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PHOTOCHLORINATION OF PARTIALLY-CHLORINATED CHLOROMETHANES
TO CARBON TETRACHLORIDE

[0001] This application claims the benefit of U.S. Provisional Application Serial No.
62/790,934 filed on January 10, 2019, which is incorporated herein by reference.

FIELD OF THE INVENTION
[0002] Embodiments of the present invention are directed toward chlorination
processes that include the photochlorination of partially-chlorinated chloromethanes to

carbon tetrachloride.

BACKGROUND OF THE INVENTION

[0003] Carbon tetrachloride is a valuable feed stock for the synthesis of many
important commercial chemicals. In particular, carbon tetrachloride often serves as a
fundamental feed stock for the production of chlorinated propanes, which are used to
produce hydrofluoroolefins (HFOs).

[0004] While originally formed by reacting chloroform with chlorine, most
commercial processes synthesize carbon tetrachloride by chlorinating methane.
Industrial methods for the chlorination of partially-chlorinated methanes, such as methyl
chloride, methylene chloride, and chloroform to carbon tetrachloride have also been
proposed. For example, U.S. Patent No. 9,169,177 discloses processes for the production
of carbon tetrachloride from partially-chlorinated methanes. In order to achieve greater
reaction selectivity to carbon tetrachloride, this patent proposes maintaining conversion
rates at less than 90%, which produces a product stream including chloroform and
carbon tetrachloride with very little production of methyl chloride or methylene chloride.
Those chlorinated methanes within the product stream that are not fully chlorinated
(e.g. chloroform) are recycled back to the reactor for further chlorination.

[0005] In view of the increasing demand for carbon tetrachloride, industrial

processes for the efficient synthesis of carbon tetrachloride are desirable.
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SUMMARY OF THE INVENTION
[0006] One or more embodiments of the present invention provide a method of
producing carbon tetrachloride, the method including steps of: providing a
chloromethanes stream including chloroform, initial carbon tetrachloride, and at least
one of methyl chloride and methylene chloride, wherein the chloromethanes stream
includes from about 99.0 to about 100 wt.%, of the chloroform, the initial carbon
tetrachloride, and the at least one of methyl chloride and methylene chloride; combining
the chloromethanes stream with chlorine and additional carbon tetrachloride to form a
reaction mixture, wherein the reaction mixture includes at least stoichiometric levels of
chlorine relative to the chloroform and the at least one of methyl chloride and methylene
chloride; introducing electromagnetic radiation to the reaction mixture and subjecting
the reaction mixture to conditions suitable for reacting the chlorine with the chloroform
and the at least one of methyl chloride and methylene chloride to thereby form product
carbon tetrachloride; and collecting a product stream after the step of introducing,
wherein the product stream includes less than 2,500 ppm (parts per million by weight)

of chlorinated hydrocarbons other than carbon tetrachloride.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] Fig. 1 is a flow chart representation of a process according to one or more
embodiments of the present invention.

[0008] Fig. 2 is a flow chart representation of a process according to one or more
embodiments of the present invention.

[0009] Fig. 3 is a schematic representation of a system for conducting a process
according to embodiments of the present invention.

[0010] Fig. 4 is a flow chart representation of a process according to one or more

embodiments of the present invention.

DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS
[0011] Embodiments of the invention are based, at least in part, on the discovery of

a process for the production of carbon tetrachloride by photochlorination of partially-
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chlorinated chloromethanes. According to embodiments of the invention, the reaction
takes place in a carbon tetrachloride medium that includes relatively high levels of
chlorine and relatively low levels of partially-chlorinated chloromethanes. By practicing
the methods of this invention, it has unexpectedly been found that industrially useful
conversion levels can be achieved with substantial selectivity for carbon tetrachloride.
Advantageously, it has been discovered that the formation of hexachloroethane, which
results from the dimerization of two trichloromethyl radicals, can be maintained below
commercially acceptable levels. As a result, the carbon tetrachloride product produced
according to embodiments of the invention can be directly employed, as a crude product
stream, in subsequent synthetic processes, such as the Kharasch reactions, without the
need for costly purification to remove undesired heavy chlorinated organics.

PROCESS OVERVIEW

[0012] An overview of one or more embodiments of the present invention can be
described with reference to Fig. 1, which shows a chlorination method 11. A carbon
tetrachloride feed stream 12' and a chlorine gas feed stream 14' provide carbon
tetrachloride 12 and chlorine gas 14 to introduction step 13 where carbon tetrachloride
12 and chlorine gas 14 are combined to thereby form a mixture 15 of carbon
tetrachloride 12 and chlorine gas 14, which may also be referred to as initial mixture 15.
Initial mixture 15 of carbon tetrachloride and chlorine gas is then subjected to
electromagnetic radiation 18' from an electromagnetic radiation source 18 in a free
radical forming step 17. Free radical forming step 17 forms a mixture 19 of chlorine gas,
carbon tetrachloride, and chlorine free radicals, which may also be referred to as free
radical mixture 19. The chlorine free radicals may also be referred to as chloride
radicals.

[0013] A chloromethanes stream 20', which may also be referred to as an organic-
compound containing feed stream 20' or a chloroform feed stream 20', introduces
chloromethanes 20, such as chloroform 20, to free radical mixture 19 to form reaction
mixture 22. As generally known in the art, the term chloromethanes encompasses
methyl chloride, methylene chloride, chloroform, carbon tetrachloride. The methyl

chloride, methylene chloride, and chloroform may be further defined as partially-
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chlorinated chloromethanes or partially-chlorinated methanes. To the extent that
chloroform is one of the targeted chloromethanes, aspects of the invention may be
described with reference to chloroform and the skilled person will recognize that other
chloromethanes may be applicable to those aspects of the invention.

[0014] A reaction step 21 takes place that converts partially-chlorinated
chloromethanes, such as chloroform, within chloromethanes 20 to carbon tetrachloride,
which is the desired product, and produces hydrochloric acid 24, which is a reaction
byproduct. Carbon tetrachloride, chlorine, and hydrochloric acid are contained within
product mixture 28 that may be identified as an intermediate product stream 28', or
crude product stream 28', from reaction step 21. Crude product stream 28 may then be
subjected to one or more additional processing steps 25, such as a stripping step 25,
which may include, for example, gas stripping, which may utilize an inert gas, which
concentrates the carbon tetrachloride 26, via purified stream 26', by removing at least a
portion of the chlorine and hydrochloric acid 24, via gas stream 24'. In one or more
embodiments, at least a portion of chloromethanes stream 20" may be utilized in
stripping step 25 as a scrubbing medium to remove chlorine and/or hydrochloric acid 24
from crude product stream 28'.

[0015] In one or more embodiments, at least a portion of the purified carbon
tetrachloride 26 may be recycled back to reaction step 21 via recycle stream 29'. At
least a portion of purified carbon tetrachloride 26 may otherwise be recovered as
product 30 via purified product stream 30'. As indicated above, purified stream 26'
may advantageously be directly used as a reactant stream in subsequent chemical
synthesis without the need for distillation processes that may otherwise be required to
remove organic species such as heavy chlorinated organic compounds that are often a
byproduct in the manufacture of chlorinated organics. With that said, it may
nonetheless be desirable to further purify the product stream for particular uses.
Accordingly, certain embodiments of this invention may include distillation processes to
further purify stream 26'. In one or more embodiments, the purification and/or
distillation processes remove components other than carbon tetrachloride from stream

26'. In one or more embodiments, the purification and/or distillation processes to
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further purify stream 26' include removing an amount of partially-chlorinated
chloromethanes from stream 26'. The recovered partially-chlorinated chloromethanes
may be utilized as a recycle stream back to the process, such as part of chloromethanes
stream 20'. In one or more embodiments, the purification and/or distillation processes
to further purify stream 26' include removing an amount of chlorine from stream 26'".
The recovered chlorine may be utilized as a recycle stream back to the process, such as
part of chlorine gas feed stream 14"

[0016] An alternate process scheme can be described with reference to Fig. 2, which
shows chlorination method 31. Carbon tetrachloride 12 from feed stream 12' is
combined with electromagnetic radiation 18’ from radiation source 18 to provide an
irradiated medium 32 within introducing step 33. Chloromethanes 20, such as
chloroform 20, from feed stream 20' are combined with chlorine 14 from feed stream 14'
to form reactant mixture 34 within combining step 35. Carbon tetrachloride may
optionally be combined with chloromethanes 20, such as chloroform 20, and chlorine 14
within this step.

[0017] [Irradiated medium 32, which may be continually subjected to the
electromagnetic radiation, and reactant mixture 34 are introduced in step 37 to form
reaction mixture 22 to give rise to reaction step 21, which converts chloroform, methyl
chloride, and methylene chloride 20 to carbon tetrachloride (i.e. the chloroform is
chlorinated) and produces hydrochloric acid as a reaction byproduct. Carbon
tetrachloride and hydrochloric acid are contained within product mixture 28 that may be
identified as an intermediate product stream 28', or crude product stream 28', from
reaction step 21. Crude product stream 28 may then be subjected to one or more
additional processing steps 25, such as a stripping step 25, which may include, for
example, a gas stripping, which concentrates the carbon tetrachloride 26, via purified
stream 26', by removing at least a portion of the chlorine and hydrochloric acid 24, via
gas stream 24'.

[0018] In one or more embodiments, at least a portion of the carbon tetrachloride
26 may be recycled back to initial step 33 and/or step 35 via recycle stream 29'. At least

a portion of purified carbon tetrachloride 26 may otherwise be recovered as product 30
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via purified product stream 30'. As indicated above with respect to Figure 1, additional
purifications, such as distillations, may be avoided. Yet, in other embodiments, further
purifications including distillations may be desired.

SYSTEM FOR PERFORMING PHOTOCHLORINATION

[0019] A system for performing the methods of the invention can be described with
reference to Fig. 3, which shows a system 51 for performing a chlorination method.
System 51 includes reaction vessel 53, which includes inlet 57, vent 61, lamp 63,
agitation element 65, and product outlet 67.

[0020] According to exemplary embodiments, chloromethanes 54, such as
chloroform 54, via chloromethanes feed stream 54', which may also be referred to as
chloroform feed stream 54', is combined with carbon tetrachloride via, for example,
recycle stream 75' to form a reactant pre-mixture. Chlorine 52, via feed stream 52', is
then combined (via, for example, an in-line sparger) with the reactant pre-mixture,
which contains chloromethanes, such as chloroform and carbon tetrachloride, to form a
reactant mixture within stream 77'. As mentioned elsewhere herein, iron and other
impurities may be removed from chlorine 52 by way of an impurity removing apparatus
or technique, such as a filter. As shown in Fig. 3, the chloroform and carbon
tetrachloride can be mixed or otherwise agitated within a mixing device, such as an in-
line mixer 55, prior to introduction of the chlorine. In other embodiments, which are not
shown, the mixture including the chlorine, chloroform, and carbon tetrachloride, which
is contained in stream 77', can likewise be agitated, such as in an in-line mixer, prior to
introduction into reactor 53. In these embodiments, the chlorine and chloromethanes
may be mixed in the absence of light, which may be referred to as dark zone mixing.
Feed stream 77' is then introduced to reactor 53 via inlet 57.

[0021] As explained above, electromagnetic radiation from lamp 63 causes a
chlorination reaction whereby chloroform is converted to carbon tetrachloride. The
resultant carbon tetrachloride product is removed from reactor 53 via outlet 67 as
product stream 66', which may also be referred to as crude product stream 66'. Product
stream 66' may also include one or more of chloroform, chlorine, and hydrogen chloride,

as well as other by-products at relatively low levels. Gaseous byproducts, such as
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hydrogen chloride and chlorine, can be removed from reactor 53 via vent 61 to form
stream 79'. This stream may be neutralized for disposal or further separated to isolate
chlorine and hydrochloric acid, which may then be used in other synthetic chemical
processes and/or recycled back to this process 51.

[0022] Crude product stream 66' can be routed to tank 69, which may include a
degassing tank, where crude product stream 66' can be concentrated by removal of light
constituents such as chlorine and hydrogen chloride via gas stream 69', which can be
combined with stream 79'. Through, for example, pump 71, crude product stream 66/,
which includes concentrated carbon tetrachloride, can be routed through recirculation
loop 71', back to reactor 53 via carbon tetrachloride feed stream 75'. Alternatively, the
concentrated crude product stream can be routed out of the system for storage and
further use via carbon tetrachloride product stream 73'.

[0023] In one or more embodiments, carbon tetrachloride product stream 73' can be
subjected to additional electromagnetic radiation (as described herein relative to lamp
63), supplied from, for example, a polishing UV reactor or the like, to thereby
photochlorinate any residual chloroform and/or other residual organics within the
product stream. In one or more embodiments, additional chlorine can be added to the
product stream treated in this downstream polishing reactor. In certain embodiments,
the polishing reactor may be a tubular reactor. In other embodiments, the polishing
reactor may be a CSTR or well mixed reactor. In one or more embodiments, the residual
chloroform may instead be collected and recycled back to process 51.

[0024] It should be appreciated that according to certain embodiments of the
invention, recirculation loop 71' is optional inasmuch as crude product stream 66' can be
directly routed to other processes (i.e. stream 66' can be directly routed to 73"). In these
embodiments, however, alternate sources of carbon tetrachloride must be used for the
reaction medium.

[0025] It should therefore be appreciated that the process (and system) of the
present invention can be operated as a continuous process wherein reactants are
continuously fed to a reactor and product is continuously removed from the reactor.

Moreover, the process requirements for carbon tetrachloride can be satisfied from the
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product stream deriving from the system (e.g. carbon tetrachloride product stream 66'
can be recycled back to reactor 53 via input stream 75'). In one or more embodiments,
following initial start-up of the system, where external sources of carbon tetrachloride
are required (e.g. carbon tetrachloride 12), the process of the invention can receive
greater than 90%, in other embodiments greater than 95%, and in other embodiments
greater than 99% of the carbon tetrachloride requirements for the operation of the
system from carbon tetrachloride recycled from the system (e.g. recycled through loop
711.

[0026] It should also be appreciated that various modifications can be made to
system 51 without departing from the present invention. For example, chlorine 52 and
chloroform 54 can be directly injected into reactor 53 via respective feed streams without
the need to premix chlorine 52 and chloroform 54 prior to introduction into reaction
vessel 53. In particular embodiments, chloroform feed stream 54' can be introduced
below the liquid level within the reactor (e.g. via a dip tube). In these or other
embodiments, chlorine feed stream 52' can likewise be introduced below the liquid level
via, for example, a sparger. In one or more embodiments, the separate and distinct feed
streams can be first combined with carbon tetrachloride and then directly introduced
into reactor 53. Also, reactor 53 can be configured to provide for flow of material from
the bottom to the top of the reactor, as generally shown in Fig. 3, or the flow of the
material can be reversed such that inputs are received at the top of the reactor and the
product is removed from the bottom of the reactor.

[0027] In one or more embodiments, inlet 57 may include a dispersing device such
as a sparger or dip tube, and vessel 53 may include multiple inlets (not shown).

[0028] In one or more embodiments, vessel 53 may include a single lamp, as shown
in Fig. 3, or it may include multiple lamps. In one or more embodiments, lamp 63 may
include ultraviolet lamps, lasers, and light-emitting diodes (LEDs). In one or more
embodiments, the lamps include mercury vapor arc lamps such as Hanovia lamps. In
one or more embodiments, the lamp(s) (e.g. lamp 63) may be at least partially immersed
within the reactor or reaction medium contained within vessel 53 or they may be fully

immersed in the reaction medium. In other embodiments, not shown, the lamps, may be
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external to the interior of the reactor but nonetheless situated to emit the desired
electromagnetic radiation into the reactor medium.

[0029] In some embodiments, lamp 63 or the assembly housing lamp 63, may be
equipped with a physical wiper system and/or a chemical wiping system to reduce scale
formation that is believed to be caused by iron compounds that are derived from iron
impurities introduced in one of the reactant streams. These impurities may lead to scale
forming on lamp 63, particularly an outer surface thereof that is exposed to the process.
In one or more embodiments, the recirculation loop may include a filter and/or another
impurities removal technique in order to collect the impurities, such as scale or iron
compounds, that may be in the outlet of the reactor.

[0030] Also, reaction vessel 53 may be equipped with a temperature regulating
system such as a heating/cooling jacket. In one or more embodiments, agitation element
65 may include a single mechanical agitator, such as shown in Fig. 3, or multiple
agitation devices may be employed. Various mixing configurations can be used including
top and bottom mounted mixers. In one more embodiments, the one or more
mechanical agitators may be characterized by mixing power. In one more embodiments,
mixing power of the one or more mechanical agitators may be from 0.02 kilowatts per
cubic meter to 2.0 kilowatts per cubic meter, in other embodiments, from 0.04 kilowatts
per cubic meter to 1.0 kilowatts per cubic meter, and in other embodiments, from 0.1
kilowatts per cubic meter to 0.4 kilowatts per cubic meter.

[0031] In one or more embodiments, the reaction mixture (e.g. mixture 22 or the
contents of reactor 53) may be devoid of the use of a mechanical agitator. In these or
other embodiments, some minimal amount of agitation, but a suitable amount of
agitation to accomplish the desired reaction, may occur based simply on the introduction
of the one or more feed streams and/or one or more recirculation streams and/or
product formation in the form of gaseous products, such as HCI.

[0032] In one or more embodiments, reactor 58 is configured to include a dark
zone, which is an area within the reactor that is not subjected to appreciable levels of
electromagnetic radiation that gives rise to the desired photochlorination reaction

described herein. The dark zone may advantageously provide time and space for the
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input stream 77' to become diluted and well mixed within the greater volume of carbon
tetrachloride contained within reactor 53 prior to the chlorine becoming radicalized
and/or the chloride radicals reacting with the chloroform in the presence of appropriate
electromagnetic radiation. As the skilled person will appreciate, the dark zone can be
created by employing several mechanisms. For example, a physical obstruction can be
placed within the reactor to thereby shield an area from the electromagnetic radiation
emitted from lamp 63. Alternatively, or in combination with a physical obstruction, a
dark zone can be formed by providing adequate distance between lamp 63 and the
desired location of the dark zone. In one or more embodiments, inlet 57 may be
desirably located within or adjacent to the dark zone.

[0033] It should be appreciated that at start up, reactor 53 may be initially charged
with carbon tetrachloride to form an initial medium in which the reaction takes place. In
one or more embodiments, the reactor is devoid or substantially devoid of chloroform at
the beginning of the reaction so as to avoid having excess chloroform relative to chlorine
at any point in the reaction. Once the reaction is underway, the appropriate balance of
chlorine and chloromethanes, such as chloroform, and hence carbon tetrachloride as
well, within reactor 53, which balance will be described herein below, can be maintained
by regulating the chlorine, chloroform, and optionally carbon tetrachloride inputs into
reactor 53.

[0034] While this system has been described with reference to specific embodiments
of the invention, the skilled person can adapt the system, without undue calculation or
experimentation, to accommodate other processes described herein.

PROCESSING CHLORINE FEED STREAM

[0035] In one or more embodiments, the chlorine gas feed stream may be subjected
to purification techniques prior to introducing the chlorine gas feed stream (e.g. to
combining step 35). One or more of these techniques may take place in a chlorine
purification unit. In one or more embodiments, this may include sparging the chlorine
gas feed stream with nitrogen or other inert media, such as argon, prior to introduction
of the chlorine gas feed stream. In these or other embodiments, the chlorine gas feed

stream, or a prior liquefied chlorine stream, may be cooled and/or vented in order to
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reduce the solubility of oxygen and other components in the stream. These solubility-
reduced components may thereby be vented from the chlorine gas feed stream, or the
prior liquefied chlorine stream. In one or more embodiments, the chlorine gas feed
stream may be distilled. This distillation may include removing lighter components (e.g.
oxygen) and/or heavier components (e.g. iron, bromine, and bromyl chloride).

[0036] In one or more embodiments, a purification technique for the chlorine gas
feed stream includes removing iron, such as by filtering, from the chlorine gas feed
stream prior to introducing the chlorine gas feed stream. Other exemplary purification
techniques for the chlorine gas feed stream, such as for removing iron, include
sequestration, cation exchange, and oxidation.

OXYGEN REMOVAL STEP

[0037] Components of the process (e.g. reactor and associated piping) may be
purged of oxygen as a part of start-up operations, which may include a nitrogen sweep,
in order to reduce or eliminate oxygen from the operational process. One or more
particular aspects of an oxygen purge may be generally known to the skilled person.
CHARACTERISTICS OF CARBON TETRACHLORIDE FEED STREAM

[0038] In one or more embodiments, carbon tetrachloride feed stream (e.g. 12, 75")
is substantially carbon tetrachloride, which refers to a feed stream that does not include
appreciable amounts of constituents other than carbon tetrachloride. In one or more
embodiments, carbon tetrachloride feed stream (e.g. 12', 75') consists essentially of
carbon tetrachloride, which refers to a composition that is free of other constituents that
would otherwise materially impact the basic and novel characteristics of embodiments of
the invention. In one or more embodiments, carbon tetrachloride feed stream (e.g. 12
75") consists of carbon tetrachloride. In one or more embodiments, the carbon
tetrachloride is technical-grade carbon tetrachloride. In one or more embodiments,
carbon tetrachloride feed stream 12', 75' includes from about 99.9 to about 100 wt%,
carbon tetrachloride. In one or more embodiments, carbon tetrachloride feed stream
(e.g. 12', 75") includes less than 7000 ppm, in other embodiments less than 6000 ppm, in
other embodiments less than 5500 ppm, in other embodiments less than 5000 ppm, in

other embodiments less than 2500 ppm, in other embodiments less than 1000 ppm, in
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other embodiments less than 750 ppm, in other embodiments less than 500 ppm, and in
other embodiments less than 100 ppm of chlorinated organic constituents other than
carbon tetrachloride.

CHARACTERISTICS OF CHLORINE FEED STREAM

[0039] In one or more embodiments, chlorine feed stream (e.g. 14, 52") is
substantially chlorine gas, which refers to a feed stream that does not include
appreciable amounts of constituents other than chlorine gas. In one or more
embodiments, chlorine gas feed stream (e.g. 14', 52') consists essentially of chlorine gas,
which refers to a composition that is free of other constituents that would otherwise
materially impact the basic and novel characteristics of embodiments of the invention. In
one or more embodiments, chlorine gas feed stream (e.g. 14', 52") consists of chlorine
gas. In one or more embodiments, chlorine feed stream (e.g. 14', 52') includes from
about 99.5 to about 100 vol %, chlorine. In one or more embodiments, chlorine feed
stream (e.g. 14', 54") includes less than 5000 ppm, in other embodiments less than 1000
ppm, in other embodiments less than 750 ppm, in other embodiments less than 500
ppm, in other embodiments less than 250 ppm, in other embodiments less than 100
ppm, in other embodiments less than 50 ppm, and in other embodiments less than 25
ppm of constituents other than chlorine.

[0040] In one or more embodiments, chlorine gas feed stream (e.g. 14', 52') is
substantially devoid of oxygen, which refers to a feed stream that does not include
appreciable amounts of oxygen. In one or more embodiments, chlorine feed stream (e.g.
14', 52 includes less than 2500 ppm, in other embodiments less than 1000 ppm, in
other embodiments less than 750 ppm, in other embodiments less than 500 ppm, in
other embodiments less than 250 ppm, in other embodiments 100 ppm, in other
embodiments less than 50 ppm, in other embodiments less than 30 ppm, in other
embodiments less than 20 ppm, and in other embodiments less than 15 ppm of oxygen.
In general, lower amounts of oxygen in chlorine gas feed stream allow higher
chlorination reaction rates.

[0041] In one or more embodiments, chlorine gas feed stream (e.g. 14', 52') is

substantially devoid of iron, which refers to a feed stream that does not include
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appreciable amounts of iron. In one or more embodiments, chlorine feed stream (e.g.
14', 52") includes less than 3 ppm, in other embodiments less than 2 ppm, in other
embodiments less than 1.5 ppm, in other embodiments less than 1 ppm, and in other
embodiments less than 0.5 ppm of iron.

CHARACTERISTICS OF CHLOROMETHANES STREAM

[0042] In one or more embodiments, chloromethanes stream 20', 54' substantially
includes one or more of methyl chloride, methylene chloride, chloroform, and carbon
tetrachloride, which refers to a feed stream that does not include appreciable amounts of
constituents other than methyl chloride, methylene chloride, chloroform, and carbon
tetrachloride. In one or more embodiments, this stream consists essentially of one or
more of methyl chloride, methylene chloride, chloroform, and carbon tetrachloride,
which refers to a composition that is free of other constituents that would otherwise
materially impact the basic and novel characteristics of embodiments of the invention.
In one or more embodiments, this stream consists of one or more of methyl chloride,
methylene chloride, chloroform, and carbon tetrachloride. In one or more embodiments,
this stream includes from about 95.0 to about 100 wt.%, of methyl chloride, methylene
chloride, chloroform, and carbon tetrachloride. In one or more embodiments, this
stream includes from about 99.0 to about 100 wt.%, of methyl chloride, methylene
chloride, chloroform, and carbon tetrachloride. In one or more embodiments, this
stream includes from about 99.5 to about 100 wt.%, of methyl chloride, methylene
chloride, chloroform, and carbon tetrachloride. In one or more embodiments,
chloromethanes stream 20', 54' includes less than 7,000 ppm, in other embodiments less
than 6,000 ppm, in other embodiments less than 5,500 ppm, in other embodiments less
than 5,000 ppm, in other embodiments less than 2,500 ppm, and in other embodiments
less than 1,000 ppm, of chlorinated organic constituents (e.g. ethylene dichloride,
perchloroethylene) other than methyl chloride, methylene chloride, chloroform, and
carbon tetrachloride.

[0043] In one or more embodiments, chloromethanes stream 20', 54' substantially
includes one or more of methylene chloride, chloroform, and carbon tetrachloride, which

refers to a feed stream that does not include appreciable amounts of constituents other
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than methylene chloride, chloroform, and carbon tetrachloride. In one or more
embodiments, this stream consists essentially of one or more of methylene chloride,
chloroform, and carbon tetrachloride, which refers to a composition that is free of other
constituents that would otherwise materially impact the basic and novel characteristics
of embodiments of the invention. In one or more embodiments, this stream consists of
one or more of methylene chloride, chloroform, and carbon tetrachloride. In one or
more embodiments, this stream includes from about 95.0 to about 100 wt.%, of
methylene chloride, chloroform, and carbon tetrachloride. In one or more embodiments,
this stream includes from about 99.0 to about 100 wt.%, of methylene chloride,
chloroform, and carbon tetrachloride. In one or more embodiments, this stream includes
from about 99.5 to about 100 wt.%, of methylene chloride, chloroform, and carbon
tetrachloride. In one or more embodiments, chloromethanes stream 20', 54" includes less
than 7,000 ppm, in other embodiments less than 6,000 ppm, in other embodiments less
than 5,500 ppm, in other embodiments less than 5,000 ppm, in other embodiments less
than 2,500 ppm, and in other embodiments less than 1,000 ppm, of chlorinated organic
constituents (e.g. ethylene dichloride, perchloroethylene) other than methylene chloride,
chloroform, and carbon tetrachloride.

[0044] In one or more embodiments, chloromethanes stream 20', 54' includes from
about 40 wt.% to about 80 wt.% methylene chloride, from about 10 wt.% to about 45
wt.% chloroform, and from about 5 wt.% to about 20 wt.% carbon tetrachloride. In one
or more embodiments, chloromethanes stream 20', 54' includes from about 50 wt.% to
about 70 wt.% methylene chloride, from about 20 wt.% to about 40 wt.% chloroform,
and from about 5 wt.% to about 15 wt.% carbon tetrachloride. In one or more
embodiments, chloromethanes stream 20', 54' includes from about 55 wt.% to about 65
wt.% methylene chloride, from about 25 wt.% to about 35 wt.% chloroform, and from
about 7 wt.% to about 13 wt.% carbon tetrachloride. In one or more embodiments,
chloromethanes stream 20', 54' includes about 60 wt.% methylene chloride, about 30
wt.% chloroform, and about 10 wt.% carbon tetrachloride.

[0045] In one or more embodiments, chloromethanes stream 20', 54', which may be

referred to as a chloroform feed stream 20', 54/, is substantially chloroform, which refers
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to a feed stream that does not include appreciable amounts of constituents other than
chloroform. In one or more embodiments, chloroform feed stream 20, 54' consists
essentially of chloroform, which refers to a composition that is free of other constituents
that would otherwise materially impact the basic and novel characteristics of
embodiments of the invention. In one or more embodiments, chloroform feed stream
20', 62 consists of chloroform. In one or more embodiments, the chloroform is technical-
grade chloroform. In other embodiments, fluorocarbon-grade chloroform is employed.
In yet other embodiments, the chloroform may include a feed from other synthetic
processes such as the production of chloromethanes. In one or more embodiments,
chloroform feed stream 20', 54' includes from about 99.8 to about 100 wt.%, chloroform.
In one or more embodiments, chloroform feed stream 20', 62 includes less than 5000
ppm, in other embodiments less than 2500 ppm, in other embodiments less than 2000
ppm, in other embodiments less than 1000 ppm, in other embodiments less than 750
ppm, and in other embodiments less than 500 ppm of constituents other than
chloroform.

[0046] In one or more embodiments, chloromethanes stream 20', 54' may be devoid,
or substantially devoid, of methane. In one or more embodiments, chloromethanes
stream 20', 54' may include less than 1,000 ppm, in other embodiments less than 500
ppm, and in other embodiments less than 100 ppm methane. Embodiments where
chloromethanes feed stream 20', 54' is devoid, or substantially devoid, of methane may
allow utilization of lower pressures, and therefore less capital and energy costs may be
incurred. In one or more embodiments, all feed streams to the process may be devoid,
or substantially devoid, of methane.

[0047] In one or more embodiments, chloromethanes stream 20', 54' may be devoid,
or substantially devoid, of methyl chloride. In one or more embodiments,
chloromethanes stream 20', 54' may include less than 1,000 ppm, in other embodiments
less than 500 ppm, and in other embodiments less than 100 ppm methyl chloride. In
one or more embodiments, all feed streams to the process may be devoid, or

substantially devoid, of methyl chloride.
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[0048] Any carbon tetrachloride present in chloromethanes stream 20', 54' may be
referred to as initial carbon tetrachloride inasmuch as a separate carbon tetrachloride
feed stream may be provided.

CHARACTERISTICS OF REACTION MIXTURE

[0049] In one or more embodiments, the reaction mixture (e.g. reaction mixture 22
or the contents of reactor 53), which includes carbon tetrachloride, chlorine, hydrogen
chloride, and chloroform (generally, chloromethanes), as well as residual byproducts
such as heavy chlorinated organics, is maintained at a temperature and pressure that will
maintain the carbon tetrachloride in the liquid state. As the skilled person will
appreciate, a higher operating pressure will allow for a higher operating temperature
since the processes of the invention are desirably conducted in the liquid phase.

[0050] In one or more embodiments, the reaction mixture (e.g. mixture 22 or the
contents of reactor 53), during and optionally prior to the reaction or chlorination step
(e.g. reaction step 21), is subjected to conditions suitable for reacting the chlorine with
the partially-chlorinated chloromethanes.

[0051] In one or more embodiments, the reaction mixture (e.g. mixture 22 or the
contents of reactor 53), during and optionally prior to the reaction or chlorination step
(e.g. reaction step 21), is maintained at a temperature greater than 10 °C, in other
embodiments greater than 15 °C, and in other embodiments greater than 20 °C. In these
or other embodiments, the reaction mixture is maintained, both prior to or during the
reaction step, at a temperature less than 70 °C, in other embodiments less than 60 °C,
and in other embodiments less than 50 °C. In one or more embodiments, the reaction
mixture is maintained, both prior to or during reaction step, at a temperature of from
about 10 to about 70 °C, in other embodiments from about 15 to about 60 °C, or in other
embodiments from about 20 to about 50 °C. In one or more embodiments, the reaction
mixture (e.g. mixture 22 or the contents of reactor 53) is maintained at a temperature
and pressure sufficient to maintain relatively high levels of chlorine, as well as the
chloroform, within the carbon tetrachloride medium.

[0052] In one or more embodiments, the reaction mixture (e.g. mixture 22 or the

contents of reactor 53) is maintained, both prior to or during the reaction or chlorination
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step (e.g. step 21), under a pressure greater than 0.8, in other embodiments greater than
0.9, and in other embodiments greater than 0.95 atmospheres. In these or other
embodiments, the reaction mixture is maintained, both prior to or during the reaction
step, under a pressure less than 15, in other embodiments less than 10, and in other
embodiments less than 5 atmospheres. In one or more embodiments, the reaction
mixture is maintained, both prior to or during the reaction step, under a pressure from
about 0.8 to about 15, in other embodiments from about 0.9 to about 10, or in other
embodiments from about 0.95 to about 5 atmospheres.

[0053] In one or more embodiments, the reaction mixture (e.g. mixture 22 or the
contents of reactor 53), during and optionally prior to the reaction or chlorination step
(e.g. reaction step 21), is maintained at a temperature below the boiling point of the
reaction mixture in the reactor at a given pressure. This may include avoiding boiling
substantial amounts of lighter components overhead of the reactor.

[0054] In one or more embodiments, the reaction mixture (e.g. mixture 22 or the
contents of reactor 53) is maintained, both prior to or during the reaction or chlorination
step (e.g. step 21), under agitation. In one or more embodiments, the agitation is
sufficient to achieve turbulent flow through the reactor in which the reaction takes place
(e.g. reactor 53). In one or more embodiments, the agitation is sufficient to achieve
turbulence that can be quantified by a Reynolds number of greater than 4000, in other
embodiments greater than 10,000, and in other embodiments greater than 20,000. In
one or more embodiments, the agitation is sufficient to achieve turbulence that can be
quantified by a Reynolds number of greater than 100,000, in other embodiments greater
than 200,000, in other embodiments greater than 400,000, and in other embodiments
greater than 800,000. In these or other embodiments, the reaction mixture is
maintained, both prior to or during the reaction step (e.g. step 21), is agitated to provide
turbulence that can be quantified by a Reynolds number of from about 4000 to about
30,000, in other embodiments from about 8,000 to about 28,000, or in other
embodiments from about 10,000 to about 26,000. In one or more embodiments, the
photochlorination process of the present invention is conducted within a reactor (e.g.

reactor 53) that is a well-mixed reactor with sufficient agitation to approach the ideal
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continuously-stirred tank reactor (CSTR). As mentioned elsewhere herein, in one or
more embodiments, the reaction mixture (e.g. mixture 22 or the contents of reactor 53)
is devoid of agitation by way of an agitator during the reaction or chlorination step (e.g.
step 21). In these or other embodiments, some minimal amount, but a suitable amount
to accomplish the desired reaction, of agitation may occur based simply on the
introduction of the one or more feed streams and/or one or more recirculation streams
and/or product formation in the form of gaseous products, such as HCI.

[0055]  As suggested above, the introduction of chloromethanes (e.g. chloroform) to
the reaction mixture (e.g. mixture 22 or the contents of reactor 53), which feed rate
thereby regulates the concentration of chloromethanes within the reactor, is provided in
an amount and in a manner that gives substantially instantaneous reaction of the
partially-chlorinated chloromethanes to carbon tetrachloride in the presence of the UV
light. It has been unexpectedly discovered that the dilution and dispersion of the
partially-chlorinated chloromethanes, which is miscible in the carbon tetrachloride in the
reactor, immediately prior to and during the reaction step (e.g. step 21) may be a critical
parameter to obtaining the advantageous results of the invention.

[0056] In one or more embodiments, the feed rate of the chloromethanes to the
reactor (e.g. reactor 53) can be quantified relative to the carbon tetrachloride within the
reactor. In one or more embodiments, the feed rate of chloromethanes is greater than
10, in other embodiments greater than 15, in other embodiments greater than 25, in
other embodiments greater than 35, in other embodiments greater than 45, in other
embodiments greater than 55, in other embodiments greater than 65, in other
embodiments greater than 75, in other embodiments greater than 85, in other
embodiments greater than 95, in other embodiments greater than 110, and in other
embodiments greater than 120 pounds per hour per 1000 pounds of carbon tetrachloride
within the reactor. In these or other embodiments, the feed rate of chloromethanes is
less than 1000, in other embodiments less than 800, in other embodiments less than
650, in other embodiments less than 500, in other embodiments less than 250, in other
embodiments less than 200, in other embodiments less than 150, in other embodiments

less than 125, in other embodiments less than 100, in other embodiments less than 80,
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in other embodiments less than 60, in other embodiments less than 40, in other
embodiments less than 30, and in other embodiments less than 25 pounds per hour per
1000 pounds of carbon tetrachloride within the reactor. In one or more embodiments,
the feed rate of the chloromethanes is from about 10 to about 1000, in other
embodiments from about 25 from about 650, and in other embodiments from about 55
to about 200 pounds per hour per 1000 pounds of carbon tetrachloride within the
reactor.

[0057] In one or more embodiments, the dilution of the chloromethanes feed can
also be quantified based upon the amount of partially-chlorinated chloromethanes within
the reaction mixture (e.g. mixture 22 or the contents of reactor 53). For example, the
concentration of partially-chlorinated chloromethanes within the reaction mixture can be
quantified based upon the weight of partially-chlorinated chloromethanes relative to the
weight of the reaction mixture, which reaction mixture includes the carbon tetrachloride,
chlorine, hydrogen chloride, and partially-chlorinated chloromethanes. As a skilled
person will appreciate, these amounts (i.e. the partially-chlorinated chloromethanes
within the reaction mixture) can be determined by measuring the amount of partially-
chlorinated chloromethanes within the reactor effluent (i.e. at the outlet), which in a
well-stirred reactor is equivalent to the amount of partially-chlorinated chloromethanes
at the reaction zone, where the reaction zone refers to that location within the reaction
medium (i.e. within the reactor) in which chlorination of the chloromethanes takes place
(i.e. the reaction mixture is subjected to the appropriate wavelength of electromagnetic
radiation). In one or more embodiments, the concentration of partially-chlorinated
chloromethanes within the reaction mixture is less than 5 wt.% (50,000 ppm), in other
embodiments less than 4 wt.%, in other embodiments less than 3 wt.%, in other
embodiments less than 2 wt.%, and in other embodiments less than 1 wt.% partially-
chlorinated chloromethanes based upon the total weight of the reaction mixture. In one
or more embodiments, the concentration of partially-chlorinated chloromethanes within
the reaction mixture is less than 5,000 ppm (by weight), in other embodiments less than
4,000 ppm, in other embodiments less than 3,000 ppm, and in other embodiments less

than 2,000 ppm chloromethanes based upon the total weight of the reaction mixture. In
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one or more embodiments, the concentration of partially-chlorinated chloromethanes
within the reaction mixture is less than 1,000 ppm (by weight), in other embodiments
less than 750 ppm, in other embodiments less than 500 ppm, and in other embodiments
less than 200 ppm partially-chlorinated chloromethanes based upon the total weight of
the reaction mixture. In one or more embodiments, the concentration of partially-
chlorinated chloromethanes within the reaction mixture is from about 1 to about 5,000
ppm, in other embodiments from about 50 to about 3,000 ppm, and in other
embodiments from about 100 to about 2,000 ppm partially-chlorinated chloromethanes
based upon the entire weight of the reaction mixture. In one or more embodiments, the
concentration of partially-chlorinated chloromethanes within the reaction mixture is
from about 1 to about 50,000 ppm, in other embodiments from about 50 to about
30,000 ppm, and in other embodiments from about 100 to about 20,000 ppm partially-
chlorinated chloromethanes based upon the entire weight of the reaction mixture. In
one or more embodiments, the concentration of partially-chlorinated chloromethanes
within the reaction mixture is from about 1 to about 1,000 ppm, in other embodiments
from about 50 to about 750 ppm, and in other embodiments from about 100 to about
500 ppm chloromethanes based upon the entire weight of the reaction mixture.

[0058] As suggested above, the amount of chlorine present during the reaction step
(e.g. reaction step 21) or, stated another way, within the reaction mixture, is believed to
be an important parameter for practicing the invention. In one or more embodiments,
the introduction of chlorine to the reaction mixture (e.g. to vessel 53) is provided in an
amount and in a manner that provides the reaction with at least a stoichiometric
amount, or a stoichiometric excess of, chlorine, relative to the partially-chlorinated
chloromethanes. In one or more embodiments, the concentration of the chlorine within
the reaction medium (i.e. carbon tetrachloride) is at the saturation level for chlorine
within the carbon tetrachloride at the temperature and pressure at which the reaction is
performed. In one or more embodiments, the amount of chlorine with the reactor (e.g.
reactor 53) is sufficient to maintain appreciable levels of chlorine within the head space
of the reactor. To the extent that excess chlorine is fed to the reactor relative to the

partially-chlorinated chloromethanes, the concentration of chlorine within the reactor
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can continue to build over time until a saturation level is achieved relative to the
temperature and pressure within the reactor, although recirculation of the carbon
tetrachloride through a recirculation loop may serve to modulate the amount of chlorine
within the reactor.

[0059] For example, where the chloromethanes stream is substantially chloroform,
the amount of chlorine introduced to the reaction mixture can be quantified based upon
the molar ratio of chlorine to chloroform fed to the reactor. In one or more
embodiments, the molar ratio of chlorine to chloroform that is fed to, for example,
reactor 53, is greater than 1.00:1.00, in other embodiments greater than 1.02:1.00, and
in other embodiments greater than 1.04:1.00. In one or more embodiments, the molar
ratio of chlorine to chloroform is from about 1.00:1.00 to about 1.10:1.00, in other
embodiments from about 1.01:1.00 to about 1.08:1.00, in other embodiments from
about 1.02:1.00 to about 1.06:1.00, in other embodiments, from about 1.00:1.00 to
about 1.50:1.00, in other embodiments from about 1.02:1.00 to about 1.40:1.00, and in
other embodiments from about 1.06:1.00 to about 1.30:1.00.

[0060] One skilled in the art should recognize that the above ratios are based on
chloroform and the required stoichiometric amounts are based thereon (i.e. one chlorine
atom or radical reacts with one chloroform molecule). To the extent other partially-
chlorinated methanes are in the reaction mixture, the amount of chlorine required to
convert those partially-chlorinated methanes to carbon tetrachloride should be adjusted
to maintain similar excesses of chlorine.

[0061] In one or more embodiments, the amount of chlorine introduced to the
reaction mixture can be quantified based upon a molar excess % of chlorine to all
partially-chlorinated methanes fed to the reactor. Stated differently, the excess of
chlorine is calculated relative to the stoichiometric requirement of any given partially-
chlorinated methanes in order to achieve carbon tetrachloride from the partially-
chlorinated methanes. In one or more embodiments, the amount of chlorine may be at a
molar excess of at least 2%, in other embodiments, at least 5%, in other embodiments, at
least 10%, in other embodiments, at least 15%, and in other embodiments, at least 20%,

for all partially-chlorinated methanes fed to the reactor. In these or other embodiments,
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the amount of chlorine may be at a molar excess of less than 50%, in other
embodiments, less than 40%, in other embodiments, less than 30%, and in other
embodiments, less than 25%, for all partially-chlorinated methanes fed to the reactor.
These end points, and any other end points provided herein, may be utilized to form any
suitable ranges.

[0062] It should be appreciated by the skilled person that the amount of chlorine
required or provided may be pressure dependent. That is, at relatively lower pressures,
relatively higher amounts of chlorine may be required or provided due to lower solubility
of chlorine. Similarly, at relatively higher pressures, relatively lower amounts of chlorine
may be required or provided due to higher solubility of chlorine.

[0063] It should be appreciated by the skilled person that the amount of chlorine
required or provided may be even higher than those amounts disclosed herein, though
this will generally require additional operational and/or manufacturing costs, such as in
the form larger equipment in order to recycle the excess chlorine. In some embodiments,
this even further excess chlorine and the associated additional operational and/or
manufacturing costs may be desirable.

[0064] In these or other embodiments, the amount of chlorine employed in the
process of the present invention can be quantified based upon the concentration of
chlorine within the reaction mixture. As a skilled person will appreciate, these amounts
(i.e. the chlorine within the reaction mixture) can be determined by measuring the
amount of chlorine within the reactor effluent (i.e. at the outlet), which in a well-stirred
reactor is equivalent to the amount of chlorine at the reaction zone, where the reaction
zone refers to that location within the reaction medium (i.e. within the reactor) in which
chlorination of the chloroform takes place. In one or more embodiments, the
concentration of chlorine within the effluent is greater than 0.01 wt.%, in other
embodiments greater than 0.1 wt.%, in other embodiments greater than 0.3 wt.%, in
other embodiments greater than 0.6 wt.%, in other embodiments greater than 1.2 wt.%,
in other embodiments greater than 1.5 wt.%, in other embodiments greater than 1.8
wt.%, and in other embodiments greater than 2.0 wt.% based upon the total weight of

the reaction mixture. In these or other embodiments, the concentration of chlorine
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within the reactor effluent is at saturation level for the given temperature and pressure,
in other embodiments less than 5 wt.%, in other embodiments less than 4.6 wt.%, and in
other embodiments less than 4.2 wt.% based upon the total weight of the reaction
mixture. In one or more embodiments, the concentration of chlorine within the reactor
effluent is from about 0.01 wt.% to saturation, in other embodiments from about 0.1 to
about 5 wt.%, in other embodiments from about 0.3 to about 5 wt.%, in other
embodiments from about 1.8 to about 4.6 wt.%, and in other embodiments from about
2.0 wt.% to about 4.2 wt.% based upon the total weight of the reaction mixture. It
should also be appreciated that the above provided molar ratios of chlorine to
chloroform, and the above provided concentrations of chloroform within the reaction
mixture, may be utilized to form other suitable concentrations of chlorine by using the
respective molecular weights and corresponding conversions.

[0065] In one or more embodiments, the reaction mixture includes less than 0.5
ppm, in other embodiments less than 0.3 ppm, in other embodiments less than 0.2 ppm,
in other embodiments less than 0.15 ppm, and in other embodiments less than 0.1 ppm
of iron. It is generally believed that lower amounts of iron, particularly embodiments
below 0.3 ppm in the reaction mixture, may prevent significant scale from forming on
the lamp well.

[0066] In one or more embodiments, the reactor (e.g. reactor 53) avoids the use of
materials that are corrosive with respect to the reaction mixture. In one or more
embodiments, the reactor avoids the use of iron-based materials. In one or more
embodiments, the reactor avoids the use of stainless steel materials. In one or more
embodiments, the reactor and/or certain components thereof (e.g. agitation element 65)
are made from a nickel-copper based alloys, such as Monel(TM) 400 and Monel(TM)
K500. Other materials that are suitable for the reactor and/or components of the reactor
include polyethylene, polytetrafluoroethene, glass, and tantalum.

CHARACTERISTICS OF ELECTROMAGNETIC RADIATION

[0067] In one or more embodiments, the electromagnetic radiation employed in
practicing the present invention (e.g. generated by lamp 63) is characterized by

including a wavelength of from about 200 to about 500 nm, in other embodiments from
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about 200 to about 400 nm, in other embodiment from about 280 to about 380 nm, in
other embodiments from about 300 to about 350 nm, in other embodiments from about
330 to about 530 nm, and in other embodiments from about 360 to about 500 nm. In
these or other embodiments, the electromagnetic radiation is characterized by a
wavelength distribution, based upon relative intensity, where from about 50 to about 60
% of the electromagnetic radiation has a wavelength of about 280 to about 435 nm, in
these or other embodiments where from about 40 to about 50 % of the electromagnetic
radiation has a wavelength of about 300 to about 380 nm, and in these or other
embodiments where from about 20 to about 30 % of the electromagnetic radiation has a
wavelength of about 330 to about 370 nm. In one or more embodiments, the
electromagnetic radiation includes ultraviolet light.

[0068] In one or more embodiments, the electromagnetic radiation employed in
practicing the present invention (e.g. generated by lamp 63) is characterized by
including a wavelength of from about 470 to about 530 nm, in other embodiments
from about 480 to about 510 nm, in other embodiment from about 490 to about 500
nm, and in other embodiments 495 nm or approximate thereto. In one or more
embodiments, the electromagnetic radiation is characterized by a wavelength
distribution, based upon relative intensity, where at least 50 %, and in other
embodiments, at least 80 % of the electromagnetic radiation has a wavelength of 495 nm
or approximate thereto.

[0069] In one or more embodiments, the electromagnetic radiation employed in
practicing the present invention (e.g. generated by lamp 63) is characterized by
including a wavelength of from about 350 to about 420 nm, in other embodiments from
about 370 to about 400 nm, in other embodiments from about 380 to about 390 nm, and
in other embodiments 385 nm or approximate thereto. In one or more embodiments,
the electromagnetic radiation is characterized by a wavelength distribution, based upon
relative intensity, where at least 50 %, and in other embodiments, at least 80 % of the
electromagnetic radiation has a wavelength of 385 nm or approximate thereto.

[0070] In one or more embodiments, the electromagnetic radiation employed in

practicing the present invention (e.g. generated by lamp 63) is characterized by
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including a wavelength of from about 330 to about 400 nm, in other embodiments from
about 350 to about 380 nm, in other embodiments from about 360 to about 370 nm,
and in other embodiments 365 nm or approximate thereto. In one or more
embodiments, the electromagnetic radiation is characterized by a wavelength
distribution, based upon relative intensity, where at least 50 %, and in other
embodiments, at least 80 % of the electromagnetic radiation has a wavelength of 365
nm or approximate thereto.

[0071] In one or more embodiments, the electromagnetic radiation employed in
practicing the present invention (e.g. generated by lamp 63) is characterized as including
a wavelength distribution that avoids the formation of ozone. As the skilled person
appreciates, this may be defined by the theoretical wavelength needed to activate
oxygen, which in some embodiments is 240 nm or approximate thereto. In one or more
embodiments, the electromagnetic radiation is devoid of wavelengths shorter than 230
nm, in other embodiments shorter than 240 nm, in other embodiments shorter than 250
nm, and in other embodiments shorter than 260 nm.

[0072] In one or more embodiments, employing the electromagnetic radiation at a
wavelength distribution that avoids the formation of ozone allows for advantageous
oxygenate-containing mediums, such as air, to be used as a cooling medium for the
lamp. In other embodiments, oxygenate-free mediums, such as nitrogen and water, to be
used as a cooling medium for the lamp.

[0073] In one or more embodiments, the electromagnetic radiation employed in
practicing the present invention (e.g. generated by lamp 63) is characterized by a
wavelength spanning a band of about 30 nm, in other embodiments about 20 nm, in
other embodiment about 15 nm, and in other embodiments about 10 nm.

[0074] In one or more embodiments, the electromagnetic radiation is provided from
one or more light producing lamps that operate at 40 to about 20,000, in other
embodiments from about 75 to about 18,000, an in other embodiments from about 100
to about 10,000 W. In one or more embodiments, the electromagnetic radiation is
provided from one or more mercury lamps. In one or more embodiments, the

electromagnetic radiation is provided from one or more light-emitting diodes.
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CHARACTERISTICS OF PRODUCT STREAM

[0075] As discussed above, the carbon tetrachloride crude product stream (e.g.
streams 28' and 66') includes the desired carbon tetrachloride product, chlorine, and
hydrogen chloride as well as residual byproducts such as heavy chlorinated organics. In
one or more embodiments, these product streams (e.g. 28', 66') are substantially carbon
tetrachloride, chloroform, hydrogen chloride, and optionally chlorine, which refers to a
product stream that does not include appreciable amounts of constituents other than
carbon tetrachloride, chloroform, hydrogen chloride, and optionally chlorine. In one or
more embodiments, the product stream (e.g. 28', 66') consists essentially of carbon
tetrachloride, optionally chloroform, optionally hydrogen chloride, and optionally
chlorine, which refers to a composition that is free of other constituents that would
otherwise materially impact the basic and novel characteristics of embodiments of the
invention. In one or more embodiments, the product stream (e.g. 28', 66') consists of
carbon tetrachloride, optionally chloroform, optionally hydrogen chloride, and optionally
chlorine.

[0076] In one or more embodiments, the product stream (e.g. 28', 66") includes less
than 2500 ppm, in other embodiments less than 1000 ppm, in other embodiments less
than 500 ppm, in other embodiments less than 250 ppm, and in other embodiments less
than 100 ppm (parts per million by weight) chlorinated hydrocarbons other than carbon
tetrachloride (e.g. hexachloroethane).

[0077] In one or more embodiments, the product stream (e.g. 28', 66") includes less
than 2500 ppm, in other embodiments less than 1000 ppm, in other embodiments less
than 750 ppm, and in other embodiments less than 500 ppm (parts per million by
weight) of constituents other than carbon tetrachloride, hydrogen chloride, and chlorine.
[0078] In one or more embodiments, the product stream (e.g. 28, 66") is
characterized by an advantageously low level of chloroform, which is indicative of high
reaction yield. In one or more embodiments, the reaction yield, relative to chloroform, is
greater than 90.00 %, in other embodiments greater than 92.00 %, in other
embodiments greater than 95.00 %, in other embodiments greater than 97.00 %, in

other embodiments greater than 98.00 %, in other embodiments greater than 99.00 %,
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in other embodiments greater than 99.50 %, and in other embodiments greater than
99.99 %. In particular embodiments, the yield, relative to chloroform, is 100%. As a
result, product stream 28', 66' may include less than 6000 ppm, in other embodiments
less than 5500 ppm, in other embodiments less than 5000 ppm, in other embodiments
less than 4500 ppm, in other embodiments less than 4000 ppm, in other embodiments
less than 3000 ppm, in other embodiments less than 2000 ppm, in other embodiments
less than 1000 ppm, in other embodiments less than 500 ppm, in other embodiments less
than 250, in other embodiments less than 100, in other embodiments less than 50, and
in other embodiments less than 10 ppm (parts per million by weight) chloroform.
REACTION MECHANISM

[0079]  As suggested herein, the manner and sequence of this process is believed to
encourage the formation chlorine free radicals and reaction of these radicals with
chloroform prior to any side reactions (e.g. the dimerization of chloroform) to thereby
increase the selectivity of the reaction. Without wishing to be bound by any particular
theory, it is believed that the following reactions take place during one or more steps of

the present invention:

Clp + hv - 2Cl* (1)  Initiation
CHCl3 + Cl* - CClg* + HCI (2)  Propagation

CCl3* + Clp —-CCly + CI* (3) Propagation
CClg* + CClg* -CoClg (4) Termination

CClg* + CI* - CCly (5) Termination
Cl* + CI* -Cly (6) Termination.

[0080] Reactions 1-3 are the desired pathway to convert chloroform and chlorine
gas into carbon tetrachloride and HCI byproduct. Reaction 5 leads to the desired
product, but at the cost of terminating the free radical reaction chain. Reaction 4
terminates the chain and includes the formation of hexachloroethane by the dimerization

of two trichloromethyl radicals; this reaction is substantially avoided by the present
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invention. Reaction 6 terminates the reaction chain but provides chlorine that can again
generate free radicals in the presence of an initiator, such as UV light.

INDUSTRIAL APPLICABILITY

[0081] In one or more embodiments, the crude product stream (e.g. streams 28' or
66', 73") from the photochlorination step or process, may be used in the synthesis of
chlorinated organic compounds. As indicated above, the process of one or more
embodiments of the present invention advantageously provides a product stream that
can be directly used in these downstream synthetic processes without the need for
separation steps, such as distillation steps, to remove heavier chlorinated organic
byproducts such as hexachloroethane.

[0082] As discussed elsewhere herein, in one or more embodiments, the carbon
tetrachloride produced according to embodiments of the invention, as a crude product
stream, can be directly combined with an olefin and reacted in the presence of an
appropriate catalyst to form a chlorinated propane and/or chlorinated propene. In this
respect, U.S. Patent Nos. 6,187,978 and 6,313,360; and U.S. Publication Nos.
2019/0284118; 2012/0310020; 2009/0216055; and 2004/0225166 are hereby
incorporated by reference. This reaction may be referred to as a Kharasch reaction. In
one or more embodiments, the crude carbon tetrachloride product stream may be
subjected to purification processes to remove hydrogen chloride and/or chorine. In one
or more embodiments, the crude carbon tetrachloride product stream does not require
separation or purification from chlorinated organics before being combined with an
olefin.

[0083] As further description of embodiments that include combining the crude
carbon tetrachloride product stream with an olefin, exemplary olefins for use in these
reactions include ethylene and vinyl chloride. The skilled person will appreciate that
other olefins can likewise be used. The reaction between carbon tetrachloride and an
olefin can be catalyzed by using a variety of catalytic species, many of which are or
derive from species that are insoluble or only partially soluble in the reaction medium. A
common catalyst or catalyst precursor is iron. The skilled person will appreciate that

embodiments of the invention can likewise be extended to other insoluble or partially
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soluble catalysts or catalyst precursors. Additionally, the skilled person appreciates that
these insoluble or partially soluble catalysts may be used in conjunction with an
additional constituent, which may be referred to as cocatalysts, ligands, or chelating
agents, which are believed to complement the catalyst. For example, tributylphosphate
has been used in conjunction with an iron catalyst. The skilled person will appreciate
that the invention can be extended to the use of other cocatalysts, ligands, or chelating
agents.

[0084] In addition to embodiments where the crude product stream from the
photochlorination step or process may be used in the synthesis of chlorinated organic
compounds, in one or more embodiments, the photochlorination step or process may
advantageously receive a crude product stream from a chloromethane step or process. In
one or more embodiments, the chloromethanes reactant stream (i.e. 20, 54") includes a
crude product stream from a chloromethanes production process after the production
stream has optionally undergone separation (e.g. a distillation) to separate the
chloromethanes from heavier compounds and to separate the chloromethanes from
lighter inorganics such as hydrogen chloride. Advantageously, this crude product stream
from a chloromethanes production process may be directly fed to the photochlorination
step or process without the need to separate the various chloromethane constituents (i.e.
chloroform need not be separated from methylene chloride).

[0085] Embodiments where the photochlorination step or process receives a crude
product stream from a chloromethane step or process and/or where a crude product
stream from the photochlorination step or process may be used in the subsequent
synthesis of chlorinated organic compounds may be referred to as an integrated process.
With particular reference to Fig. 4, aspects of the invention include an integrated process
110 that includes a chloromethanes process 112, which may also be referred to as a
chloromethanes step 112, integrated with a photochlorination process 114, which may
also be referred to as a photochlorination step 114, that is integrated with a chlorinated
organics synthetic process 116, which may also be referred to as a chlorinated organics

synthetic step 116.
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[0086] In one or more embodiments, chloromethanes process 112 may include the
type where a chlorine-containing feed stream and an organic-compound containing feed
stream are fed to a reactor. A product stream 112' from chloromethanes process 112
(e.g. chloromethanes stream 20', 54') may be provided to a photochlorination process
114. Photochlorination process 114 can include those processes or systems described
elsewhere herein. That is, stream 112' from chloromethanes process 112 may be
provided as, or as a portion of, chloromethanes stream 20', 54' for a photochlorination
process or system described herein.

[0087] In one or more embodiments, process 112 may be of the type where the
organic-compound containing feed stream includes only, or substantially only, methanol.
These embodiments generally utilize a two-step reaction in chloromethanes process 112.
In the first step, the methanol is reacted under suitable reaction conditions to form
methyl chloride, such as in a hydrochlorination reaction with hydrogen chloride. Then,
the second step includes reacting the methyl chloride with chlorine under suitable
reaction conditions, such as by thermal chlorination, to form methylene chloride,
chloroform, and carbon tetrachloride.

[0088] In other embodiments, process 112 may be of the type where the organic-
compound containing feed stream includes only, or substantially only, methane. These
embodiments generally utilize a one-step reaction in chloromethanes process 112, where
the methane is reacted with chlorine under suitable reaction conditions to form methyl
chloride, methylene chloride, chloroform, and carbon tetrachloride.

[0089] In one or more embodiments, stream 112' may include a product stream that
has undergone separation (e.g. distillation) before being provided to form a
photochlorination process 114. This separation step may include separating carbon
tetrachloride and lighter components (e.g. partially-chlorinated chloromethanes) from
components that are heavier than carbon tetrachloride. Additionally, this separation
step may include separating hydrogen chloride from the carbon tetrachloride and
partially-chlorinated chloromethanes to provide chloromethanes stream, which may be
provided to photochlorination process 114. The hydrogen chloride stream may be

further utilized in a separate process.

-30-



WO 2020/146722 PCT/US2020/013071

[0090] A product stream 114' from photochlorination process 114 may be provided
to a subsequent synthetic process 116, as further described above. In one or more
embodiments, stream 114' may be directly fed to an olefin addition process. For
example, the carbon tetrachloride in crude stream 114' may be combined with an olefin,
such as ethylene or vinyl chloride, for the manufacture of chlorinated propanes.
Subsequent synthetic process 116 may include any suitable processes, such as those that
involve an appropriate catalyst to form chlorinated alkanes or alkenes using various
synthetic techniques such as the Kharasch reaction. An olefin-containing stream (not
shown) may be provided to subsequent synthetic process 116.

[0091] In one or more embodiments, stream 114' may be stripped of chlorine before
being provided to subsequent synthetic process 116. Advantageously, in one or more
embodiments, stream 114' need not undergo other separations (e.g. distillations) to
remove, for example, organic compounds, from stream 114', which substantially includes
carbon tetrachloride prior to introducing stream 114' to the subsequent synthetic process
116. As suggested above, steam 114' advantageously includes less than appreciable
amounts of unreacted partially-chlorinated chloromethanes and/or heavier organic
components.

[0092] In one or more embodiments, chloromethanes process 112,
photochlorination process 114, and subsequent synthetic process 116 may be located at
the same chemical facility. In one or more embodiments, chloromethanes process 112,
photochlorination process 114, and subsequent synthetic process 116 may be operated
continuously. In one or more embodiments, chloromethanes process 112,
photochlorination process 114, and subsequent synthetic process 116 may be within 20
miles, in other embodiments within 10 miles, in other embodiments within 5 miles, in
other embodiments within 1 mile, and in other embodiments within 0.5 miles of each
other. In one or more embodiments, chloromethanes process 112, photochlorination
process 114, and subsequent synthetic process 116 are coupled by fixed pipelines. This
may be referred to as chloromethanes process 112 occurring in a first wvessel,

photochlorination process 114 occurring in a second vessel, and subsequent synthetic
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process 116 occurring in a third vessel, and the first vessel, the second vessel, and the

third vessel being coupled by fixed pipelines.

SPECIFIC EMBODIMENTS
[0093] The following embodiments are provided in accordance with the present
disclosure.
[0094] Paragraph A: A method including providing a chloromethanes stream
including chloroform, initial carbon tetrachloride, and at least one of methyl chloride
and methylene chloride; combining the chloromethanes stream with chlorine and
additional carbon tetrachloride to form a reaction mixture, wherein the reaction mixture
includes at least stoichiometric levels of chlorine relative to the chloroform and the at
least one of methyl chloride and methylene chloride; introducing electromagnetic
radiation to the reaction mixture and subjecting the reaction mixture to conditions
suitable for reacting the chlorine with the chloroform and the at least one of methyl
chloride and methylene chloride to thereby form product carbon tetrachloride; and
collecting a product stream after the step of introducing.
[0095] Paragraph B: The method of paragraph A, wherein the chloromethanes
stream includes from about 99.0 to about 100 wt.%, of the chloroform, the initial carbon
tetrachloride, and the at least one of methyl chloride and methylene chloride.
[0096] Paragraph C: The method of either of paragraph A or paragraph B, wherein
the product stream includes less than 2,500 ppm (parts per million by weight) of
chlorinated hydrocarbons other than carbon tetrachloride.
[0097] Paragraph D: The method of any of paragraph A through paragraph C,
wherein the concentration of the chloroform and the at least one of methyl chloride and
methylene chloride in the reaction mixture is less than 50,000 ppm by weight relative to
the weight of the reaction mixture.
[0098] Paragraph E: The method of any of paragraph A through paragraph D,
further comprising a step of combining the product stream with an olefin, a catalyst, and
a chelating agent to thereby react the carbon tetrachloride in the product stream with

the olefin.
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[0099] Paragraph F: The method of any of paragraph A through paragraph E,
wherein the olefin includes ethylene or vinyl chloride, wherein the catalyst includes iron,
and wherein the chelating agent includes tributylphosphate.

[00100] Paragraph G: The method of any of paragraph A through paragraph F,
wherein the chloromethanes stream includes the methylene chloride.

[00101] Paragraph H: The method of any of paragraph A through paragraph G,
further comprising a step of combining methanol with hydrogen chloride under suitable
reaction conditions to thereby form initial methyl chloride.

[00102] Paragraph I: The method of any of paragraph A through paragraph H,
further comprising a step of combining the initial methyl chloride with chlorine under
suitable reaction conditions to thereby form the methylene chloride, the chloroform, and
the initial carbon tetrachloride.

[00103] Paragraph J: The method of any of paragraph A through paragraph I,
wherein the chloromethanes stream includes both the methyl chloride and the
methylene chloride.

[00104] Paragraph K: The method of any of paragraph A through paragraph J,
further comprising a step of combining methane with chlorine under suitable reaction
conditions to thereby form the methyl chloride, the methylene chloride, the chloroform,
and the initial carbon tetrachloride.

[00105] Paragraph L: The method of any of paragraph A through paragraph K,
wherein the electromagnetic radiation has a wavelength spanning a band of about 30
nm.

[00106] Paragraph M: The method of any of paragraph A through paragraph L,
wherein the electromagnetic radiation is provided by a light-emitting diode.

[00107] Paragraph N: The method of any of paragraph A through paragraph M,
further comprising a step of filtering iron from the chlorine.

[00108] Paragraph O: The method of any of paragraph A through paragraph N,
wherein the chloromethanes stream is provided from a first vessel, wherein the steps

combining the chloromethanes stream with chlorine and introducing electromagnetic
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radiation occur within a second vessel, and wherein the step combining the product
stream with an olefin occurs within a third vessel.

[00109] Paragraph P: The method of any of paragraph A through paragraph O,
wherein the first vessel, the second vessel, and the third vessel are coupled by fixed
pipelines.

[00110] Paragraph Q: The method of any of paragraph A through paragraph P,
wherein the step of combining the chloromethanes stream with chlorine includes
providing the chlorine at a molar excess of from at least 5% to less than 40% with
respect to the total of the chloroform and the at least one of methyl chloride and
methylene chloride.

[00111] Paragraph R: The method of any of paragraph A through paragraph Q,
wherein the product stream includes less than 1000 ppm hexachloroethane.

[00112] Paragraph S: The method of any of paragraph A through paragraph R,
wherein the step of combining the chloromethanes stream with chlorine consumes
greater than 99.00% of the chloroform.

[00113] Paragraph T: The method of any of paragraph A through paragraph S,
wherein the method is devoid of a step of removing organic compounds from the
product stream prior to the step of combining the product stream with an olefin.
[00114] Paragraph U: The method of any of paragraph A through paragraph T,
wherein the chloromethanes stream includes from about 99.5 to about 100 wt.%, of the
methyl chloride, the methylene chloride, the chloroform, and the initial carbon
tetrachloride.

[00115] Paragraph V: The method of any of paragraph A through paragraph U,
wherein the method is devoid of a step of separating chloromethanes before the step of
combining the chloromethanes stream with chlorine.

[00116] Paragraph W: The method of any of paragraph A through paragraph V,
wherein the product stream includes chlorine and hydrochloric acid, the method further
comprising a step of scrubbing, with an additional amount of the chloromethanes

stream, the chlorine and hydrochloric acid from the product stream.
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[00117] Paragraph X: The method of any of paragraph A through paragraph W,
wherein the step of combining the chloromethanes stream with chlorine includes
introducing chlorine to the reactor at from 10% molar excess to 30% molar excess with
respect to the total of the chloroform and the at least one of methyl chloride and
methylene chloride within the reaction mixture.

[00118] Paragraph Y: The method of any of paragraph A through paragraph X,
wherein the method is devoid of a step of agitating the reaction mixture with a
mechanical agitator.

[00119] Paragraph Z: The method of any of paragraph A through paragraph Y,
wherein a chlorine feed stream includes less than 1000 ppm of constituents other than
chlorine.

[00120] Paragraph AA: The method of any of paragraph A through paragraph Z,
wherein a reactor and/or certain components thereof (e.g. an agitation element) are
made from a nickel-copper based alloy and/o avoid the use of iron-based materials and
stainless steel materials.

[00121] Paragraph AB: The method of any of paragraph A through paragraph AA,
wherein a reactor and/or certain components thereof (e.g. an agitation element) avoid
the use of iron-based materials.

[00122] Paragraph AC: The method of any of paragraph A through paragraph AB,
wherein a reactor and/or certain components thereof (e.g. an agitation element) avoid
the use of stainless steel materials.

[00123] Various modifications and alterations that do not depart from the scope and
spirit of this invention will become apparent to those skilled in the art. This invention is

not to be duly limited to the illustrative embodiments set forth herein.
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CLAIMS

What is claimed is:

1.

A method of producing carbon tetrachloride, the method comprising steps of:

(i) providing a chloromethanes stream including chloroform, initial
carbon tetrachloride, and at least one of methyl chloride and methylene
chloride, wherein the chloromethanes stream includes from about 99.0 to
about 100 wt.%, of the chloroform, the initial carbon tetrachloride, and the
at least one of methyl chloride and methylene chloride;

(ii) combining the chloromethanes stream with chlorine and
additional carbon tetrachloride to form a reaction mixture, wherein the
reaction mixture includes at least stoichiometric levels of chlorine relative to
the chloroform and the at least one of methyl chloride and methylene
chloride;

(iii) introducing electromagnetic radiation to the reaction mixture and
subjecting the reaction mixture to conditions suitable for reacting the
chlorine with the chloroform and the at least one of methyl chloride and
methylene chloride to thereby form product carbon tetrachloride; and

(iv)  collecting a product stream after step (iii), wherein the product
stream includes less than 2,500 ppm (parts per million by weight) of

chlorinated hydrocarbons other than carbon tetrachloride.

The method of any of the preceding claims, wherein the concentration of the
chloroform and the at least one of methyl chloride and methylene chloride in the

reaction mixture is less than 50,000 ppm by weight relative to the weight of the

reaction mixture.

The method of any of the preceding claims, further comprising a step of:
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(v)  combining the product stream with an olefin, a catalyst, and a
chelating agent to thereby react the carbon tetrachloride in the product

stream with the olefin.

The method of any of the preceding claims, wherein the olefin includes ethylene
or vinyl chloride, wherein the catalyst includes iron, and wherein the chelating

agent includes tributylphosphate.

The method of any of the preceding claims, wherein the chloromethanes stream
includes the methylene chloride, the method further comprising steps of:
(i-a) combining methanol with hydrogen chloride under suitable
reaction conditions to thereby form initial methyl chloride; and
(i-b) combining the initial methyl chloride with chlorine under suitable
reaction conditions to thereby form the methylene chloride, the chloroform,

and the initial carbon tetrachloride.

The method of any of claims 1-4, wherein the chloromethanes stream includes
both the methyl chloride and the methylene chloride, the method further
comprising a step of:
(i-a) combining methane with chlorine under suitable reaction
conditions to thereby form the methyl chloride, the methylene chloride, the

chloroform, and the initial carbon tetrachloride.

The method of any of the preceding claims, wherein the electromagnetic radiation
has a wavelength spanning a band of about 30 nm, and wherein the
electromagnetic radiation is provided by a light-emitting diode, the method
further comprising a step of:

(i-c) filtering iron from the chlorine prior to the step (ii).



10.

11.

12.

13.
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The method of claim 3 or claim 4, wherein the step (i) is provided from a first
vessel, wherein the steps (ii) and (iii) occur within a second vessel, and wherein
the step (v) occurs within a third vessel, wherein the first vessel, the second

vessel, and the third vessel are coupled by fixed pipelines.

The method of any of the preceding claims, wherein the step of combining the
chloromethanes stream with chlorine includes providing the chlorine at a molar
excess of from at least 5% to less than 40% with respect to the total of the
chloroform and the at least one of methyl chloride and methylene chloride,
wherein the product stream includes less than 1000 ppm hexachloroethane, and

wherein the step (iii) consumes greater than 99.00 % of the chloroform.

The method of claim 3 or claim 4, wherein the method is devoid of a step of

removing organic compounds from the product stream between steps (iv) and (v).

The method of any of the preceding claims, wherein the chloromethanes stream
further includes both the methyl chloride and the methylene chloride, and
wherein the chloromethanes stream includes from about 99.5 to about 100 wt.%,
of the methyl chloride, the methylene chloride, the chloroform, and the initial

carbon tetrachloride.

The method of claim 5 or claim 6, wherein the method is devoid of a step of

separating chloromethanes after step (i-a) and before step (ii).

The method of any of the preceding claims, wherein the product stream includes
chlorine and hydrochloric acid, the method further comprising a step of:
(vi) scrubbing, with an additional amount of the chloromethanes

stream, the chlorine and hydrochloric acid from the product stream.
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The method of any of the preceding claims, wherein the step of combining the
chloromethanes stream with chlorine includes introducing chlorine to the reactor
at from 10% molar excess to 30% molar excess with respect to the total of the
chloroform and the at least one of methyl chloride and methylene chloride within

the reaction mixture.

The method of any of the preceding claims, wherein the method is devoid of a

step of agitating the reaction mixture with a mechanical agitator.
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