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Abstract

Objectives. This study aimed to create a method for purifying benzene fractions using a modified
natural clay-based adsorbent, which removes both unsaturated and sulfur compounds from
benzene or benzene fractions obtained by pyrolysis of petrochemical raw materials.

Methods. Chemical and chromatographic methods were used to conduct flow analyses before
and after purification. Testing was conducted under conditions that were similar to industrial
conditions. The functional characteristics of the adsorbents (moisture resistance and bulk
density) were evaluated by strength tests after wetting with water and by weighing batches of
the adsorbents fixed in volume.

Results. Three clay-based adsorbent samples were developed, and tested under laboratory
conditions. Thereafter, the CS-Sorb-6890 (M) sample—an Ni-modified adsorbent—was tested
under experimental industrial conditions. A positive effect was obtained, and a method for
purifying benzene fractions (benzene) from sulfur compounds and olefins is proposed.
Conclusions. The obtained results revealed that the modified active clay-based adsorbent
successfully removed sulfur and wunsaturated compounds from the benzene fraction
simultaneously. The total sulfur concentration was reduced to 0.00004 wt % after 90% of it was
removed. The conversion of the unsaturated compounds reached 100%.
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AHHOMAyust

Ienu. Cosdarue cnocoba ouucmru 6eH30a6HOU hpakyuu (6eH301a) C NOMOUBLH MOOUPUUUPO-
8aHH020 adcopbeHma HA OCHO8E NPUPOOHOTL 21UHBL, KOMOPbLU N0380AUM 00HO8PEMEHHO YOaNsIMb
HenpeodesibHble U cepHUCMmble COeOUHeHUsl U3 beH301a uiu 6eH30/IbHOU PpaKyuu, NOAYUeHHbLX
NUPONUZOM HEPMEeXUMUUECKO20 CbLPbSL.

Memooust. AHanusbl NOMoKog 00 U NOCAEe OUUCTKU 8bINOJHAAU XUMUUECKUMU U XPOMAMOZPa-
puueckumu memooamu. TecmuposaHue NPo8OOUNU 8 YCA08USX, NPUONUIEHHBLX K NPOMBLULLEH-
HbM. DYHKYUOHAIbHbLE XapaKmepucmuku adcopbeHmos (8.1a20cmotikocmb, HACLINHASL NJOM-
HOCMb) OUEeHUBANU C NOMOULBIO UCNBIMAHUIL HA NPOUHOCMb NOC/IE CMAUUBAHUSL 8000TL U MEMOOOM
838EUUBAHUSL PUKCUPOBAHHBLX NO 06bemy napmulli adcopbeHmos.

Pesynomamet. PaspabomaHsl. mpu obpasua adcopbeHma HA OCHO8e 2/lUHbL, NPO8EOEeHO UX me-
cmupoeaHue 8 1abopamopHbLX Ycriosusx, nocae uezo obpaszey CS-Sorb-6890 (M) — adcopberm ¢
HaHeceHHbM Ni — npouwlesl UCNBIMAHUSL 8 ONBUMHO-NPOMbLUIEHHbIX Ycnosusix. ITonyueH noso-
JKumenbHulll agppexm, npedsoxeH cnocob ouucmiku beH30abHol hparkyuu (6eH3zona) om cepHu-
cmulx coeOuHeHUl U 01epuHos.

Bubleoosl. /locmuzHymble pe3yibmambl c8UudemesbCmayom 0 mom, Umo Co30AHHbLUL MOOUPU-
UUPOBAHHDLUL adcopbeHm HA OCHO8e AKMUBHOU 2/UHbL YCnewHo yoansiem 00HO8PEMEHHO cep-
HUcmble U HenpedesbHble COeOUHEHUs U3 OeH30bHOU hparyuu. YoaneHue obuieli cepbl MaKcu-
MmaneHo cocmaesunio 90%, u ee KoHyeHmpayus muHumusuposaHa 0o 0.00004 mac. %. Kongepcusi
HenpedesbHblx coeduHeHull docmuzna 100%.

Knroueevle cnoea: 6eH3o/, beH30bHASL ppaKyus, adcopbyus, ouucmka om npumeceil, Moou-
puyuposaHHbsLli adcopbeHm HA 0OCHO8e 2/IUHbL

Jna yumuposanus: Mansiukun b.1O., Ceménos WN.I1., CazonoB JI.C., [Tyrenuxun N.0., Cemennxuna E.}O. Ouncrka 6eH-
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Purification of benzene fractions and benzene from unsaturated and sulfur compounds ...

INTRODUCTION

Benzene is one of the most sought-after
substances in the chemical industry, and it is widely
used in organic synthesis. Benzene can be obtained
via several methods, including pyrolysis of gasoline
fractions and separation of pyrocondensate, processing
of catalytic reforming products, and coking of coal.

Benzene is mainly produced from petrochemical
raw materials, and the volume produced is about
1.1-1.2 mln t/year. ExxonMobil Chemical (USA),
Dow Chemical (USA), and Shell Chemicals (USA)
are the leading chemical companies in the world.
Angarsk Polymer Plant, Gazprom Neftekhim Salavat,
and Nizhnekamskneftekhim are the three largest
benzene producers in Russia [1].

The benzene—toluene—xylene (BTX) fractions of
liquid pyrolysis products are mainly hydrogenated to
obtain benzene as the main commercial product [2].
The scheme for petrochemical benzene production
(Fig. 1) includes BTX fraction separation, sequential
two-stage hydrotreatment for the removal of
unsaturated and sulfur compounds, catalytic or thermal
hydrodealkylation, product separation in a system of
distillation columns, and contact purification of the
benzene fraction from unsaturated compounds and
resins [3].

The adsorber is the most interesting in terms of
the research task. Clay is loaded into this apparatus
to separate the benzene fraction from the residual
unsaturated and sulfur compounds.

According to GOST 58415-2019, the total sulfur
concentration in benzene should not exceed 0.00005 wt %.
Simultaneously, the concentration of unsaturated
compounds in petrochemical benzene is not directly
regulated; only the “sulfuric acid color” indicator
and, upon consumer request, the “bromine number”
indicator are normalized, both of which indicate the
unsaturated compound concentrations.!

Petrochemical raw materials contain mercaptans,
sulfides, thiophenes, and other sulfur-containing
compounds. In most cases, up to 10% of the total
amount of initial sulfur remains in the benzene
fraction. The most difficult substances to remove are
thiophene derivatives. They are concentrated in the
benzene fraction because their boiling point coincides
with that of gasoline.?

I GOST 58415-2019. National Standard of the Russian
Federation. Petrochemical Benzene. Specifications. Moscow:
Standartinform; 2019.

2Glotov A.P. Obesserivayushchie dobavki k katalizatoram
krekinga neftyanogo syr’ya (Desulfurizing additives to
catalysts for the cracking of petroleum feedstock): Cand. Sci.
Thesis. Moscow: M.V. Lomonosov Moscow State University;
2016. 23 p. (in Russ).

Although the benzene production scheme includes
a hydrotreating stage for sulfur removal, sulfur
compounds can still be found in benzene and benzene
fractions, which compromises the commercial product
quality. This is due to the fact that hydrogen sulfide
present in the benzene fraction after hydrotreatment
interacts with olefins and paraffins to form mercaptans
under hydrodealkylation reactor conditions:

RCH=CH_+H_S < RCH(SH)CH,

This nucleophilic addition reaction is reversible,
but the equilibrium is predominantly shifted to
the right because hydrogen sulfide has a high
reactivity [4]. A fine posttreatment of benzene is
required because of the newly formed mercaptans,
which cause deviations in the total sulfur content,
jeopardizing the stable sale of marketable products
by the enterprise.

Absorption (extraction) and adsorption methods
are used to capture poisons and impurities. The
absorption or extraction method is used when the
concentration of the absorbed substance in the initial
mixture is significant, such as in the case of purifying
benzene from thiophene [5]. Since there were minor
unsaturated and sulfur compound impurities in
the benzene fraction in our study, adsorption—the
process of absorbing a substance from a gas or liquid
using a solid adsorbent surface layer—was the most
appropriate method.

The standard adsorbent for purifying the benzene
fraction from unsaturated compounds is active clay,
which undergoes alkylation and oligomerization
reactions, resulting in unsaturated compounds being
converted to alkyl-substituted aromatic compounds or
heavy resinous compounds, which are then adsorbed
by clay or separated in a benzene separation column.

Attempts have been made to modify clay-based
adsorbents in order to purify the benzene fraction. For
example, carbon disulfide can be removed from CaA
zeolites, while thiophene can be removed from Ni-
and Cu-substituted CaX and CaA zeolites according
to the following reaction:

Zeolite—Ca + NiSO, — Zeolite-Ni + CaSO,|.

When the adsorbent is treated with nickel salt, the
effectiveness of thiophene purification increases from 4%
to 21.3%, while sulfuric acid modification does not have
a positive effect [6]. However, there is no evidence that
these adsorbents extract both unsaturated compounds
and sulfur compounds simultaneously.
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Fig. 1. Schematic of the petrochemical benzene production plant.

(1) Hydrogenation reactor, (2) hydrodealkylation reactor, (3) tubular furnace, (4 and 5) heat exchangers, (6) refrigerator,
(7) gas separator, (8) stabilizer, (9) adsorber, (10) benzene recovery column, (11) toluene and biphenyl recovery column,
and (12) hydrogen concentration unit.

(I) Raw materials, (II) fresh hydrogen, (III) purified hydrogen, (IV) toluene and diphenyl, (V) methane-enriched gas, (VI)
C,. hydrocarbons, (VII) fuel gas, (VIII) benzene, and (IX) resins and heavy hydrocarbons.

There are several reported clay-based adsorbents
[7-9], which were modified in an aluminum sulfate
solution. Although the adsorbent samples had a high
adsorption capacity for unsaturated compounds, they did
not remove sulfur compounds from the purified flow of
benzene and benzene fractions.

This study aimed to develop a clay-based adsorbent
and an application method that will allow it to remove
both unsaturated and sulfur compounds from the benzene
fraction using one apparatus.

EXPERIMENTAL

Adsorbent preparation

The standard adsorbent for the post-purification
of benzene and the benzene fraction was made by
drying natural clay, calcining it, isolating the target
fraction, and activating it with acid solutions.

Active natural clay was impregnated to prepare
the modified adsorbent for sulfur compound removal.
Active clays are clays that have been subjected to the
complete production cycle, which includes drying,
granulation, activation, and calcination. A batch of
active natural clay-based adsorbents with a grain
size of 0.2-2.5 mm was loaded into an impregnating
container. A solution was prepared using soluble
inorganic (e.g., nitrates) or organic (e.g., oxalates or

lactates) salts of copper, zinc, and nickel to impregnate
the adsorbent. The solutions were prepared using
distilled water. The concentration of the solutions was
selected based on the desired active metal content in
the developed adsorbent. The concentrations of the
impregnating aqueous solutions of organic and/or
inorganic salts of copper, zinc, and nickel ranged
from 5 to 400 g per 100 mL, and the ratio of the
impregnating solution to the clay mass ranged from
1:2 to 1:10. The salts were selected such that when
heated, the acid residue decomposes as the metal or
metal oxide is deposited on the adsorbent surface.

The adsorbent batch was impregnated in an
impregnating container for 1-2 h at temperatures of
20-80°C. Afterward, the impregnating solution was
drained, and the adsorbent was then discharged from
the drum. Subsequently, the adsorbent was dried
and calcined in an oven at temperatures ranging
from 250 to 550°C for 0.5-4.0 h. During calcination
at this temperature, the excess of the impregnating
solution was removed, while the active metal or its
oxide remained on the adsorbent surface. The target
adsorbent fraction with a grain size of 0.2-2.5 mm
was released after sieving the calcined adsorbent
through sieves. This granule size ensured that the
adsorbent had an optimal specific surface area and a
low pressure drop, increasing the effectiveness of using
the adsorbent when it was loaded into the adsorber.

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2022;17(1):18-29

21



Purification of benzene fractions and benzene from unsaturated and sulfur compounds ...

Prepared adsorbent sample test

Laboratory tests of the active clay samples were
conducted in a flow unit (Fig. 2).

—

2
g
Fig. 2. Diagram of the laboratory setup for testing

the adsorbent samples: (1) The model solution container,
(2) a pump, (3) an adsorption column, and (4) a receiver.

The setup consists of a receptacle under the
model solution (1), a pump (2), a glass adsorption
column (3) with an inner diameter of 14 mm and a
SCHOTT filter at the bottom of the inert material
to fill the column in the form of a glass nozzle with
a fraction size of 2-3 mm, and bottles receivers (4)
with a sampling volume of 10 mL. The tests were
conducted at room temperature (23 + 2°C). The
loaded sample had a volume of 5 mL and a particle
size of 0.5-1.0 mm. The sample was precalcined
at a temperature of 195°C for 6 h and heated for
30 min to eliminate moisture. The flow rate at the
outlet was 0.55 £ 0.05 mL/min. Sampling was carried
out for every 8 mL of the solution that passed through
the adsorbent. The analyses were performed using
titrimetric and gas chromatographic methods. The
initial mixture was a mixture of benzene with hexene
and propanethiol. Hexene and propanethiol were
chosen as representative components for unsaturated
and sulfur compound impurities, respectively.

Figure 3 shows the scheme of the installation that
was used to test the adsorbent under experimental
industrial conditions.

The prepared clay-based adsorbent (550 mL)
was loaded into a direct-flow adsorber (1), which
was then fed with a hot flow of benzene fraction
at a temperature of 170-230°C and pressure of
7.5-28.0 kgf/cm?. A shut-off valve (2a) was installed
on the flow supply line to the adsorber, allowing
the supply of the benzene fraction to the reactor to
be shut off. The shut-off valve (2b) was used for
sampling the initial benzene fraction. Residual resins,
unsaturated compounds, and sulfur compounds were
removed from the flow of the benzene fraction as it
passed through the clay layer. The purified flow from
the adsorber (1) was cooled in an air heat exchanger
(3). The flow rate was regulated by a control valve (4),

L5

e
PG L

Fig. 3. Pilot installation of adsorbent testing.

(1) Adsorber, (2a) shut-off valve in adsorber flow line,
(2b) shut-off valve in sampling line, (3) air cooler,
(4) valve, (5) drain tank, (6) measuring tank,
and (7) inner pocket for thermocouple.

(I) The flow from the BTX fraction extraction unit,
(IT) the purified flow of the benzene fraction,
and (I1I) the flow for sampling the initial BTX fraction.

which was installed on the outlet line after the heat
exchanger. The purified benzene fraction was drained
into a canister tank (5). The drain tank (5) was
replaced with a measuring tank (6) during sampling
or flow measurement.

RESULTS AND DISCUSSION

Laboratory test results

Three samples were created for laboratory studies:

1. CS-Sorb-6891 (S), which is an adsorbent
based on active clay with deposited Cu and
Zn metals;

2. CS-CL200X, which is an adsorbent based on

active clay without metals;

3. CS-Sorb-6890 (M), which is an adsorbent

based on active clay with deposited Ni metal.

Table 1 shows the characteristics of the tested
adsorbent samples.

Table 2 presents the initial composition of the flow.

Table 3 shows the results obtained under
laboratory conditions when the benzene flow was
purified with the adsorbents.

As shown in Table 3, the samples demonstrated
different abilities in removing sulfur and
unsaturated compounds from the model mixture.
The CS-Sorb-6891 (S) sample exhibited the highest
activity in removing sulfur compounds but did not
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Table 1. Characteristics of the adsorbent samples

Indicators CS-Sorb-6891 (S) | CS-CL200X | CS-Sorb-6890 (M)
Base metals Cu, Zn - Ni
Metal content, % 10 - 10
Free moisture content (calcination at 105°C), wt % 1.0 2.5 49
Mass fraction of water (calcination at 195°C), wt % 6.4 54 54
Bulk density, g/cm? 0.76 0.81 0.81
Fractional composition, %
>2.0 mm 8.5 18.4 1.9
2.0-0.25 mm 90.6 81.0 90.2
<0.25 mm 0.9 0.6 7.9
Table 2. Composition of the initial flow of benzene (benzene fraction)
Component Concentration
Benzene 98.99 wt %
Hexene 1 wt%
2-Propanethiol 21-28 ppm
Table 3. Performance indicators of the adsorbent samples
3 R
- = g ‘;
= g = 2 =
: ZE §s ¥ ¥
= o0 = A 2% g3 g2
2 < = & S5 2 5 s 3
] ] S ° — o o =
Sample 8 = = £ =R S & oNE
=2 s 3 s = = 8 P
o s & = 2 o S L
2 B § E £ g E o g2
< 23 =3 s 2 = g
] p—
3 : g £
o g
0.00 27.30 0.23 - -
98.5 0.65 0.22 26.65 0.02
CS-Sorb-6891 (S)
150.8 0.53 0.22 26.77 0.02
216.3 0.57 0.23 26.73 0.00
0.00 22.99 0.20 - -
85.0 10.95 0.08 12.04 0.12
CS-CL200X
98.0 12.26 0.10 10.73 0.10
1314 16.72 0.14 6.27 0.06
0.00 28.04 0.34 - -
98.4 1.24 0.22 26.80 0.12
CS-Sorb-6890 (M)
150.1 2.56 0.24 25.49 0.10
196.4 3.93 0.21 24.11 0.10
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affect the concentration of unsaturated compounds.
As expected, the CS-CL200X sample (clay without
metals) was the least effective at removing sulfur
compounds. The CS-Sorb-6890 (M) sample
exhibited the best results; it effectively removed both
the unsaturated and sulfur compounds. However, it
had a slightly lower unsaturated compound removal
activity than the CS-CL200X sample and a slightly
lower degree of purification from sulfur compounds
than the CS-Sorb-6891(S) sample at temperature
170-230°C.

Pilot test results

Since the CS-Sorb-6890 (M) adsorbent showed
good cleaning results during the laboratory studies,
the decision was made to use it for pilot tests at one
of the industrial enterprises. The sulfur compound
concentration in the incoming benzene fraction
ranged from 0.1 to 3.2 ppm. The adsorbent sample was
compared with industrial R-01 and R-02 adsorbents
under less favorable conditions to confirm its
effectiveness. Table 4 shows the operation parameters

Table 4. Parameters during active clay testing

of the pilot plant and industrial adsorbents.

Pilot tests were conducted for 7 days (3 days
for the debugging mode and 4 days for the stabilized
mode), and the obtained data (the stabilized mileage
and averaged data marked in gray) are presented in
Table 5.

Figures 4-6 compare the activities of the pilot
and industrial adsorbers toward the removal of
unsaturated and sulfur compounds.

The test results showed that the CS-Sorb-6890 (M)
adsorbent removed the sulfur compounds and
unsaturated hydrocarbons stably throughout the
entire test period. The total sulfur concentration
was reduced to an average concentration of 0.41 ppm.
The industrial R-01 and R-02 adsorbers had an
average sulfur compound concentration of 1.86 and
0.61 ppm at the output, respectively. The unsaturated
compound concentration at the outlet of the adsorber
was determined by the iodine number indicator. The
iodine number indicator ranged from 40 to 180 mg/100 g
(with an average value of 100 mg/100 g) at the
output. When compared to the industrial R-01 and

No. Parameter LR ili:({l_l:)slt/rliih;dsorber In the pilot adsorber R-1
1 Consumption of benzene fraction per adsorber 7500 kg/h 1200—1500 mL/h (20-25 mL/min)
2 Adsorbent volume in one adsorber 22.7 m? 550 cm®
3 Volumetric flow rate 0.4h'! 22-2.7h!
4 Temperature in the adsorber >170°C 35-45°C
5 Pressure in the adsorber 7.5-28 kgf/em? 7.5-8.5 kgf/em?

Todine number, g/100 mg

1.0
0.9 Refinement
0.8
0.7
0.6
0.5
0.4
0.3
0.2

0.1
—

Debugging mode

Olefin removal at or below
the industrial adsorbent level

/

A

0 :
00:00 10:00 20:00 30:00 40:00 50:00 60:00 70:00 80:00 90:00 100:00 110:00 120:00 130:00 140:00 150:00 160:00

R-1inlet =e= R-01 outlet

R-02 outlet w=e= R-1 outlet

Fig. 4. Iodine number in the flow at the inlet and outlet of the adsorbers.
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Sulfur content, ppmw

Refinement Debugging mode

Stable removal of sulfur to concentrations
6 below industrial adsorbents

| l

00:00 10:00 20:00 30:00 40:00 50:00 60:00 70:00 80:00 90:00 100:00 110:00 120:00 130:00 140:00 150:00 160:00

wen R-1inlet === R-1 outlet ==e== R-01 outlet =e= R-02 outlet

Fig. 5. Sulfur content in the flow at the inlet and outlet of the adsorbers.

Sulfur content, ppmw
35

3.0 Stable removal of sulfur
to concentrations below 0.5 ppm

70:00 80:00 90:00 100:00 110:00 120:00 130:00 140:00 150:00 160:00

s R-1inlet =@= R-1 outlet

Fig. 6. Removal of sulfur by the CS-Sorb-6890 (M) sample after regime stabilization.

Table 6. Achieved adsorbent indicators during pilot tests

Content of unsaturated

compounds (iodine number), 100 40-180 100 40-250 80 40-210
mg/100 mL

Total sulfur content, ppmw 0.41 0.2-1.0 1.86 0.2-4.3 0.61 0.1-1.0
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R-02 adsorbers (with a volume wvelocity that is
5.5-6 times higher and a temperature of ~130°C
below than those of the CS-Sorb-6890 (M) adsorbent),
the CS-Sorb-6890 (M) adsorbent showed similar
efficiency in the removal of unsaturated compounds
and higher efficiency in the removal of sulfur
compounds under less favorable conditions.

CONCLUSIONS

A modified active clay-based adsorbent,
CS-Sorb-6890 (M), was created and tested under
laboratory and pilot-industrial conditions. According
to the laboratory test results, the studied samples
had different sorption capacities for sulfur and
unsaturated compounds. The CS-Sorb-6890 (M)
adsorbent successfully removed olefins and sulfur
compounds from the benzene fraction simultaneously
under pilot testing conditions. The benzene flow had
a total sulfur content of 0.41 ppm after purification,
and the iodine number had a minimum value of
40 mg/100 g.
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