have demonstrated that both hydrothermal
treatment temperature and reaction time play a critical role in the dechlorination of PVC.
High temperature or long treatment time would be required to achieve a high
dechlorination efficiency, leading to high energy consumption for the treatment process
[9, 16, 17]. To further improve the dechlorination efficiency of hydrothermal treatment,
co-hydrothermal carbonization of biomass/municipal solid waste and PVC and
additive-assisted hydrothermal treatment of PVC have received increasing attention. A
large quantity of "OH radicals generated during biomass hydrothermal treatment could
accelerate the dechlorination of PVC whilst the HCI generated could catalyze the
hydrolysis and carbonization of biomass and reduce the ash content of hydrochar [18].
Different types of biowaste including bamboo, sawdust, straw, corncob and sewage
sludge have been investigated and tested [19-23]. Additives including NaOH, KOH
and NaxCOs3 or ammonia could react with the formed HCI to promote the dechlorination
efficiency [6,24-27].

The brief literature review has demonstrated the potential of the hydrothermal
carbonization process for PVC waste management. According to ODI’s report, the
construction industry dominates the PVC market with about 50% of the PVC being
used for manufacturing window profiles and pipes in the EU [3]. The notable feature
of those PVC products is their composition containing a large number of additives
including plasticisers, inorganic filler (CaCOs) and stabiliser (TiO2) which accounts for
20-60 wt% [28]. Although numerous studies have been carried out to investigate the
hydrothermal treatment of PVC, PVC free from additives was used in most of the
studies. The hydrothermal treatment of end-of-life PVC containing a large number of

metal additives, the major component in waste PVC streams, has been rarely studied.



The impact of metal additives on the hydrothermal dichlorination of PVC and their
migration pathways is crucial for the design of large-scale PVC treatment processes in
the future. Moreover, the application of PVC-derived hydrochar is very limited as most
of them have been tested as solid fuels and only a few works used them as solid sorbents
for metal ions removal [20, 29]. Carbon-based sorbents have been considered as a
promising candidate for CO> capture, thanks to their low-cost, fast adsorption kinetics
and their novel thermal and chemical stability. Converting waste materials such as
biomass and plastic to porous carbons is gaining attention owing to its wide availability
and ability to simultaneously address waste recycling and carbon emission mitigation
and a wide range of waste materials have been tested to prepare carbon materials for
CO> capture. PVC-derived hydrochar, the major product from PVC recycling,
represents a prospective easily available precursor for CO» sorbents preparation while
its potential has not yet been evaluated. In this study, a typical PVC product containing
a large quantity of additives, used PVC pipes, was selected as a single precursor to
prepare hydrochar via the hydrothermal treatment method. The impact of hydrothermal
treatment temperature and metal additives on the properties of hydrochar was
investigated and evaluated. Moreover, the feasibility of using those hydrochars to
prepare activated carbons for CO, adsorption was also explored.
2.0 Materials and methods
2.1 Preparation of activated carbon derived from waste PVC pipes

Waste PVC pipes were used as a single precursor to prepare activated carbons as
shown in Figure 1. KOH used in this work was purchased from Fisher Scientific and
used without any further treatment. In a typical procedure, 16 g dried PVC flakes mixed
with 400 mL DI water was transferred to a hydrothermal reactor (Series 4530 2L Floor
Stand Reactors), heated up to preset temperature (220, 240, 260 and 280 °C,
respectively) and then kept for 1 h under continuous stirring. After being cooled down
naturally to room temperature, the sample was washed with DI water and dried at

100 °C for further treatment.
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Figure 1 Schematic diagram of PVC hydrochar derived activated carbons

Considering the low chlorine content present in hydrochar prepared at temperature
higher than 260 °C (Figure 2), the PVC-derived hydrochar obtained at 260 °C was
chosen as a precursor to prepare carbon material. 1 g hydrochar was subsequently
impregnated in 10 mL potassium hydroxide (KOH) solution containing a certain
amount of KOH (1 and 3 g, respectively) for 24 h before it was dried in an oven at
100 °C overnight. The dried sample was then transferred to a horizontal tube furnace
and heated up from ambient to designed temperature 600/700/800 °C at a heating rate
of 5 °C min™! under 1 L min™!' nitrogen flow and kept at this temperature for 1 h. After
the sample was cooled naturally to ambient temperature, the activated sample was
collected and washed with DI water to remove the remaining activation agent until the
filtrate became neutral. Finally, all the carbons prepared using PVC-derived hydrochar
labelled as HPVC-a-b, where a and b respectively represent the activation temperature
and the mass ratio between KOH and PVC, were obtained after being dried in the oven
at 100 °C overnight.
2.2 Characterization

The elemental compositions of the PVC-derived hydrochar and selected activated
carbons were obtained by using X-ray fluorescence (XRF) spectroscopy (Bruker S8
Tiger). Proximate analysis of hydrothermally treated PVC samples was carried out
using a thermogravimetric analyser ((TGA-Q500, TA instruments: weighing accuracy
of +/- 0.1%, sensitivity < 0.1 pg and isothermal temperature accuracy of +/- 1 °C)). In
a typical procedure, the sample was first heated up to 105 °C in a flow of N for 30 min
to determine the moisture content and then the devolatilization step was conducted by

heating the sample to 900 °C at a heating rate of 20 °C min™'. After 15 min, the sample
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was cooled down to 800 °C to initiate the combustion process whilst the gas was
switched to air. The dechlorination efficiency was estimated using the following

equation:

Clpyc — Clproduct,T X Yr

Dechlorination ef fciency = 100 X
Clpyc

Where Clpyc and Clyroaucr, T represent the concentration of chlorine in the original
PVC and the hydrochar obtained at the hydrothermal temperature of T, respectively. Y
is the yield of hydrochar at the hydrothermal temperature of T. The removal rate of
calcium was calculated using the same equation. TGA and XRF test of a selected
sample was repeated 3 times, which only gave a difference of <1%, indicating that the
results are reliable. The nitrogen adsorption isotherms of the prepared carbon samples
at —196 °C were obtained by using Micromeritics ASAP 2420 analyser. All samples
were degassed at 150 °C for 16 h before testing. The non-local density functional theory
(NLDFT) model was used to calculate the pore volume and pore size distribution of all
samples by using the combination of CO» adsorption isotherm with N> adsorption
isotherm obtained at =196 and 0 °C, respectively. The morphological properties of
selected hydrochar-derived carbon samples were characterized by using a field-
emission scanning electron microscope (FEI-SEM).

2.3 CO; adsorption performance

The CO> adsorption performance of the PVC-derived carbons was evaluated by
their CO» adsorption isotherms measured on Micromeritics ASAP 2420 at 0 and 25 °C.
Nitrogen adsorption isotherm of all carbon samples at 25 °C was also obtained to
calculate their CO2/N> selectivity. The isosteric heat of CO> adsorption (Qst) for all
samples was evaluated by using the Clausius-Clapeyron equation. Dual-site Langmuir
(DSL) model was used to fit the CO> adsorption isotherms to obtain all parameters
required for the Clausius-Clapeyron equation. The DSL model can be explained as

follows:

:qAbeXp qp X bg X p
1 1+by,Xp 14+bgXp

Where ¢, g4 and gs represent the adsorption capacity and mono-layer CO: capacity of

site A and B at equilibrium pressure of p, respectively. b4 and bp are the adsorption
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equilibrium constants for site A and B, respectively.
3.0 Results and discussion
3.1 hydrothermal carbonization of PVC waste

Hydrothermal treatment of PVC pipe waste was carried out at temperature ranging
between 220 and 280 °C for 1 h and the results are shown in Figure 2. Figure 2a shows
the yield of solid residue as a function of hydrothermal treatment temperatures from
220 to 280 °C. Clearly, the hydrothermal treatment of PVC could be divided into two
stages. At temperatures between 220 and 260 °C, the yield of solid residue decreased
continuously from 80 to 41 wt% with increasing temperature, which is mainly
attributable to the degradation of PVC by dechlorination and formation of double bonds
in polyene sequences (-(CH=CH),-) [15]. When the temperature further increased to
280 °C, the initial decomposition of polyene followed by aromatization and
polymerization of the decomposition products to hydrochar occured and the yield of
solid residue barely changed. According to the proximate analysis shown in Figure 2a,
the fixed carbon content of hydrochar continuously increased with hydrothermal
treatment temperature from 11.49 wt% of raw PVC to 30.32 wt% when the
hydrothermal treatment temperature increased to 280 °C. Moreover, the ash content of
the original PVC waste was about 20 wt%, consisting of mainly calcium carbonate,
which is vastly different from the pure PVC polymer with a trace amount of ash used
in most previous studies. Hydrothermal treatment of PVC led to a sharp decrease in ash
content from 20 wt% to less than 6 wt% in solid residue, accounting for over 90%
removal efficiency, at temperatures over 240 °C. This suggests that most of the metal
additives in PVC have been removed and transferred to an aqueous solution during the
hydrothermal treatment process and the solid product with low ash content could be
potentially used as a solid fuel or carbon precursor to manufacture porous carbon

materials.
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Figure 2 Hydrothermal treatment of PVC: (a) proximate analysis of original PVC and
PVC-derived hydrochar and hydrochar yield; (b) dechlorination efficiency and calcium
removal of PVC as a function of hydrothermal temperature.

Dechlorination of PVC is the key step before any practical application. Figure 2b
shows the behavior of chlorine in hydrochar represented by removal rate as a function
of hydrothermal treatment temperature. Hydrothermal temperature plays a critical role
in chlorine removal. At the hydrothermal temperature of 220 °C, the dechlorination
efficiency was about 26.01%. It was significantly increased to 98.36% when the
hydrothermal temperature rose to 260 °C at a reaction time of only 1 h. At the
hydrothermal temperature of 280 °C, the chlorine in PVC was almost completely
removed with dechlorination efficiency reaching 99.39%. Table 1 summarizes the
dechlorination efficiency reported in previous studies. It can be seen that the
dechlorination efficiency obtained in this study was much higher than the
dechlorination efficiency of pure PVC and comparable to or even higher than biomasses
or additives-assisted dechlorination of PVC under similar conditions and reaction time.

This suggests that the dechlorination reactions in used PVC pipe were accelerated.

Table 1 The dechlorination efficiency of PVC reported in previous studies

Ash
Particle Temperature .. Time Dechlorination
Sample . content Additives ] Reference
size (°O) (h) ratio
wt%
Used PVC strips 20 260 -- 1 98.36 .
. This work
pipe 20 x2 x2 mm 20 280 - 1 99.39
<0.15
PVC 0.4 280 - 0.5 82.51 [17]
mm



<0.25

PVC + lignin - 210 2 89.50 [18]
mm
PVC + pi
PIC powder 0 260 - 2 84.15 [19]
sawdust
PVC +
sewage - 0.03 230 - 1 81.35 [20]
sludge
PVC +
lignocellulose -- 0.24 240 -- 1.5 92.47 [22]
biomass
PVC +
powder 0 260 - 1 91.79 [23]
bamboo
PVC + coal
3 5 mm 0 220 - | 96.30 [30]
gangue
PVC + pi <0.074
pine 0.3 280 - 0.5 93.90 [31]
wood mm
PVC + <0.074 0.5-
0 260 - 89.29 132]
corncob mm 1.5
<025 Citri
PVC <06 260 e 15 98.00 9]
mm acid
PVC + Citri
powder 0 260 e 1 93.63 21]
corncob acid
PVC ?lectric <3 mm B 250 K>,COs 14.60 4]
wires 250 K>,COs 4 99.10
PVC 260 NaOH 0.5 86.00 [33]
PVC powder - 250 NH; 1 95.00 [34]
0.10-0.20
PVC 0 220 CuNO3), 1 86.50 35]
mm
H OH
|
—_— + HCI
H H \ | |
) i H H
b ()
T~
H Cl —{—{— + H(I
| |
H H
CaCO, + HOL = CaCly+ H,0 (2)

According to previous studies, the

chlorine in the polymer backbone could be

removed in subcritical water via two main pathways (reaction 1): elimination and

substitution. As shown in the following reactions (equation 1), the chlorine in PVC was
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removed in the form of HCI from both pathways, which requires high hydrothermal
temperature and long reaction time to achieve high dichlorination efficiency.. The high
dechlorination efficiency of PVC at the relatively mild condition and short treatment
time in this research is attributable to the in-situ calcium carbonate. The role of calcium
carbonate is similar to the additives such as KoCO3, ammonia and NaOH, which could
potentially neutralize the formed HCl from different reaction pathways as shown in
reaction 1 and 2 and therefore accelerate the dechlorination process. As shown in Figure
2c, an almost linear relationship between calcium removal efficiency and
dechlorination efficiency as a function of temperature was observed. Moreover,
Moreover, the well-distributed CaCO3 micro/nano particles acted as an in-situ
neutralization agent that could react with released HCl instantly within the PVC matrix.
In previous studies, PVC in the form of fine powder or small particles (< 5 mm) was
used in most of the previous studies (Table 1) to reduce the diffusion resistance of
formed HCI from inside the PVC which is one of the rate-determining steps during
hydrothermal dichlorination of PVC [34]. The in-situ CaCOs; could minimize the
diffusion resistance of HCl while the consumption of CaCOs could create extra
channels for CaClo/HCI molecules, which lowered the impact of particle size on the
dechlorination process. Even higher dechlorination rate could be achieved within 1 h
by using large PVC strips (L X W XD: 20 mm X2 mm X2 mm) than most powdered
PVC reported previously. This is crucial for the design of a cost-effective recycling
process of end-life PVC pipes or window profiles as the demand for pulverization, an
energy-intensive process, can be largely reduced. CaCly, a major by-product of
dichlorination, has been reported as an effective catalyst for hydrothermal treatment of
biowastes such as improving the dewaterability of activated sludge or liquid yield of
oily scum, suggesting that PVC can be used as a promoter for hydrothermal treatment
of other biowastes. The results suggest that hydrothermal treatment can be a potential
technology to recycle waste PVC containing a large quantity of additives content for
the production of high-quality hydrochar..

3.2 Characterization of PVC hydrochar derived carbons
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Converting waste plastic, the carbon-rich precursor, to porous carbon materials has
been considered as a potential pathway to deal with those non-degradable waste. By
removal of chlorine via hydrothermal treatment, the chlorine-free hydrochar can be
potentially used as a carbon precursor to prepare microporous carbon materials for
many applications including CO; adsorption, which has not yet been studied.
Therefore, to investigate the feasibility of PVC hydrochar-derived carbons for CO»
adsorption, PVC-derived hydrochar prepared at 260 °C was selected as a single carbon
precursor to produce porous carbon materials via a facile one-step chemical activation
method using KOH as activating agent. The nitrogen adsorption isotherms and
corresponding pore size distributions (PSDs) of HPVC carbons in the activation
temperature range between 600—-800 °C and KOH/PVC mass ratio of 1 and 3 are shown
in Figure 3. The sharp N> adsorption capacity at extremely low relative pressure
followed by a horizontal plateau at high relative pressure indicates the microporous
nature of HPVC carbons. For carbons prepared at high activation temperature of 800 °C
or KOH/PVC mass ratio of 3, a small hysteresis loop at P/Po >0.50 corresponds to the
presence of mesoporous structure containing slit-like mesopores. It can be seen from
Figure 3c, d that the carbon samples prepared under different conditions were
comprised mostly of micropores while the significance of micropores with different
pore width varied with the preparation conditions. The pores in the carbon sample
prepared at an activation temperature of 600 °C and KOH/PVC mass ratio of 1 were
purely ultra-micropores with pore size smaller than 0.50 nm. As the activation
temperature and KOH/PVC mass ratio increased, the micropores centered at 0.55 and
1.20 nm started to emerge and ultra-micropores centred at 0.55 nm became dominant.
This highlights the pore-widening effect induced by high activation temperature or
excessive KOH. The ultra-microporous nature offers the potential capability of HPVC

carbons as CO; adsorbents.
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Figure 3 Nitrogen isotherms and pore size distributions (PSDs) of HPVC
carbons: (a and b) nitrogen adsorption isotherms; (¢ and d) PSDs.

The textural properties of PVC hydrochar-derived activated carbons are shown in
Table 2. It can be seen that both BET surface area and total pore volume sharply
increased with activation temperature and KOH/PVC mass ratio from only 285 m? g'!
and 0.14 cm® g! for HPVC-600-1 to 1927 m* g!' and 0.85 cm® g! for HPVC-800-3,
respectively. This is attributed to the enhanced KOH activation reactions in the presence
of excessive KOH or higher activation temperature. As shown in Figure 3c-d, the
HPVC carbons mainly consist of ultra-micropores with pore size <0.7 nm, which is
expected to be a preferable place for CO; adsorption. At the KOH/PVC mass ratio of 1,
the ultra-micropore volume increased from 0.11 to 0.26 cm® g as the activation
temperature increased to 800 °C. When the KOH/PVC mass ratio increased to 3, all
samples showed a similar ultra-micropore volume of 0.29-0.33 cm® g'! and the increase

of activation temperature even led to a slight decrease in ultra-micropore volume.
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Moreover, the ratio of the ultra-micropore volume to the micropore volume
(Vmicro<0.70m/Vmicro) and total pore volume (Vmicro<0.7am/Vmicro) calculated based on the
data shown in Table 2 showed that the relative fraction of Vmicro<0.70m/Vmicro and
Vmicro<0.70m/ Vmicro decreased with increasing activation temperature or KOH/PVC mass
ratio. This suggests that pore formation predominated at mild activation temperature
and low KOH/PVC mass ratio whereas pore widening played the leading role when
higher activation temperature or excessive KOH were used.

Table 2 Textural properties of porous matrixes and their derived salt composites.

Sample Seet (MY9) Vit (€M/Q)  Vimicro (€M*/Q)  Vimicro<o.70m (CM3/g)
HPVC-600-1 285 0.14 0.11 0.11
HPVC-700-1 697 0.30 0.25 0.22
HPVC-800-1 1206 0.55 0.44 0.26
HPVC-600-3 1283 0.52 0.47 0.33
HPVC-700-3 1519 0.61 0.56 0.29
HPVC-800-3 1927 0.85 0.71 0.30

The morphologies of PVC hydrochar-derived carbons examined with scanning
electron microscopy (SEM) are shown in Figure 3. Clearly, all samples are granular
with a relatively wide particle size distribution whilst the microporous structure of
HPVC carbons varied significantly with the KOH/PVC mass ratio and activation
temperature. Sample HPVC-700-1 exhibited a less porous structure and denser porous
network compared to the sample prepared at a higher KOH/PVC mass ratio of 3. The
excessive KOH enhanced the formation of more pores and interconnected macroporous
structure via multiple reactions between KOH and carbon during the activation process.
For instance, HPVC-600-3 demonstrated a highly macroporous structure with high pore
interconnectivity. The macroporous structure of PVC hydrochar-derived carbon was
further developed as the activation temperature increased to 700 °C. It can be found
from the high-resolution images (Figure 4f, i) that HPVC-700-3 is much more porous

than HPVC-600-3, which is attributable to the enhanced activation efficacy led by
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higher temperature.

Figure 4 SEM images of HPVC carbons: (a-¢c) HPVC-700-1; (d-f) HPVC-600-3;
(g-j) HPVC-700-3.
3.3 CO; adsorption performance of HPVC carbons

The CO; adsorption isotherms at 0 °C and 25 °C, up to 100 kPa pressure are shown
in Figure 5. The results demonstrated the good CO> adsorption performance achieved
by HPVC carbons at different temperatures. At 0 °C and 100 kPa, HPVC-600-3
exhibited the highest CO, adsorption capacity of 6.21 mmol/g among all samples.
Reducing KOH/PVC mass ratio or increasing activation temperature both led to a
decrease in CO» adsorption capacity. According to Table 1, the CO; adsorption capacity
of different carbons generally follows the trend of their ultra-micropore volume, which
suggests that the high CO» adsorption capacity of HPVC-600-3 is driven by its high
ultra-micropore volume (Vmicro<0.7nm). When the adsorption temperature was increased
to 25 °C, a similar trend was observed with HPVC-600-3 achieving the highest
adsorption capacity of 4.05 mmol/g. However, being different from 0 °C, the adsorption
capacity of HPVC-700-1 was slightly higher than that of HPVC-800-3 with much
higher ultra-micropore volume than HPVC-700-1, indicating that smaller ultra-

micropores play a critical role in CO; adsorption at higher temperatures. A more
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pronounced discrepancy is observed at the low CO; partial pressure region. For instance,
at CO; partial pressure of 15 kPa, HPVC-600-3 and HPVC-700-1 exhibited much
higher CO, adsorption capacities of 2.64 and 2.50 mmol g! at 0 °C, respectively. When
the adsorption temperature was increased to 25 °C, HPVC-700-1 achieved the highest
adsorption of 1.60 mmol g'! among all samples. This suggests that the CO, adsorption
performance of HPVC carbons was determined by ultra-micropores with a specific pore
size, which varies with the adsorption temperature and CO; partial pressure. Previous
studies have demonstrated that the critical pore size for CO; adsorption decreased with
increasing adsorption temperature or decreasing CO» partial pressure. More specifically,
pores smaller than 0.6 nm are preferred for CO; adsorption at 100 kPa and 25 °C while
it reduced to 0.5 nm when the CO» partial pressure dropped to 15 kPa. In this study, the
correlation between the volume of pores smaller than a specific pore size and CO»
adsorption capacity at different conditions was studied (Figure S1). It can be observed
that the CO» adsorption capacity of HPVC carbons at 15 and 100 kPa gave the best
correlation with the volume of pores smaller than 0.44 nm and 0.60 nm at 25 °C,
respectively. When the adsorption temperature decreased to 0 °C, pores smaller than
0.60 nm and 0.80 nm are preferable for CO» adsorption at 15 and 100 kPa, respectively.
Those results agree well with the findings reported in previous studies that

ultramicroscope plays a critical role in capturing CO».

Figure 5 CO; adsorption isotherm of the HPVC carbons at 0 °C and 25 °C.
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The preparation of carbon-based CO; sorbents from using waste materials such as
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biomass or plastic waste has increasingly received attention as a potential approach for
waste management. Table 3 summarizes the CO; adsorption capacity of plastic or
biomass-derived carbon materials, prepared by chemical activation using KOH as
activating agent, reported in previous studies. It can be found that well-developed
microporosity and surface chemistry make HPVC carbons prepared in this paper one
of the best-performing carbon-based sorbents for CO, adsorption especially at low CO»
pressure region. At low CO» partial pressure of 15 kPa, the CO» adsorption capacity of
HPVC carbons could reach 1.50-1.60 mmol g, which outperforms the majority of
plastic or biomass-derived carbons. This highlights that PVC can be a potential
precursor to prepare excellent sorbents for CO2 mitigation.

As shown in Table 3, PVC has been used as a single precursor to prepare carbon-
based CO; sorbents via oxidation-activation protocol in previous studies. It can be seen
that the CO; adsorption capacity of carbons prepared by using pure PVC is much higher
than carbons prepared using PVC with a large quantity of metal additives, which is
attributable to a much higher volume of fine micropores (< 0.5 nm) of pure PVC derived
carbons created by KOH activation. However, the CO; adsorption capacity at low
partial pressure regions cannot be solely rationalized by the pore size effect. For
instance, waste PVC pipe-derived carbons prepared via an oxidation-KOH activation
process in our previous study had a high volume of pores smaller than 0.44 nm, 0.153
cm® g! (P_71), which was higher than the samples prepared in this paper, while the
adsorption capacity of P_71, 1.16 mmol g'at 25 °C and 15 kPa, was much lower than
HPVC-700-1 of 1.60 mmol g!' [41]. It is believed that surface chemistry might also
play a critical role in CO, adsorption at low CO; partial pressure. Given the fact that
PVC is a nitrogen-free precursor, the intercalated potassium formed during the KOH
activation process, which has been reported in previous studies [44, 51], could favor
CO; adsorption at low partial pressure. According to the XRF results, the potassium
content of HPVC-700-1was 6.89 wt% which was much higher than P_71 of 3.64 wt%.
The intercalated potassium on the carbon surface acted like the extra framework ions

in MOFs and zeolites, which could effectively improve the surface affinity of carbon to
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CO; and provide extra CO; adsorption sites. Similarly, Wang et al. [40] found that the

residue potassium in PVC-derived carbon spheres could significantly improve the CO»

adsorption capacity and the removal of potassium led to a sharp decrease of 75% in

CO; adsorption capacity. The unique combination of fine micropores and surface

chemistry makes PVC hydrochar-derived carbons an excellent sorbent for CO:

adsorption.

Table 3 A summary of CO; adsorption performance of waste-derived carbon materials.

Activation

CO; adsorption capacity at 100 kPa (mmol g™

Precursors 0°C 25°C References
strategy
15 kPa 100 kPa 15kPa 100 kPa
HPVC-6003 KOH 2.64 6.21 1.51 4.05
This work
HPVC-7001 KOH 2.50 4.52 1.60 3.40
Waste CDs and
aste LU al KOH 1.80° 5.80° 0.85  3.30° 36]
DVDs
Cigarette filter KOH 1.70* 6.06 1.00 3.55° [37]
Packaging waste KOH 1.75 5.30 0.80% 4.20 [38]
PET plastic bottle
KOH 2.60° 6.23 1.60° 4.58 [39]
(N-dopped)
PVC-Derived Carbon
KOH 4.40° 8.93 2.45° 5.47 [40]
Sphere
Used PVC pipe KOH 1.76 6.90 0.85 3.90 [41]
Carrot peels KOH 2.00* 5.64 1.13% 4.18 [42]
Coffee ground KOH 2.20% 7.55 1.40° 4.42 [43]
Rice husk KOH 2.96 591 2.00 4.75 [44]
Bamboo KOH 2.29° 7.00 1.36 4.50° [45]
Date sheet KOH 1.80° 6.40 0.92? 4.36 [46]
Glucose KOH 2.45 591 1.44 4.30 [47]
Empty fruit bunch KOH 1.84% 5.23 1.32% 3.71 [48]
Lotus stalk KOH 1.96 5.11 1.21 3.68 [49]
Water caltrop shell KOH 2.00* 5.86 1.25% 4.22 [50]

Note: a-the adsorption capacity was estimated based on the adsorption isotherms provided.

The high surface affinity of HPVC carbons could also be indicated by the isosteric

heat of CO2 adsorption (Qs) calculated by using the Clausius-Clapeyron equation. All
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the parameters were obtained by fitting the CO> adsorption isotherms at 0 and 25 °C by
using dual-site Langmuir (DSL) model. It can be seen from Figure 6 that the Qs for all
samples continuously decreases with increasing CO» adsorption capacity and remains
stable at CO, adsorption capacity over 2 mmol g™!. This suggests CO2 was preferably
adsorbed on strong surface adsorption sites followed by adsorption on weaker surface
adsorption sites. At zero CO, coverage, high Qg ranging from 35.74 to 39.18 kJ mol’!
was achieved by HPVC carbons, which was much higher than dopant-free carbons or
some nitrogen-doped carbons [52-54]. This clearly shows that the combination of
surface heterogeneity originating from potassium and ultra-micropores created strong
surface adsorption sites which is more beneficial to CO» adsorption at low CO, partial
pressure. This can be further verified when the Qs of HPVC-600-1 was compared to
other HPVC carbons. As shown in Figure 5, HPVC-600-1 with pure fine micropores
(d<0.50 nm) exhibited much higher Qs than other samples especially at high CO»

coverage.
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Figure 6 Isosteric heat of CO; adsorption on carbon foams calculated from the
adsorption isotherms at 0 and 25 °C.
3.4 CO2/N: Selectivity

In addition to high adsorption capacity, an ideal CO> sorbent should also be able to
effectively separate CO; from flue gas mainly containing CO2 and N». The CO2/N;
selectivity of HPVC carbons was estimated by using the ideal adsorption solution

theory (IAST) model. Both CO; and N> adsorption isotherms obtained at 25 °C were
19
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fitted with a DSL model to get selectivity parameters according to IAST. Figure 7
exhibits the calculated CO/N> selectivity of HPVC carbons in the different gas mixture
as a function of bulk pressure. It can be found that the CO2/N; selectivity decreased
continuously with increasing bulk pressure from 5 kPa to 100 kPa and CO; partial
pressure in the CO2/N; gas mixture. This can be explained by the higher growth rate in
N> adsorption capacity compared to CO; with increasing pressure. On the other hand,
this also suggests that the adsorption rate of CO> at the initial adsorption stage was
much higher than N, which is attributable to the larger quadruple of CO> and the high
surface affinity created by potassium. Despite the microporous nature of all HPVC
carbons, a noticeable variation in CO2/N> selectivity was observed among different
samples. The selectivity generally decreased with increasing activation temperature and
KOH/PVC mass ratio. As shown in Figure 6d, the CO2/N> selectivity over the HPVC
carbons is in agreement with the relative fraction of volume of pores smaller than 0.5
nm to total pore volume. Considering the smaller kinetic diameter of the CO, molecule
than the N> molecule (0.334 vs 0.364 nm), the enhanced activation efficacy by high
activation temperature and KOH/PVC mass ratio created a significant amount of large
micropores (>0.50 nm) leading to the increase of N, adsorption capacity at the same
CO> partial pressure. Among all samples, HPVC-600-1 with an almost pure fine
micropore (d < 0.50 nm) exhibited the highest CO2/N> selectivity under different
conditions. For instance, at a realistic gas pressure of 100 kPa, the CO»/N; selectivity
of HPVC-600-1 could reach 83.86 for a 5:95 CO2/N> mixture (flue gas from the natural
gas power plant) and 42.15 for a 15:85 CO2/N2 mixture (flue gas from the coal-fired
power plant), which is higher than the majority carbons reported in previous studies

[55-58].
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Figure 7 The CO»/N; selectivity of HPVC carbons in different gas mixture:(a)
5% COz in Nz; (b) 15% CO: in N2; (¢) 30% CO: in N2; (d) relationship between
ultra-micropore volume and CO2/N; selectivity of HPVC carbons.
4.0 Conclusions

In summary, this work demonstrated a potential strategy to utilize hard-to-handle
waste PVC plastic, the top 3 plastics in waste streams, for the preparation of chlorine-
free carbon-based efficient sorbents for CO. mitigation via a hydrothermal
dichlorination-chemical activation protocol. Being different from most previous studies
that use pure PVC plastic as a precursor, waste PVC with a large quantity of metal
additives, a major component in waste PVC plastic, was hydrothermally treated and the
impact of metal additives on the dechlorination process was also investigated. The
results showed that a high dechlorination rate of 98.40% and 99.39% was obtained at a
temperature of 260 and 280 °C and a reaction time of 1 h, respectively, which was
higher than the dechlorination efficiency of pure PVC and many biomasses or

additives-assisted dechlorination of PVC under similar conditions. The large quantity
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of well-distributed calcium carbonate in the PVC matrix could effectively accelerate
the dechlorination reactions by in-situ neutralization of released HCI within the PVC
matrix. The consumption of calcium carbonate could create extra channels for the
diffusion of CaCly/HCI from inside PVC, which can potentially lower the impact of
particle size and reduce the demand for pulverization.

Using chlorine-free PVC hydrochar as a single precursor, microporous carbons
were successfully synthesized via a facile chemical activation process and evaluated as
sorbents for CO; adsorption. Tested at an adsorption temperature of 25 °C, a high CO»
adsorption capacity of 1.60 mmol/g at 15 kPa CO; and 4.05 mmol/g at 100 kPa as we
as high CO2/N; of 42 at 15 kPa CO, was obtained by those carbons, which is among
the best-performing plastic or biomass waste-derived carbons. Advanced
characterization demonstrated that the development of large ultra-micropore volume
and surface chemistry with high CO, affinity granted the highly selective CO> capture
in those hydrochar-derived carbons. The data reported in this work has practical
implications for the safe and sustainable recycling of waste PVC plastics and the
development and design of PVC-derived sorbents for CO, emission mitigation.
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