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A process and plant for preparing a purified benzene composition from a

crude hydrocarbon stream containing benzene

The present invention relates to a process and a plant for preparing a purified

benzene composition from a crude hydrocarbon stream containing benzene.

Benzene is an important starting material for the synthesis of a plurality of chemi-

cal compounds, such as ethyl benzene, cumene, cyclohexene, nitrobenzene and

others. These compounds, in turn, are starting materials for the synthesis of other

compounds, such as styrene, phenol, acetone, cyclohexanol and aniline, which

are important precursors of polymers, such as polystyrenes, styrene-butadiene-

rubbers, polyamides and epoxy resins, of washing active substances, such as al-

kylbenzene sulfonic acids, of solvents, of pesticides, of colorants and of others. On

account of this reason, benzene is in fact one of the most produced chemicals in

the world.

There are several processes for benzene production known, such as catalytic re-

forming, steam cracking, hydrodealkylation (HAD) of toluene, toluene dispropor-

tionation (TDP), Coke Oven Light Oil (COLO) extraction, LPG Cyclar, Gas to Aro-

matics etc. However, the dominant production routes are steam cracking and cata-

lytic reforming. In either of these production routes, a solvent based extraction unit

is used for extracting petrochemical grade benzene from pyrolysis gasoline (also

called pygas) coming from steam cracker or reformate stemming from catalytic

reforming. There is an increasing trend among refiners to extract aromatics, like

benzene from Fluid Catalytic Cracking (FCC) gasoline. This trend is attributed to

the projected growth in petrochemicals as opposed to declining or stagnant refin-

ery fuels demand. Traditionally, for gasoline benzene management, the benzene

contained in FCC gasoline has been taken as a benzene heart cut from a naphtha

splitter on FCC gasoline. The benzene rich cut is then sent to either a dedicated
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benzene saturation unit or light naphtha isomerization or catalytic reforming unit.

There are two major drawbacks in either of these approaches. Firstly, the benzene

rich heart cut has a significant quantity of high-octane olefins which get saturated

when sent to the naphtha hydrotreater upstream of naphtha isomerization or cata-

5 lytic reforming unit. Alternatively, if sent to a dedicated benzene saturation unit,

also an octane loss occurs. This octane loss then needs to be compensated by the

refinery octane producing units such as isomerization, reforming, alkylation etc.

Further, the presence of benzene is an unwanted feature of light naphtha isomeri-

zation feed. Secondly, the value of benzene, as a petrochemical commodity, in

routes likes isomerization or benzene saturation gets lost.10

Hence, because of the above-mentioned drawbacks in existing benzene man-
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agement approaches and the projected increasing trend of petrochemicals over

refinery fuels, refiners are now interested in the option of extracting aromatics, like

benzene, from FCC gasoline, while at the same time avoiding octane loss coming

from the saturation of the high octane olefins. However, this is not simple and

straightforward. FCC gasoline, as opposed to reformate or pygas, is a challenging

feedstock for solvent extraction because of the high presence of naphthenes, cy-

clic olefins and olefins. These compounds, due to their polarity, close boiling points

and azeotrope formation behavior, are difficult to separate from aromatics. The

benzene rich or C6-C8-FCC naphtha cut, when fed into a solvent based extractive

distillation configuration, results into the following streams: Firstly, an olefinic rich

raffinate which can be sent directly to gasoline pool for blending since most of the

sulfur has been extracted away, and secondly a benzene or aromatics (benzene,

toluene and mixed xylenes) rich extract containing sulfur species.

For extracted aromatics, like Benzene, to qualify for petrochemical grade specifi-

cation, a total sulfur specification of less than 1 ppmw (parts per million by weight)

and a total nitrogen specification of less than 1 ppmw is required. For aromatics,

like toluene and mixed xylenes, the sulfur specification is relatively less stringent
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and is usually less than 10 ppmw depending on downstream application. As ex-

plained above, the extraction of aromatics from FCC gasoline results also in ac-

companying removal of sulfur species, like mercaptans, disulfides and thiophenes,

in the order thiophenes>disulfides>mercaptans. A hydrodesulfurization (HDS) unit

block is put downstream of extracted aromatics to meet the required sulfur and

nitrogen specification. Some key design considerations need to be considered

while designing this HDS unit which includes proper selection of catalyst and op-

erating conditions like pressure and temperature in tandem with proper design of

upstream extractive distillation unit and solvent's choice. This need stems from the

following reasons: Firstly, aromatics saturation, like benzene getting saturated to

cyclohexane (ring loss), needs to be minimized otherwise the purity of the down-

stream benzene product will be impacted irreversibly since there is no other meth-

od in the system to restore benzene purity. If higher than design value benzene

ring loss, typically restricted to less than 0.1 wt% ring loss, is encountered in real

life operations, then only re-extraction or solution by dilution with a large reformate

or pygas extracted benzene pool or sending to downstream reformer unit are the

available choices for the refiner. Either of these approaches represent an econom-

ic loss to the refiner since it implies additional capital and utility expenditure (in

case of re-extraction) or impacting overall refinery benzene purity (in case of solu-

tion by dilution) or taking up additional capacity (in case of reformer routing) which

could have been otherwise used for pushing more benzene production by pushing

additional throughput of heavy naphtha reformer feedstock. Secondly, the HDS

catalyst has an operating envelope starting from start-of-run (SOR) to end-of-run

(EOR) which spans its cycle length. During SOR conditions, a ring loss can be

below design value. However, as the catalyst ages, the inlet temperature to the

reactor is increased to compensate for loss of catalyst activity. The increase in

temperature can again trigger higher than design value ring loss leading to ben-

zene purity getting affected. Thirdly, refiners nowadays are processing heavier and

challenging feedstocks in their resid fluid catalytic cracking (RFCC) or fluid catalyt-

ic cracking (FCC) units. This can lead to higher than expected sulfur content at the
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inlet of the HDS reactor again triggering ring loss above design value. Forthly, the

olefin content is to be minimized at the inlet of the HDS reactor. This is largely ac-

complished by proper solvent selection and design of the upstream extraction unit.

While meeting sulfur specifications such as less than 1 ppmw, olefin saturation

across HDS occurs which leads to exotherm. The exotherm can again lead to

higher than expected ring loss. Lastly, the presence of trace amount of C6-cyclic

olefins (such as cyclohexene or methylcyclopentene) in the extracted aromatics

can again cause benzene purity concerns. The C6-cyclic olefins are largely re-

moved in the upstream extraction section. However, some slippage into extract

may occur since these compounds are difficult to separate from aromatics in sol-

vent based extractive distillation system. These cyclic olefins will undergo satura-

tion to C6-naphthenes (cyclohexane or methyl cyclopentane) across the HDS while

meeting the required sulfur specification. Hence, benzene purity can be impacted

because of slippage of C6 cyclic olefins into extract from upstream extractive distil-

lation unit block.
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In light of above, the object of the present invention is to provide a process and a

plant for preparing a purified benzene composition from a crude hydrocarbon

stream containing benzene (such as in particular a C6-cut or C6-C8-cut of FCC

gasoline or of COLO) comprising a solvent based extraction step and a hy-

drodesulfurization step, which reliably ensures a high purity benzene product even

in the case of having higher than expected benzene ring loss during the hy-

drodesulfurization step because of the factors as explained above, wherein the

high purity of the benzene is not even impacted in the case of a slippage of C6-

cyclic olefins or of C7-iso-olefins from the upstream extraction section.

In accordance with the present invention this object is satisfied by providing a pro-

cess for preparing a purified benzene composition from a crude hydrocarbon

stream containing at least 10% by volume of benzene comprising the following

steps:
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a) subjecting the crude hydrocarbon stream and the further benzene contain-

ing stream recycled in step d) to a solvent based extraction so as to pro-

duce a benzene enriched aromatic stream and a benzene depleted non-
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15

aromatic stream,

b) subjecting the benzene enriched aromatic stream obtained in step a) to

hydrodesulfurization so as to obtain a desulfurized aromatic stream,

a

c) subjecting the desulfurized aromatic stream obtained in step b) to a distilla-

tion so as to produce a purified benzene stream and a further benzene con-

taining stream having a benzene concentration of between less than 100%

by weight and the azeotropic benzene concentration, and

d) at least partially recycling the further benzene containing stream obtained in

step c) to step a).

The term "further benzene containing stream having a benzene concentration of

between less than 100% by weight and the azeotropic benzene concentration"

means in accordance with the present invention a stream, wherein the stream has

a concentration of benzene of between less than 100% by weight and the final

azeotropic benzene concentration as dictated by the vapor-liquid equilibrium of the

20 compounds contained in the further benzene containing stream, wherein the fur-

ther benzene containing stream comprises benzene and at least one of cyclohex-

ane, methylcyclopentane, 2,3 dimethyl pentane and 2,4 dimethyl pentane. In other

words, when the further benzene containing stream contains only benzene and

cyclohexane, the azeotropic benzene concentration is the concentration of ben-

25 zene in the azeotrope formed of these two components, i.e. the azeotrope of ben-

zene and cyclohexane. If the further benzene containing stream contains benzene,

cyclohexane and methylcyclopentane, then the azeotropic benzene concentration

is the concentration of benzene in the azeotrope formed of these three compo-

nents, i.e. the azeotrope of benzene, cyclohexane and methylcyclopentane. All

30 subsequent references to "benzene and cyclohexane containing stream" in fact
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means further benzene containing stream having a benzene concentration of be-

tween less than 100% by weight and the azeotropic benzene concentration,

wherein the further benzene containing stream comprises benzene and at least

one of cyclohexane, methylcyclopentane, 2,3 dimethyl pentane and 2,4 dimethyl

pentane. Thus, the further benzene containing stream is a benzene and at least

one of cyclohexane, methylcyclopentane, 2,3 dimethyl pentane and 2,4 dimethyl

pentane containing stream.

By performing the distillation in step c) so that the desulfurized aromatic stream

10 obtained in the hydrodesulfurization of step b) is separated into a purified benzene

stream and a further benzene containing stream comprising in addition to benzene

at least one of cyclohexane, methylcyclopentane, 2,3 dimethyl pentane and 2,4

dimethyl pentane with the above mentioned benzene concentration and by recy-

cling the further benzene containing stream at least partially and preferably com-

15 pletely to the solvent based extraction of step a), none or, if at all, only very minor

amounts of the benzene contained in the further benzene containing stream is

lost. More specifically, if at all, a negligible amount of benzene contained in the

further benzene containing stream may be lost during the solvent based extraction

into the raffinate (or benzene depleted non-aromatic stream, respectively), while

20 virtually all of the benzene is extracted by the solvent into the benzene enriched

aromatic stream. By subjecting the benzene enriched aromatic stream after the

solvent based extraction to a hydrodesulfurization so as to obtain a desulfurized

aromatic stream and then subjecting it to the distillation, the purity of the final ben-

zene product stays unaltered even if higher than expected ring loss (of for instance

25 0.4 wt% real life operations versus 0.1 wt% design value) is encountered during

the hydrodesulfurization step. Additionally, even if there should be a slippage of

C6-cyclic olefins and/or C7-iso-olefins from the solvent based extraction step into

the benzene enriched aromatic stream, then these compounds are also reliably

separated from the benzene, since the saturated form of these compounds (i.e.

30 С6-naphthenes or C7-iso-paraffins), as they are formed during the hydrodesulfuri-
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zation step, form azeotropes with benzene too. Another important feature of the

process of the present invention is that it is not required to produce in the distilla-

tion of step c) a further benzene and at least one of cyclohexane, methylcyclopen-

tane, 2,3 dimethyl pentane and 2,4 dimethyl pentane containing stream with the

5 final azeotropic composition. Instead, only a further benzene and at least one of

cyclohexane, methylcyclopentane, 2,3 dimethyl pentane and 2,4 dimethyl pentane

containing stream tending concerning its benzene concentration towards the azeo-

trope composition suffices for the purpose. In other words, in case of higher ring

loss of say 0.4 wt%, the distillation setup, downstream of the hydrodesulfurization

10 can be designed to produce a further benzene containing stream with a benzene

concentration of about 95 wt% instead of 52 wt% (which is the benzene concentra-

tion in the azeotrope of benzene and cyclohexane), which represents approxi-

mately 5% of the overall benzene quantity in the stream coming from downstream

of hydrodesulfurization step. Thus, the impact of the recycle of the further benzene

15 containing stream to the overall plant's capital and utility expenditure is minimal,

wherein plant denotes herein the combination of the solvent based extraction unit

the hydrodesulfurization unit and the (azeotropic) distillation unit. In particular,

these advantageous effects are obtained, when a Ce-cut or C6-Cs-cut of FCC gas-

oline or of COLO is used as feedstock of the process. In addition, these advanta-

20 geous effects are obtained even in the case of a very long operation time including

start-of-run to end-of-run operating temperature envelope of catalyst, in the case

of heavier than expected feedstock being fed to the FCC, RFCC or COLO or in the

case of slippage of C6-cyclic olefins and/or C7-iso-olefins into the benzene en-

riched aromatic stream obtained in the solvent based extraction step. More specif-

25 ically, the obtained purified benzene stream has typically a benzene purity in ex-

cess of 99.8% and a content of sulfur containing compounds and of nitrogen con-

taining compounds of less than 1 ppmw. The benzene product obtained qualifies

for petrochemical grade and requires no further processing, such as re-extraction

or dilution with a large pygas or reformate benzene pool.

30
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As set out above, in step c) the desulfurized aromatic stream obtained in step b) is

subjected to a distillation so as to produce a purified benzene stream and a further

benzene containing stream having a benzene concentration of between less than

100% by weight and the azeotropic benzene concentration. Preferably, the distilla-

tion in step b) is performed so as to produce a purified benzene stream and a fur-

ther benzene containing stream having a benzene concentration of between less

than 99% by weight, more preferably less than 98% by weight, more preferably

less than 97% by weight and even more preferably less than 96% by weight and

the azeotropic benzene concentration, such as for instance a benzene concentra-

tion of 90 to 96% by weight. Alternatively preferred is that distillation in step b) is

performed so as to produce a purified benzene stream and a further benzene con-

taining stream having a benzene concentration of less than 90% by weight, more

preferably of less than 80% by weight and more preferably of at most 70% by

weight, such as for instance a benzene concentration of 70 to 90% by weight.

As set out above, a particular advantage of the present invention is that the pro-

cess for preparing a purified benzene composition from a crude hydrocarbon

stream containing at least 10% by volume of benzene is in particular suitable for

processing a crude hydrocarbon stream having a comparable low benzene con-

20 tent, such as FCC or RFCC naphtha or COLO, in particular either from a C6-cut or

from a C6-C8-cut thereof. However, good results are also obtained when the crude

hydrocarbon stream contains higher amounts of benzene, such as preferably,

based on 100% by weight, at least 20% by volume, more preferably at least 30%

by volume and even more preferably at least 50% by volume of benzene.

25

For instance, the process in accordance with the present invention allows to obtain

highly purified benzene with a high yield from a crude hydrocarbon stream, which

contains in addition to aromatics, based on 100% by weight, i) 20 to 60% by vol-

ume and preferably 30 to 50% by volume of paraffins, ii) 10 to 50% by volume and
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preferably 20 to 30% by volume of olefins and iii) 5 to 40% by volume and prefera-

bly 10 to 25% by volume of naphthenes.

Particular good results are obtained, when the crude hydrocarbon stream fed into

the process in accordance with the present invention is a C6-cut or a C6-C8-cut

from fluid catalytic cracked naphtha or a C6-cut or a C6-C8-cut from a coke oven

light oil

In accordance with the present invention, the crude hydrocarbon stream and the

further benzene containing stream recycled in step d) are subjected to a solvent

based extraction so as to produce a benzene enriched aromatic stream and a

benzene depleted non-aromatic stream. This means in accordance with the pre-

sent invention that the crude hydrocarbon stream and the further benzene contain-

ing stream recycled in step d) are separately from each other fed to the solvent

based extraction unit, such as a solvent based extraction distillation unit, or the

crude hydrocarbon stream and the further benzene containing stream recycled in

step d) are mixed with each other to a combined feed stream, before being fed to

the solvent based extraction unit, in which the solvent based extraction is per-

formed.

Thus, in accordance with a particular preferred embodiment of the present inven-

tion, in step a) the crude hydrocarbon stream is mixed with the further benzene

containing stream recycled in step d) to obtain a feed stream, which is subjected to

the solvent based extraction. The crude hydrocarbon stream may be mixed with

the recycled further benzene containing stream by using a mixer, such as a static

mixer and/or a dynamic mixer, or merely by combining a line with the crude hydro-

carbon stream and a line with the recycled further benzene containing stream to

one line without any particular mixing device.
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Claims:

1. A process for preparing a purified benzene composition from a crude hy-

drocarbon stream containing at least 10% by volume of benzene comprising

the following steps:

a) subjecting the crude hydrocarbon stream and the further benzene con-

taining stream recycled in step d) to a solvent based extraction so as

to produce a benzene enriched aromatic stream and a benzene de-

pleted non-aromatic stream,

b) subjecting the benzene enriched aromatic stream obtained in step a)

to a hydrodesulfurization so as to obtain a desulfurized aromatic

stream,

c) subjecting the desulfurized aromatic stream obtained in step b) to a

distillation so as to produce a purified benzene stream and a further

benzene containing stream, wherein the further benzene containing

stream comprises benzene and at least one of cyclohexane, methyl-

cyclopentane, 2,3 dimethyl pentane and 2,4 dimethyl pentane and has

a benzene concentration of between less than 100% by weight and

the azeotropic benzene concentration in the azeotrope formed of

these compounds as dictated by the vapor-liquid equilibrium of the

compounds contained in the further benzene containing stream, and

d) at least partially recycling the further benzene containing stream ob-

tained in step c) to step a).

2. The process in accordance with claim 1, wherein the crude hydrocarbon

stream contains, based on 100% by weight, at least 20% by volume, pref-

erably at least 30% by volume and more preferably at least 50% by volume

of benzene.

30
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3. The process in accordance with claim 1 or 2, wherein the crude hydrocar-

bon stream contains, based on 100% by weight, i) 20 to 60% by volume

and preferably 30 to 50% by volume of paraffins, ii) 10 to 50% by volume

and preferably 20 to 30% by volume of olefins and ii) 5 to 40% by volume

and preferably 10 to 25% by volume of naphthenes.

4. The process in accordance with any of the preceding claims, wherein the

crude hydrocarbon stream is a Ce-cut or а C6-Cs-cut from fluid catalytic

cracked naphtha or a C6-cut or a C6-C8-cut from a coke oven light oil.

5. The process in accordance with any of the preceding claims, wherein in

step a) the crude hydrocarbon stream is mixed with the further benzene

containing stream recycled in step d) to obtain a feed stream, which is sub-

jected to the solvent based extraction.

6. The process in accordance with any of claims 1 to 4, wherein the crude hy-

drocarbon stream and the further benzene containing stream recycled in

step d) are separately from each other fed to the solvent based extraction.

7. The process in accordance with any of the preceding claims, wherein the

crude hydrocarbon stream and the further benzene containing stream recy-

cled in step d) are subjected in step a) to an extractive distillation.

8. The process in accordance with any of the preceding claims, wherein the

solvent used in step a) is selected from the group consisting of sulfolane,

3-methylsulfolane, 2,4-dimethylsulfolane, 3-ethylsulfolane, N-methyl pyrroli-
done, 2-pyrrolidone, N-ethyl pyrrolidone, N-propyl pyrrolidone, N-formyl

morpholine, dimethylsulfone, diethylsulfone, methylethylsulfone, dipropyl-
sulfone, dibutylsulfone, tetraethylene glycol, triethylene glycol, dimethylene

31
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glycol, ethylene glycol, ethylene carbonate, propylene carbonate and arbi-

trary combinations of two or more thereof.

The process in accordance with any of the preceding claims, wherein the

desulfurized aromatic stream is subjected in step c) to one or more distilla-

tion steps, wherein at least one distillation step is performed with a top di-

vided wall column (17), wherein preferably in step c) one distillation step is

performed and the wall of the top divided wall column (17) extends from the

upper end of the top divided wall column (17) perpendicular downwards

over 20 to 70% and preferably over 20 to 50% of the height of the top divid-

ed wall column (17).

10. The process in accordance with any of the preceding claims, wherein the

desulfurized aromatic stream is subjected in step c) to two distillation steps,

wherein the desulfurized aromatic stream is subjected to a first distillation

step in a first distillation column (40) so as to obtain at the overhead of the

first distillation column (40) an off-gas stream containing C₁-С7-

hydrocarbons, hydrogen and hydrogen sulfide and at the bottom of the first

distillation column (40) a liquid stream with the remaining compounds,

wherein the liquid stream is subjected to a second distillation step in a sec-

ond distillation column (42) so as to obtain as side stream of the second dis-

tillation column (42) the purified benzene stream, at the overhead of the

second distillation column (42) the further benzene containing stream and at

the bottom of the second distillation column (42) a C7+-stream.

11. The process in accordance with any of claims 1 to 9, wherein the desulfu-

rized aromatic stream is subjected in step c) to two distillation steps, where-

in the desulfurized aromatic stream is subjected to a first distillation step in

a first column (40) so as to obtain at the overhead of the first distillation col-

umn (40) an off-gas stream containing C1-C7-hydrocarbons, hydrogen and

32
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hydrogen sulfide and at the bottom of the first distillation column (40) a liq-

uid stream with the remaining compounds, wherein the liquid stream is sub-

jected to a second distillation step in a second middle divided wall column

(42) so as to obtain as first side stream the purified benzene stream, as

second side stream a toluene rich stream, at the overhead of the second

distillation column (42) the further benzene containing stream and at the

bottom of the second (42) distillation column a stream enriched in xylenes.
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