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ARTICLE INFO ABSTRACT

Keywords: Polyvinyl chloride (PVC)-containing waste streams are difficult to recycle due to high chlorine content in PVC.
PVC Toxic dioxins or corrosive hydrogen chloride (HCl) vapor released from improper management of PVC-
Wood containing wastes can cause severe environmental pollution and human health problems. While PVC is usu-
Ez‘r/?frl :lmsenone ally treated as contamination and burden in waste recycling, a novel recycling approach was developed in this

study to leverage PVC as an asset. Specifically, red oak and PVC were co-converted in y-Valerolactone, a green
biomass-derivable solvent. During the co-conversion, PVC-derived HCl in the solvent acted as an acid catalyst to
produce up to 14.4% levoglucosenone and 14.3% furfural from red oak. On the other hand, dechlorinated PVC
hydrocarbons and lignin fraction of red oak reacted each other to form chlorine-free solid fuels with high thermal
stability. The higher heating value of the solids was up to 36.2 MJ/kg, which is even higher than the heating
value of anthracite coal. After the co-conversion, more than 80% of PVC-contained chlorine turned into chloride
ion and the rest formed 5-chlorovaleric acid. 5-chlorovaleric acid crystals were further recovered from the post-

5-Chlorovaleric acid
Hydrogen chloride

reaction liquid with a purity of 91.2%.

1. Introduction

In 2018, 292.4 million tons of municipal solid wastes (MSW) were
generated in the US alone. Of which, less than half of MSW were recy-
cled or combusted for heat and the rest were sent to landfills (EPA,
2021). The landfilled wastes not only caused significant environmental
issues but also brought economic burdens associated with waste trans-
portation and the maintenance of landfill sites (Kollikkathara et al.,
2010; Mukherjee et al., 2014; Danthurebandara et al., 2015; Vaverkova,
2019). The landfilled materials consisting of organics and synthetic
polymers also represent tremendous energy and resource losses (Kumar
and Sharma, 2014; Srivastava and Chakma, 2020). While proactive
measurement has been taken in recent years to increase the recycling
rate, effective waste recycling has yet been developed. The ease of
recycling largely depends on the type and form of the waste materials.
Clean plastics are usually considered for mechanical recycling, and
organic wastes could be composed for fertilizers (Polprasert, 2007;
Schyns and Shaver, 2020). Plastic wastes such as polyethylene tere-
phthalate, polystyrene, polyurethane, polyamide can also be chemically
recycled to monomers that are useful in chemical synthesis (Xue et al.,
2017; Raheem et al., 2019; Queiroz et al., 2020; Thiounn and Smith,
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2020; Jiang et al., 2022; Song et al., 2022). Co-mingled and/or
contaminated wastes are usually much more difficult to recycle due to
their heterogeneous composition and the release of pollutants during the
recycling processes (Chen et al., 2021). Other than incineration for heat,
various strategies have been developed to convert mixed waste materials
into liquid fuels, syngas, or chemicals by employing pyrolysis, gasifi-
cation, and solvent-based conversion approaches (Arena, 2012; Chen
et al., 2021; Hameed et al., 2021; Wang et al., 2021). For example, co-
pyrolyzing biomass and polyolefins plastics can increase the heating
value of bio-oil, and synergistically enhance hydrocarbon production
during catalytic pyrolysis, which are attributed to the hydrogen
donating effect of polyolefins (Xue et al., 2015; Xue et al., 2016; Xue and
Bai, 2018).

PVC-containing wastes are considered the most challenging mate-
rials to recycle. PVC is widely used in construction, household items,
electronics, and medical devices due to its durability, corrosion resis-
tance, and low cost (Titow, 1999). However, PVC is also the major
halogen source in the waste streams as about 57 wt% of the polymer
mass is made of chlorine element. Chlorinated dioxins produced during
PVC combustion are highly toxic to human health: skin disease can be
caused by short-term exposure to dioxins, while chronic exposure to
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dioxins can cause cancer (Braun, 2002; Sadat-Shojai and Bakhshandeh,
2011; Zhang et al., 2015). Additionally, the chloride in the atmosphere
also leads to acidic rain. Thus, PVC dechlorination prior to incineration
is usually required. During waste recycling, the presence of PVC in the
waste materials also causes various detrimental effects. It was reported
that PVC in its mixture with biomass reduced tar cracking efficiency and
caused catalyst poisoning during gasification (Huang et al., 2016). It was
also found that co-pyrolysis with PVC and other waste materials
increased char yield and produced chlorine-contaminated bio-oil and
char (Zhou et al., 2015). Even landfilling is not suitable for PVC as
oxidative degradation of PVC can occur under natural exposure (Decker,
1976; Decker, 1984; Krzymien, 1997). So far, a variety of PVC dechlo-
rination technologies have been studied. A stepwise pyrolysis was per-
formed on the mixture of PVC, polystyrene (PS), and polyethylene (PE),
where PVC-derived HCl was removed in the first stage, and styrene and
aliphatic compounds were formed in the later stages (Bockhorn et al.,
1999). Various absorbent materials were also used to trap the PVC-
released HCI physically or chemically. Previously, PVC was ball-milled
with alkali (KOH or NaOH) pellets to remove chlorine by forming
chloride salts (Inoue et al., 2005). Petroleum residue was also used to
absorb chlorine during PVC pyrolysis because the asphaltenes of pe-
troleum residue could react with chloride radicals evolved from PVC
cracking before the formation of HCI (Ali and Siddiqui, 2005). An Al-Zn
composite catalyst was used as both cracking catalyst and dechlorina-
tion agent during plastic conversion, where the evolved HCl was fixed
onto the catalyst and thus the chlorine content in the oil was reduced
(Tang et al., 2003). Co-pyrolysis of demolition wood and PVC film was
previously investigated (Kuramochi et al., 2008). In the study, the
decreased HCl emission during co-pyrolysis was accompanied by the
production of chlorine-contaminated bio-oil and char. A hydrothermal
carbonization of PVC-containing medical wastes and biomass was also
investigated (Shen et al., 2017). While the dissolution of HCI in water
prevented the release of the corrosive vapor, up to 32% of chlorine
ended up in the solid products. In a recent study, waste PVC containing
high content of plasticizers was converted using a critical aqueous
ammonia process to produce a chlorine-free oil and an aqueous product
containing inorganic chloride (Xiu et al., 2020). Overall, recycling PVC-
containing waste streams remains as a challenging task. The previous
approaches for PVC dechlorination often generated toxic and corrosive
vapors, chlorine-contaminated oil, solids, or catalysts, which can
potentially serve as secondary pollution sources.

In this work, a novel recycling method was explored to convert the
mixture of PVC and wood. Wood wastes are generated from various
sources and are available in different forms (Shahidul et al., 2020;
Cesprini et al., 2020; Tamanna et al., 2020). While wood and PVC are
both major MSW components, they co-present in construction and de-
molition wastes in considerable amounts. Manually sorting PVC from
the co-mingled waste streams is costly. Furthermore, wood-PVC com-
posites are also impossible to sort mechanically. As a result, the unsorted
wood and PVC are generally sent to landfills (Helsen and Van den Bulck,
2005; Kim et al., 2020; Sadat-Shojai and Bakhshandeh, 2011).

In a previous work, we reported that when cellulose and PVC were
co-processed in a polar aprotic solvent, PVC decomposition started
ahead of cellulose conversion. As a result, cellulose depolymerization
was promoted by PVC-derived HCI dissolved in the solvent (Braden and
Bai, 2018). Encouraged by the previous result, co-conversion of wood
and PVC in solvent was investigated in this study. Unlike conventional
recycling approaches where PVC was contaminant and burden, the
presented approach leveraged the chemical composition of PVC and its
unique thermal decomposition properties as advantages to co-produce
valuable chemicals and high-quality clean solid fuel.
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2. Experimental
2.1. Materials

Red oak was purchased from Wood Residues Solutions (Montello,
WI) and ball-milled to a particle size of 250 ~ 400 pm. Ultimate,
proximate, and compositional analysis results of red oak are given in
Table S1 in the supporting information (A et al., 2021). PVC powders
were purchased from the Shanghai Yangli Mechanical and Electrical
Technology Co., Ltd, China. Elemental composition of PVC is given in
Table S2. The chlorine content in the PVC material is 56.61 wt%, due to
its high purity. y -Valerolactone (GVL) with a 98% purity was purchased
from Fisher Scientific. Levoglucosenone (LGO) and levoglucosan (LGA)
were purchased from GlycoSyn. Furfural (FF) and 5-chlorovaleric acid
(CA) were purchased from Sigma Aldrich.

2.2. Conversion in solvent

The solvent-based conversion was conducted using mini stainless-
steel batch reactors with an inner volume of 3 mL. For each experi-
ment, 12 mg of red oak and different amounts of PVC were added to 2
mL GVL. The reactors were heated using a fluidized sand bath. When the
preset temperatures were reached, the reactors were dropped into the
sand bath to start reactions. After reaction times were reached, the re-
actors were quickly removed and quenched in a water bath at ambient
temperature.

After the reactions, the liquid and solid suspensions were extracted
from the reactor using glass syringes and separated by 0.45 pm glass
fiber filters. The liquid-removed solid residues were then thoroughly
washed using water and dried in a 40 °C vacuum oven overnight. For all
the cases, the gas production was negligible. Thus, the yields of liquid
and solid residue were determined according to the equations given
below:

mass of solid residue

Solid residue yield (%) = mass of red oak plus PVC

Liquid yield (%) = 100% — solid residue yield (%)

2.3. GC-MS analysis

The liquid products were analyzed using an Agilent 7890B Gas
Chromatograph (GC) equipped with Mass Spectrometer (MS) and Flame
Ionization Detector (FID). Two ZB-1701 (60 m x 250 pm x 0.25 pm)
capillary columns were used. The GC oven temperature was first held at
40 °C for 3 min, further elevated to 280 °C at 4 °C/min, and then held at
280 °C for another 4 min. Helium was used as the carrier gas with a 1
mL/min flow rate and a split ratio of 20:1 at the GC inlet. The monomers
were identified by MS and quantified by FID. Calibrations were per-
formed using standard chemicals. The yields of biomass-derived com-
pounds (i.e., LGO, FF) were reported based on the red oak mass.

2.4. Solvent pH

The acidity of the reaction solution was determined using a pH meter
(Mettler Toledo SevenMulti pH meter). Each test was repeated five
times, and average values were reported.

2.5. FTIR analysis

FTIR analysis of solid samples was performed using a Thermo Sci-
entific Nicolet iS10 (Thermo Fisher Scientific Inc., Waltham, MA)
equipped with a Smart iTR accessory. The wavenumbers ranged from
750 ecm ! to 4000 cm ™. Each sample was scanned 32 times at a reso-
lution of 4 em ™! and an interval of 1 em™?.
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Fig. 1. Comparison of red oak conversion in 280 °C GVL with and without PVC (a 2:1 ratio of red oak to PVC). a. liquid yield; b. red oak-derived monomer yields; c.
solution pH; d. CA concentration in reaction solution, as function of reaction time. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

2.6. Thermogravimetric (TGA) analysis

TGA analysis of solid samples was conducted using a Mettler Toledo
Thermogravimetry/Differential Scanning Calorimetry system (TGA/
DSC). The sample was heated from ambient temperature to 900 °C at
10 °C/min. Nitrogen gas with a flow rate of 100 mL/min was used as the
environment gas.

2.7. Fast pyrolysis

Fast pyrolysis of solid samples was conducted using a micro-
pyrolyzer system (Rx-3050 TR, Frontier Laboratory, Japan). Around
250 pg of the sample was pyrolyzed at 500 °C using helium as the
environment gas. The pyrolysis vapors were swept into the online GC/
MS-FID for instant analysis. At the front inlet of GC, the flow rate of
helium was 156 mL/min and the split ratio was 50:1. The GC heating
profile was described above.

2.8. SEM analysis

The microstructure of solid samples was examined using a scanning
electron microscope (SEM, Quanta-FEG 250, FEI) and an accelerating
voltage of 10 kV. Segments of the samples were mounted onto a double-
stick carbon tape on a 45° incline and coated with 5 nm of iridium for
conductivity.

2.9. Elemental analysis

Elemental analysis of solid samples was performed using a CHNS
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Elemental Analyzer (Vario Micro Cube). Carbon, hydrogen, and nitro-
gen contents were measured, and oxygen content was calculated by
mass difference. The higher heating value (HHV) was obtained by using
Dulong’s Formula.

2.10. Chlorine determination

The total chlorine content in solid samples was determined using the
oxidative combustion titration method (i.e., method 9076). Initially, the
solid was fully combusted inside the sealed apparatus. Deionized (DI)
water was then added to the apparatus through a valve on the apparatus
to absorb the combustion products. After the combustion smoke was
fully absorbed, a few drops of K2CrO4 were added to the solution as an
indicator. In the following process, AgNO3; was added dropwise to the
solution to precipitate chloride ion as AgCl until the color of the solution
suddenly changed due to the Ag>CrO4 formation after the complete
precipitation of chloride in the solution. The chlorine in the solid was
calculated based on the added amount of AgNO3. CA was quantified
using the standard chemical in GC/MS.

2.11. Recovery of CA

After the solid products were separated by filtration, DI water was
added to the post-reaction liquids in an ice bath to precipitate CA. The
precipitate was filtered and then thoroughly washed using water.
Finally, the precipitate was dissolved in methanol and analyzed using
GC/MS-FID.
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Fig. 2. The effect of PVC loading. a. solution pH value; b. liquid yield; c. LGO yield; d. FF yield, as function of reaction time.

3. Results and discussions
3.1. Co-conversion of red oak and PVC in GVL

3.1.1. Effect of PVC

Red oak was converted in 280 °C GVL alone, or in the presence of
PVC (a 2:1 red oak to PVC ratio). The results are given in Fig. 1. Without
PVC, the liquid yield was 50.6% after a 10 min reaction and it increased
to 67.5% at 40 min (Fig. 1a). Polar aprotic solvents, such as GVL, can
reduce the activation energy of glycosidic bond dissociation to depoly-
merize cellulose and hemicellulose into soluble carbohydrates with
shorter chain lengths while also dissolving lignin (Ghosh et al., 2016).
Both the liquid yield and liquefaction rate were higher when red oak was
co-converted with PVC. With PVC, the liquid yield reached 73.6% at 10
min. Further increasing reaction time only slightly promoted the liquid
yield to obtain 77.4% at 25 min.

As shown in Fig. 1b, monomers were barely produced from red oak in
the absence of PVC. Only up to 0.7% of FF and 1.0% LGA were detected
in the liquid. Without a catalyst, the reaction condition was too mild to
depolymerize the cellulose chain into monomers. In comparison, LGO
and FF were two major monomers produced from red oak when PVC was
co-converted. LGO yield at 10 min was 7.6% and increased to 8.0% at
15 min before it leveled off. The leveling off in LGO yield at the pro-
longed reaction is due to degradation and other secondary reactions of
LGO. FF yield was 4.2% and 5.7% at 10 min and 20 min, respectively.
LGO is one of the top value-added biobased chemicals. It has a variety of
applications in organic synthesis, such as asymmetric synthesis, enan-
tiospecific synthesis, and medicinal chemistry (Zanardi and Suarez,
2009; M. Sarotti et al., 2012; Comba et al., 2017). LGO is a double
dehydrated anhydroglucose. In previous studies, LGO was produced by
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converting cellulose or cellulosic biomass in the presence of acid cata-
lysts (Cao et al., 2015; He et al., 2017; Wei et al., 2014; Hu et al., 2020).
During acid-catalyzed decompositions of cellulose, LGA can serve as a
precursor of LGO. FF is an important platform chemical, which has wide
applications in plastics, and pharmaceutical and agrochemical in-
dustries. It is a natural precursor to a range of furan-based chemicals and
solvents (Dias et al., 2010; Eseyin and Steele, 2015; Kabbour and Luque,
2020). FF is also a dehydration product of carbohydrates (Ghosh et al.,
2016). While FF can also be produced from cellulose, it is mainly derived
from hemicellulose when biomass is converted (Mamman et al., 2008).
Similar to LGO, FF production from biomass is also promoted by acid
catalysts (Machado et al., 2016; Ghosh et al., 2018). In this study,
noticeable amounts of LGO and FF were obtained from red oak in the
presence of PVC although no acid catalyst was added to the reaction
solution.

Thermal decomposition of PVC usually starts from dehydrochlori-
nation of PVC polymer chain to form HCl, which is followed by cycli-
zation and aromatization of dechlorinated polyene to form aromatics
(Stromberg et al., 1959). Thus, it is possible that the in-situ generated
HCl served as an acid catalyst to promote red oak decomposition during
the co-conversion of red oak and PVC. Nevertheless, such catalytic ac-
tivities by HCl are possible only when dehydrochlorination of PVC is fast
enough that it proceeds ahead of red oak decomposition (Braden and
Bai, 2018). Since the release of HCl would increase the solution acidity,
PVC dehydrochlorination and its rate could be evaluated by monitoring
the solution pH during the co-conversion of red oak and PVC. As given in
Fig. 1c, the solution pH remained at near 7 with increasing reaction time
when red oak alone was converted in GVL. When PVC was co-converted,
the pH value dropped from 7 to 1.7 within the initial 5 min, which
confirms the rapid PVC dehydrochlorination and the dissolution of HCl



X. Chen and X. Bai Waste Management 144 (2022) 376-386

—8-220 Deg. C —4—250 Deg. C
6 ¢ —e-280Deg. C ——310 Deg. C

5 —0-220Deg.C  ——250Deg.C _
4 —e-280Deg.C  —e—310Deg.C =

fﬁ 10
3 =
2 5
1
0 0

0 10 20 30 40

0 5 10 15 20 25 30

pH value

Time (min) Time (min)
100 —=—220 Deg. C —4—250 Deg. C 20
b.  —e-280Deq.C —+—310Deg.C T=220Deg. € 47250 Deg. €
. g 9 d.  —e-280Deg. C ——310Deg.C
15
S
;\3 60 =
= 210
o
3 >
< 40
5
20
o 0
0 10 20 30 40 0 10 20 30 0
Time (min) Time (min)

Fig. 3. The effect of solvent temperature. a. solution pH; b. liquid yield; c. LGO yield; d. FF yield, as function of reaction time.
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in the solvent. No further decrease of the pH value was observed after 5
min. Instead, the solution pH slightly increased with increasing reaction
time to become 1.75 at 25 min. The reversed trend of the solution pH
after 5 min was due to the formation of CA and its increased concen-
tration in the reaction solution along with increasing reaction time
(Fig. 1d). CA is a secondary reaction product of HCl, formed when HCl
reacts with GVL to attach its H and Cl onto the opened furan ring of GVL.
The result suggests that PVC dehydrochlorination mostly completed
within the first 5 min, and the transition from HCI to less acidic CA
reduced the HCI content in the reaction solution to increase the pH
value.

3.1.2. Effect of PVC loading

As shown above, valuable chemicals were produced from red oak
catalyzed by HCI in the solution. Since HCl is in-situ generated during
PVC decomposition, its concentration in the reaction solution would
depend on both the dehydrochlorination rate of PVC and PVC loading.
The effect of PVC loading was investigated by co-converting a fixed
amount of red oak with different amounts of PVC in 280 °C GVL. The
results are given in Fig. 2. As shown in Fig. 2a, the solution pH became
lower with increasing PVC loading because a larger amount of HCl
would be produced from a higher PVC loading. It was also found that the
reaction time required for the solutions to reach the minimum pH values
increased with increasing PVC loading. The minimum pH values of the
solutions were 1.7, 1.14, and 0.82 in the cases of the red oak to PVC
ratios of 2:1, 1:1, and 2:3, reached at 5 min, 10 min, and 15 min,
respectively. This is because a longer reaction time would be needed to
complete PVC dehydrochlorination with a higher PVC loading. After the
minimum values were achieved, the solution pH increased with
increasing reaction times for all the cases. This trend was more notice-
able with a higher PVC loading, which corresponds to the higher
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transition from HCl to CA with increasing PVC loading, as shown in
Figure S1.

Increasing PVC loading resulted in decreased liquid yields (Fig. 2b)
and increased solid yields (Figure S2). The liquid yield obtained using a
25 min reaction time was 77.4%, 70.2%, and 68%, respectively, when
the red oak to PVC ratio to be 2:1, 1:1, and 2:3. In Fig. 2c, overall higher
LGO yields were produced using a 1:1 ratio of red oak to PVC. The
maximum LGO yield of 14.4% was obtained after a 20 min reaction,
which is equivalent to 35% per cellulose in red oak. In comparison, the
optimal LGO yield was 8.0% and 12.6% by using 2:1 and 2:3 ratios of red
oak to PVC, respectively. While acid catalyzes LGO formation, an
excessive amount of acid in the solution can also cause LGO degradation
or other competing reactions. For example, LGO could convert to FF in
the presence of water byproduct resulted from red oak dehydration
(Kawamoto et al., 2007). In Fig. 2d, FF production was promoted by
increasing PVC loading. On the other hand, FF became increasingly
unstable for the case of 2:3 red oak to PVC ratio due to the highest PVC
loading, and as a result, FF yield decreased with increasing reaction time
after it reached 9.5% at 15 min. FF was thermally more stable with lower
PVC loadings. The highest FF yield of 10.1% was obtained for the case of
a 1:1 red oak to PVC ratio after a 25 min reaction.

3.1.3. Effect of solvent temperature

The effect of solvent temperature was investigated by co-converting
a 1:1 ratio of red oak and PVC and varying solution temperatures be-
tween 220 °C and 310 °C. The results are given in Fig. 3. The rate of PVC
dehydrochlorination was enhanced by increasing solvent temperature,
evident by the steeper drops of the solution pH at the initial stage
(Fig. 3a). The pH value of the solution measured after a 3 min reaction
was 2.82, 2.25, 1.85, and 1.42, respectively, with the solvent tempera-
tures of 220, 250, 280, and 310 °C. After 3 min, the solution pH started
to increase along with increasing reaction time for the 310 °C case
whereas it further decreased for the other lower temperature cases. The
minimum pH value and the corresponding reaction time were 1.14 and
10 min for the 280 °C case and 1.64 and 15 min for the 250 °C case. For
the 220 °C case, the solution pH decreased monotonically to reach 2.0 at
25 min, likely due to slow dehydrochlorination of PVC by using the low
temperature. As given in Figure S3, CA concentrations in the reaction
solutions were higher and also increased faster with increasing solvent
temperatures. Due to the increased transition of HCI to CA at higher
temperatures (Figure S3), the solution pH for the 310 °C case was overall
higher than that for the 280 °C case.

Increasing solvent temperature accelerated the liquefaction rate and
enhanced liquid yield (Fig. 3b). The maximum liquid yield of 84.1% was
achieved by using a solvent temperature of 310 °C and a reaction time of
25 min, compared to 25.4% obtained during the co-conversion at 220 °C
for 40 min. The solvent temperature and solution acidity are both
important parameters affecting biomass conversion. Although the so-
lution acidity was lower than the case of 280 °C, red oak liquefaction
was highest with the case of 310 °C. Thus, the effect of solvent tem-
perature on liquid yield was greater than the effect of solution acidity in
this study. As shown in Fig. 3c, increasing solvent temperature to 280 °C
accelerated LGO production and shortened the optimal reaction time.
Compared to the maximum LGO yield of 14.4% obtained for the 280 °C
case, the optimal yield with the 310 °C case was 12.4% although it was
still higher than 10.9% obtained for the 250 °C case. LGO yield was
lowest for the 220 °C case where PVC dehydrochlorination was the
slowest and the most incomplete in this study. Thus, the order of the
increasing LGO production well corresponds to the order of increasing
solution acidity at different solvent temperatures. On the other hand, FF
yield monotonically increased with increasing solvent temperature and
reaction time in Fig. 3d. The highest FF yield of 14.3% was achieved for
the 310 °C case at 25 min.
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Fig. 6. SEM results. a-c. red oak; d-f. red oak alone converted in 280 °C GVL for 40 min; g-i. the solid recovered by co-converting a 1:1 ratio of red oak and PVC; j-1.
the solid recovered by co-converting a 2:3 ratio of red oak and PVC. In g-1, the solvent temperature is 280 °C and the reaction time is 20 min. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

3.2. Evaluation of solid product

3.2.1. FTIR analysis results

While LGO and FF were derived from carbohydrates of red oak,
lignin-derived products were barely observed during the liquid analysis.
Only trace amounts of phenolics were observed, which are 3,5-dime-
thoxy-4-hydroxycinnamic acid, 2’,4'-Dimethoxyacetophenone, and
2,6-dimethoxy-4-(2-propenyl)-phenol. PVC-derivable chlorinated or
dechlorinated hydrocarbons were also not found in any of the liquids.
Therefore, the solid products were also characterized to investigate their
origin. FTIR spectra of the solids recovered at different reaction times
using a 1:1 ratio of red oak to PVC and a solvent temperature of 280 °C
are given in Fig. 4. The FTIR results of PVC and untreated red oak are
also included as references.

For PVC, the bands at 606 and 670 cm~! are associated with C-Cl
stretching in -CHCI groups. The bands at 2911 and 2955 cm ™! originate
from aliphatic C-H. The band at 1424 cm ™! is due to C-H in CH,, and the
band at 1236 cm ™! is for C-H bending at -CHCL. In addition, the band at
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953 em ! is for C-H wagging. For red oak, the broad band at the
3200-3600 cm™! region represent O-H stretching. The broad band
centered at 2920 em ™! is for methyl and ethyl C-H and, and the 1717
cm ! band corresponds to C=0 bonds. The band at 1591 ecm™! is for
aromatic ring vibration, which is caused by lignin structure. The band at
1227 ecm™! is for aryl-alkyl ether linkage (C-O-C), and the 1023 cm™!
band is for C-O-H mainly originating from carbohydrates. In addition to
the red oak-originating bands, the PVC chlorine-associated bands (606,
670, 1236 cm™ 1) and PVC hydrocarbon-associated bands (1424, 1317,
~2903 cm™ 1) were also observed in the solid recovered after a 5 min co-
conversion of red oak and PVC. Therefore, PVC dehydrochlorination was
incomplete at the given reaction time. In comparison, the chlorine-
related bands completely disappeared at the solids recovered after 10
and 20 min of the co-conversion, suggesting the solids were dechlori-
nated. Compared to untreated red oak, the 3200-3600 cm ™! and 1023
em™! bands largely decreased in all the solids. Their decreases corre-
spond to the removal of carbohydrates from red oak during the co-
conversion. On the other hand, the alkyl C-H related bands at 2920,
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Fig. 7. Distribution of chlorine in liquid and solid products during co-
conversion of a 1:1 ratio of red oak and PVC in 280 °C GVL. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the
web version of this article.)

2844, and 1424 cm ™! were strongly enhanced in all the solids, which are
contributed by PVC-originated hydrocarbons. In addition, the bands at
1717 em ™ for C=0 and 1591 ecm™! for the aromatic ring are also the
major bands in the solids recovered at 10 and 20 min. Thus, the FTIR
results suggest that during co-conversion of red oak and PVC, the
dechlorinated PVC hydrocarbons and the lignin fraction of red oak
formed the solid products. Dehydrochlorinated PVC hydrocarbons can
be highly reactive due to the formations of radicals and unsaturated C=C
bonds. During the co-conversion of red oak and PVC, the polyenes and
hydrocarbon radicals can readily react with lignin or fragmented lignin
molecules to form solid products. The features of the bands at below
1400 m ! were largely weakened in the solids recovered at 10 or 20 min,
implying the solids have highly condensed structures.

5-Chlorovaleric acid o)

o

Cl OH

Cl Cl Cl

PVC

Polyene
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3.2.2. TGA analysis results

The TGA profiles of the solids (a 1:1 ratio of red oak to PVC, 280 °C)
obtained at different reaction times are compared with PVC and un-
treated red oak in Fig. 5. The T4 (i.e., the temperature for 5% mass loss)
and the residue mass at 900 °C are also given in Table S3 for the tested
samples. Thermal decomposition of PVC proceeded via two-stages in
Fig. 5a, which include dehydrochlorination at lower temperatures, and
cyclization and aromatization of polyene to form aromatic compounds
at higher temperatures.

In Fig. 5b, the first DTG peak of PVC appearing at around 300 °C is
due to HCI release. The shoulder peak at its right side is due to the
release of HCl, benzene, and a minor amount of condensed aromatic
hydrocarbons. The second DTG peak appearing at 400-550 °C is due to
the volatilization of alkylbenzenes, such as toluene and xylene, and
polyaromatic hydrocarbons, such as naphthalene, which are produced
from inter- and intramolecular condensations (McNeill et al., 1995; Yu
et al., 2016). Red oak decomposes at a much broader temperature range
than PVC due to its complex composition. Usually, hemicellulose de-
composes first (i.e., the shoulder DTG peak at around 320 °C) followed
by cellulose decomposition (i.e., the major DTG peak at 380 °C). Lignin
is highly recalcitrant toward thermal decomposition, and thus can
decompose at up to 900 °C (Brebu and Vasile, 2010). Lignin is also the
main contributor of solid residue when biomass is pyrolyzed. In Fig. 5b,
two DTG peaks were observed with the solid recovered at 5 min. The
first DTG peak corresponds to the volatilization of PVC-derived HCI,
indicating PVC dehydrochlorination was incomplete at the given reac-
tion time. On the other hand, the shoulder DTG peak that appeared in
pure PVC was not observed in this solid, whereas the higher temperature
(400-550 °C) DTG peak of PVC remained. Thus, it is unlikely that intact
PVC polymer remained in the solid although PVC dehydrochlorination
was incomplete at this stage of the co-conversion. The DTG peak cor-
responding to the HCI volatilization disappeared in the solids recovered
at 10 and 20 min, confirming the complete dehydrochlorination of PVC
at the given conditions. The TGA results also well match the FTIR results
of the solids described above. Only one DTG peak appeared at
400-550 °C in the solids recovered at 10 and 20 min, implying they are

Cellulose -CH,0, /
Furfural
H ‘
OH _ 3H20 /
Hemicellulose Furfural
O ﬂ o

ioni Chlorine-free

Ligain condensed carbon char

Fig. 8. Proposed reaction pathway.
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thermally much more stable than PVC or red oak. Due to their condensed
structures, up to 54% char remained at 900 °C when these solids were
pyrolyzed.

3.2.3. Pyrolysis of solid products

In this study, the solids remaining after the co-conversion in GVL
were also fast pyrolyzed and the volatilizable products were identified
using GC/MS. Since fast pyrolysis causes bond cleavages in the solids,
the information about the original chemical structures of the solids can
be obtained by analyzing the pyrolysis products. The GC/MS chro-
matograms obtained during pyrolysis of the solids are given in Figure S5.
Carbohydrate-derived compounds were not observed, confirming car-
bohydrates of red oak were completely converted and removed from the
solid. HCI was observed when the solid recovered at 5 min was pyro-
lyzed, which agrees with the above-described results of TGA and FTIR.
Additionally, PVC-derived benzene, naphthalene, and alkyl aromatic
hydrocarbons were also observed among the pyrolysis products. In
comparison, neither HCI nor organic chlorinated compounds could be
detected when the solids recovered at 10 and 20 min were pyrolyzed.
The formation of aromatic hydrocarbons, especially benzene, also
decreased for the solids recovered at longer times. It was also noted that
lignin-derivable compounds were not produced during pyrolysis of any
of the solids, despite that the FTIR results described above clearly
showed the lignin origin in the solids. Thus, it is likely that the inter-
action between the dechlorinated PVC hydrocarbons and lignin of red
oak in the HCl-containing solutions led to the formation of highly
condensed aromatic structures containing highly stable intermolecular
C-C and C-O bonds.

3.2.4. SEM results

In Fig. 6, the microstructures of the solids recovered during the co-
conversion using a 1:1 ratio of red oak to PVC at 280 °C are compared
with untreated red oak, as well as the red oak converted in the same
temperature GVL for 40 min in the absence of PVC. The original plant
structure was clearly observed in the red oak converted without PVC. In
comparison, the plant structures were completely lost in the solids
recovered from the co-conversion of red oak and PVC. Rather, the solids
had highly condensed and uniform microstructures. During the co-
conversion, the plant wall structure was destroyed due to the dissolu-
tion of the carbohydrates in the solvent catalyzed by the PVC-derived
HCL. While the carbohydrates further decomposed to become smaller
molecules, thermally stable lignin and dechlorinated PVC hydrocarbons
reacted with each other to form condensed solid products.

3.2.5. Elemental analysis results

Elemental analysis results of the solids recovered from the co-
conversion, and the red oak converted in GVL in the absence of PVC
are given in Table S4. The reaction conditions for recovering the solids
were selected to make sure that the chlorine-associated FTIR bands were
absent in these solids (Fig. 4 and Figure S6). Compared to the red oak
converted without PVC, the solids recovered from the co-conversion had
significantly higher carbon content and reduced oxygen content. When
the solids recovered at different reaction times using a 1:1 ratio of red
oak to PVC were compared with each other, C and H contents in the
solids increased whereas O content decreased with increasing reaction
time. The HHVs were 27.27 MJ/kg, 32 MJ/kg, and 34.31 MJ/kg for the
solids recovered after 10, 15 and 20 mins, respectively. The same
increasing and decreasing trends of C, H, and O were also observed
among the solids recovered at the same reaction time (20 min) but using
higher PVC loadings. The HHVs of the solids recovered using 2:1 and 1:1
ratios of red oak and PVC were 28.63 MJ/kg and 34.31 MJ/kg. The
maximum HHV of 36.32 MJ/kg was obtained with the solid recovered
using a 2:3 ratio of red oak and PVC, which is even higher than the HHV
of anthracite coal (i.e., 30.08 MJ/kg, Standard grade coal). The high
HHVs of the solids were attributed to both the PVC-originating hydro-
carbons and the highly carbonized lignin-derived structures. A higher
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PVC loading in the feedstock would increase the relative content of PVC-
originating hydrocarbons in the solids, thus increasing the HHV.

3.2.6. Chlorine distribution and chlorine product recovery

During co-conversion of red oak and PVC, PVC-derived HCI dissolved
in the solution catalyzed red oak conversion. On the other hand, the
transition of HCI to CA occurred in the solvent due to the secondary
reaction of HCl. As described above, the presence of chlorine in the
solids depends on the reaction conditions. In this study, the chlorine
content in the solids was measured using the standard method described
in the experimental section, and the organic chlorine content was
calculated based on the concentration of CA in the reaction solution.
Since no other organic chlorinated compounds were detected during the
liquid analysis, the inorganic chlorine (C17) in the solution could be
determined by subtracting the organic chlorine in CA and the chlorine in
the solids from the total chlorine contained in PVC. The distribution of
chlorine among the products during the co-conversion at 280 °C using a
1:1 ratio of red oak to PVC is shown in Fig. 7 as a function of reaction
time. After a 5 min reaction, chlorine presented in both the liquid and
solid due to incomplete PVC dehydrochlorination. No chlorine was
detected in the solids recovered after 10 min or longer reaction times.
These results are consistent with the results of the solid analysis
described above. Due to the secondary reaction of HCI to CA, the organic
chlorine content increased with increasing reaction time. After a 25 min
reaction, 82% of total chlorine remained as Cl~ and the rest 18% pre-
sented in the form of CA.

It is noteworthy that CA is a functional monomer that has wide
medical uses. For example, it can be used to derivatize L-hydroxypro-
line, a diagnostic marker of bone turnover and liver fibrosis. In this
study, carbohydrate-derived products are water-soluble, whereas CA is
water-insoluble. Therefore, water was added to the post-reaction solu-
tion to precipitate CA crystals as shown in Figure S7. In the GC/MS
chromatogram of the precipitate shown in Figure S8, the sole major peak
was CA. The purity of CA in the precipitate was determined to be 91.2%.

3.2.7. Proposed reaction mechanism

The reaction mechanism of red oak and PVC co-conversion in GVL is
illustrated in Fig. 8. At the initial stage of the reaction, rapid dehydro-
chlorination of PVC releases HClL. The in-situ generated HCI in the so-
lution then catalyzes depolymerization and dehydration of cellulose and
hemicellulose to produce LGO and FF as the major monomers (Mamman
et al., 2008; He et al., 2017). On the other hand, the dechlorinated PVC
hydrocarbons and carbohydrate-free lignin further reacts with each
other to form a highly condensed aromatic structure containing alkyl
linkages. While the majority of chlorine in PVC is transformed into Cl~
ions in the solution, the rest is utilized to form CA.

4. Conclusions

A novel approach was developed to convert PVC-containing wastes.
During co-conversion of red oak and PVC in GVL, HCI generated from
dehydrochlorination of PVC served as an acid catalyst to promote red
oak conversion to valuable chemicals. Up to 84.1% of liquid products,
14.4% of LGO, and 14.3 % of FF were obtained during the PVC aid
conversion of biomass. It also showed that, the dechlorinated PVC hy-
drocarbons reacted with red oak-derived lignin in the solvent to form
chlorine-free solids with high thermal stability. The HHV of the solids
was up to 36.32 MJ/kg, and thus they can be used as high-quality, clean
fuels. During the co-conversion, more than 80% of PVC chlorine was
transformed into Cl~ ions, and the rest formed CA. Crystalized CA was
recovered from the post-reaction solvent with a purity of 91.2%.
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