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ABSTRACT

The dechlorination of chlorine containing hydrocarbons in pyrolysis vapor is poorly understood.
In order to shed new light on the dechlorination mechanism, a model mixture composing of
isooctane doped with 2-chlorobutane, 2-chloroethylbenzene, and chlorobenzene was used to
study the dechlorination of chlorinated hydrocarbons by alkali adsorption. These three
chlorinated hydrocarbons were selected as they can be typically produced from the pyrolysis of
mixed plastic waste containing polyvinyl chloride (PVC). The mixture is pumped continuously
through a NaxCO3 or CaCOs/alumina bed, and GC-MS is used to identify the dechlorination
products and to follow the dechlorination reactions. When chlorine is bonded to an aliphatic
carbon with an adjacent aliphatic hydrogen, the chlorinated compound firstly undergoes a
dehydrochlorination reaction to form HCI and olefins, and subsequently the HCI is reacted with
the alkali in the absorbents. In our experiments, 2-chlorobutane is converted to 2-butene, and 2-

chloroethylbenzene is converted to styrene. The formation of HCI and subsequent reaction with
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alkali components in the absorbent is verified by IR spectroscopy and XRD. In the presence of
an alkali, the aliphatic chlorinated hydrocarbons underwent dechlorination at a temperature of
180°C. The removal of chlorine from aromatic chlorinated compounds operates in a different
mechanism, in which the C-Cl bond scission is promoted significantly by the presence of
alumina and hydrocarbon medium. It was found that chlorobenzene undergoes dechlorination

forming phenol and benzene.
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INTRODUCTION

Pyrolysis recycling of plastic waste is becoming recognized as a viable route for the circular
plastic economy where the pyrolysis oil can be cracked and further refined for new plastic
production. A problem associated with pyrolysis recycling of mixed plastic waste is the presence
of halogen containing components in the waste stream. The primary source of halogens is
polyvinyl chloride (PVC), the pyrolysis of which produces HCI and chlorinated hydrocarbons.
For downstream processing of the pyrolysis oil in existing petrochemical plants, chlorine content

in the pyrolysis oil must be reduced to less than 10 ppm to prevent unit corrosion.'

In commercial pyrolysis of mixed plastic waste containing PVC, a low-temperature pyrolysis
between 300 and 330°C is used to remove chlorine via dehydrochlorination reactions.> Chlorine
cannot be completely removed in this stage since some isolated chlorine atoms are locked inside
the remaining structures due to cyclisation and crosslinking with increasing extent of reaction.?
Westerhout et al. 4 estimated that at least 2% of chlorine went to the next pyrolysis stage. Steam
assisted low-temperature pyrolysis can enhance the dehydrochlorination reaction.>® Recently,
Nishibata et al. 7 investigated dechlorination of PVC plastics using a combination of superheated
steam and CaO to achieve a higher extent of dechlorination. Wet treatment in glycol/NaOH
mixture is also an effective method to remove chlorine instead of low-temperature pyrolysis pre-
treatment.® ° Although these new technologies have been developed, capture of chlorine by solid
adsorbents during pyrolysis or in subsequent upgrading plastic derived oil is still the dominant
technology for reducing chlorine to the required criteria because of its easy operation and low

cost.'?

Alkali adsorbents are widely used either in the pyrolysis reactor or down-stream adsorption. In
1990s, Hinz et al. !' carried out a pilot plant scale study of chlorine adsorption by ammonia when
running the Hamburg fluidized bed plastic recycling process, which pyrolyzes plastic waste at
around 700°C to produce gaseous products. The feedstock had a chlorine content of 5% (wt.),
whereas the chlorine content in the derived oil was reduced to between 10 ppm to 1000 ppm. The
use of limestone (CaO) in the bed was not recommended in this process because of the difficulty
in separating the by-product CaClz and the bed material. However, the use of limestone or
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calcium carbonate in the bed can effectively remove chlorine in the produced oil. Cho et a

used lime, Ca(OH); or oyster shell (consisting mainly of CaCOs3) to adsorb chlorine when
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pyrolyzing mixed plastics containing 1.13% (wt) chlorine in a 1 kg/h fluidized bed reactor at a
temperature range between 680°C and 780°C. The resultant oil had a chlorine content of 50 ppm.
Bhaskar et al. '* used CaCOj3 supported on carbon to adsorb both chlorine and bromine in a batch
reactor for pyrolysis of plastic waste at 430°C. The feedstock contained 10% (wt) PVC and 10%
(wt) brominated polystyrene giving a CI content of 50000 ppm and a Br content of 10000 ppm.
The adsorbent was placed downstream for contacting the pyrolysis vapour. A halogen free liquid
was produced when the ratio of Ca-C (prepared by the calcination of 90 wt% CaCOs and 10 wt%
phenol) to feedstock was 0.4. The difference between the adsorption efficiency in Cho et al’s
work'? and Bhaskar et al’s work'® may be due to the effect of temperature. It was shown that the
binding capacity of CaO to HCI peaked at 500-600°C in a fluidized bed.!* Daoudi and Walters '°
showed that CaO conversion levels increased at lower temperatures, because high-temperature

results in sintering and thus higher grain diffusion resistance.

Metal oxides are another type of adsorbent for chlorine removal in the pyrolysis of mixed plastic
waste. Successful examples include the use of iron oxides such as Fe>Oj3 supported on carbon'®
or Si02!7, Fe304 '8, and FeOOH.!® Over these adsorbents, the adsorption is often carried out at
around 300-350°C with a chlorine conversion of greater than 80%, with iron oxide being
converted to iron chloride when iron oxides were used. In batch operation with red mud

(composed mainly of Fe>O3), Lopez et al

reported that the chlorine content in the liquid stream
reduced from 2000 ppm to 10 ppm when processed at 325°C with a dwell time of 30 min. Other
metal oxides have also been tested to adsorb chlorine from mixed plastics-derived oil such as

ZnO and MgO and achieved limited success.'”

In these reports, the nature of the chlorine was not clearly stated. The mechanism for the
adsorption of HCI by alkali or metal oxides is clearly an acid-base neutralisation reaction.
However, the dechlorination of the chlorinated hydrocarbons, has not so far been elucidated. In
this work, we aim to understand how the chlorinated hydrocarbons can be dechlorinated by alkali
adsorption, especially in the presence of hydrocarbons. An insight into dechlorination of
chlorinated hydrocarbons will be beneficial for designing effective chlorine sorbents. Efficient
adsorbents can both be used to adsorb chlorine from pyrolysis vapour or from pyrolysis oil and
therefore provide a chlorine free oil for downstream processing, aiding in the overall success of

plastic-to-fuel or plastic-to-plastic technology.



In a commercial plastic waste pyrolysis system, the chlorinated hydrocarbons are mixed with
other hydrocarbons in the pyrolysis vapour. We investigated this problem using a model system
composing of isooctane doped with the two types of chlorinated compounds, which were elected
from the list of chlorinated hydrocarbons obtained from pyrolysis of plastic waste containing
PVC. A systematic investigation by McNeill et al. 2! and Miranda et al. > > provides a detailed
list of the chlorinated hydrocarbons that can be produced during pyrolysis of PVC or mixed
plastic waste containing PVC. The chlorinated hydrocarbons in the list can be classified into two
categories: aliphatic, in which the chlorine atom is bonded with an aliphatic carbon, and
aromatic, in which the chlorine atom is bonded with an aromatic carbon. Three chlorinated
hydrocarbons were elected from the list of Miranda et al. 2> 2%; 2-chlorobutane (aliphatic), 2-
chloroethylbenzene (aliphatic with a benzene ring), and chlorobenzene (aromatic). The iso-

octane was selected to represent the light-end compounds in the plastic-derived oil.
EXPERIMENTAL
Chemicals

The three chlorinated hydrocarbons, 2-chlorobutane (> 99%), 2-chloroethylbenzene (> 99%) and
chlorobenzene (anhydrous, 99.8%), and the hydrocarbon medium 2,2,3-trimethylpentane
(isooctane) (anhydrous, 99.8%) were purchased from Sigma-Aldrich (UK) and used as received.
The adsorbents used in this work were Na,CO3 and CaCO3 from Sigma-Aldrich UK (Anhydrous,
>99.5%) and Longcliffe UK (>98%), respectively, and used as received. Alumina pellets (2
mm) were obtained from Fisher Scientific UK and used as the support. Silicon carbide (SiC) (-

200 mesh) obtained from Sigma-Aldrich UK was used as the support for the adsorption bed.
Experimental procedure

A schematic diagram of the experimental rig is shown in Figure 1. The continuous flow rig
consisted of a feedstock bottle (5L), a HPLC pump (Jasco PU-1586 Intelligent Prep Pump), a
tubular flow reactor (600 mm x '2” 316 stainless steel tube from Swagelok), a condenser, a gas-
liquid separator, a sampling valve, and a collection bottle (SL). The tube reactor was placed

vertically in a Carbolite™ tube furnace (Model EVA 12/450).



The reactor had three sections: SiC (-200 mesh, Sigma-Aldrich) in the lower part, the absorbent
bed in the middle (in the uniform heating zone), and SiC on top of the adsorbent bed. A thin
layer of glasswool was placed to separate each section and facilitate later collection of the
adsorbent. SiC was used to support the adsorption bed and enabled a uniform wetting of the
bed.?* Before an adsorption experiment, the system was pressurized with nitrogen to 10 bar for a
gastight test and then flushed using nitrogen to remove air in the system. After nitrogen flushing,
the adsorption column was heated to a desired temperature, which was monitored by the
thermocouples T1 and T2. When the temperature reached the desired value and stabilized for
about 30 minutes, the HPLC pump was started to pump isooctane solution containing the
chlorine compounds each with a concentration of 10000 ppm (wt) from the feedstock bottle into
the top of the adsorption column. The vapour coming out of the bottom of the bed was
condensed in the condenser, and then went to the collection bottle after a gas-liquid separator.

The non-condensable gas was vented to an extraction system.

After an adsorption experiment, NaxCO3 or CaCO3 were separated from the alumina. The
separated adsorbent was kept in a pre-dried glass vial for further analysis. It was easy to perform

the separation since both Na;CO3 and CaCOs3 were fine particles, and alumina was in pellet form.
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Figure 1. A schematic diagram for the continuous flow adsorption rig

Two types of experiments were conducted: staged heating adsorption and isothermal adsorption.
In staged heating adsorption, the adsorbent bed was heated to a temperature and then kept at that
temperature for 10 min, and then the temperature of the column was increased to higher
temperatures in 20°C steps and held isothermally for 10 minutes at each step to about 550°C. A
solution containing 10000 ppm (wt) of single or mixed chlorinated hydrocarbons in isooctane
was passed through the bed at a liquid flow rate of 2ml/min. This flow rate was determined by
the liquid space velocity (LSV) so that sufficient residence time was provided for the
dechlorination process (Figures S1 to S2). Samples were taken at each temperature step from the
outlet liquid and were subsequently analysed by GC test to determine the reaction products. The
staged adsorption experiment was used to determine the adsorption temperature of a chlorinated

hydrocarbon compound.

In the isothermal adsorption experiment, the adsorbent bed was heated to a pre-determined
temperature and kept at that temperature. A chlorinated hydrocarbon in isooctane solution with a

concentration of 10000 ppm (wt) each passed through the bed at a flow rate of 2 ml/min until a



breakthrough point was reached, where chlorinated hydrocarbons were detected in the exit
solution. The isothermal adsorption experiment was used to determine the adsorption capacity of

the adsorbent.

The adsorption process of a chlorinated hydrocarbon was followed using GC/MS by monitoring
the ratio of outlet to inlet peak area of the corresponding chlorinated hydrocarbons, which is
equivalent to the ratio of the outlet to inlet concentration. The measurement error of the peak
area is less than 6% under the conditions of the GC/MS, which is propagated to an error of 8% of

the area ratio.
Analysis procedure

The reaction products were identified and quantified using GCMS. The GCMS consists of a
Perkin Elmer Clarus 680GC hyphenated with a Clarus SQ8T mass spectrometer, equipped with
an auto-sampler and a 30 m long Perkin Elmer Elite-5 capillary column. A full scan mode was
used and then the peak areas of proper quantitation ions were measured for the compounds of

interest.

Infrared spectroscopy was used to observe the changes in the vibrational spectra of the adsorbent
after absorbing the chlorinated hydrocarbons. The adsorbents were crushed into powder form
before analysis. The spectra were acquired using a Shimadzu Tracer 100 FTIR-ATR facility over

a spectral range of 4000—-600 cm ™! with 16 times of scan and a resolution of 4 cm™.

The presence of inorganic chlorinated compounds in the adsorbents was determined using X-ray
diffraction (XRD) on a Siemens D5005 diffractometer with Cu Ka radiation (A = 1.5418 A) at
room temperature. The XRD was operated at 40 kV and 40 mA with the scan rate of 0.04°/s over
the 26 range from 20-90°. Diffrac.EVA V4.1 was used to analyse the XRD patterns.

RESULTS AND DISCUSSION
Thermal effect on dechlorination

A blank experiment was conducted in the absence of adsorbents to investigate the dechlorination

behaviour of these chlorinated hydrocarbons at elevated temperatures in the isooctane medium,
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in which the adsorbent bed consisted of only SiC, a chemically inert materia

125

. The variation of

GC peak area of the chlorinated hydrocarbons and their decomposition products in the outlet

stream are plotted against temperature in Figure 2.
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Figure 2. The influence of temperature on the thermal decomposition of chlorinated

hydrocarbons in isooctane. The concentrations of 2-chlorobutane (2CB), 2-chloroethylbenzene

(2CEB) and chlorobenzene (CB) in the inlet stream were 10000 ppm (wt.), respectively. No

other compounds were detected in the GC chromatogram.

For 2-chlorobutane solution passing through the reactor, only 2-chlorobutane was detected at the

outlet stream before 125°C. 2-Butene was first detected at 125°C, which is clearly the

dehydrochlorination product of 2-chlorobutane as shown in Scheme 1. With increasing

temperature, the concentration of 2-chlorobutane decreases and 2-butene increases rapidly. When

the temperature reaches 200°C, 2-chlorobutane concentration in the outlet stream drops to about

50% of the inlet concentration. When the temperature reaches 350°C, 2-chlorobutane is not

detectable in the outlet stream, and the concentration of 2-butene reaches a maximum value.



At about 200°C, styrene is detected in the outlet stream for 2-chloroethylbenzene solution, which
is clearly the dehydrochlorination product of 2-chloroethylbenzene as shown in Scheme 2. With
increasing temperature, the concentration of 2-chloroethylbenzene in the outlet stream decreases
and styrene concentration increases correspondingly. At 400°C, the concentration of 2-
chloroethylbenzene drops to about 30% of that of the inlet solution. In the meantime,
ethylbenzene is detected in the outlet stream, which should be a secondary reaction product of
styrene. However, 2-chloroethylbenzene can still be detected in the outlet stream even at 550°C,
although the concentration is only about 2% of that in the inlet concentration. It can be seen here

that 2-chloroethylbenzene is more difficult to be dehydrochlorinated.
/\|C|/ — > P Y - HCI

Scheme 1. Dehydrochlorination of 2-chlorobutane.

Cl N
— > +  HCI

Scheme 2. Dehydrochlorination of 2-chlorobutane.

No decomposition products are detected until 500°C for chlorobenzene solution. At 500°C, a
trace amount of benzene is detected in the outlet stream, indicating that there is a decomposition
of chlorobenzene at this temperature. However, the extent of decomposition is quite small. When
the temperature is raised up to 550°C, the concentration of chlorobenzene in the outlet stream is
similar to that at 500°C. Cullis et al. 2® reported a minimum thermal decomposition temperature
of 740°C for chlorobenzene, mainly via stripping of the aromatic rings forming benzene. Li et al.
27 reported that chlorobenzene does not undergo decomposition below 600°C in an inert gas, but
there is a small extent of decomposition in hydrogen at 500°C. In this work, the reaction medium
is isooctane, which may promote a thermal decomposition at around 500°C producing trace

amount of benzene, as discussed in the following mechanism section.
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Na2COs; effect on dechlorination

From the above results, where only thermal treatment was used, the chlorine in 2-chlorobutane
and in 2-chloroethylbenzene can be removed via dehydrochlorination starting from 125°C and
200°C, respectively, whereas the chlorine in chlorobenzene cannot be removed below 500°C.
The chlorine removed would be in the form of HCI and exit from the outlet stream. An alkali
adsorbent can therefore be used to adsorb the HCI. In order to test the effect of alkali adsorbents,
isothermal adsorption experiments were performed at various temperatures. Isothermal
adsorption of the three chlorinated hydrocarbons in isooctane was conducted using a mixture of
Na2COs /AL2O3 pellets. A typical GCMS chromatogram is shown in Figure 3 for the adsorption
at 180°C and 450°C, and typical adsorption curves are plotted in Figure 4. The adsorption curve

for other temperatures are similar and shown in Figures S3-S6.

Figure 3 shows that there are three peaks for the three chlorinated hydrocarbons in the inlet
stream (Figure 3A). After passing through the adsorption bed at 180°C (Figure 3B), the peak for
chlorobenzene remains, but the peaks for 2-chlorobutane and 2-chloroethylbenzene disappear.
Instead, two new peaks appear at 1.53 min and 5.37 min, which were identified as 2-butene and
styrene, respectively. According to the products, 2-chlorobutane and 2-chloroethylbenzene

undergo dehydrochlorination reactions as in the blank test.

When the solution passes through the adsorption bed at 450°C (Figure 3C), three other peaks
appear at 2.25 min, 4.80 min and 7.34 min, which were identified as benzene, ethylbenzene and
phenol, respectively. According to structural similarity, ethylbenzene is a reaction product of
styrene at 450°C. Benzene and phenol are the reaction products of chlorobenzene. Besides these
peaks attributed to the adsorption of chlorinated hydrocarbons, there are small peaks at 2.02 min
and 1.44 min. These peaks are light aliphatic hydrocarbons (butane and isobutane, 1.44 min, 1.42

min), which are attributed to cracking of isooctane.?®
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Figure 3. Typical GCMS chromatograms of inlet (A) and outlet stream (B and C) for the
adsorption of the chlorinated hydrocarbons on Na;CO3/Al>03 at 180°C (B) and 450°C (C). The
liquid flow rate was 2 ml/min. Initial concentrations of the chlorinated hydrocarbons were

10000ppm (wt), respectively.

As shown in Figure 4, 2-chlorobutane and 2-chloroethylbenzene are not detected in the outlet
stream for the first 50 min at 180°C. After 50 min, both 2-chlorobutane and 2-

chloroethylbenzene are detected with a concentration of 5% of that of the inlet concentration,
and then the concentrations of the two aliphatic chlorinated hydrocarbons increases gradually.

This indicates that the NaxCO3 bed starts to become saturated at about 50 min on stream.
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Figure 4. Co-adsorption of the three chlorinated hydrocarbons in isooctane at different
temperatures. The adsorbent bed consisted of a mixture 3 g Na2CO3 and 12 ml (4.72 g) alumina
pellets for the adsorption at 180°C and a mixture of 10 g Na,CO3 and 30 ml (11.8 g) alumina
pellets for the adsorption at 450°C, and the inlet liquid flow rate is 2 ml/min. The concentrations
of 2-chlorobutane (2-CB), 2-chloroethylbenzene (2-CEB) and chlorobenzene (CB) were 10000

ppm (wt), respectively.
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For an adsorption temperature of 450°C, the adsorption bed consists of 10 g Na,CO3 and 25 ml
(9.8 g) AlLOs pellets. This increased mass allowed the adsorption behaviour to be observed over
a longer time. Both 2-chlorobutane and 2-chloroethylbenzene were not detected for the first 300
minutes. After about 300 minutes, 2-chloroethyl benzene was detected at the outlet, indicating
that the adsorbent starts to become saturated. However, the breakthrough time of 2-chlorobutane
does not appear when compared to the test at 180°C. This is most probably due to the chemical
equilibrium strongly favouring the formation of 2-butene at 450°C. The reaction will proceed
according to Scheme 1 in the absence of Na,COs. The reaction equilibrium constant of Scheme 1
at 450°C was calculated according to Equation 1.

K:ln(_ﬁgrj (1)

Where AG: is the Gibbs energy change of the reaction, R is the gas constant, and T is the
temperature. According to the thermochemical data of the reactant and products (from Lange’s
Handbook of Chemistry), K = 206 at 450°C. This suggests that the equilibrium concentration of
2-butene is only 6% to that of 2-chlorobutane. Consequently, the breakthrough time may not be
observed at this point. The favourable presence of 2-butene for the equilibrium of 2-
chlorobutane and 2-butane and HCI can also be seen from Figure 2, where 2-chlorobutane was

not detectable at 450°C in the absence of any adsorbents.

It can be seen that the products are the same whether the two aliphatic chlorinated hydrocarbons
pass through a bed of Na>COs or not. Under both conditions, 2-butene and styrene are formed,
respectively. The difference between the two conditions is that the dehydrochlorination
temperature was lowered when Na>CO3 was used. It has been shown in the blank test that
dehydrochlorination reactions of 2-chlorobutane start at about 125°C. At 180°C, about 50% of 2-
chlorobutane was thermally converted to 2-butene, as shown in Figure 2. When 2-chlorobutane
passes through an adsorption bed of NaxCOs3 with the same space velocity, all the 2-chlorobutane
is converted to 2-butene. There was no thermal dehydrochlorination of 2-chloroethylbenzene at
180°C, but the conversion of 2-chloroethylbenzene to styrene is completed in the presence of
Na2COs at this temperature. An overall reaction as shown in Schemes 3 and 4 can be drawn for

the dehydrochlorination in the presence of Na>COs.
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/\(|:|/ + NaCO3 ——> N~ + 9NaCl + H,0 + CO,

Scheme 3. Dehydrochlorination of 2-chlorobutane in the presence of Na;COs.

Cl
_> \
+ NayCO; + 2NaCl+ H,0 + CO,

Scheme 4. Scheme 3. Dehydrochlorination of 2-chlorobutane in the presence of Na>COs.

The change of the mass of the adsorbent before and after adsorption experiments was calculated
using Equation (1) according to Schemes 3 and 4, which indicates that when 1 mole of the
adsorbate is converted, the increase in the mass of the adsorbent is equivalent to the mass

difference of 2 mole CI" and 1 mole of CO32.

VpCycp | VPCacEB
X (71 —-60)/2 1
(MWZCB + MWZCEB) ( ) (1)

Where V is the solution volume passing through the adsorption bed, p is the density of isooctane,
C is the concentration of adsorbate, and MW is the molar mass, 71 is the relative molar mass

(RMM) of 2CI', and 60 is the RMM of CO3?". The subscripts 2CB and 2CEB represents 2-

chlorobutane and 2-chloroethylbenzene, respectively.

The results are, compared with the measured mass changes in Table 1. It can be seen that for 2-
chlorobutane and 2-chloroethylbenzene, the mass change of the adsorbent is very close to the
calculated mass change according to the schemes. It can therefore be considered that the
dechlorination process is via dehydrochlorination reactions. However, there is a large
discrepancy between the mass change and the calculated mass change. The calculation of
chlorobenzene adsorption was based on the exchange of the chlorine and oxygen atom using

Equation (2) and is discussed in the following mechanism section.

w = (%) X (35.5 — 16) )
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Where V is the solution volume passing through the adsorption bed, p is the density of isooctane,
C is the concentration of adsorbate, and MW is the molar mass, 35.5 is the RMM of chlorine,

and 16 is the RMM of oxygen. The subscripts CB represents chlorobenzene.

Table 1. Comparison of adsorbent mass changes and calculated mass changes according to

Schemes 3 and 4.

220 NaxCOs 180 2CB +2CEB 0.1154 0.0956
227 NaxCOs 250 2CB +2CEB  0.5202 0.5792
329 NaxCOs 450 CB 0.3402 0.6775

The isothermal adsorption of chlorobenzene is quite different to those of the two aliphatic
chlorinated hydrocarbons. At 180°C, the outlet concentration of chlorobenzene does not show a
significant change compared with that of the inlet stream, which indicates that chlorobenzene
cannot be dechlorinated at this temperature. At 450°C, the concentration of chlorobenzene of the
outlet stream drops to about 5% of the inlet stream concentration at the start, and then increases
gradually to nearly the same as that of the inlet stream concentration over 400 min, indicating
that chlorobenzene can be dechlorinated at 450°C. However, the breakthrough time is much

shorter than that of the two aliphatic chlorinated hydrocarbons.

It can also be seen from Figure 4 that the adsorption of 2-chlorobutane and 2-chloroethylbenzene
is not affected by the adsorption of chlorobenzene. Although the adsorption of chlorobenzene
slows down gradually, the adsorption of the two chlorinated compounds continues without any
interruption. This behaviour indicates that two different mechanisms of dechlorination are
operating for the adsorption of 2-chlorobutane and 2-chloroethylbenzene, and for the adsorption
of chlorobenzene. This is reasonable since chlorobenzene has no aliphatic hydrogen adjacent to
chlorine to affect its ability to leave and form HCI and an olefin. The very short breakthrough
time for chlorobenzene suggests that the adsorption of chlorobenzene proceeds mainly on the
surface with the interior of the adsorbents is probably not accessed. When the Na,COs surface is

used up and the interior is covered by the chemisorbed product, the dechlorination reaction stops.
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The dechlorination of chlorobenzene proceeds at 450°C in this study. This temperature is much
lower than those reported in the previous work of Parrett et al. ?* They reported a minimum
adsorption temperature of 600°C for the adsorption of chlorobenzene on Na,COs in the absence

of a carrier gas. Li et al. ¥’

conducted chlorobenzene adsorption on nanoscale CaO using various
carrier gases. When the carrier gas was helium, adsorption was detected at 700°C, however when
the carrier gas was hydrogen, the adsorption was detected at S00°C, with an extent of
decomposition of about 10%. The reduction in adsorption temperature may be attributed to the
reduction by hydrogen. These research works indicate that the adsorption medium has an
influence on the reaction temperature. The much lower reaction temperature of adsorbing
chlorobenzene in this work suggests that the presence of alumina and isooctane has promoted the

adsorption. In the following, the effects of alumina and Na>xCO3 on the dechlorination of

chlorobenzene is investigated to seek deeper insight into the adsorption of chlorobenzene.
Dechlorination of chlorobenzene

Figure 5 shows the chlorobenzene concentration ratio of outlet to inlet stream with adsorption
temperature when a solution of chlorobenzene in isooctane was passed through different
adsorbent beds. It can be seen that alumina and Na>COs3 has no dechlorination effect on
chlorobenzene from room temperature to 550°C when they are used alone. However,
chlorobenzene is dechlorinated when the solution passed through a bed of Na,CO3 mixed with
alumina at about 300°C. The dechlorination products are benzene and phenol, as shown in Figure
6, a typical chromatogram for the adsorption process. The higher the temperature, the more
dechlorination takes place; at 410°C, the dechlorination is about 90%. It can be concluded that
Al203 combined with Na2COs can enhance the dechlorination of chlorobenzene. Further
increases in temperature results in an increase in the outlet concentration of chlorobenzene. This
can be considered a breakthrough point of the adsorption bed of Na,COs/alumina indicating

when all the alkali has been consumed.
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Figure 6. GCMS chromatogram of inlet and outlet stream for the adsorption of chlorobenzene at
400°C. The liquid flow rate was 2 ml/min. Initial concentration of chlorobenzene was 10000 ppm

(wt).

In order to further confirm the effects of alumina, CaCOs3 was used to conduct similar
experiments to those of Na2COs. It can be seen in Figure 7 that CaCO3 alone does not
dechlorinate chlorobenzene. When CaCO3 and alumina were used together, chlorobenzene was
dechlorinated. For CaCO3, the dechlorination starts at about 400°C, which is about 80°C higher
than that of Na;COs. It should be noted that breakthrough does not appear for CaCOs since the
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bed contains more than double the amount of alkali in order to observe the effect of varying

alkali amount.
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Figure 7. Dechlorination of chlorobenzene over different adsorption beds and temperatures. The
concentration of chlorobenzene in isooctane was 10000 ppm (wt.). The inlet liquid flow rate was

2 ml/min. The bed consisted of 6 g CaCO3 or 12 ml (4.7 g) alumina or their mixture.

The IR spectra of the Na2CO3 before and after the adsorption experiments are shown in Figure 8.
Na»COs has three characteristic adsorption band at 1417, 877 and 702 cm™', which are attributed
to in-, out-plane bending and asymmetrical stretching vibration of O-C-O bond, respectively.
After the adsorption of chlorobenzene, the positions of these bands do not change, but the
intensities decrease significantly. It is well known that the band intensity is dependent upon the
concentration. This indicates the concentration of O-C-O bond decreases after adsorption of
chlorobenzene, and thus some Na;COj3 is consumed. From the IR spectra, the conversion of
Na>COs is about 40% (atom basis) after the breakthrough point is reached. It can be inferred that
a dispersion of alkali on a large surface carrier may enhance the efficiency of the adsorbent. It

can also be seen that there are no new adsorption bands after the experiment.
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Figure 9 shows the IR spectra of the CaCOs3 before and after the adsorption experiments. Similar
to Na2CO3, the adsorption band at 1417, 877 and 702 cm™! for the O-C-O bond becomes weaker.
However, two bands appear at 820 cm™ and 699 cm!, which are attributed to the IR adsorption

of CaCly, suggesting the formation of CaCl: following the adsorption of chlorobenzene.
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Figure 8. IR spectra of the adsorbent Na,CO3 before and after adsorption of chlorinated

hydrocarbons. The adsorbate was chlorobenzene in isooctane (10000ppm by wt.).
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Figure 9. IR spectra of the adsorbent CaCOs before and after adsorption of chlorinated

hydrocarbons. The adsorbate was chlorobenzene in isooctane (10000 ppm by wt.).

The alkali after the adsorption experiment were further characterised using XRD. The XRD
pattern is shown in Figure 10 for the NaCO3 and in Figure 11 for CaCOs3 after adsorption of
chlorobenzene. It can be seen that the XRD pattern contains both diffraction peaks for NaxCO3
and NaCl for Na,COs3 as the adsorbent, and CaCOj3 and CaCl; for CaCOs as the adsorbent.
Clearly, the Na>COs phase is partially converted to NaCl, which is consistent with the IR
analysis, since NaCl is IR transparent. The CaCO3 is converted to CaCl,, which is also consistent

with the IR analysis.
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Figure 10. XRD diffraction pattern for NaxCOs3 after absorption of chlorobenzene.

8003 A CaCo;
roc—_ ] CaC|2

Counts
i

2Theta (Coupled TwoTheta/Theta) WL=1.54060

Figure 11. XRD diffraction pattern for CaCOj after absorption of chlorobenzene.

The XRD diffraction patterns of the fresh and used alumina are shown in Figure 12. The fresh
alumina has three main broad diffraction peaks at 37.59°, 44.48°, 45.84°, and 67.00°, which are
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characteristic of y-alumina.*® The XRD diffraction pattern of the alumina used with Na,COs3 has
characteristic diffraction peaks of alumina. However, some distinguished carbon diffraction
peaks at 27.28°, 31.63°, 45.33°, 75.16°, and 78.16° is superposed over alumina.>' The alumina
used with CaCOs also has characteristic diffraction peaks of alumina, but has much weak carbon
peaks superposed over alumina, which may be due to the less carbon on the surface originating
from coke produced from hydrocarbon cracking.> . The XRD pattern of the used and fresh

alumina indicates that the structure of alumina is not changed during the adsorption.
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Figure 12. XRD patterns of the fresh and used alumina with NaCO3 and CaCO3 absorbents.
Mechanism of the adsorption of chlorobenzene

The results showed that both Na,CO3 and CaCO3 alone cannot dechlorinate chlorobenzene at a
temperature below 550°C, which is consistent with the literature reports.?”-?° In contrast, the
dechlorination occurred at much higher temperatures of 700 to 900°C in those reports.?”- In
addition, this work showed that alumina alone cannot crack chlorobenzene below 550°C.

However, the dechlorination reaction occurred when alumina and an alkali were used together.

It is well known that alumina can catalyse the cracking of hydrocarbons via a carbocation
mechanism.?® The cracking of isooctane can be seen in the chromatogram for the adsorption of
chlorobenzene at 450°C as shown in Figure 3. The dechlorination of chlorobenzene is promoted
in this ionic environment, implying that the breaking of C-Cl bond has also an ionic nature, and
consequently, can be facilitated by the ion species formed from the isooctane cracking on the

alumina.

Furthermore, the adsorption capacity of the alkali adsorbents (Na2CO3 and CaCO3) toward
chlorobenzene is much smaller when compared with the adsorption of 2-chloroethylbenzene.
This indicates that the interior of the alkalis can be used for the adsorption of 2-
chloroethylbenzene, but not for chlorobenzene. The dechlorination of chlorobenzene proceeded

only on the surface.

The sizes of the molecules involved in the adsorption were estimated according to their densities

and molar masses using Equation 2, and the results are presented in Table 1.

M

D =3
PN 4

2)

Where M is the molar mass (kg/kmol), p is the density (kg/m?), and N is the Avogadro constant
(6.023 x 10% /mol).
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Table2. Estimated molecular size of the chlorinated hydrocarbons and HCI.

chlorobenzene 1110 112.56 168.36 5.52
2-chlorobutane 873 92.57 176.05 5.60
2-chloroethylbenzene 1069 140.61 218.39 6.02
HCI 1490 36.46 40.63 3.43

As shown in Table 2, the three chlorinated hydrocarbons have similar size, while the size of HCI
is about half of those chlorinated hydrocarbons. If the adsorption of all these chlorinated
hydrocarbons proceeded by direct interaction with the adsorbents, their adsorption behaviour
would be similar. The much greater adsorption capacity for both 2-chlorobutane and 2-
chloroethylbenzene can be attributed to the rapid alkali adsorption of HCI formed via
dehydrochlorination, while the dechlorination of chlorobenzene occurred by direct interaction of
the alkali and chlorobenzene, which was not able to access the interior of the alkali because of its
larger molecular size compared with HCI. It can be inferred that HCI would be able to access the

interior of the adsorbents, and this can be observed by Torres et al.’s work.?

Based on the above inference, the dechlorination of chlorobenzene in the presence of alumina
and isooctane is shown in Scheme 5. At first, a carbocation species R* formed from cracking
isooctane attaches the negatively charged chlorine of chlorobenzene, making the carbon of the C-
C1 bond more positively charged, which facilitates the attacking of the negatively charged
oxygen of Na;COs, to break the C-Cl bond forming NaCl and a phenyl cation. The pathway of
forming R-C1 and a phenyl cation should not occur since this will lead to the same reaction
mechanism as that of aliphatic chlorinated hydrocarbons, but on the contrary thus occurs
according to our work. The phenyl cation may then abstract a surface hydroxyl group on the
surface of the adsorbent to form phenol or abstract hydrogen from isooctane to form benzene.
The hydroxyl group may come from the moisture on the surface, since the production of phenol
disappeared at later stages of the adsorption, as shown in Figure S7 for the evolution of benzene

and phenol in the adsorption. The overall effect of this mechanism is similar to the C17/0?ion
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exchange mechanism proposed by Li et al.?’ , but the authors did not illustrate how the exchange

took place.

As shown in Table 1, the calculation of the mass of the Na,CO3 adsorbent according to a simple
exchange of O and Cl does not match the actual mass change. This indicates that some further
reaction such as formation of CO> may occur after replacement of one oxygen of Na,CO3 with

chlorine.

® Na,COj;
© + R—Cl —>  olefins + NaCl + CO, *+ H,0

®

.-R H from hydrocarW @
S
cl e et
+ Rt —— - ” _ OH
- 0—C——0 Na& ——> [ + [0] —— ©/

Scheme 5. Proposed reaction mechanism for dechlorination of chlorobenzene

This mechanism has strong implications for the removal of chlorine from the pyrolysis of mixed
plastics containing PVC. This study indicates that the key to dechlorinate pyrolysis vapour is to
dechlorinate aromatic chlorinated hydrocarbons, which proceeds on the surface of adsorbents
and requires higher temperature. The dechlorination of aliphatic chlorinated hydrocarbons is
relatively easy, which can be implemented at much lower temperature, and has a nature of acid-
base neutralization, as shown in Schemes 3 and 4. It can be inferred that alkaline substances
supported on a solid acidic carrier with large pore size may be used to remove both aliphatic and
aromatic chlorinated hydrocarbons. For example, the pore size of the adsorbent should be greater
than 5.5 A for adsorption of chlorobenzene, such as 10A or mesoporous zeolites used as the

carrier.
CONCLUSIONS

In this work, the mechanism of dechlorination of chlorinated hydrocarbons is investigated by the
adsorption on alkali adsorbents. 2-Chlorobutane, 2-chloroethylbenzene and chlorobenzene doped
in isooctane were used to model the pyrolysis vapour containing chlorinated hydrocarbons. The

following conclusions can be drawn.
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Two mechanisms are operating for the dechlorination of chlorinated hydrocarbons. For aliphatic
chlorinated hydrocarbons that contain aliphatic hydrogen adjacent to the chlorine atom, the
pathway for dechlorination is via the dehydrochlorination of the chlorinated compound resulting
in the formation of olefins and HCI. The reaction is driven to completion by the in sifu removal
of the HCI through its reaction with the alkali in the adsorbent. After adsorption, the alkali is

converted to the corresponding metal chloride. This reaction can be carried out as low as 180°C.

The dechlorination of aromatic chlorinated hydrocarbons, such as chlorobenzene is much more
difficult than that of aliphatic chlorinated hydrocarbons. In the presence of alumina and
isooctane, the dechlorination can be achieved at around 300°C, due to the enhancing effect of the

ionic intermediate produced by cracking of the hydrocarbon.
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