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Wth that nethod, required hydrogen gas is dissolved in the oil before the
feedstock and circulating oil enter into the reactor; therefore, a
circul ati ng hydrogen system can be cancel ed. However, the inpurity renoval
rate often doesn't nmeet the criterion when that nmethod is used to treat
secondarily processed internediate distillate oil. In all the existing

t wo- phase hydrogenati on techni ques, a part of the reaction product is
cycled as circulating oil. The major shortconi ngs of those techniques

i nclude: a high-tenperature and high-pressure circulating oil systemis
required, the equi pnent investnent and operation cost are high, and the



Surrmary of the Invention To overcone the shortconmings in the prior art, the
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present invention, the high-sulfur digtillate oil feedstocks usually cone

from secondarily processed distillate oil, such as at |east one sel ected
fromthe group consisting of coked distillate oil, catalytic cracked
distillate oil, and coal liquefied distillate oil; the | ow sulfur

distillate oil feedstocks usually conprise straight-run distillate oil
obtained fromcrude oil distillation, and may contain some secondarily
processed distillate oil. The high-sulfur distillate oil feedstocks and
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The two-phase hydrogenation reactor described in step b) can enploy a

% op-charge and bottomdi scharge operation node or a bottom charge and

t op-.di scharge operation node. The operating conditions of the two-phase
hydr ogenati on reactor described in step b) can include: reaction
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exchange, MERPTEIFHI DG ul fur distillate oil feedstocks after heat exchange
reaches to the tenperature required by the gas-phase circulating

hydr ogenati on techni que. More preferably, the two-phase hydrogenation unit
is not equipped with a heating furnace, the lowsulfur distillate oil-

f eedst ockSumnfiivast thedhvex@éwnge with the hydrogenated distillate oil
product first, and then i1s directly m xed with the |iquid phase nmateri al
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‘the pressure increases. In the present |nvent|on preferably the pressure
in the circulating hydrogen systemthgt utilizes the gas-phase circulating
hydr ogenati on techni que is higher than the reaction pressure in the

t wo- phase hydrogenati on apparatus; therefore, in relation to the reaction
pressure in the two-phase hydrogenati on apparatus, hydrogen gas in the

|l i quid phase material in the high-pressure separator is in over-saturated
state; thus, nore reacting hydrogen gas can be provided for the two-phase
hydr ogenation reaction, and the inpurities renoval rate of the feedstocks
can be inproved. 7 Preferably, the pressure of the reaction with the

gas- phase circul ati ng hydrogenation technique is higher than the reaction
pressure |n the tmo phase hydrogenatlon reactor by 1- 4NPa Accordlng to the
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for the feedstocks to be processed by two-phase hydrogenation is to

di ssol ve hydrogen in the feedstocks of the two-phase hydrogenation reactor.
The hydrogen dissolving device 3 can be arranged separately, as shown in
Figure 1; or, it can be arranged between the hi gh-pressure separator 2 and
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hydr ogenat i @astrbebmeigadatimg hydrogamatishiisehiigue sgemsr ithan tgg;que. The

nmet hod provided in the present invention can be used to process different
feedst ockls) dedingj tig: tiquidhphasdvamateam obedined dyc sepaeationo nalthg hsglppressure
circulating hydrogenation technigue and the two-phase hydrogenation

t echni que r &€pEBEQrvid| §tep )| Yk the lexsytar siydlaie @il fepdstorke vath dissplysd
conventi onal, gas-phase circul ating h nat | .appar a .
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di ssolving device is reducéd, and t'the two apparatuses can share one

di still ati onwlsarsinerthe twrepkdsertsdro-peocegsing mensn't useestcmtmingasil oper ati on cost
are reduced. 2. The dissolved hydrogen in the |iquid phase material

separ at edThé riBeHALE MyBfF R Eh SARFRS o1 B sétids! dbZ efpdrifukys thik tivfpldhent

t wo- phase hydrogenati on reaction, the hydrogen gas dissolved in the liquid
phase mat BYd-ghases hpdweprocedsing. dephaabyl; twhrphesco hydragdesataom umits ofn {hees ag
hydrogen jn the reactiop praduct fromthe | r pressure separator is
greatly r’é’&l}EQdPy‘frﬁée%ygﬁ‘S&é‘@Hg RPN GROTACK S WONRFAE ¥lFBeFRRton
process i o ! t = Nt device | I , and
t he opera%?%ﬁgg6§$m¥§n§€§3§gﬁe&§ig$%28§%¥%§?2%§% Eﬁ@%¥8@§ﬁh%sg§§ﬂ§gﬁ rop in
t he gas- pthsgrcalatingl Al yReerhYdeagerdtihohe pOpaSS hyddrbi@heiontunan the reaction
pressure of the two-phase hydrogenation process; therefore, the Iiquid
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over - sat ur at ed fate, and nore reacting hydrogen gas can 'be provided Tor

t wo- phas ejnhthd mogerialt prodessédudth gdsepliagpuirctiiadag hgdmwphatied echhiqubeas feadst ock
can be inproved. 4. Since a |l arge amount of hydro?en gas exists in the

hi gh- pr estaned0s@imrpieisrablygs lowigiohen Vre(g. fmere prefaraly|is doiver Brasoread be

carried a . Lherefor t i,npact on the catal yst used in the two-phase
hydrogena$§%maﬁ%5%ﬁﬁﬁr%yﬂﬂﬂgﬁgﬁsed. In contrast, with a two-phase '
hydr ogenati on techni que that enploys a liquid phase circulating system it
is difficult to renove the hydrogen sulfide in the circulating oi
effectively; as a result, the inpact on deep hydrodesul furization is
apparent. Even though a hydrogen sul fide renovi ng device can be arranged
for the circulating oil, the equipnent investnment and operation cost wl|
be very high, because there is no cost-effective technique. 5. In a
preferred enbodi nent of the present invention, only one heating device is
arranged for the two hydrogenation reactors; therefore, the equi pnent
investnment is |low, the heating device heats up the high-tenperature
material and is helpful for inproving the energy utilization efficiency at
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Figure 1 shows a flow diagramof the distillate oil conbined hydrogenation
fret hod and a schematic diagramof the distillate oil conbi ned hydrogenation
apparatus in the present invention. Figure 2 shows a flow di agram of

anot her distillate oil conbined hydrogenati on nmethod and a schematic
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present invention.  Brief Description of the Synbols 1w the Drawm ngs 1
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, prefc y 1.0~2.5h"". Wherein, the hydrogen gas in the gas phase material
separated in the high-pressure separator is returned to the gas phase hydrogenation
reactor and reused. The gas-phase circulating hydrogenation technique can employ

any reactor in an appropriate form, such as trickle bed reactor, ebullated bed reactor,
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To further explain the technical schene and beneficial effects of the
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enters into the high-pressure separator. For example, the heat exchange can be: at
least a part of the material processed with gas-phase circulating hydrogenation
technique undergo heat exchange with the high-sulfur distillate oil feedstocks. More
preferably, the material processed with gas-phase circulating hydrogenation technique

is heated up before heat exchange, and the high-sulfur distillate oil feedstocks after
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Conparative Exanple 3 Distillate oil conbined hydrogenation is carried out
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circul ati L | ] it J t c by
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of hydrogenation process and the properties of the hydrogenated distillate
oi | produnt 5€-ar® S hmare prefaiablye] 080f@bireordePtoprsure ¢lse by driogeniationcffect
- Feedstock Properties Feedstock to be treated by gas-phase circul ating
hydr ogendtfi ba tFecklase dw dregaseation gupesss pyhitagvqidigecniygly opstratdssleddipmt y
(200 / g-e%(%%g’sively high temperature attained with the heating device. Those skilled in the art
can choose an appropriate temperature rise value for the material processed with
gas-phase circulating hydrogenation technique as required; preferably, the material
processed with gas-phase circulating hydrogenation technique is heated up by

5~120°C, more preferably 15~80°C.

Since the circulating hydrogen system is canceled in the two-phase hydrogenation
process and the feedstocks with dissolved hydrogen contact with the hydrogenation
catalyst and undergo hydrogenation reaction, the dissolved amount of hydrogen gas
in the feedstocks has direct influences on the depth of the hydrogenation reaction.
The solubility of hydrogen gas in hydrocarbons will increase as the pressure increases.
In the present invention, preferably the pressure in the circulating hydrogen system
that utilizes the gas-phase circulating hydrogenation technique is higher than the
reaction pressure in the two-phase hydrogenation apparatus; therefore, in relation to
the reaction pressure in the two-phase hydrogenation apparatus, hydrogen gas in the
liquid phase material in the high-pressure separator is in over-saturated state; thus,
more reacting hydrogen gas can be provided for the two-phase hydrogenation

reaction, and the impurities removal rate of the feedstocks can be improved.
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0.8554 0.8378 Distillation range / C 170 -372 159-346 S content / jig-g-1
97465728 N content / pg.g-1 366 129 Table 2 Physical and Cheni cal
Properties of Catalyst RCM 1./ il 1 d Active conponents of catal yst M,
Ni, W

Preferably, the pressure of the reaction with the gas-phase circulating hydrogenation

technique 1s higher than the reaction pressure in the two-phase hydrogenation reactor

by 1~4MPa.

According to the present invention, in step b), the liquid phase material separated in
the high-pressure separator can selectively undergo a hydrogen dissolving procedure
before the two-phase hydro-processing. As described above, the material processed
by gas phase hydrogenation is essentially in hydrogen saturated state, and can be
directly loaded into the two-phase hydrogenation reactor without hydrogen dissolving
treatment, as shown in Figure 1. Alternatively, hydrogen dissolving treatment can be
made for the liquid phase material separated in the high-pressure reactor; more
preferably, this hydrogen dissolving procedure is executed with the hydrogen
dissolving procedure for the low-sulfur distillate oil feedstocks in the same apparatus,

as shown in Figure 2.

The present invention provides a distillate oil combined hydrogenation apparatus. As
shown in Figure 1, the apparatus comprises a gas-phase circulating hydrogenation
reactor 1, a high-pressure separator 2, and a two-phase hydrogenation unit that are
connected sequentially, wherein, the two-phase hydrogenation unit comprises a
hydrogen dissolving device 3 for the feedstocks to be processed by two-phase
hydrogenation and a two-phase hydrogenation reactor 4, the hydrogen dissolving
device 3 for the feedstocks to be processed by two-phase hydrogenation has a
separate feed inlet, the gas-phase circulating hydrogenation reactor 1 and the
two-phase hydrogenation reactor 4 communicate with a separate fresh feedstock
feeding device respectively, the liquid phase outlet pipeline of the high-pressure
separator 2 communicates with the two-phase hydrogenation unit, and a circulating
oil system is canceled in the two-phase hydrogenation unit. To attain the purpose of
gas-phase circulating hydrogenation, a return pipeline to the gas-phase circulating
hydrogenation reactor | is arranged on the top end of the high-pressure separator, for
circulating the hydrogen gas. Wherein, the gas-phase circulating hydrogenation

reactor 1 communicates with a high-sulfur distillate oil feedstocks feeding device,
8



Content of active conponents (cal cul ated by oxide), wt% 29 Carrier A um num
oxi dé Shape Trefoil D ameter, nm3.1 Pore volunme! nl.g-1 0.41 Specific
surface area / n2-g-1 235 Table 3 Conditions of Hydrogenatlon Process
Process Condi ti on Exanpl e 1 Conparative

and the two-phase hydrogenation reactor 4 communicates with a low-sulfur distillate
oil feedstocks feeding device. In the present invention, the "commumication" (or

"communicate") refers to direction communication or indirect communication.,

Preferably, as shown in Figure 2, a first heat exchanger 11 is arranged between the
gas-phase circulating hydrogenation reactor 1 and the high-pressure separator 2, to
accomplish heat exchange between the feedstocks and effluents of the gas-phase

circulating hydrogenation reactor 1.

Preferably, as shown in Figure 2, the gas-phase circulating hydrogenation reactor 1
further communicates with the high-pressure separator 2 directly through another
pipeline. Thus, the material from the gas-phase circulating hydrogenation reactor 1
can flow into the heat exchanger 11 partially. In that way, the amount of materials
subject to heat exchange can be adjusted, so that the degree of heat exchange with the
feedstocks of the gas-phase circulating hydrogenation reactor 1 can be controlled

flexibly.

Preferably, as shown in Figure 2, a heating device 10 is arranged between the
gas-phase circulating hydrogenation reactor 1 and the first heat exchanger 11. With
the heating device 10, the temperature of the effluents of the gas-phase circulating
hydrogenation reactor 1 can be increased; thus, on one hand, the temperature of the
feedstocks of the gas-phase circulating hydrogenation reactor 1 can meet the
requirement of the gas-phase circulating hydrogenation process via the subsequent
heat exchange process; on the other hand, after the effluents are mixed subsequently
with the feedstocks to be processed by two-phase hydrogenation, the temperature of
the mixture can meet the requirement of the two-phase hydrogenation process. In that
way, the heat requirement of two-step hydro-processing can be met with only one

heating device; therefore, the equipment cost is reduced.

According to the present invention, the purpose of the hydrogen dissolving device 3
for the feedstocks to be processed by two-phase hydrogenation is to dissolve

hydrogen in the feedstocks of the two-phase hydrogenation reactor. The hydrogen.
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Example 1 Cdrrparative Exanpl e 2 Conparative Exanple 3 Gas phase Two- phase
Two- phase Gas phase Two- phase Gas phase Two-

dissolving device 3 can be arranged separately, as shown in Figure 1; or, it can be
arranged between the high-pressure separator 2 and the two;phase hydrogenation
reactor 4, as shown in Figure 2. As described above, if hydrogen dissolving treatment
is unnecessary for the liquid phase material separated in the high-pressure separator 2,
the hydrogen dissolving device 3 for the feedstocks to be processed by two-phase
hydrogenation is preferably arranged separately; if hydrogen dissolving treatment is
required for the liqui'd phase material separated in the high-pressure separator 2, the
hydrogen dissolving device 3 for the feedstocks to be processed by two-phase
hydrogenation is preferably arranged between the high-pressure separator 2 and the

two-phase hydrogenation reactor 4.

Preferably, as shown in Figure 2, the two-phase hydrogenation unit further comprises
a second heat exchanger 12 designed to accomplish heat exchange between the
feedstocks and the effluents of the two-phase hydrogenation unit, so as to further

reduce energy consumption.

An advantage of the present invention is: a circulating oil procedure is canceled in the
two-phase hydrogenation process, because the low-sulfur liquid phase material
processed by gas-phase circulating hydrogenation can substitute circulating oil and is
used in the follow-up two-phase hydrogenation step to attain the purpose of
increasing the carrying amount of hydrogen; in addition, the method provided in the
present invention overcomes the shortcoming of sulfur impurity accumulation related
with the use of circulating oil, and improves the efficiency of the entire process and

apparatus.

Moreover, the combined hydrogenation method and equipment provided in the

present invention have the following advantages:

1. The present invention combines seamlessly the conventional gas circulating
hydrogenation technique with a two-phase hydrogenation technique. The method
provided in the present invention can be used to process different feedstocks

according to the advantages of the conventional gas-phase circulating
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phase Reaction pressure! MPa 6.5 40 4.0 6.5 4.0 6.5 4.0
Reactiontenperature / C 360 360 360 360 360 360 360

hydrogenation technique and the two-phase hydrogenation technique respectively.
A lower-pressure separator is canceled in the conventional gas-phase circulating
hydrogenation apparatus, a high—femperature and high-pressure hot oil circulation
system is canceled in the two-phase hydrogenation apparatus, the size of the
hydrogen dissolving device is reduced, and the two apparatuses can share one
distillation system; therefore, the equipment investment and operation cost are

reduced.

2. The dissolved hydrogen in the liquid phase material separated in the
high-pressure separator is utilized fully. After the two-phase hydrogenation
reaction, the hydrogen gas dissolved in the liquid phase material is essentially
depleted; therefore, the amount of waste hydrogen in the reaction product from
the lower pressure separator is greatly reduced, the hydrogen gas consumption in
the entire combined pfocess is reduced, the size of the post-treatment device is

decreased, and the operation cost is reduced.

3. The circulating hydrogen pressure drop in the gas-phase circulating
hydrogenation process is higher than the reaction pressure of the two-phase
hydrogenation process; therefore, the liquid phase material separated in the
high-pressure separator is in hydrogen over—saturatéd state, and more reacting
hydrogen gas can be provided for two-phase hydrogenation; thus, the impurities

removal rate of the feedstock can be improved.

4. Since a large amount of hydrogen gas exists in the high-pressure separator, most
hydrogen sulfide in the liquid phase can be carried away; therefore, the impact on
the catalyst used in the two-phase hydrogenation reactor is decreased. In contrast,
with a two-phase hydrogenation technique that employs a liquid phase circulating
system, it is difficult to remove the hydrogen sulfide in the circulating oil
effectively; as a result, the impact on deep hydrodesulfurization is apparent. Even
though a hydrogen sulfide removing device can be arranged for the circulating oil,

the equipment investmént and operation cost will be very high, because there is
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Feed ratio of feedstock to be treated by two-phase hydrogenation - 2:1*

D:1**

2:1** Vol uneratioof hydrogen/oil 550:1 - - 550:1 - 550:1 -

no cost-effective technique.

In a preferred embodiment of the present invention, only one heating device is
arranged for the two hydrogenation reactors; therefore, the equipfnent investment
is low; the heating device heats up the high-temperature material and 1s helpful
for improving the energy utilization efficiency at high temperature; since the
operating temperature of the high-pressure separator is high, the hydrogen sulfide,
ammonia, and light hydrocarbons. can be removed from the reaction product of
gas-phase circulating hydrogenation as much as possible, so that they will not
affect the two-phase hydrogenation reaction process (high—sﬁlfur distillate oil
usually contain more impurities and more light distillates); the low-sulfur
distillate oil feedstocks are mixed directly with the high-temperature liquid phase
material and reaches to the temperature required for the reaction; the equipment 1s
the simplest and the heat utilization ratio is the highest when difcct mixing 1s

used.

By treating the feedstocks differently on the basis of sulfur content, shortcomings
in the processes that all feedstocks are treated by gas phase hydrogenation or
two-phase hydrogenation solely or treated by gas phase hydrogenation and
two-phase hydrogenation sequentially in the prior art are eliminated; therefore,
the processing method and apparatus provided in the present invention have

higher adaptability to different feedstocks.

Brief Description of the Drawings

Figure 1 shows a flow diagram of the distillate oil combined hydrogenation method
and a schematic diagram of the distillate oil combined hydrogenation apparatus in the

present invention.

Figure 2 shows a flow diagram of another distillate oil combined hydrogenation
method and a schematic diagram of the distillate oil combined hydrogenation

apparatus in the present invention.
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Li qui dhour | yspace velocity / hi [note] 1.5 1.5 1.5 1.5 1.5 1.5 1.
Properties of generated oil: S content,.ug/g 13.9 8.8 457.5 437.2 118.4
437. 2

Brief Description of the Symbols in the Drawings

1  Gas-phase circulating hydrogenation reactor
2 High-pressure separator

3 Hydrogen dissolving device for the feedstocks to be processed by two-phase

hydrogenation
4 Two-phase hydrogenation reactor
10 Heating device
11 First heat exchanger

12 Second heat exchanger

Detailed Description of the Embodiments

To further explain the technical features of the present invention, hereinafter, the

present invention will be detailed with reference to the accompanying drawings.

As shown in Figure 1, the process of a distillate oil combined hydrogenation method

in the present invention is;

A high-sulfur distillate oil feedstock 6 is mixed with make-up hydrogen gas 5 and
circulating hydrogen, and the mixture enters into a gas phase circulating
hydrogenation reactor 1; the material processed by hydrogenation is cooled and then
enters into a high-pressure separator 2 and is separated into gas phase material and
liquid phase material; the hydrogen gas in the gas phase material is cycled back to the
inlet of the gas-phase circulating hydrogenation reactor 1. A low-sulfur distillate oil
feedstock 7 undergoes hydrogen dissolving treatment in a hydrogen dissolving device
3 for the feedstock to be processed by two-phase hydrogenation, and is mixed with
the liquid phase material from the high-pressure separator 2; the mixture is charged
into a two-phase hydrogenation reactor 4 from the bottom of the reactor and contacts

with a catalyst to undergo two-phase hydrogenation reaction; the hydrogenated
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39.1 N content, ng/g 2.3 3 6 35.7 22.4 12.6 22.4 11.2 Distillation range, C
¥67-365 151- 366 150- 342 154-370 152-368 153-370 150- 368

distillate oil product 8 is discharged from the ’top of the reactor.

As shown in Figure 2, in a preferred embodiment of the present invention, a
high-sulfur distillate oil feedstock 6 is mixed with make-up hydrogen gas 5 and
circulating hydrogen, and the mixture exchanges heat with the effluent of a gas-phase
circulating hydrogenation reactor 1 in a heat exchanger 11, and then enters into a gas
phase circulating hydrogenation reactor 1 and is hydrogenated; the treated material is
heated up by a heating device 10, and then flows through the heat exchanger 11
partially or entirely, enters in.to a high-pressure separator 2 and is separated into
liquid phase material and gas phase material; the hydrogen gas in the gas phase
material i1s mixed with make-up hydrogen gas 5 and feedstock 6 and then cycled back
to the inlet of the gas-phase circulating hydrogenation reactor 1. A low-sulfur
distillate oil feedstock 7 exchanges heat with the hydrogenated distillate oil product 8§,
and then enters into a hydrogen dissolving device 3 for the feedstock to be processed
by two-phase hydrogenation and undergoes hydrogen dissolving treatment and is
mixed with the liquid phase material from the high-pressure separator 2 in the
hydrogen dissolving device 3; then, the mixture is charged into a two-phase
hydrogenation reactor 4 from the bottom of the reactor and contacts with a catalyst to
undergo two-phase hydrogenation reaction; the hydrogenated distillate oil product 8

is discharged from the top of the reactor.

To further explain the technical scheme and beneficial effects of the present invention,

hereunder some examples will be described:

Example 1

This example is a specific implementation scheme of the distillate oil combined

hydrogenation method and apparatus. The process flow diagram is shown in Figure 1.

A high-sulfur distillate oil feedstock 6 is mixed with make-up hydrogen gas 5 and
circulating hydrogen, and the mixture enters into a gas phase circulating

hydrogenation reactor 1; the material processed by hydrogenation is cooled and then
14
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conditions wt e same anount "of catalyst. Tab 4 Conditions of _
L e D O S
6.5 4.0 4rafio%fhigh-sulfur distillate oil feedstock 6 / low-sulfur distillate oil feedstock 7 is
2:1. The same catalyst is used in the gas-phase circulating hydrogenation reactor 1
and the two-phase hydrogenation reactor 4. The properties of the catalyst are shown
in Table 2 (the catalyst is vulcanized before it is used); the volume ratio of catalyst
used in the gas-phase circulating hydrogenation reactor 1 / catalyst used in the
two-phase hydrogenation reactor 4 is 2:1. The reaction conditions in the gas-phase

circulating hydrogenation reactor 1 and two-phase hydrogenation reactor 4 and the

properties of hydrogenated distillate oil product 8 are shown in Table 3.

Comparative Example 1

The low-sulfur distillate oil feedstock 7 is treated by two-phase hydrogeﬁation. The
feedstock properties, two-phase hydrogenation conditions, and reactor are the same
as those used in the two-phase hydrogenation process in example 1, with the
following difference: a circulating oil system is added, and the reaction product is

cycled and reused.

‘The properties of the hydrogenated distillate oil product 8 are shown in Table 3.
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Reactiontenperature / C 360 360 360 360 Feed ratio of feedstock to be
treated by two-phase hydrogenation - 2:1** - 2:1* Vol unerati oof
hydrog. enloil 550:1 - 550:1 -

Comparative Example 2

Distillate o1l combined hydrogenation is carried out in the apparatus used in example
1, with the following difference: the high-sulfur distillate oil feedstock 6 and
low-sulfur distillate oil feedstock 7 are mixed at 2:1 volume mixing ratio, the total
amount of the mixed feedstock is the same as the amount of the feedstock in example
1, the mixed feedstock is processed by gas-phase circulating hydrogenation first, and
then the liquid phase product obtained from the gas-phase circulating hydrogenation

process is processed by two-phase hydrogenation.

The conditions of hydrogenation process and the properties of the hydrogenated

distillate oil product 8 are shown in Table 3.

Comparative Example 3

Distillate oil combined hydrogenation is carried out in the apparatus and under the
processing conditions used in the comparative example 2, with the following
difference: a circulating oil system is added, and the reaction product is cycled and

~ reused.

The conditions of hydrogenation process and the properties of the hydrogenated

distillate oil product 8 are shown in Table 3.

Comparative Example 4

Distillate oil combined hydrogenation is carried out in the apparatus and under the
processing conditions used in the comparative example 3, with the following
difference: a hydrogen sulfide removing device is added in the circulating oil system,

to reduce the hydrogen sulfide concentration in the circulating oil to approx. 100ug/g.

The conditions of hydrogenation process and the properties of the hydrogenated

distillate oil product 8 are shown in Table 4.
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Li qui dhourlyspace velocity / If' [note] 1.5 1.
generated oil: S content, ng/g 437.2 8.6 483.
3.5 20.7.14.3

Properties of
content, p.g/g 22.4

o=
Z o

Comparative Example 5

Distillate oil combined hydrogenation is carried out in the apparatus and under the
processing conditions used in example 1, with the following difference: the reaction
severity is decreased, so that the sulfur content in the reaction product of gas-phase
circulating hydrogenation is approx. 500ug/g; then, the liquid phase material obtained
from the reaction product of gas-phase circulating hydrogenation is mixed with the
feedstock to be processed by two-phase hydrogenation, and then the mixture is

processed by two-phase hydrogenation, through the process described in example 1.

The conditions of hydrogenation process and the properties of the hydrogenated

distillate oil product 8 are shown in Table 4.

Table 1 Properties of Feedstock

. Feedstock fo be treated by Feedstock to be treated by
Feedstock Properties gas-phase circulating ) .
hydrogenation two-phase hydrogenation
Density (20°C) /g-cm™ 0.8554 0.8378
Distillation range / C 170~372 159~346
S content / pg-g’" 9746 5728
N content / pg-g” 366 129

Table 2 Physical and Chemical Properties of Catalyst
l

Item Data
Active components of catalyst Mo. Ni. W
Content of active components (calculated by 29
oxide), wt%
Carrier Aluminum oxide
Shape : Trefoil
Diameter, mm 3.1
Pore volume / mL-g" 0.41
Specific surface area / m™-g! 235
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Distillation range, *C2 153-370 150-365 168-367 153-369 Exanples 2-4 The
process flow of the exanples 2-4 is illustrated in Figure 2. A high-sul fur
distillate oil feedstock 6 is m xed with make-up hydrogen gas 5 and

circul ating hydrogen, and the m xture exchanges heat with the effluent of a

gas- phase circulating hy 19959@6’111(!18 né §8H S,ﬁfocﬁ]mhpmgplstﬁ@g exchanger 11, and

then enters into a gas p ase Cclrcu at|ng ogenation reactor 1 and is
hydrogenated; the treated material i3 dgaiade Up RYmprda@at i Ng dewhes10, and
then flows through the heat ¥8ldngel Eduprnt i|al | gsameint er s| i ntesangple 3
hi gh- pr eSweseCasépar at or 7 and | Spseparated 1nio Lirqur d,pnas C{:TB er @l and

. o W (- 5€(0 4 %
O Make—up vdr ogen ga oo on waas | O S aarRIARe o O B o
i nl et of_t RercipaarcyipfasMPaci r €4l ari i hydr o§@nat il on®t edct 8 1] AN e 4 fur
di stil | at eRexctionf eedstaoek| 7 changes hea W th t Hyd epat, di |l ate
oi | product @ generat ed fr%ﬁxr eagt&?or, ang t hen %ﬁt eysg@gt D zig(ﬁydr;%%n
di ssol vi ngrgdeVviieer &cdsRtk t he feedstock to be prnocessed by 1wo-phase
hydr ogenat ioonbandeaades,goes hydrggen (di ssQlving treatnment and is mxed wth
t he |i qui dophbse materlaJI fromthe hilgh- pressure separator| 2 in the .
hydr ogen_dixi&stniNg devijce 3; then, tlhe mixture is chargediinto a two-phase
hydr ogenat vamme eaetior 4ffromthe bottom of the regactior and| contacts with a
cat al yst t dydengehénilgo tvvo-phase hydr ogenati on reac?l on; the hyddqogenat ed
distillaterlbk R&@PUGH.8 1S di scharged fromthe }op of t<he react or The
properti es vadcit hé [foeedstlockar e s'fown i n'Tabl ¢ 1.° The ddne| catal )St1'1 S used
in the g@%pm%e,e&;a;egg,ﬁ ati ing hydrogenatl on reactor 1 and the two-phase

hydr ogenattgmreactor e PTORgy t L'n tatyst gw T3 Tabl e
2. The reacgi‘ﬁlﬁ_‘c.‘t&ﬁil_l_i_an'tg h_{he 8rm<- nhe il & (%t iynlas'ﬁv 4r%32en$1_|_35—
reactor 1 alNdoteporgihase hydr3ogenaﬂt(i of] reéPc7t or |4 28nd t hpr apé?fl gs lof

hydr ogenai@fligd Sick| tat e Pidrspy 0diiciss 8 arse-3snownsi-syoTaih8ed bﬁegbbe 150-368

COﬂdI tl ons UI Tyul UHCIIGL UTl I'I CCOoOS PTULUDD WIIUI LI Il E}\all IU dlllJi < 3

Exanpl e 4

* Volume ratio of liquid phase material from the high-pressure separator in the gas-phase circulating
hydrogenation apparatus / fresh material fed to the two-phase hydrogenation apparatus, the same
below. ** Volume ratio of cycled amount of liquid phase material from the two-phase
hydrogenation reactor / fresh material fed to the two-phase hydrogenation apparatus, the same
below. "Gas phase"” represents the processing conditions of the gas-phase circulating. hydrogenation
apparatus, while "two-phase" represents the processing conditions of the two-phase circulating
hydrogenation apparatus, the same below. The oil generated through the gas-phase circulating
hydrogenation procedure refers to the liquid phase oil generated in the high pressure separator, the

same below.

[Note] In the examples 1-4 and comparative examples 1-5 shown in Tables 3, 4, and 5, the liquid
hourly space velocity in the gas-phase circulating hydrogenation reactor is calculated on the basis of
the feedstock of gas-phase circulating hydrogenation, and the liquid hourly space velocity in the
two-phase hydrogenation reactor is calculated on the basis of the feedstock of two-phase
hydrogenation. The examples 1 and comparative examples 1-4 show comparison among results
obtained with different technical schemes when the same amount of feedstock is processed under

the same operating conditions with the same amount of catalyst.
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Gas phase Two- phase Gas phase Two- phase Gas phase Two- phase Reaction

pressure / MPa 8.0 6.0 6.0 2.0 4.0

Table 4 Conditions of Hydrogenation Process

o Comparative Example 4 Comparative Example 5
Process Condition
Gas phase Two-phase Gas phase Two-phase

Reaction pressure / <

MPa 6.5 4.0 4.5 4.0

Reacti t ‘atu

/ ?éc fon - terperature 360 360 360 360

Feed ratio of feedstock

to be treated by i 2. [% i 9%

two-phase

hydrogenation

Volume ratio of ccn. .

hydrogen/oil 550:1 - 550:1 -

Liquid hourly space . < <

velocity / h”' [note] 1.5 1.5 L5 L5
Properties of generated oil:

S content, ug/g 437.2 8.6 483.5 202.5

N content, pg/g 224 3.5 20.7 14.3
Distillation range, C 153-370 150-365 168-367 153-369

Examples 2-4
The process flow of the examples 2-4 is illustrated in Figure 2.

A high-sulfur distillate oil feedstock 6 is mixed with make-up hydrogen gas 5 and
circulating hydrogen, and the mixture exchanges heat with the effluent of a gas-phase
circulating hydrogenation reactor 1 in a heat exchanger 11, and then enters into a gas
phase circulating hydrogenation reactor 1 and is hydrogenated; the treated maferial is
heated up by a heating device 10, and then flows through the heat exchanger 11
partially, enters into a high-pressure separator 2 and is separated into liquid phase
material and gas phase material; the hydrogen gas in the gas phase material is mixed
with make-up hydrogen gas 5 and feedstock 6 and then cycled back to the inlet of the
gas-phase circulating hydrogenation reactor 1. A low-sulfur distillate oil feedstock 7
exchanges heat with the hydrogenated distillate oil product § generated from reaction,

and then enters into a hydrogen dissolving device 3 for the feedstock to be processed
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3.0 Rea'ét i'onterrperature / C 260 260 320 320 380 380 Feed ratio of feedstock
tobet reat edby two-phase hydrogenation - 3:1 - 2:1 - 1.5:1

by two-phase hydrogenation and undergoes hydrogen dissolving treatment and is
mixed with the liquid phase material from the high-pressure separator 2 in the
hydrogen dissolving device 3; then, the mixture is charged into a two-phase
hydrogenation reactor 4 from the bottom of the reactor and contacts with a catalyst to
undergo two-phase hydrogenation reaction; the hydrogenated distillate oil product 8

is discharged from the top of the reactor.

The properties of the feedstock are shown in Table 1. The same catalyst is used in the
geis-phase circulating hydrogenation reactor 1 and the two-phase hydrogenation
reactor 4. The properties of the catalyst are shown in Table 2. The reaction conditions
in the gas-phase circulating hydrogénation reactor 1 and two-phase hydrogenation

reactor 4 and the properties of hydrogenated distillate oil product 8 are shown in

Table 5.
Table 5 Conditions of Hydrogenation Process
Example 2 Example 3 Example 4
Process Condition Gas Two- Gas Two- Gas Two-
phase phase phase phase - phase phase
Reaction pressure / MPa 8.0 6.0 6.0 - 2.0 4.0 3.0
f‘féc“on temperature | 260 260 320 320 380 380
Feed ratio of feedstock
to be treated by - 3:1 - 2:1 - 1.5:1
two-phase hydrogenation
Volume y ratio of 200 i 500 ) 300 i
hydrogen/oil
quuxfi ’h_(:urly space 1 1 5 ) 25 25
velocity / h
Hfatmg temperature 10 i 20 i 40 i
/' C
Properties of generated oil:
S content, pg/g 86.4 32.6 14.5 7.6 13.1 8.7
N content, pg/g 17 11 7 6 6 5
Distillation range, 'C 168-371 | 155-364 | 166-367 | 152-361 | 160-364 | 148-361

Wherein, the heating temperature refers to the temperature rise of the material after the material is

heated up by the heating device 10.
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Vol uner ati oof hydrogen/oil 800 - 500 - 300 - Liquidhourlyspace velocity /
h-11 12 2 2.5 2.5 Heatingtenperature / C '

It can be seen from the comparison of result between example 1 and comparative
examples 1-2: with the combined method provided in the present invention, the sulfur
content and nitrogen content in the generated oil product after hydrogenation can be

reduced greatly.

It can be seen from the comparison of result between example 1 and comparative
example 3: with the combined method proVided in the present invention, a circulating
oil system is canceled in the two-phase hydrogenation apparatus; therefore, the
overall equipment investment of the process and the energy consumption during

operation can be reduced.

It can be seen from the comparison of result between example 1 and comparative
example 4: to attain a reaction effect similar to the reaction effect obtained in the
present inVention, a circulating oil system and a hydrogen sulfide removing device
for circulating oil have to be used in the two-phase hydrogenation apparatus in the
prior art. In contrast, with the method provided in the present invention, the quantity

of devices is greatly decreased, and the operation cost is reduced significantly.

It is seen from the comparison of result between example 1 and comparative example
5: in the present invention, feedstocks that have different properties are treated
separately in the hydrogenation process, and the reaction depth in each hydrogenation
“procedure is controlled, to ensure a clean fuel product that meets the most stringent
standard is obtained; in addition, the equipment investment and operation cost are low,

and the overall technical effect of the present invention is outstanding.

It can be seen from the comparison of result between example 1 and examples 2-4:
with the process and apparatus shown in Figure 2, only one heating furnace is used to
supply heat required for reaction in the two apparatuses; therefore, that is helpful for

reducing the energy consumption and equipment investment of heating furnace.
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10 - 80 - 40 - Properties of generated oil S content, uglg 86.4 32.6 14.5
7.6 13.1 8.7 N content, ug/g 17 11

Claims
1. A distillate oil combined hydrogenation method, comprising the following steps:

a) Dividing the distillate oil feedstocks by sulfur content into high-sulfur
distillate oil feedstocks and low-sulfur distillate o1l feedstocks, processing
the high-sulfur distillate oil feedstocks with gas-phase circulating
hydrogenation technique, driving the material processed with gas-phase
circulating hydrogenation technique into a high-pressure separator and
separating the material to obtain gas phase material and liquid phase material,
wherein, the sulfur content according to which the distillate oil feedstocks
are divided into high-sulfur distillate oil feedstocks and low-sulfur distillate
oil feedstocks is at any value within 1,000~12,000pg/g, and the sulfur
content in the material processed with gas-phase circulating hydrogenation

technique is lower than 100ug/g;

b) Feeding the liquid phase material obtained by separation in the high-pressure
separator in step a) and the low-sulfur distillate oil feedstocks with dissolved
hydrogen into a two-phase hydrogenation reactor in a two-phase
hydrogenation unit for two-phase hydrotreating to obtain a hydrogenated
distillate oil product, wherein, the two-phase hydro-processing doesn't use

circulating oil.

2. The method according to claim 1, wherein, the sulfur content in the material
processed with gas-phase circulating hydrogenation technique is lower than
60pg/g,. preferably is lower than 50ug/g, more preferably is lower than 15ng/g,

optimally is lower than 10ug/g.

3. The method according to claim 1, wherein, the material processed with gas-phase
circulating hydrogenation technique undergoes a heat exchange procedure before

it enters into the high-pressure separator.

4. The method according to claim 3, wherein, the heat exchange method comprises:

controlling at least a part of the material processed with gas-phase circulating
22



766 5 Dstillation range, r 168-371 155-364 166-367 152-361 160- 364
148-361 Wherein, the heating tenperature refers to the tenpetature rise of
the material after the material is heated up by the heating device 10. It
can be seen fromthe conparison of result between exanple 1 and conparative
exanpl es 1-2. W . &:cpm)ci _ i K : 84S i Lon,
the sul fur (%:lgr(%% Eﬁagﬁlgtnitr dgégtg d@g@?@e{t%‘k{cﬁ%@ggéeﬁgpgﬁgy%?Fmﬂtg#ﬂo Eg{mgfter
hydr ogenat i @il fzadstbeks: educed greatly. It can be seen fromthe conparison of
result between exanple 1 and conparative exanple 3: with the conbined

net hod pr?“ﬂﬁ@nét’hoﬁ%c@ﬁdﬁ%ﬂi claf AN WHRHsin 2the irhaktial fn‘&%@%ﬁ “ﬁﬁﬁ%ﬁﬂbﬁa%e
cancel ed in the tw-phase hydrogenati on apparatus; therefore, the overall

equi prent i mvestatigt hyafrogdratiopnaeawsqands héxted mgr ggfoon heatngtchemga) anidnthe
operation can be reduced. |t can be seen fromthe caonparison of result
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cost is reduce _ is 'seén fromthe conparison result
bet ween ex a'ﬁhﬁ@rgﬁ jedadl eg Elivp@E abitly EheChiiobendted Histillhe ¢if paRikt fiRdted tien

f eedst ocks that have different properties are treated separately in the
hydr ogenat i @ic pdisesslys mixgd whdh rthactiqwd obpich matcaak Hhaty dloygeratti oh the
procedure is.controlled, to ensure,a cl ean fuel product that ets the nost
B F i ngent s CHEURIIoNE SHRAET B o1 R e Rurs " BRUOGHE TABSY TRneand
operation .CC}&g%ifésafm'rlﬁﬁ’%ﬁ&%t&rﬁ%f‘?l‘{ee{v%-bhés%cﬁwr@énaﬁ%‘?&&ct&f. the present

invention is

7. The method according to claim 6, wherein, the operating temperature of the
high-pressure separator is higher than the inlet temperature of the two-phase

hydrogenation reactor by 5°C~150°C, preferably 10°C~80°C.

8. The method according to any of previous claims, wherein, the sulfur content
according to which the distillate oil feedstocks are divided by sulfur content into
high-sulfur distillate oil feedstocks and low-sulfur distillate oil feedstocks is at

any value within 2,000~8,500ug/g.

9. The method according to any of previous claims, wherein, the high-sulfur
distillate oil feedstocks come from secondarily processed distillate oils, including
at least one selected from the group consisting of coked distillate oils, catalytic
cracked distillate oils, and coal liquefied distillate oils; the low-sulfur distillate oil

feedstocks comprise straight-run distillate oils obtained from crude oil distillation.

10. The method according to any of previous claims, wherein, the high-sulfur
distillate oil feedstocks and low-sulfur distillate oil feedstocks are at least one
selected from the group consisting of kerosene distillates, diesel distillates, and

VGO distillates.
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It can be seen fromthe conparison of result between exanple 1 and exanpl es
2-4: 'with the process and apparatus shown in Figure 2, only one heating
furnace is used to supply heat required for reaction in the two

appar atuses; therefore, that is hel pful for reducing the energy consunption
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11. The met hod according to any of previous clains, wherein, the
~distillation range of the high-sulfur distillate oil feedstocks and

| ow-sul fur distillate oil feedstocks are 130-450C, preferably 200-380C 12.
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to conveld. Thecapparpips ansprling dapdaimt 1, nvhersun, faifirstebieast exchanger. (18) is
distillate oil comhi ned hydrogenation. a ratus, conprising a s- phase

i rcul ati ng FAECHASRY P L1 Sdt Bhage: fircating iydregeihan Jeadph oF p8)Megng
t wo- phase h ) i i : j v, i t he
t wo- phase hg@g}gggér%gﬁeg%pg%@r Qgﬁrr%riﬁ"rscggibg]@ﬂ?&%ﬁg@%ﬁgggg%){@%éggﬁ]g%%g ) for
the feedstockd dffludits pf teegsashaby cirdwlatih@bedivgdnagenaiaton (ANd a two- phase
hydr ogenati on reactor (4), the hydrogen dissolving device (3) for the
feedst OCk@.t]%eb%ﬁgﬁﬁ‘E&?%@oRNng o RIARE 1y diaAResal ige Q@s’i Has"éel%ﬂ*cﬁia‘ﬁnfgeed
inlet, the gas-phase circul ating hydrogenati on reactor (15) and the

t wo- phase hygideggnationreacact Or fufther commmicake diettly avislepie &fgh-pressine
feedst ock feeding device respectively, the |iquid phase outl et pipeline of
t he hi gh-pr é§3%na@ré%bav'9@ghaqozblerdaﬁﬁ%rrﬁ-cat es with the two-phase
hydrogenation unit, and a circulating oil systemis canceled in the

t wo- phase2thylheogppaaatius acgaiding 18.claime 18ppad 8t wherunoa dicating deyice (0 7is
wherein, a first heat excranger (11). izéﬁarra_n ed between the gas-ghgse

ci rcul at i ng WPOEEY BRkIGeHHhe gasphase Cycuidmg helrpgenationdsacipk(ld@nd the dst( 2) |
to acconplish,h mﬁgé;@g e between the feedstocks and effluents of the
gas- phase circul'ati ng hydrogenation reactor (1). 19. The apparatus

accordin claim18, wherein, the s-phase .circyul ati dr ogenat j.Qn
eact or | C3) i dhaarates tkons Ratos i A5 B e hethegn AR Ol s RGN o
(2) through i i pe. arat | c { -0 Gl al or
1o wher e n. 05 thaaceRuBRk, B bet Brock e BN A A TR afith 35 hfArdd

ci rcul ati ng beysleqperdiighpressant sepatdidr )cndnbe ftivosghabe &l devgehaigereactol) .

21. The apparatus according to claim 20, wherein, the hydrogen dissol ving
device (3) f(8)- the feedstocks to be processed by two-phase hydrogenation is
arranged between the high-pressure separator (2) and the two-phase

hydr ogenall.orher apparatus( ddcording Thengpphpadwisuactamd] nghdreinariie afvoppleaseous

cl ai ms, wherein, the two-phase 25 25



hydrogenation unit further conprises a second heat exchanger (12), to
acconpl i sh heat exchange between the feedstocks and the effluents of the
t wo- phase hydrogenation unit.

hydrogenation unit further comprises a second heat exchanger (12), to accomplish
heat exchange between the feedstocks and the effluents of the two-phase

hydrogenation unit.
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