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PREFACE

In the past, a very empirical approach has been taken to the
analysis of hydrodesulfurization of petroleum fractions. This work
is a mechanistic analysis of the effect of olefin content on the rate
of hydrodesulfurization of a naphtha: Hopefully, it will serve as
a small step toward a more mechanistic understanding of hydrodesul-
furization of petroleum stocks in general.

I would like to thank my major adviser, Dr. B. L. Crynes, for his
encouragement during the course of the study. I am indebted to the
School of Chemical Engineering for support during the period of the

project.
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CHAPTER I
INTRODUCTION

Refinery experienee'ha5fsh©wn'that“a cracked naphtha is more
difficult to hydrodesulfurize-than'a virgin naphtha. A naphtha is a
petroleum fraction with the approximate initial true boiling point of
80°F-and an end point of 400°F. . A cracked naphtha is a product, in the
naphtha boiling range, of a process that results in the rupture of a
significant fraction of the carbon-carbon bonds in the feed to that
process. A virgin naphtha-is a petroleum fraction, in the naphtha
boiling range, that has been subjected to distillation only. This
work will develop a kinetic model for hydrodesulfurization of a cracked
naphtha tc rationalize the additional difficulties encountered when

hydrodesulfurizing a cracked rather than a virgin naphtha.

Desulfurization Technology

Definition of Hydrcdesulfurization

Hydrodesulfurization will be defined as the hydrogenolysis of

organcsulfur species to H.S and the corresponding paraffin. Reactions

2
1, 2, and 3 illustrate hydrodesulfurization of the major classes of
organosulfur species found in petroleum stocks.

Thiol + H o H. S + Paraffin |
—_—— »
(R-S-H) 2 . 2 (RH) . (1)



Sulfide + 2H, ——————-———-D-H2s +'2 Paraffin
(R-S-R1) (R-H, R1-H)

Ring Sulfur + 2H2-——————————) H2S + Paraffin
R-Rl (H-R-R1-H)
S

Typical Reactor Operating Conditions

Hydrodesulfurization of a naphtha is typically carried out in the
temperature range of 500°F to 800°F, with pressures of 300 to 600 psig,
and hydrogen flows from 300 to 1500 standard cubic feet per petroleum
barrel. Total sulfur concentrations in the feed usually lie in the
range of 100 to 1000 ppm (parts per million of elemental sulfur on a
weight basis). Economic reformer operation requires a desulfurizer
effluent with less than 2 ppm total sulfur (1). Thus, the hydrosul-
furization (HDS) reactor must reduce the naphtha to at least this
sulfur level,

Figure 1 1s a diagram of a typical system to hydrodesulfurize a
reformer feed. If hydrogen is recycled to the HDS reactor through a
high pressure separator (as shown in Figure 1), then the hydrogen
produced in the reformer is usually sufficient to meet the hydrogen
demand of the HDS reactor. Typically, about half of the H2S in the
reactor effluent is recycled with the hydrogen when a high pressure
separator 1s used. This recycled HZS will later be shown to have a
marked effect on the reactor performance.

In the past, rate expressions of the following general form
(Equation 4) have been used to describe’ the kinetiecs of gas phase

hydreocdesulfurization of petroleum fractions.



< Naphtha Feed

¢ Hydrogen Recycled From
Reformer

H2, HZS’ and Cracked Products

/
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Furnace Reactor Separator

Figure 1. Flow Diagram of a Typical Hydrodesulfurization Unit
to Pretreat a Reformer Feed



Rate of b
Organosulfur = A P pS (L)
TS "H
Removal D

PTS and PH are the partial pressures of organosulfur species and
2

hydrogen respectively. A, b, and c¢ are arbitrary constants. This

rate expression implicitly assumes that hydrogenolysis is the only
significant reaction of organosulfur species in a commercial HDS
reactor. Some pure component studies (2, 3) indicate that other
reactions may be important. Although this empirical approach has been
reasonably successful in describing the kinetiecs of virgin naphtha
desulfurization, difficulties arise when it is applied to severe hydro-
desulfurization of a cracked naphtha.

Figure 2 is a plot of the logarithm of total organosulfur con-
centration (ppm) as a function of space time (catalyst volume/oil
volumetric flow for a cracked naphtha feed.) The data are given in
Appendix A. Such a plot might be expected to form a straight line if
desulfurizatioﬁ were first order with respect to total sulfur concen-
tration. However, the data presented in Figure 2 appear to form two
distinct lines. This type of kinetic behavior is difficult to ration-
alize with the empirical rate expression, Equation L.

There are at least three possible approaches to rationalizing the
data presented in Figure 2 in terms of Equation L.

1. The sudden reduction in the rate of desulfurization could be

the result of approaching a thermodynamic limit. However, a
study (4), using ideal state free energies, showed that there

is probably no thermodynamic limitation to hydrodesulfurization
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Figure 2.

of a naphths to less than 2 ppm total sulfur at nocrmal reactor
conditions.

The decrease in the rate of desulfurization could be the
result of product inhibition (decrease in the value of A).
Hydrogen sulfide has-been sighted as a likely villian (5).
However, such an inhibiting effect should be a continuous
function of the}inhibitor’s'concentration, which would be
expected to be é continuous function of space time. Therefore,
product inhibition of hydrodesulfurization reactions is an
unsatisfactory explanation of ; discontinuous reduction in the
rate of desulfurization.

The reduction in the rate-of desulfurization as observed in
Figure 2 could be attributed to the presence of uniquely

unreactive organosulfur species. However, no sufficiently

unreactive specie has beea-found in the naphtha boiling range.

Therefore, the standard method-of hydrodesulfurization data reduction

seems to be fundamentally inconsistent with the data presented in

A similar phenomenon was encountered in s study of gas oil desul-

furization (6). Increasing space time did not produce conversions above
95% total sulfur removal. The break-in the rate of hydrodesulfurization

shown in Figure 2 occured at 97% total sulfur conversion.

Approach to Study

The goal of this work will be to gain a mechanistic understanding

of the causes of the additional difficulties encountered while desul-

furizing a cracked rather than virgin naphtha. Figure 2 shows an



abrupt’, nearly ten~fold; reduetion in the assumed first order rate
constant. This work-will concentrate on the causes of-this reduction

in the rate of desulfurization.
Data Source

This analysis will be-based~en both-literature and  scme experi-
mental data made available-from-a research laboratory. The data are
tabulated and a sketch of the experimental apparatus is given in

Appendix A.



CHAPTER II
MCDEL DEVELOPMENT

Toksimplify the discussion, the regions of Figure 2 will be
defined as follows:
1. The break point is defined as the space time at which the
sharp reduction in the rate of hydrodesulfurization occurs.

2. Low conversion region refers to the kinetics of hydrodesul-

furization with space time less than the break point.

3. High conversion region refers to the kinetics with space

time greater than the break point.

In the following presentation rather detailed and complex
reaction systems are developed by a step-by-step addition of individual
reactions. This technique is intended to reduce the difficulty in
following the overall development.

The data presented in Figure 2 suggest the possibility that at
high conversion of total sulfur, some specie in the reactor cculd be
limiting the net rate of desulfurization. The conversion of thiols and
olefins are about equal over the high conversion region (80% and 70%
respectively). - This suggests a connection between the kinetics of
olefin saturation and thiol hydrodesulfurization.

Since thiol and olefin kinetics may be related in the high con-
version region, the model development will begin by considering

reactions involving these species. Decomposition of ethane thiol



over molybdenum-disulfide catalyst-at STSOF and a total pressure of

one atmosphere  (Reaction-5)-has been-shown to yield H.S and ethylene

2
as the major initial products even with .85 mole fraction hydrogen

in the feed (2).

+
k.
CHSH =————e——p §
—

- .
5 (5)
Ethane Hydrogen Ethylene

Thiol Sulfide

-

The subscript on the rate constant corresponds to the reaction identi-
fication number in which the constant was first introduced. The
superscript specifies whether the foreward (+) or the reverse (-)

reaction is being considered. Since H,S and ethylene were initially

2
favored products, Reaction 5 must have been more rapid than ethane
thiol hydrodesulfurization (Reaction 6).

kg

CHSH +°, —2 3 HS5*CHg
Ethane Hydrogen Hydrogen Ethane
Thiol Sulfide

Otherwise, ethane, not ethylene, would have been the favored product.
Howevér, this work gives no clue to the relative magnitude of the

rates of Reaction 5 and hydrodeswlfurization of sulfide and ring sulfur
compounds. Table I (7) indicates that thiols are the most reactive
class of organosulfur specie with respect to hydrodesulfurization.
Therefore, if Reaction 5 is much more rapid than thiol hydrogenolysis,
then it is probably more rapid than hydrogenolysis of the other classes
of organosulfur species (ring sulfur and sulfides). Since ethylene

was alsc a kinetically favored product, Reaction 5 must have been much

more rapid than ethylene saturation.
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TABLE I (T7)

RELATIVE REACTIVITIES OF ORGANOSULFUR
SPECIES TO HYDRODESULFURIZATION

Most Reactive. . + « v« « « « + + ¢ « . . . .Benzene Thicl
Ethane Thiol
Dibenzyl Sulfide
3~-Methyl-l-butane Thiol
Diallyl Sulfide
Diisocamyl Sulfide

Least Reactive . . . . « . . « « « . + « . .Thiophene

The next step in the analysis will be to consider the role of the
decomposition and synthesis of thicls in the desulfurization of thio-
phene, a common organosulfur specie in petroleum stocks. There is
general agreement that the following representation of thiophene
hydrodesulfurization (Reactions 7 and 8) is reasonable (8), although

superficial.

HC-CH k
Ly gy —— T 5 HS + Oyl
C PH 2
s (7)
Thiophene Butene
kg
C,ig + Hy CuHig (8)
Butene Butane

The details of the mechanism of catalyzed hydrogenolysis of thiophene
in Reaction 7 are beyond the scope of this work. Both Reaction 7 and

8 are essentially irreversible (8). Preliminary runs without
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catalyst (2) indicate that-the-rates-of non=catalyzed-reactions of
organosulfur species considered-in-this work are probably negligible
compared to the corresponding-catalyzed reaction.

Since a significant-amount of-butene is usually detected in the
bulk gas phase (3, 8), the butene formed on the catalyst surface by
Reaction 7 will be assumed to desorb before significant saturation
occurs by Reaction 8. Adding the adsorption steps to Reactions 7

and 8 yields Reaction System I and II.

Reaction System I

Partial Thiophene Hydro-
desulfurization

+
k .
Thiophene —_— > Thiophene
‘——-————.
(g) (a) (9)

k
9

Thiophene + 3H2 ——ee HQS + butene
(a) (g)

Reaction System II

Butene Saturation

+
k
Butene -——-LQ———> Butene
(g)  4———  (a) (10)
klO
kg

+
Bu%:r)le H2 ———— Butane (8)
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" and

A specie adsorbed on the catalyst surface is specified by "(a)
a non-adsorbed specie in the vicinity of the catalyst surface by "(g)."
The disposition of the remaining species between the surface and the
gas phase will be specified as needed in the model development.

By analogy, Reaction 5 suggests that butene could readily react
with st. Adding this reaction to Reaction System II yields Reaction
System III.

Reaction System IIT

Butene Saturation and
Thiol Production

K
Butene -~————ii——7Pp Butene (10)
(g) 4————— (a)
klO
k8 _
Butene + H ——ee Butane
2 (8)
(a)
+
kll
Butene + H_S ———==—P s Butane Thiol (11)
(a) —
kll

Reaction System III suggests that butane thiol should be a product.
However, in a study of thiophene desulfurization over a cobalt-molybdate
catalyst (3), efforts to detect butane thiol in the bulk gas phase
were unsuccessful. In order for Reaction System III to be compatible
with this observation, butane thiol must be an adsorbed product and be
consumed at the catalyst surface via an additiénal reaction much more
rapidly than it desorbs. In this case, a very low concentration of

butane thiol in the bulk gas phase is possible. Probably, some of the
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butane thiol is consumed by hydrogenolysis (Reaction 12).

K
Butane Thiol + H. ———i2 p H,S + Butane (12)

(a) .

However, Reaction 12 could-not-alone prevent desorption of butane
thicl from the catalyst surface. ZEarlier arguments indicate that the
rate of Reaction 11 should be much more rapid than Reaction 12. There-
fore, butane thiol must be consumed at the surface by another reaction.

Reaction 5 suggests that 5utane thiol is capable of consumption
at the surface by decomposition. In order for the decomposition to be
effective in preventing desorption of butane thiol, it must occur
essentially irreversibly. But, Reaction 5 is reversible. If the
products were physically separated upon reaction in.a kinetically
favored path, then the bulk gas phase concentration of the butane thiol
could be held to a very low level. This argumeht‘suggests the following
path for butane thiol decomposition (Reaction 13).

13

Butane Thicl —————=x3—p  §
(

S + Butene
2
(a) a)

13
(g) (13)
Adding Reactions 12 and 13 to Reaction System IIT yields Reaction

System IV,

Reaction System IV

Butene Saturation and Butane
Thiol Production and

Consumption
k+
Butene -————jél————’ Butene (10)
(g) +——— (a)
k

10
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k

Butene + H2 -——EL————wi Butane (8)
(a)
(‘ i
+
kll
Butene + HES —eee—d» Butane thiol (11)
(a) +*-—
kll
klE
Butane Thiol + H, ———==—% H_S + Butane (12)
(a)
kl
Butane Thiol -——L} H, S + Butene (13)

2
(a) (&)

a
(a)

Consider the consequences of H_S in the vicinity of the catalyst

2
surfAce (but not adsorbed on the surface) as a reactant in Reaction 11.
Earlier, it was argued that Reactions 11 and 13 are more rapid than
Reaction 12. If HES in the vieinity of the catalyst surface, were the
reactant in Reaction 11, then Reactions 11 and 13 would result in the
net adsofption of HES' However, HQS has been shown to desorb from a
cobalt-molybdate catalyst very slowly (3). If the rate of accumula-
tion of HES on the catalyst surface ié assumed negligible, then the rate
of Reaction 11 and 13 could be no more rapid than the desorption of

H28 from the catalyst surface. Since Reactions 11 and 13 are thought

to proceed much more rapidly than HQS desorption, HQS should be an

adsorbed reactant in Reaction 11.
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Notice that the reactants and net products of Reactions 10, 11,

and 13 are identical (adsorbed H.S and butene in the vicinity of the

2
catalyst surface). Reaction System V is a simplified presentation

of Reaction System IV.

Reaction System V

Butene Saturation on a
Sulfided Catalyst

Butane H2
S Y"\/fi’/ Thiol —}—=+ Butane +
)3@//// (a) H28
Butene e A1
(bulk gas -  Butene \
phase) (g) 1=
S \{*X ~ (2!
< N S
%\\\ AN zm
o N -
¥
Butene H2
(a) —4—=—% Butane +

Since petroleum fractions are the typical feed to a commercial
HDS reactor, a generalized model is more important (at least from an
engineering viewpoint) than a model specifically tailored for a
thiophenic feed. Often, the composition of a reformer feed i1s char-
acterized in terms of classes of hydrocarboﬂ compounds (olefins,
aromatics, and paraffins), organic sulfur, and organic nitrogen. Any
general model for petroleum hydrodesulfurization, at the present time,

must be based on these rather general feed characteristics., With



+H

. 2
Thiol —f%——® Parafin
12

. +
_H .
o5 13 H,5
r_‘ l
+ ] 51.5F
o 2N,
Olefin =—————1p Olefin T
el
(bulk gas) (g) + =
v +Hi,
—e
Olefin k8 Paraffin
(a)
Net Reaction: Olefin + H — Paraffin

2

Figure 3. Olefin Saturation on a Sulfided Catalyst

9T
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the details of Reaction System V as a gulde, a scheme in terms of
generalized and specific components is shown in Figure 3.

The system of reactions in Figure 3 is a mechanistic representa-
tion Of the coupling of the kinetics of olefin saturation and hydro-
desulfurization. This model was developed primarily from previous
pure component studies. However, this system of reactions uses
generalized component designation for application to petroleum fraction
hydrodesulfurization. In the next chapter, the reactions in Figure 3
will be used to gain a mechanistic understanding of the abrupt reduction

in the rate of hydrodesulfurization shown in Figure 2.



CHAPTER III
MODEL TEST

The model test will begin by explicitly defining the model in terms
of ten assumptions. Then, it will be used to predict a relationship
between olefin and thiol bulk gas phase concentrations and a rate
expression for olefin saturation in the high conversion region. Both
of the predictions will be tested with the data in Appendix A. Finally,
the model will be used to rationalize the sharp reduction in the rate
of hydrodesulfurization shown in Figure 2.

The model is defined by the following list of postulates (ref-
erenced in the subsequent development as Assumption 1 through Assumption
10).

1. The reactions in Figure 3 are a reasonable representation of

olefin saturation on a sulfided cobalt-molybdate catalyst.

2. The net rate of Reaction 11 can be taken as essentially equal
to the rate of Reaction 13.

3. Surface concentration of unoccupied active sites on the
catalyst surface is nearly constant in the high conversion
region.

4. Diffusion resistances between the bulk gas phase and the
catalyst surface are negligible. Since mass transfer
resistances have been shown to be significant in many

heterogeneous reactions, the role of diffusion in

18
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hydrodesulfurization of a cracked naphtha is discussed

in Appendix B.

Essentlally all of the thiols present in the high conversion
region were produced by Reaction 11.

The rate of accumulation of adsorbed species is negligible
(steady state assumption).

The rates of all reactions presented in Figure 3 are pro-

portional to the concentration of adsorbed H_ S, olefin, and

2
thiol reactants of the reaction under consideration. Since
hydrcgen is in excess, the rate of reactions in Figure 3 are
assumed to be independent of the relatively small change in
its concentration across the reactor. |

The bromine number (9) of the naphtha is proportiocnal to the
olefin concentration. 3Bromine number is a commonly used
measure of unsaturation of a petroleum fractions.

Reactants form an ideal gas.

Molar flow rates of naphtha and hydrogen are nearly constant

in the high conversion region.

The development of a relationship between olefin and thiol bulk

gas phase concentrations in the high conversion region will begin by

expressing Assumption 2 in terms of the following equality (Equation

14).

Net Rate of Rate of
Thiol Synthesis = Thiol Consumption (1k4)
by Reaction 11 by Reaction 13
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Substitutions of the appropriate rate expressions from Assumption 7

into Equation 14 yields Equation 15.

+ -
k11C0CH2s = ky1Cp = k3G (15)

Where, CO, CH g? and CT are the adsorbed olefin, hydrogen sulfide,
2
and thiol concentrations. A rearrangement of Equation 15 yields

Equation 16.

N
CT kll CH S
% Tk, 8 e
11 13
C in Equation 16 will be evaluated using a material balance

Hgs
(Equation 17) of adsorbed hydrogen sulfide.

Rate of H_ S Rate of H_S

izzzroiigns = gzz:roiiggs + Accumulatfon + Consumptidn (17)
P P on Catalyst on Catalyst

Assumptions 2, 4, and 6 suggest that, in the high conversion region,

Equation 17 is essentially equivalent to Equation 18.

Rate of H.S _ Rate of H,S (18)
Adsorption Desorption

Substitution of the appropriate rate expressions into Equation 18

yields Equation 19.

+ -
K g Cy Pst = kg Cst (19)

CE is the concentration of unoccupied active sites and PH g is the
2

partial pressure of HES in the bulk gas phase. Rearranging Equation 19
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gives Equation 20.

Assumption 3 asserts that CE is a constant in the high conversion
region. The data in Appendix A show that PH2S is essentially constant
over the high conversion region. Therefore, Equation 20 predicts that
CH2S is essentially a constant in the high conversion region. Substi-
tution of this result into Equation 16 shows that thiol and olefin
catalyst surface concentrations should be related by a simple pro-
portionality. Since it is difficult, if not impossible, tc menitor the
concentrations of adsorbed species, the surface concentrations must be
related to the bulk gas phase concentrations.before this hypothesis can
be tested.

A material balance (Equation 21) of adsorbed thiols will be used

to relate the bulk gas phase and catalyst surface thiol concentrations.

Rate of Rate of ?;EglOf iizziOf
Thiol = Thiol + S SO : (21)
Adsorption Desorption Accumulation Consumption
on Catalyst on Catalyst
Assumption 6 makes Equation 21 equivalent to Equation 22.
Rate of Rate of Rate of Thiol
Thiol = Thiol + Consumption (22)

Adsorption  Desorption  on the catalyst

Substituting standard rate expression forms for reactions presented in

Pigure 3 into Equation 22 yields Equation 23.
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+ - - +
= + + -
kg Op Pp = kpg Cp + Kpy Cp + Ky5 Cp + Ky Cp = Ky cngs s (23)

PT is the thiol partial pressure in the bulk gas phase. Combining

Equations 16, 20, and 23 yields Equation 2.

) .
Pp kgt kg kyp ¥ kg =Ky kpolkig  Epy
C | - ¢
T 5Cp B

Since CE is assumed to be essentially constant in this region, Equation

24 predicts that the bulk gas phase thiol partial pressure is propor-
tional to the catalyst surface thiocl concentration.
The relationship between adsorbed and gas phase olefin concentra=-

tions will also be determined by material balance (Equation 25).

Rate of Rate of Rate of Olefin Rate of Olefin
Olefin = Olefin + Accumulation + Consumption (25)
Adsorption Desorption on the Catalyst on the Catalyst '

Assumption 6 mdkes Equation 25 equivalent to Equation 26.

Rate of Rate of Rate of Olefin
Olefin = Olefin + Consumption ' (26)
Adsorption Desorption on the Catalyst

Substitution of the appropriate rate expression into Equation 26 gives

Equation 27.

+ - + -
P = -
k10 %0 %g = %0 Co T Eg o *t Ky G CHES - kp Cp (27)

Where, P. is the partial pressure of olefins in the bulk gas phase.

0
Combining Equations 16, 20, and 27 yields Equation 28.
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- + -
+ + -
Po_Kio Tkg T Egy Ky —Kyy Kig kg (28)
% K C ‘x
10 "E
The bulk gas phase olefin and thiol partial pressures can be
related by combining Equations 16, 24, and 28 to give Equation 29.
P = {_jﬁéi_} P, =k, P (29)
Assumption 9 makes Equation 29 equivalent to Equation 30,
(30)

Yo = E3¥p

Where, Yo and Yp are the olefin and thiol'mole fractions in the bulk
gas phase. Since the molar flow rates of hydrogen and naphtha are
thought to be nearly constant ever the high conversion region (Agsump-

tion 10), Equation 31 is equivalent to Equation 30.

Br = kg Sy (31)

Where, Br and S, are the bromine number (previously assumed to be

T
proportional to the olefin concentration in the naphtha) and thiol
concentration in the oil, ppm. Equation 31 predicts that, in the

high conversion region, a plot of the thiol concentration as a function
of bromine number should yield a straight line with intercept at the
ofigin, Figure L showé that this prediction is supported by phe data
in Appendix A. Data from Appendix A are presented for experiments with

one reactor (1RX) and two reactors in series (2RX) at constant

temperature, pressure, and space time. However, the superficial gas
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velocity in the two reactor runs is double the velocity of the corre-
sponding single reactor runs. |

Development of a rate expression for olefin saturation in the
high conversion region will begin by writing an expression, Equation 32,

for the overall rate of olefin saturation.

gizgiif - Rate of Rate of <32)
. Reaction 8 Reaction 12
Saturation

Substituting the appropriate rate expressions into Equation 32 gives

Equation 33.

Rate of
Olefin = kg C. + k, C (33)
Saturation 8 "o 12 T

Combining Equations 16, 28, and 33 yields Equation 3k.

Rate of

Olefin = |®s * X k16\ P C (34)
. - 0 °E

Saturation k28

Assumptions 3, 9, and 10 make Equation 34 equivalent to Equation 35.

Rate of dBr
Olefin = - T35 = Ky BT (35)
Saturation

Integration of Equation 35 gives Equation 36.

1n Br® = - ki O+ 1n Br° (36)
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Where, Br® and Bre'are the initial and outlet bromine number with
space time 0. Therefore, a plot of the logarithm of bromine number as
a function of space time should yield a straight line. Figure 5

shows that the data in Appendix A support this prediction in the high
conversion region.

Verification of the forms of Equation 31 and 36 with the data in
Appendix A suggest that.the model is a reasonable gqualitative repre-
‘sentation of hydrodesulfurization of a cracked naphtha. The next step
will be to use the mocdel to speculate on the causes for the abrupt
reduction in the rate of hydrodesulfurization shown in Figure 2.

. Figure 3 postulates that thiocls are an intermediate product of
olefin saturation on a sulfided cobalt-molybdate catalyst. A previous
work (2) has shown that thiols are capable of adding to olefins to form
sulfides on a molybdenum disulfide catalyst. The break point is thought
to be the space time at which the thiol and sulfide synthesis rate
approaches the rate of desulfurization. Therefore, the sharp reduction
in the rate of desulfurization shown in Figure 2 is the result of these

competing organosulfur synthetic reactions.



CHAPTER IV
HDS REACTOR SIZING PROCEDURE

In order for the model developed in previous chapters to be use-
ful, from a practical engineering viewpoint, it must be applied td
commerical processes. The model will be used as a basis for a proce-
dure to size a commerical HDS reactor to pretreat a reformer feed.

Since data for only one feed and one set of operating conditions
were analyzed, it is impossible to suggest a procedure to & priori
predict the reactor size required to achieve a specified organosulfur
conversion. This work will present a method to size a HDS reactor
using pilot plant data at the design operating condition. Hopefully,
as the body of hydrodesulfurization data of a cracked naphtha feed
becomes more complete, a generalized reactor sizing procedure could be
developed using principles presented here.

Economic reformer operation requires a hydrodesulfurizer outlet
total sulfur concentration in the vicinity of one ppm (1). Therefore,
the procedure need only to be capable of predicting the reactor size
required to obtain this outlet concentration.

The model asserts that the rate of hydrodesulfurization and
organosulfur synthetic reactions are-néarly equal in the high conver=
sion region. The observed net desulfurization is thought to result
from the saturation of olefins, a common reactant for all postulated

organosulfur synthetic reactions. This analysis suggests that either
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the rate of hydrodesulfurization or olefin saturation could set the
size of reactor required to obtain a one ppm total sulfur outlet
concentration. The following three step procedure is proposed:

1. Calculate the size of HDS reactor required to hydrodesulfurize
to one ppm total sulfur assuming the rate of desulfurization
is controlling.

2. Calculate the reactor size required to obtain one ppm total
sulfur assuming that the rate of olefin saturation is con-
trolling.

3. BSize the reactor based on the space time calculated in Steps
1l and 2 that is larger.

If . the rate of hydrodesulfurization were controlling, then the
required space time could be calculated by evaluating the appropriate
desulfurization rate expression. TFigure 2 shows that at low conversion
of total sulfur, a plot of the logarithm of sulfur concentration as-a
function of space time yields a straight line. This indicates that
the space time required to hydrodesulfurize to one ppm total sulfur
assuming desulfurization reactions controlled may be calculated by

Equation 37.

o
log S
10 TS
0= ——= (37)
37
SOTS is the reactor feed total sulfur concentration, ppm, and k37 is-

the slope of a plot of the common logarithm of total sulfur concentra-
tion, ppm, as a function of space time in the low conversion region of

pilot plant data at the proposed design .operating conditions.



30

The required space time to desulfurize to one ppm total sulfur

assuming that the rate of olefin saturation controls will be calculated

using the following two step procedure:

1.

Determine the bromine number as a function of space time
using pilot plant data at the proposed operating conditions.
The model predicts that olefin saturation is first order with
respect to olefin concentration. An earlier work (3) has
ccncluded that H2S is a reversible peison for olefin satura-
tion. Therefore a Hougen and Watson (11) rate expression,

Equation 38, might be expected to describe olefin saturation

kinetics.

Rate'of _ dBr -k383r
Olefin =30 " iX+1 (38)
Saturation

X is the fraction of organosulfur species in the reactor
feed that has been hydrodesulfurized at any space time ©.

Integration of Equation 38 yields Equation 39.
(39)

Br° and Bre are the initial and outlet bromine number of a
reactor with space time ©. A simplified procedure for esti-

mating k and b is given in the numerical example in Appendix

39
C.
Determine the required ocutlet bromine number to desulfurize

to the region of one ppm total sulfur. Extrapolation of the

of the relation presented on Figure U4 indicates that, for the



feed used in this work, a bromine number in the region
of .9 is required toc obtain g negligible sulfur level.
However, more data are needed to determine the required

outlet bromine number as a function of H.S partial pressure

2
and reactor operating conditions.
The sizing procedure is completed by selecting the larger space

time to size the reactor. A numerical example using the data in

Appendix A is given in Appendix C.
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CHAPTER V
CONCLUSIONS AND RECOMMENDATION
Conclusions

The original goal of this work was to suggest a mechanistic
rationalization for the observation that a cracked naphtha 1s more
difficult to hydrodesulfurize than a virgin naphtha. Analysis showed
that at very high conversions of total sulfur, reactions involving
the addition of H28 and thiols to olefins can drastically reduce
the net rate of desulfurization. Since the olefin content of a cracked
naphtha is typically much greater than a virgin naphtha, the additional
difficulties encountered while desulfurizing a cracked rather than a
virgin stock are probably due to organosulfur synthetic reactions.

A tentative design procedure was proposed to account for the
effect of olefins in an HDS reactor. However, additional pilot
plant and refinery data are needed to test the viability of this design
procedure.

Probably the most important result of this work is the observation
that both desulfurization and olefin saturation activity must be con-
sidered when optimizing the activity of a HDS catalyst to hydrodesul-

furize a cracked naphtha to one ppm total sulfur.



Recommendation

The logical extension of this work would be to test usefulness
of the design procedure using refinery operating data. Particular
attention should be directed toward testing the validity of the
olefin saturation criteria for hydrodesulfurization of a cracked

naphtha to one ppm total sulfur.
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APPENDIX A

DATA

Table II presents olefin, thiol, and total sulfur removal as a
function of space time at constant temperature (600°F), pressure
(300 psig) and hydrogen flow rate (800 SCF/bbl) for a cracked naphtha
feed in a pack bed reactor. Figure 6 is a sketch of the experimental

apparatus.
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TABLE II.

DESULFURIZATION DATA

CONSTANT OPERATING CONDITIONS

Temperature 600 °F
Pressure 300 psig
Hydrogen Rate 800 SCF/bbl

Feed Bromine Number  kLk.0
Feed Total Sulfur 780,

RUN NUMBER 1 2 3 k 5

VARTABLE OPERATING CONDITIONS

0il Feed Rate, ml/hr 720 1090 1kko 1810 360
Number of Reactors in Series 2 2 2 2 1

*
Hydrogen Rgte, SCFH 3.6 5.4 7.2 9.1 1.82
Space Time, minutes 30 20 15 12 30

PRODUCT ANALYSIS

Total Sulfur, ppm 19 17 30 L7 1k
Mercaptan Sulfur, ppm 2 5 8 7 3
Bromine Number 2.7 6.2 9.0 12 3.5
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APPENDIX B
DIFFUSION EFFECTS

Theoretically, the effect of film diffusion resistance between
the main gas stream and the catalyst pellet can be estimated by doublsr
ing the superficial gas velocity while holding temperature, pressure,
and space time constant. Figures 7 and 8 present the results of this
type of experiment for hydrotreating olefins and organosulfur species
in a cracked naphtha. The complete film diffusion control line
assumes that the film diffusion coefficient is proportiocnal to the
superficial gas velocity to the .6L41 power (10). These data suggest
that film diffusion is a significant resistance to olefin saturation
but a negligible resistance to hydrodesulfurization. This is a sur-
prising result since the pseudo-first-order-rate-constant for hydro-
desulfurization (slope of curve on Figure 2) is greater than that for
olefin saturation (slope of curve on Figure 9). If the diffusivities
of all classes of compounds in the naphtha were identical and simple
first order kinetics prevailed, then one would expect that the diffu-
sion effect would be most significant in case of the reaction with the
higher first order rate constant. However, Figure 8 suggests this is
not the case. A theoretical estimate of the maximum mass transfer
rate between the bulk gas stream and the catalyst surface will be made

to clarify the rcle of diffusion in hydrotreating a cracked naphtha.
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If film diffusion between the bulk gas stream and the catalyst
pellet outer surface were controclling the rate of reaction, then the

conversion may be estimated using Equation 40 (10).

1n [y 3.2
—%' - 259 2/3 (k0)
V3 dp Npp™" g

Where, yo and yf are the reactant bulk gas phase concentration at the
reactor inlet and outlet; z and dp are the catalyst bed height and
diameter of a sphere with the same surface area as the catalyst pellet.
NRE and NSC are the Reynolds and Schmidﬁ numbers. Evaluating Equation

4O for the reactor conditions studies gives Equation 4l.

1n Xi _ (3.2)(38cm) = 23, (41)
\yf (.329¢m) (300) 329 (2.9)2/3

This conversion is many qrders of magnitude greater than the experi-
mentally observed conversion. This suggests that film diffusion has

a negligible effect on clefin saturation and hydrodesulfurization.
Theoretical calculations also indicate the effectiveness factor (ratio
of actual rate for the whole pellet to the rate evaluated at the outer
surface conditions) is nearly one. Although considerable doubt con-
cerning the role of diffusion in hydrotreating a cracked naphtha
remains, developmenﬁg in previous chapters assumed that diffusion

resistances are negligible.



APPENDIX C
SAMPLE DESIGN CALCULATIONS

The following calculations are based on the design procedure

outlined in Chapter IV and data presented in Appendix A.
Step 1.

A. Calculate k37.

By definition, is the slope of a plot of the common

37
logarithm of sulfur concentration, ppm, as a function of space
time. A linear regression of the data presented in Appendix
A for one reactor yields a value of .105 minutes-l for k37.

B. Calculate the required space time (hydrodesulfurization
controlling).

The required space time to desulfurize to 1 ppm total sulfur,
assuming that this conversion can be obtained in the low
conversion region, is calculated in Equation 42 by evaluating

Equation 37.

o
_1ogg S logy {(780)

0= = = 05 = 28 Minutes (L2)
37
Step 2.
A. Determine k39 and b.
Equation 43 gives an approximate relationship between k39 and Db,

b2



L3

kog = Suc (b Xoo 1.) (43)

Where, is the slope of a plot of the common logarithm of

SHC
the bromine number as a function of space time in the high
conversion region. XHC is the average fractional conversion of
organosulfur species in the high conversion region. XHC and
SHC have the values of .98 and .034 respectively for the
single reactor runs. Then the values of k39 can be
determined by a trial and error integration of Equation 39.
Calculations yield values of .06 minutes_l and .77 for k39
and b. Figure 9 shows that Equation 39 is a reasonable rate
expression for olefin saturation.

B. Calculate required space time (olefin saturation controlling).
Integration of Equation 39 using the above values for k39

and b shows that a space time of 48 minutes would be required

to obtain a bromine number of .G.
Step 3.

Since the required space time of 48 minutes calculated in Step 2
is greater than 28 minutes of Step 1, a space time of approxi-
mately 48 minutes would be needed to obtain one ppm total sulfur

in the product at the reactor cperating conditions studied.
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