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Testing of hydrodesulfurization process in small trickle-bed reactor
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Abstract

The influence of some reaction parameters on hydrodesulfurization (HDS) in the experimental trickle-bed reactor (Andreas—Hofer apparatus)
was investigated. A mixture of two gas oils (atmospheric gas oil and light cyclic oil from FCC) was used as feed. The investigations were
performed at 300C, under space velocity from 1.0 to 2.8 m~3h-1, hydrogen pressure of 40 and 65 bar, atGH ratio from 100 to 500. A
simple reactor and a kinetic model were used, yielding good agreement between experimental and theoretical values of sulfur concentrations.
Simulation experiments were performed by changingQHi ratio, pressure and LHSV. The correlation recorded between the changed
parameters and sulfur content was in that with higher pressure and rati(GHithe percentage of removed sulfur increased. Increased space
velocity produced opposite effect. These experimental results and the change of either one or more process parameters or of the catalyst type
enabled performance of the industrial reactor.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction gas oils is a very important process, as these oils are used as
feedstocks in catalytic cracking.

Hydrodesulfurization (HDS), a fundamental step in the Pollution problems are forcing changes in fuel specifica-
production of petroleum fueld-5], is of particular impor- tions. Motor fuel quality in future need to be modified to
tance for the improvement of both feed and process productsimprove combustion quality and exhaust gas clean-up per-
properties. This results from the basic role of hydrotreatment, formance.
the process aimed at removal of sulfur, nitrogen, and aro-  Sulfur content in fuels must be eliminated to very low
matics and of other undesired compounds from oil fractions. value (below 50 ppm) required by the new regulations ex-
Apart from protecting the catalyst in the processes where pected in the near future and several proposals can be made,
sulfur and nitrogen compounds act as catalytic poisons, hy-for example:
drodesulfurization is performed to improve products quality
in terms of their chemical stability, color, odor, cetane num- - increase of catalyst activity with new types of catalysts;
ber, etc[6-16]. - increase the process severity mainly higher hydrogen pres-

The problem of excessive sulfur in motor fuels is basically ~ sure and/or ratio hydrogen/oil;
related to catalytic cracking, bringing total sulfur content in - development of new non-catalytic processes.
motor gasoline to up to 95%. In other words, quality parame-
ters of petroleum fuels are directly associated with the process  The main goal of article is to show how the experiments
in questior{17—24] Because of this, hydrodesulfurization of ~conducted in Andreas—Hofer apparatus can be utilized for

real predictions of the process conditions in industrial plant.
We tried to illustrate how the severe process conditions (in-

* Corresponding author. Tel.: +385 1 4597 129; fax: +385 1 4597 142.  Creasing pressure and ratig/@H) influence on decreasing
E-mail addresskserti@marie.fkit.hr (K. Serti-Bionda). of sulfur content in products.

1385-8947/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.cej.2004.11.007



106 K. Sertg-Bionda et al. / Chemical Engineering Journal 106 (2005) 105-110

Table 1
Nomenclature Physico-chemical properties of the feedstock and catalyst
HDN HDS
As cross-sectional area fin Catalyst
Cs dimensionless sulfur concentration NiO (%) 3.0 -
H2/CH hydrogen/feed ratio CoO (%) - 31
k kinetic constant (s%) MoOs (%) 13.0 124
L reactor Iength (m) Extrudate_dlameter (mm) 1.6 3
Al . Bulk density (g/crf) 0.81 Q71
LHSV liquid hourly space velocity, v/(vcatalysth Specific area (fg) 155 265
(m*m—3h1 Pore volume (crYg) 0.45 054
n exponent in kinetic model Crushing index (%) 99 98
P pressure (bar) Feedstock
rs reaction rate (molm3s-1) S(ppm) 13200
SD normalized mean square deviation Density (15°C) (g/cn?) 0.8630
T temperature°C) Viscosity (40°C) (mn?/s) 3.7
. . 1 Cetane index 49
u linear velocity (ms~) ASTM distillation (C)
\A total volumetric flow rate (fhs™1) IBP 225
Xs conversion of sulfur compounds 10% 250
Xse experimental conversion 30% 270
Xst theoretical conversion 382;: gfi
z axial distance along a reactor 90% 359
FBP 400
Greek letter
T dimensionless space time
ization (85%) and hydrodenitrification (15%). The feed and

catalyst properties are shownTable 1

It is obvious that the knowledge of kinetic constant in the
rate equation is important for the prediction and the simu-
lation of an existing industrial plant by changing the pro- L i )
cess conditions, for example, the pressure, temperature or Hydrodesulfurization was performed in a high-pressure
ratio Hp/CH. All results were obtained from the real exper- €St Plant (Andreas—Hofer)Hg. 1).
iments and can be valuable for process design of industrial
plant.

So, knowing the estimated kinetic constants, we were be
able to change the given process variables (parameters) like
pressure, ratio pICH and LHSV without conducting new
experiments. On the basis of proposed and verified reactor
and kinetic model, simulation was performed to see how the
changed process variables change the sulfur content in the
product.

The experiments in this study were performed with the
mixture of two gas oils as a feedstock and with two hy-
drotreating catalyst components (85 vol.% HDS and 15 vol.%
hydrodenitrification (HDN)) as a catalyst. Based on the ex-
perimental results, a kinetic model was designed and tested
[25—28] Also, the process was simulated under changing key

2.2. Methods

variables. &
2. Experimental

6
2.1. Feed and the catalyst T

A test was performed with the mixture of gas oils as feed
and by applying the appropriate catalyst for hydrodesulfur- Fig. 1. Schematic presentation of the hydrodesulfurization device.
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Physical properties of the tested feed and samples wereTable 2
determined by standard methods: density (EN ISO 3675) Hydrodesulfurization product properties under the following process condi-
) T p= = —3h—1 — o ¢
viscosity (EN 1SO 3104), ASTM distillation (ISO 3405) and e~ 4002 LHSV=1.0Mm™2h"", T=300°C, H,/CH ratio 0.118,
; .354 and 0.590 N ftkg
cetane index (EN ISO 4264).
Chemical properties were determined using automatic an-

H2/CH ratio (N ni/kg)

alyzer LECO CHNS-932 for carbon and hydrogen content. 0.118 0.354 0.590
Sulfur content was determined with METOREX X-MET 920  s(ppm) 671 223 210
(X-ray) fluorescent spectrometer. Xups (%) 9492 9831 9841
Density (15°C) (g/cn?) 0.850 0848 0849
2.2.1. Process description \é':f;::)i/n(;g;c) (mn/s) f.,‘;‘ 352 352
The mixture of gas oils was carefully dosed, using the AsTMm distil (°C)
pump from the dispensing vessel, and mixed with hydro- IBP 222 224 212
gen at the reactor inlet. In the reactor gas oil and hydrogen 10% 245 246 244
were heated to the operating temperature and under operat- 2822 §§§ ggi ;gi
ing pressure, and passed through the catalyst layer, where o, 308 308 310
the reactions proceeded. After the reactor, the hydrotreated 9o 354 354 355
product was cooled with water in the pre-cooling and cooling  95% 380 382 378
section. To separate gas, the condensed hydrotreated product FBP 390 390 382

was transferred to a high-pressure separator. The separated
gas contained unreacted hydrogen and smaller volumes of

. —3 -1 .
hydrogen sulfide, compounds of hydrocarbons and ammo—é'gégﬁig/‘iz's ﬁ‘g‘ h™), HﬂCHfrgg&(Oéllﬁ, 0'354| an(fJI
nia, and other gases and vapors. A liquid product was peri- =" g) and temperature o - Each sample o

odically released into a low-pressure separator to be rinsed93S oil was analyzed for sulfu_r cpntgnt, density, viscosity and
with argon under higher temperature by which gas leftovers cetane index. Also, ASTM distillation antH NMR spec-

and low volatility components were removed. A finished hy- troscopy were made to determine composition of the prod-

drotreated product was released into the receiving vessel forUCts with respect to the initial composition of feedstock. The

the stripped product. Gaseous products were released into thgxamples are shown rFapIes 2and3
atmosphere, through a dedicated pipeline. The results show the influence of process parameters on

physico-chemical properties of the products and on the con-
version of sulfur compounds. All experiments show the re-

2.2.2. Experimental equipment duction of sulfur content, density and viscosity, as well as
The mixture of gas oils was treated in the high-pressure test. . Y Y

lant, comprising: (1) dosing pump for hydrofreatment mix- increase of cetane number values compared with the ini-
P ! P g: ) g pump ) y . _tial feedstockH NMR spectroscopy showed characteristic
ture; (2) pipe reactor; (3) pre-cooler; (4) serpentine cooler;

(5) high-pressure separator; and () section for stripping of changes developed during hydrodesulfurization. Decrease in
the hydrotreatment mixture ' the content of aromatic rings hydrogeryhi,) was caused by

their hydrogenation. Increase in monoaromatic rings protons
with regard to the condensed aromatic rings protons showed

2.2.3. Process conditions predominance of hydrogenation of the condensed aromatic

Hydrotreatment was performed under the following pro-

= compounds.
cess conditions:
1. Hp/CH=0.118, 0.354 and 0.590 N¥kg; 3.1. A reactor model
2. LHSV=1.0,15,2.0,25Am3h1;
3. pressure =40 and 65 bar; Mathematical models for a trickle-bed catalytic reactor
4. temperature = 30CC. can be very complex due the many micro and macro effects

occurring inside the reactor: flow patterns of both phases,
size and shape of a catalyst particles, wetting of the pores of
3. Results and disscusion a catalyst with liquid phase, pressure drop, intraparticle gra-
dients, thermal effects and, of course, kinetics on the catalyst
Hydrodesulfurization (HDS) and hydrodenitrification surface.
(HDN) of the mixture of gas oils were carried out in the It seems preferable to reduce complexity of the system,
test plant under conditions approximating those in industrial taking into account the importance of various processes. This
processes. Also, the conventional feedstock and the catalyssuggests construction of a simpler model that incorporates all
were used. The purpose was to determine how change ofmain features of many processes, but with fewest parameters
a particular reaction parameter effected removal of sulfur possible.
from feedstock. A series of experiments was carried out un-  The reactor was considered in steady-state operation with
der different pressure (40 and 65 bar), space velocity (1.0; plug flow of gas and liquid phase.
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Table 3

The results of gas oifH NMR spectroscopy before and after hydrodesulfurization under the following process con@itidsbar, LHSV=1.0mm—3h-1,
T=300°C and H/CH ratio = 0.354 N ri/kg

Gas oils mixture Before hydrotreatment After hydrotreatment
Protons of monoaromatic rings (6.5—7.05 ppm) (%) 32 59
Protons of condensed aromatic rings (7.05-9.0 ppm) (%) 68 41
Aromatics (total) (wt.%) 31 218
Nonaromatics (wt.%) 62 782
Table 4
Estimated parameteksandn in the kinetic model, Eq(2)
H2/CH ratio (N /kg) P=40baf P=65baf
k n SDx 10° k n SDx 10°
0.118 Q120 163 3120 1473 2762 4564
0.354 Q135 144 1329 1880 2796 2053
0.590 0245 166 2563 1821 2523 4792
a At T=300°C.

The catalyst particles were assumed to be isothermaland

homogeneously distributed inside the reactor. That was ac- 05

ceptable due to low concentration of the gas oil in the in- Model 0.059 Nm’/kg
<o Model 0.354 Nm®/kg

let mixture. The highest ratio between hydrogen and gas oil 0844 — —— Mode! 1.180 Nm%kg
was 0.590 N rirkg. The assumed pseudohomgeneous reac- 0.7 @ Experiment 0.050 Nmkg

. . O Experiment 0.354 Nm“/kg
tor space allowed calculation of the mean reaction rate based ¢ \ v Experiment 1.180 Nm’kg
on the reactor’'s volume. Taking into account all aforesaid \

. . . k » 054 \:

considerations, a simple reactor model was derived: © \
044

dc \

— =—rs (1) 031 A\~

dr N
0.24 N
The kinetics of real feed desulfurization was complex due 014 ST
to various sulfur compounds in the gas oil requiring different 00 I SR IO - Sp—— ®

rate and reactivity for each reaction. In practice, all desulfu- 00 01 02 03 04 05 06 07 08 09 10
rization reactions are usually lumped into a single reaction T, -
of sulfur with hydrogen giving hydrogen sulfide as the end

product. In the present study, the applied empirical correla- Fig. 2. Sulfur concentration (dimensionless) as the function of dimension-
tion WaS' ! less space time; for three H/CH ratios aff = 300°C andP =40 bar.

rs = kC% )

with the apparent reaction order between 1 and 3. 1.0

0.9

Model 0.059 Nm“/kg
0.8 - Model 0.354 Nm°/kg
— —— Model 1.180 Nm%kg

3.2. Estimation of kinetic parameters

Unknown values of kinetic parameteksandn, in the ki- 0.77 . Expergmem 0.059 mm;:ﬁg
netic model were experimentally estimated in the test plant. 0.6/ % SOSMBURER JUR

Final sulfur concentrations were compared with the model °, o5
values using nonlinear least-squares analysis. These value©
are presented iMable 4for all series of the experiments. Ex- v
perimental and theoretical values of the unconverted amount %37
of sulfur are plotted against the reactor dimensionless space 0.2

|
i
E v Experiment 1.180 Nm*/kg
§
|

time, inFigs. 2 and 3showing fairly good agreement. Due 0.1 _

to high reaction rate in the initial part of the catalyst bed, sul- 0.0 ‘ . “;"‘?"' . . e ——
fur concentration decreased rapidly. The values of the kinetic 00 01 02 03 04 05 06 07 08 09 10
constank were higher with increase of pressure and®H T,

ratio. The exponent remained almost unchanged, varying
the reaction conditions. It is true that after deep desulfuriza- Fig. 3. Sulfur concentration (dimensionless) as a function of dimensionless
tion, overall reaction order is expected to decline to 1, but SPace timer for three H/CH ratios afT =300°C andP =65 bar.
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contrary, as shown ifiable 4 reaction order increases with 1.0
decreasing of the sulfur contentin product. ltcan be explained 4.
by the increasing role of inhibitors and the larger reactivity 08,
scale of various sulfur compounds in the feedstock. Similar ’
results have been reportgz,30] 0.71
0.6-
3.3. Process simulation ><“ 0.5+
0.4
Hydrodesulfurization can be simulated with known reac- 0.3
tor configuration, kinetic model, feed and catalyst charac- 5
teristics, and by changing key variables, such as feed rate, 0-21 4 —— LHsV=1
pressure and hydrogen/feed ratio. B).can be transformed 0.11 57 L s
by using the reactor lengthas a variable and by introducing oot
the cross-sectional aref and inlet concentration of sulfur, o 1 2 3 4 52 Cn‘f 7.8 9 10
Cs, Eq.(3), '
n—1 Fig. 5. Simulation of the reactor by changing LHSV. Conversion against the
dXs _ AsCg k(L — X" 3) reactor length (/CH =0.118 N ni/kg, T=300°C, P=40 bar).
dz Vu
1.0
Simulation was performed by changing process param- 0.
eters (the ratio BfCH, pressure or LHSV) keeping other '
parameters constant. The influence of these parameters or %81
decrease of sulfur content was investigated in the range 0.7
outside the experimentally given values. 0.6-
Some simulation tests are presentedFigs. 4 and 5 0.5
The results obtained by changing the LHSV were in agree- >
ment with the role of the pronounced residence time in the 041
reactor—the smaller LHSV the better desulfurization. As 0.31 — 35bar, Hy/CH=0.118 Nm%g
expected, H/CH ratio increased, while other operating pa- 0.2 1/ 35 bar, H,/CH = 0.590 Nm°/kg
rameters remained constant, slightly smaller sulfur content 1% | =77=— 70 ber, Hy/CH = 0.1 Nm kg

—-—.—. 70 bar, H,/CH = 0.590 Nmkg

was recorded in the exit stream. As expected, similar effects 00
showed increase of the process pressure ascanbeseeni o 1 2 3 4 5 6 7 8 9 10 11
Fig. 6. However, severe process conditions mean higher pro- z,cm
duction costs, and other possibilities, mentioned earlier, must _
be taken into consideration. Fig. 6. Influence of pr'essure'andzﬁeH ratios on the percesntei%e 9{ re-
. . . . moved sulfur. Conversion against the reactor length. /H3 m®*m—h~+,
These results can be used inthe industrial practice, for pre-1 - 3ggoc.
diction of the expected sulfur content in products. However,
one should not overestimate such results, because other varigp|es and the reaction conditions need to be equal or similar

to the experimental ones.

1.0
0.9
0.8 4. Conclusion
0.7 . .
A steady-state model for a trickle-bed catalytic reactor
08 (test plant) was developed to model hydrodesulfurization of
& 057 vacuum gas oil containing considerable amounts of sulfur
0.4 compounds.
0.3 The kinetic parameters were estimated on the basis of ex-
perimental results of sulfur content in the exit reaction mix-
| R ~—~ ratio hydrogen/feed=0.059 Nm’/kg ture. The agreement between the experimental and theoretical
0.14/: // _ ratio hydrogenffeedio.ss‘t Nma,’kg values was satisfactory.
F g ratio hydrogen/feed=1.180 Nm“/kg
0.0 R The experiments revealed that increase of pressure and
o 1 2 38 4 5 6 7 8 9 10 A H,/CH ratio as well as decrease of LHSV had positive ef-

fect on the removal of sulfur compounds from the gas oil,
Fig. 4. Simulation of the reactor by changing/BH ratio. Conversion while other process parameters were kept constant. Also, the
against the reactor length (LS 1 m3m~3h-1, T=300°C, P=40bar). analysis of physico-chemical characteristics of the products
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showed theirimproved quality compared with the initial feed- [12] S.E. Schepple, G.J. Greenwood, P.A. Benson, Anal. Chem. 49 (1977)
stock, i.e., reduction of density and viscosity, as well as the 1847.
increase of cetane index values [13] T. Aczel, H.E. Lumpkin, Am. Chem. Soc., Div. Petrol. Chem. Prep.

Theoretical simulations were performed by changing pres- 22 (3) (1977) 911.
p y gingp [14] J.L. Schultz, R.A. Friedel, A.G. Sharkey, Mass Spectrometric Anal-

sure, B/CH ratio and LHSV and keeping other parameters ysis of Colal Tar Distillates and Residues, Bureau of Mines Report
constant. High number of design parameters offers the pos-  on Investigation No. 7000, U.S. Dept. of Interior, 1967.
sibility of accepting such process conditions that are optimal [15] Gulf Reasearch & Development Company, Gulf Process
for a given feedstock Brochure—Hydrocarbon Processes and Catalysts, Pittsburgh, PA,
' 1975.
[16] J.P. Wauquier, Petroleum Refining (Crude oil, Petroleum Products,
Process Flowsheets), Editions Technip, Paris, 1995.
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