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ABSTRACT

Catalytic Hydrogenation of an Aromatic Sulfonyl Ghtle
into Thiophenol. (May 2008)
Nicolas Julien Rouckout, B.S., Universite Pierrdetie Curie, Paris VI;
M.S., Universite Pierre et Marie Curie, Paris VI

Co-Chairs of Advisory Committee: Dr. Rayford G. Aahy
Dr. Gilbert F. Froment

The catalytic hydrogenation of an aromatic sulfoctyloride was investigated in
continuous and semi-batch mode processes usingpiasdm-Mahoney stationary basket
reactor. A complete experimental unit was desigaed built. The operating and
analytical procedures have been developed and #tkoaiologies to gather the kinetic
data have been described. Hydrogenation reactiens gonducted at a reaction pressure
of 364.7 psia, at three different reaction tempees: 85 °C, 97 °C and 110 °C, at five
different residence times: 0.6 (only at 110 °C{, 1..5, 2.0, 3.1 hr, with the hydrogen to
the aromatic sulfonyl chloride molar ratio: 8.0 ¥nobdl and hydrogen to argon molar
ratio: 3.0 mol/mol. Intrinsic reaction rates of theacting species were obtained on the
surface of a commercial 1 wt% palladium on charceslyst.

The conversion and molar yield profiles of the teaespecies with respect to
process time suggest a deactivation of the 1 wallagium on charcoal catalyst. Kinetic
data collected in a continuous process mode shatiltle catalyst is deactivated during
an experiment when the process time equal to twibree times the residence time of
the liquid within the reactor. XRD analysis shoWwattthe active sites are blocked and an
amorphous layer was formed on the surface of tHadgdam catalyst. Semi-Batch mode
experimental data were obtained at 110 °C aftep@&dhof reaction time for several

aromatic sulfonyl chlorides.



A kinetic model has been developed, which includdsorption of individual
components and surface reactions as well as rai@iegs of the Hougen-Watson type.
A hyperbolic deactivation function expressed imtef process time is implemented in
the Hougen-Watson equation rates. The mathematiodel consists of non-linear and
simultaneous differential equations with multipkriables. The kinetic parameters were
estimated from the minimization of a multi-respomdgective function by means of a
sequential quadratic program, which includes a igfNawiton algorithm. The statistical
analysis was based on the t- and F-tests andrindaged results were compared to the

experimental data.
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CHAPTER |
INTRODUCTION

Thiols, R-SH, are compounds which contain the fiometl group composed of a
sulfur atom and a hydrogen atom, with R being ugwal aliphatic or aromatic group
[1]. According to the IUPAC nomenclature, the narogaliphatic or aromatic thiols are
constructed by adding the suffix —thiol to the naofethe corresponding alkane or
phenol [2]. More traditionally, because of the higffinity of the -SH group with the
element mercury, the terms mercaptan (from then latiercurius captans) and
mercaptoarenes are often used instead for aliphhiicls and aromatic thiols,

respectively [1].

Many thiols are colorless liquids with a strong aepulsive odor, particularly for
those of low molecular weights. Aliphatic thiolsearesponsible for the aromas of
various foods such as cheese, milk, coffee, cablaagke bread [3]. Thiols are also
detected in a number of plants and vegetables aaabnions, leeks and garlic. Low
molecular weight alkanethiol are also formed durihg@ degradation of biological
material and they are frequently found in most erpétroleum oil, fossil fuel, natural
gas and coal. Arenethiols are found in a very Behiextent in natural materials due to
the facile oxidation by air into disulfides [3].

Many aliphatic thiols are important starting medésifor the synthesis of crop-
protection agents, pharmaceuticals, agrochemicats @olysulfides. They are also
widely used as polymerization regulators and stads in the manufacturing of plastics
and rubber [3].

This dissertation follows the style bfdustrial and Engineering Chemistry Research.



Aromatic thiols are frequently used as intermediate reactions for the
preparation of pharmaceuticals, agrochemicals, ,dgegnents, rubber, plastics and
metal finishing [3]. The current market volume &omatic thiols was determined to be
more than 10 million pounds per year [4].

Aromatic thiols are commonly synthesized from theduction of the
corresponding aromatic sulfonyl chloride using eliéint types of reducing agents or
catalysts. Heterogeneous catalysts such as basésr{fét, Cu, Co and Ca) and precious
metals (Pt, Pd, Rh, Ru) dominate commercial pragctiespecially for large-scale
production [5]. However, few heterogeneous kineata as well as kinetic models and
catalyst activity are available in the literatuer the hydrogenation of the aromatic
sulfonyl chloride. High importance must be giventhe catalyst activity in the case of
commercial production of the aromatic thiol sinadg-based compounds are known to

deactivate most of the metal catalysts.

The objectives of this study are to build an expental apparatus to investigate
the catalytic hydrogenation of an aromatic sulfoolgloride and collect experimental
data that is required to develop a kinetic modeltfee hydrogenation reactions and
estimate the parameters of the kinetic model. Atliqdar concern is given to the
monitoring of the catalytst activity during the mgdenation of the aromatic sulfonyl
chloride. The Hougen-Watson type of reaction eguatiare expected to be required to
model the system. The rate equations will moslyiknclude adsorption of individual
components as well as surface reactions. Paramaftehee model will be determined

using numerical methods.



Chapter Il covers the literature review. The gehésatures of the catalytic
hydrogenation of the aromatic sulfonyl chloride areefly discussed. The theoretical
and literature backgrounds are presented. Chaptexgdlains the experimental methods
and calculations used to conduct the catalytic delnation of the aromatic sulfonyl
chloride. A description of the experimental unitdaguantitative reacting species
analysis by gas chromatography is also given. @napt describes the kinetic
experimental results for the catalytic hydrogenated the aromatic sulfonyl chloride
obtained at three reaction temperatures: 85, 97140d°C and five different residence
times: 0.6 (only at 110 °C), 1.0, 1.5, 2.0 and B1The kinetic data for the reacting
species are discussed. A kinetic model and pararestienations results are presented in

chapter V.



CHAPTER Il
LITERATURE REVIEW

2.1 Reduction Methods

Several reduction methods have been employed wupeothe desired aromatic
thiol compound from the corresponding aromaticauf chloride. One of the reduction
methods is the use of zinc and sulfuric acid siamdbusly, but it leads to harmful
byproducts in the form of metal salts and poordgel65 %) [6]. Some other methods
include the use of reducing agents such as lithamminum hydride LiAIH or red
phosphorus in the presence of hydrogen iodide ure@gs or glacial acetic acid solution
[3]. With LiAIH 4 under heat during four hours, the correspondingl B obtained in
high yields (89%) [7]. The aromatic sulfinic acidOOH is an intermediate of reaction
during the reduction of the aromatic sulfonyl cider High yields (80 to 90 %) into the
aromatic sulfinic acid are generally obtained whlea reduction is conducted at low
temperatures (-65 to -20 °C) in ether during appnaxely two hours with a molar ratio

of LiAIH 4 to the aromatic sulfonyl chloride of about 0.5.[8]

One of the most successful methods developed isdatadytic hydrogenation of
the corresponding aromatic sulfonyl chloride. Imstprocess, hydrogen, an aromatic
sulfonyl chloride (liquid) and a catalyst (solideamixed together to lead to the desired
aromatic thiol compound [6, 9, 10]. This method itsnthe production of harmful
byproducts of reaction compared to a classic realuctHowever, hydrochloric acid,
which is a byproduct of the reaction, requiresube of special materials of construction

for the reactor and auxiliary equipment.



In the catalytic hydrogenation method, noble metgh as palladium or
platinum were used as catalysts under pressurizeblopen of 400-800 psi and
temperatures of 100-110 °C [10]. Hydrogen chlorideformed during the catalytic
hydrogenation reaction. Reactors made of tantalumnickel-based alloys were
necessary due to significant corrosion caused bysthong acidic conditions of the
hydrogen chloride and the high reaction temperatineaverage yield of 83 % for 2,5-
dimethylthiophenol was obtained, but expensive treacequipment was required to
perform the reaction properly [9]. Mylroie and Dslesported, respectively, yields of
99%, 95% and 90.5% for the reduction of p-toluetfesyl chloride, naphthalene
sulfonyl chloride and diisopropylbenzenesulfonyloche to the corresponding aromatic
thiols [11]. The reduction was conducted during H&urs at 40 °C and hydrogen
pressure of 60 psig with a 5wt% palladium on chalrcatalyst in the presence of an ion
exchange Amberlite resin to neutralize the stroydydchloride acid formed. A yield of
87.4 % was also reported for the reduction of naglbenhe disulfide to the corresponding

thiol using a Raney cobalt catalyst.

Finally, a method very similar to the one presenpeelviously was proposed
using an inorganic base to prevent corrosion ofélaetor [10]. However, the selectivity

and yield of the aromatic thiol were greatly aféetby the nature of the base.

Aprotic solvents such as methylbenzene, dimethyeee and chlorobenzene are
preferred for the hydrogenation reaction. Toluemeethylbenzene) was the most
common solvent used in the experimental methodsridbesl previously [6, 9, 10].
Figure 2.1 shows the composition of hydrogenatddet®e obtained by using a

palladium-zeolite catalyst at several temperatareba reaction pressure of 40 atm [12].
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Figure 2.1 Yields of the products of the conversibioluene 1) into methylcyclohexane

2) and cyclohexane 3) [12]

In the range of temperatures from 100 °C to 200 flig formation of
methylcyclohexane dominates and no cyclohexaneorsndd. The formation of
cyclohexane from the demethylation of methylcyckdree is initiated only at
temperatures above 200 °C. The hydrogenation akba into methylcyclohexane can
be assumed negligible at temperatures equal tessrthan 110 °C. Goodwin gives the
thermophysical properties of toluene at temperatiura 178 to 800 K and pressure up
to 1000 psi [13]. Measurements of toluene surfaosion using surface light scattering

technique were also reported by Froba and cowatkeifferent temperatures [14].

Solubility of hydrogen into toluene is a parametérhigh importance. Tong
estimated the solubility of hydrogen in toluenelifferent temperatures and pressures as
shown in Figure 2.2 [15]. Another useful sourcéhes solubility data series published by
the International Union of Pure and Applied ChergigtUPAC) which listed solubility
data for hydrogen in aqueous solutions as weliffereint organic compounds including
toluene [16]. Bruner listed the solubility of hyden in ten different organic solvents
including toluene at 298.15, 323.15 and 373.15 K amh different pressures [17].



Solubility data found in the latter for hydrogen toluene is similar to the values
reported by Tong.
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Figure 2.2 Estimated solubility of hydrogen in tehe [15]
2.2 Mass Transfer Resistances in Catalytic Hydrogetion Reactions

Hydrogen has to overcome a number of mass traredestances before reacting
with aromatic sulfonyl chloride on the surface opalladium on carbon catalyst as
shown in Figure 2.3.
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Figure 2.3 Concentration profile of hydrogen irheee-phase reactor

The steps involved are:
1) Absorption into the liquid phase by mass transfer
2) Diffusion from the gas-liquid interface into thelbliquid phase
3) Diffusion from the bulk liquid phase to the catdlgarface

4) Adsorption and diffusion through the pore structofethe catalyst
while reacting with the liquid reactant on the weetisites of the
catalyst



Dispersion of two immiscible phases by mechanig#htion creates not only an
increase in the interfacial area between the twadamting phases but also improves the
rates of mass transfer. High mass transfer cancheexaed due to the fluid motion
induced by the agitator. In gas-liquid dispersithe, gas phase is known as the dispersed
phase and the liquid phase is called the continpbase. The gas phase can be seen as a
swarm of gas bubbles in free motion. As the gasblasbrises through the agitated

reactor, the surrounding fluid flows around the lgabkbles.

Understanding the mechanics of the dispersion ségan liquids in an agitated
reactor is of high importance for the determinatiércorrelations for interfacial area and

gas-liquid mass transfer coefficients. Two typefoodes act on a gas bubble:

o The inertial force created by the agitation, whiehds to dispersion of
gas bubbles in the reactor. This dynamic force d@sponsible for
deformation or eventually break-up of bubbles ifldes not act equally
over the surface of the bubble. Internal circulatd the fluid within the
gas bubble induces internal viscous stress, whpgoses the dynamic

force. The inertial force mainly affects the gagild interfacial area.

o The static force of surface tension or interfabiate depends mainly on
the chemical and physical properties of the cowtirsuphase. Static force

mainly affects the gas-liquid mass transfer cogdfit

Theoretical mass transfer correlations, referencereberences relating the
Sherwood number (Sh) to the Reynolds number (Rd)Sshmidt number (Sc) have

been given by many workers. These correlations wetiee form:

sh=aRe’ s 2.1)
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where
k, d
Sh= [L)—b (2.2)
L
U
=L (2.3)
P DL
d G
Repubble =7, (24)
G
with d

b the bubble diametem(), DL the gas diffusion coefficient in the liquid phase

(m2/s), ,oLthe density of the liquid Kg/ms), /JLthe viscosity of the fluid

surrounding the gas bubbledq.s), ,uGthe viscosity of gas Ra.s) and G the

superficial gas mass flow velocitkg/ mrzs).

To disperse efficiently gas bubbles into a contusidiquid phase, the inertial
force created by the agitator has to overcome th@csforce of surface tension.
Correlations given by several authors are conttadic the main discrepancy being
whether or not the agitation intensities have dluémce on the gas-liquid mass transfer
coefficient. Some Authors such as Barker [18], Adnae@d Semmens [19] and Griffith
[20] found that the mass transfer coefficient idependent of the intensity of agitation.
On the other hand, authors such as Yoshida [213sHer [22], Davies [23] and
Calderbank [24] found that the gas-liquid mass df@nrates are dependent on the
agitation intensities. Table 2.1 shows the coriefast proposed by these various

investigators.
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Table 2.1 Gas-liquid mass transfer coefficient elations

Source Region of validity Media Correlation
Barker and 5 c acid
enzoic acl 833 05
Treybal Not reported S =0.052Re 6
Y P pellet/water impeller
[18]
Ahmed and A .
ir in water
Semmens 0.01< Re< 10( Sh= 0.4911Re0'38248c033
O, in water

[19]
Griffith

Re> 1 H,inwater  Sh=2+ 044Re%° 55035
[20]
Calderbank Transfer due to O i t ('7) 1/4

in water
and Moo-  turbulence in _ k sc2/3 =01 WWHL
_ ~ Hzinsolvent L 2
Young [24] surrounding fluid P
Yoshida O, in water 06
_ d, NDp 05
and Miura Not reported and glycerol Sh=03 b "L Y
[21] solution Hi
1/4
Prasher and CGOyin 3n5
_ Not reported Kk o593 SN"D7¢@ | S1/2
Wills [22] (NaOH)aq L 124 L
ML

In Calderbank’s work [25], experiments were conddcin 5-liter and 100-liter
tanks with different liquids. Air was sparginglysgersed as a bubble cloud in the reactor
and absorbed into the continuous liquid phasexAlai-blade impeller turbine was used
as the agitator. Four radial baffles were symmalijiattached to the internal wall of the
tank. Calderbank assumed that a balance existebetmterfacial forces and dynamic
forces during breakup. The balance between theseftwces occurs in the cavities

created behind the agitator as the gas is dispersed
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Table 2.2 shows the range in density, surfacaderand viscosity of the liquid
phase as well as the range in power dissipateueitiquid phase and the superficial gas
velocity investigated by Calderbank [25] to findri@dations for the gas-liquid mass

transfer coefficient and interfacial area.

Table 2.2 Changes in variables to determine gasdignass transfer coefficient in

Calderbank work

Pl =(0.79to 1.9 16 kg M3 Gas used: Hydrogen and CQ@

o, =(21.7to 73§ 10°N m
Liquid used: Water, ethyl alcohol, methyl

— 53
HL —(0.5to 23 10~ Pas alcohol, isopropyl alcohol, n-butyl alcohol,

FX/ - (O.35to 7-06 HP S of liquid ethylene alcohol, carbon tetrachloride,
ethyl acetate, nitrobenzene and toluene

Vg =(3.04t0 183 10° m> m?s

Calderbank observed that no variationl«])_f occurs with bubble sizes classified

as “small bubbles” with diameters less than 2.5 amd “large bubbles” with diameter
greater than 2.5 mm [25]. However, gas bubbles dit#meters greater than 2.5 mm
have a greater mass transfer coefficients tharbghbles with diameters less than 2.5

mm.

Small rigid sphere bubbles with diameters less tl2ah mm experience
essentially friction drag when falling or risingrélugh a liquid causing perturbation of
the flow within the boundary layer. Calderbank fduhat the mass transfer coefficient

2/3
L

slip velocity v [25]. For large gas bubbles with diameters gretitan 2.5 mm, form

is proportional toD and it is independent of the bubble size, degfemgitation and
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drag predominates. Calderbank found that the nassfer coefficient is proportional to

D836[25].

Calderbank also measured interfacial area by Bghttering and investigated the

following parameters [26]:

Q

The power dissipated by the agitator which is prilpadependent

upon the agitation speed

The density of the continuous liquid phase

The surface tension of the continuous liquid phase
The superficial gas velocity

The terminal gas-bubble velocity in free rise

Calderbank gave the following correlations for tfees-liquid interfacial area

(mlzlmf), bubble diameted, (m) and gas hold-up (m3/mf) [26, 27];

04 02 1/2
P
o rad B0 Vs -
' 506 \Y/ '
L t
g 86 1/2
Pl e
04 o2 1/2
V& P o) Y,
£= [iJ +0.00021 (/V)TL [—SJ 2.7)
Vi o Vi
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where % is the power dissipated by the agitator per umilume of the liquid
(W/m3),,0|_the density of the quuidl(q/ms), g is the surface tensiorkg/sz), VS
is the superficial gas velocityw(3/mr25) and Vt is the terminal gas-bubble velocity in

free rise (’n?’/mrzs). Calderbank assumed a constant bubble terminatitae of 26.5

cm/ s in his experiments.

Depending on the Reynolds numbers of the bublitesiree-rising velocity; is

calculated from the following equations [28]:

d2
_ 1A% siokestaw) wherR <1 2.8
T u (Stokes’law) whe Soubble (2.8)
2 .2
~Pn[ 9
v =1g (’OL G) when30< Re, <10° (2.9)
t 4°b pLH| ubble
(p -p )gd
_ L "G/”b 3
Vt = 1.76\/ o when Rebubble >10 (2.10)

where db is the bubble diametem), thhe density of the quuing/m3), Pg the

density of the gaskg/ms),/,ll_ the viscosity of the fluid surrounding the gas Hebb

(Pas) andg is due to the acceleration gravihy\(sz).
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With no agitation, the gas is not dispersed inte liquid phase and%/ =0.

Therefore, the gas hold-up can be expressed as:

V
-|_S
8_(V } (2.11)

With high power dissipation, the first term of Eqoat2.7 becomes small. The
gas hold-up is proportional to [26]:

s (%)0.4\/%/ 2 (2.12)

In the absence of stirrer speed, the gas hold-perdis on the superficical gas
velocity. With agitation and recirculation of thguid within the reactor, the gas hold-up
should be higher compared to the one obtained waitagitation. Therefore, as the stirrer
speed increases, the gas-liquid mass transfericieetf gas hold-up and interfacial area
should increase.

Calderbank reported McGrea’s experimental work [2,dh the determination
of mass transfer coefficients, diffusion coeffiderand bubble diameters during the

dispersion of hydrogen in toluene in a Perfectlx®&ti Flow Reactor (PMFR) as listed in
Table 2.3.
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Table 2.3 Experimental values of mass transferfusibn coefficient and bubble

diameter for the dispersion of hydrogen in toluena PMFR

Difference of density between the

continuous phase and dispersed phase 0.867 glort
Continuous phase density 0.867 gicm
Continuous phase viscosity 0.28-0.90 cp
Hydrogen mass transfer coefficient 0.0253-0.048cm/
Hydrogen diffusion coefficient 4.75-14.2516nT/s
Hydrogen bubble diameter 0.14 cm

The rate of absorption of small hydrogen bubbledo(@6 mm diameter) in
toluene obtained experimentally are in close ages¢mwith the correlation given by
Calderbank [25, 26] for the gas-liquid mass transfeefficient proposed for small
bubbles.

Sano and coworker [29] and Levins and Glastonbury p80posed correlations
for the solid-liquid mass transfer coefficient bds®n Kolmogoroff's theory.
Experimental data have been collected in an aditsligrry reactor and correlations are
given in Table 2.4.
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Table 2.4 Solid-liquid mass transfer coefficientretations

1/4

Sano and coworker ~ Kgd ed4pﬁ 13
P_s40 p L
[29] Ds u P Ps
Levins and
Glastonbury 062
. k_d el/344/3 D 017 p 036
(small density SP_sy04 p I L
difference between S H DT DS
the solid and liquid)
[30]
Levins and
I

Glastonbury » 4 1/2 038
(large density S p p ML

——— =2+ 044 — —
difference between Ds Hy Ds

the solid and liquid)
[30]

where dP is the mean spherical diameter of the catalysigb@rm), DS the diffusion

coefficient into the solid phase’r(zls), DI the impeller blade diametem(), DT the

reactor diameter r1), ,uLthe viscosity of the fluid surrounding the solidripdes

(Pa.s), e the energy supplied per unit mass of slurmyz(/ 53) andv the slip velocity
(m/s).

Goto and Saito evaluated liquid-solid mass transtefficients in an agitated
vessel with a stationary basket [31]. The expertaledata collected was in good

agreement with the correlations proposed by Sa@pdad Levins and Glastonbury [30].
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2.3 Catalytic Gradientless Reactor

Trickle bed and slurry reactors are the most comicegalytic reactors used to
obtain intrinsic reaction rates at the surface chtalyst. In the trickle bed reactor, the
gas and the liquid phases flow either co-curreatlgountercurrently over a stationary
bed of catalyst particles whereas in the slurrgtaahe catalyst is kept in suspension by
mechanical agitation. Weekman [32] and Shah [33s@mnt the advantages and
disadvantages for agitated-slurry and trickle-besctors. Chaudary and Ramachandran
[34] reference some catalytic hydrogenation reasticonducted in three-phase catalytic

reactors.

In kinetic investigations, complete mixing of thkiidl within the reactor is
required in order to achieve a uniform concentratiod temperature over the surface of
the catalyst. Any transport resistances betweesgshahould be eliminated in order to
obtain intrinsic reaction rates at the surface hed tatalyst. A gradientless reactor is

frequently used to achieve such conditions [35].

In trickle-bed reactors, intrinsic reaction rate®iothe surface of the catalyst are
difficult to obtain because of strong mass and hestsport resistances between the
phases as well as fluid dynamics and undefineddeaese time distributions in the
catalyst bed [35]. “Recycle reactors, which appmate continuous-stirred tank reactor
(CSTR), by employing either external or internatireulation, are the most useful for
obtaining catalytic kinetic data [36]". The recitation of the fluid (backmixing) is
ensured by either an external pump or a mechaagightor. A recycle ratio of more
than 50 needs to be attained with a recycle reactorder to reach the CSTR behavior
[37].

Two types of gradientless reactors have been deedlin the past [35, 36, 37].

With the spinning basket reactor, the catalystlacgd in the annular section of the
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basket and moves in the fluid content of the rea{3®]. The basket serves as a
mechanical agitator to achieve complete mixing wwitthe reactor. The initial design
was given by Carberry [38] and improvements of tiyjse of reactor were made by
Robinson and Mahoney during the kinetic study oé thydrodesulfurization of

dibenzothiophene [35].

With the stationary basket reactor, the catalygpiased in the annular section of
the basket but remains fixed in the fluid contehthe reactor [36]. It was developed
primarily by Robinson and Mahoney as well during tbatalyst testing for coal
hydroliquefaction. The design of the reactor waspired from the reactor developed by

Berty [39]. Complete mixing is achieved by mechahagitation.

Mahoney discussed the main advantages and disadesntof both basket
reactors and preference was given to the desigjmecdtationary basket reactor [40]. The
main reasons were that the actual temperaturetbeesurface of the catalyst can not be
directly measured and the catalyst is not exposed uniform concentration of the

reactor contents with the rotating basket reactor.

2.4 Material Selection

A good balance between the cost of the materialitarerformance in corrosive
media should be made before selecting any matdaakhe construction of a chemical
production unit. Table 2.5 shows the corrosion gaté different materials and their
corrosion properties in oxidizing and reducing nagdil, 42, 43, 44, 45, 46, 47].
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Table 2.5 Corrosion rates of certain materials yarbchloric acid and corrosion

properties. BP: boiling point, mpy: milli-inch pgear

Metals

Maximum corrosion rates
in hydrochloride acid
(HCI)

Remarks

Hastelloy alloy C-276

50-200 mpy below BP
5 % to 30 % conc in HCI

Good resistance in oxidizing

media

Hastelloy alloy B-2

5-20 mpy below BP
5 % to 30 % conc in HCI

Poor resistance in oxidizing

media

Hastelloy alloy C-
2000

50-200 mpy below BP
2 % to 20 % conc in HCI

Excellent resistance in both

oxidizing/reducing media

Hastelloy alloy C-22

<200 mpy below BP
2 % to 25 % conc in HCI

Excellent resistance to

crevice/pitting corrosion

>50 mpy below BP

Resist only in a mild reducing

Titanium . .

20 % to 50 % conc in HCI acid

_ ) <2 mpy below BP Possible pitting/crevice

Zirconium _ _

10 % to 50 % conc in HCI  corrosion

Possible hydrogen

<1 mpy below BP .

Tantalum embrittlement above BP and

0 % to 50 % conc in HCI

25%conc in HCI

Table 2.6 gives the relative cost of common prodesss for different materials

of construction [48].
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Table 2.6 Material of construction cost guide [48]

Material Relative cost of fabricated item

Carbon steel 0.5
Stainless steel ferritic 430 0.8
Stainless steel austenitic 304 1.0
Stainless steel austenitic 11
Stainless steel duplex 2.0
High alloy steel 310 2.2
Titanium (pure grade 2) 2.6
Nickel chromium alloy 400 3.0
Titanium (0.2 Pd grade 7) 4.3
Nickel alloy C-276 4.5
Zirconium 5.5
Nickel alloy 625 6.0
Tantalum 20

Stainless steel austenitic 304 has been takeneasetbrence material. Special
grades of materials may result in a higher priabl& 2.6 gives a rough but realistic idea
of material cost. This document is a copyright leé tnstitution of chemical engineers
and it should be used by faculty and students urcaiibnal institutions for economic

calculations [48].

One can notice that tantalum is the most expensnaterial, which is
approximately 5 times more expensive than Hastallmy C-276. Hastelloy C-276 has
corrosion rates in hydrochloric acid greater thantdalum. Considering the balance
between cost and performance of these materialsteltay C-276 was selected as the

material of construction for the experimental unit.
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2.5 Chemistry of the Catalytic Hydrogenation of 2,8Dimethylbenzene Sulfonyl
Chloride

The following reaction sequence in Figure 2.4 hasnbproposed to obtain the
aromatic thiol by catalytic hydrogenation of anraatic sulfonyl chloride [6, 9, 15, 49].
The catalyst employed during hydrogenation is plialila on charcoal. Table 2.7 gives
the names and chemical structures of all the comg®unvolved in the catalytic

hydrogenation reaction.

1
T3 + H2°
; Ho

P22 §
Hydrogenation 5|3 Ho
sequence + Ho *E
SOH
F2,1 %& SH
Pd/C
+ H, %. + HCl
S0.Cl ' SO, H

d
3 [—.p ol + + H,0
SOH ° SO, H
s

$-50,
{ 3 HQ

2 + 2H,0
SH

[Pd/C]

Dehydration
sequence

Figure 2.4 Hydrogenation sequence for the aronsatfonyl chloride
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The aromatic sulfinic acid, which is the first inteediate specie in the
hydrogenation sequence, undergoes a dehydratiywog@rtionation to produce the
aromatic thiosulfone, the aromatic sulfonic acidd awater. Hydrogenation of the
aromatic thiosulfone leads to the formation of #nematic thiol. The hydrogenation of
the aromatic sulfinic acid, which includes the fation of the aromatic sulfenic and the
aromatic disulfide with water, was proposed tolmermain route for the formation of the
aromatic thiol; the dehydration sequence beingd® seaction during the catalytic
reduction of the aromatic sulfonyl chloride.

Sulfenic acids formed in the hydrogenation sequesree highly reactive and
generally unstable [50]. Therefore, it becomesidiff to isolate and detect this

compound. Figure 2.5 shows the two tautomer forimeeparomatic sulfenic acid.

SOH S

Figure 2.5 Tautomer forms for the aromatic sulfexdi

It has been shown using microwave spectroscopidysisathat the divalent
tautomer form RSOH predominates [50].
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phenyl)thiosulfone

Table 2.7 Sulfur-based compounds involved in thedrbgenation of 2,5-
dimethylbenzene sulfonyl chloride
Molecular
Chemical name Chemical structure weight Source
(g/mol)
Product in the
2,5-dimethyl hydrogenation and
. y 138.2 Yeres '
thiophenol SH dehydration
sequences
2,5-dimethyl Intermediate in the
benzene sulfenic @\ 154.0 hydrogenation
acid SOH sequence
2,5-dimethyl Intermediate in the
benzene sulfinic 170.0 hydrogenation
. SO H
acid sequence
2,5-dimethyl Water soluble by-
benzene sulfonic @ 186.0 product in the
acid SO;H dehydration sequence
2,5-dimethyl Reactant of the
benzene sulfonyl 204.7 hydrogenation
chloride 20U sequence
. ' Intermediate in the
Bis(2,5-dimethyl .
o 274.5 hydrogenation
phenyl)disulfide S-S
sequence
. ' Water insoluble
Bis(2,5-dimethyl ' o
306.0 intermediate in the
S-S0,

dehydration sequence
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The high reactivity of sulfenic acid is explainegthe formation of thiosulfinates

RSOSR by intermolecular hydrogen bonding as showsigure 2.6.

\O\QH\?
[
2RSOH —— R-S S-R — RSOSR + H,0

Figure 2.6 Intermolecular hydrogen bonding in thierfation of thiosulfinate [50]

Thiosulfinates are thermally unstable and formeteatperatures as low as -50
°C. The mechanism of the thermal disproportionatibthiosulfinates involves radicals
RS- and RSO- which recombine to give disulfide RSafd thiosulfonate RSOR as

shown in Figure 2.7.

2RSOSR — RS-SR  + RSO,SR

Figure 2.7 Disproportionation of thiosulfinate [50]

Benson listed bond dissociation energies in sewedéir-nased compounds [51].
The dissociation energy of the sulfur-sulfur bond sulfur-oxygen bond in the diphenyl
thiosulfinate Ph-SOS-Ph compound have been repatedl to 36 and 83 kcal/mol,
respectively. The dissociation energy of the swifxygen bond in the diphenyl
thiosulfonate Ph-S£3-Ph has been listed equal to 115 kcal/mol. Thedsta heat of

formation AH? of the latter compound is equal to -22 kcal/mel)(at 298 K.

Sulfinic acids RSOOH are stronger acids than cayfomacids and are thermally
unstable [8]. Burkard and coworkers investigated #ctidity constants of several
aromatic sulfinic acids and found values of pKauab 1.8-2.0 [52]. Sulfinic acids

undergo auto-catalysed dehydrative disproportionafb3]. The reaction is catalysed
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not only by the sulfinic acid itself but also byethddition of other strong acids such as
hydrochloric acid [8]. Kice studied the kinetics diproportionation of various sulfinic
acids in acetic acid solvent and with known amowfte/ater and sulfuric acid [53]. A
second order reaction for the disappearance adtbiaatic sulfinic acids is suggested in
the study. The mechanism for the dehydrative dpptoonation with the formation
followed by a thermal decomposition of an internageli sulfinyl sulfone has been

proposed in Figure 2.8.

0
Ke |
2ArSOH —= Ar—%—&i—-ﬂAr + H,O
0 0

I

0

kd t

] —— Ar—S—0—S8Ar
rate detg. ‘l
0

11

Ar80:H . )
II —> ArS0.5Ar + ArSOH

Figure 2.8 Dehydrative disproportionation mechaniginthe aromatic sulfinic acid

proposed by J.L Kice [53]

Aromatic thiosulfonates ArSAr produced by dehydrative disproportionation
of the corresponding sulfinic acid are thermalgbd¢ above 100 °C for many hours and
exhibit the same resistance to homolysis as aronditiulfides [8]. Sulfonic acids
RSQH are organic acids with strength comparable tocngnd hydrochloric acid. The
acidity constant is lower than the one found fog #gulfinic acids. Reduction of this
compound by LiAIH, B;Hs and AlH; is difficult and removal of the proton only occurs
[8].
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Many aromatic disulfides ArS-SAr undergo homolydissociation of the sulfur-
sulfur bond under heat to produce thiyl radical .RSenning reported a homolytic
dissociation constant greater than 2.0° 52¢" at 100 °C for p-toluene disulfide [54].
Kende measured the rate of fission of ¢Shh in toluene and suggested a first order
disappearance with respect to dimethyl tetrasulfila activation energy of 33.6
kcal/mol and a pre-exponential factor of 1.8%1r* were reported [51, 54]. Aromatic
disulfides are easily reduced by reducing agenth a8 LiAlH, and NaH. The cleavage
of the sulfur-sulfur bond in the disulfide is easihen an aromatic ring is attached to
the sulfur atoms. Indeed, the electron densithéedulfur atom attached to the aromatic
ring is lower due to the resonance stabilizationctvlweakens the p-bonding interaction
of the sulfur-sulfur bond [55]. The dissociationeegy of the sulfur-sulfur bond in the
phenyl disulfide PhS-SPh compound is about 20 t&d/mol which is different from
the one reported by Benson (55 kcal/mol) [51, 94, $he standard heat of formation

AH ? of the latter compound is 58.4 kcal/mol at 298 K][5

The thermochemistry of the hydrogenation of theretic sulfonyl chloride was
investigated using an Accelerating Rate CalorimétrC) equipped with a magnetic
stirrer [57]. The hydrogenation reaction was conedcwith a palladium on carbon
catalyst without any base. Heats of reaction frdra 2,5-dimethylbenzenesulfonyl
chloride to the 2,5-dimethylthiophenol and from tRe5-dimethylbenzenesulfonyl
chloride to the intermediate aromatic disulfide &véound to be equal to -63 kcal/mol
and -45 kcal/mol, respectively. The disappeararfcth® 2,5-dimethylbenzenesulfonyl
chloride was represented by a first order rate guaThe pre-exponential factor and
activation energy were determined to be equal16 10 hr' and 14.6 kcal/mol.
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2.6 Catalyst Deactivation

Three kinds of deactivation of catalyst occur: eimtg, catalyst poisoning and
fouling [58, 59]. Sintering is associated with &doof area of the catalyst when the
catalyst is operated above the normal range of ¢eatpre. Poisoning occurs when a
small amount of material or impurity adsorb on #uotive sites of the catalyst. Poisons
are either present initially in a feed stream sashsulfur-based compounds in natural
gas or naphtha fractions are formed during theti@acMost poisoning processes are
irreversible which means that the catalyst shoudd discarded if not regenerated.
Elements most frequently encountered as poisonisidacsulfur, arsenic, halogens,
phosphorus and lead. Fouling is associated wigigelamount of material present in the
feed and covering the active sites of the catalysking and fouling are two different

mechanisms in the sense that the coke is formeddige reaction.

Bartholomew gives a description of the mechanismsatalyst deactivation as
represented in Table 2.8 [60].
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Table 2.8 Mechanisms of catalyst deactivation [60]

Strong chemisorption of species on
Poisoning Chemical catalytic sites, thereby blocking sites for

catalytic reaction

Physical deposition of species from fluid
Fouling Mechanical phase onto the catalytic surface and in

catalyst pores

Thermally induced loss of catalytic surface
Thermal degradation Thermal area, support area, and active phase-
support reactions

. . Reaction of gas with catalyst phase to
Vapor formation Chemical '
produce volatile compound

_ _ ) Reaction of fluid, support, or promoter
Vapor-solid and solid-solid _ . ) . .
Chemical with catalytic phase to produce inactive

reactions
phase
Loss of catalytic material due to abrasion
N . _Loss of internal surface area due to
Attrition/crushing Mechanical

mechanical-induced crushing of the

catalyst particle

Radovic and coworkers investigate the sulfur teleea of some supported
palladium and copper-based catalysts during metreymhesis [61]. A mixture of gas
containing CO, C@and H is fed to a differential fixed-bed reactor opedated 523 K
and 1.5 MPa. A rapid decrease in activity of battalysts is observed as soon as a small
amount (2 ppm) of B is fed with the initial gas mixture. From theiaity test on a 5
wt% Pd on charcoal, it is shown that the catalg&tins more than 1.5 mol of sulfur per
mol of palladium on the surface of the catalyst.
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Novakova and coworkers investigate the hydrogen#tydrogenolysis of a
range of aromatic disulfides over a 10 wt% palladisupported on charcoal catalyst
[62]. Reactions were conducted in a range of pressof 5 to 50 bars in THF at 75 °C.
Catalyst deactivation is observed by X-ray diffract and attributed to the
transformation of an active PdS phase into an ahoup PdS inative phase on the
surface of the catalyst. The mechanism of the sgifisoning is believed to involve an
initial step in which the sulfur atom is highly gexsed on the surface of catalyst and
covers at least between 4 and 5 palladium atonfs.pgPdse identification shows phases
of PdS, Pdg P4&S, PdS and P&S; depending on the temperature and the sulfur
content. Figure 2.9 shows Taylor’'s investigationtbe temperature-composition phase

relationships and thermodynamic properties of theSRystem [63].
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Two factors influence essentially the heat of fatioraof chemisorbed sulfur on
metal surfaces: the dispersion or coverage of tifarsatom on the catalyst surface and
the coordination of the active sites [64]. The cfnee of the metal surface and the
location of chemisorbed sulfur atom on the surfdermine the number of active sites
available for surface reaction. At high coveragelfus chemisorbed can deactivate
several neighboring sites for adsorption of thetiag species and deactivate completely
the catalyst. At low coverage, chemisorbed sulfay raover preferentially some active

sites and therefore, reaction between reactingepatay occur.

The d-orbitals of the metal are involved in the ¢hog with the sulfur atom. The
sulfur 2s and 2pz orbitals form a molecutabond and the remaining 2p obitals of the
sulfur form all bond with orbitals d and s of the metal. The hagdenergy of sulfur to

the metals shows little variations between traosithetals and noble metals.

Compared to platinum catalyst, the sulfur coveragéeigher for palladium
catalyst but the palladium-sulfur bond is less Igtdban the platinum-sulfur bond. The
free energies of formation of bulk sulfides on theface of palladium and platinum

catalysts were reported equal to -78 kJ/mol andkd@®ol, respectively [65].
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CHAPTER IlI
DESCRIPTION OF THE EXPERIMENTAL UNIT

3.1 Experimental Unit

A hydrogenation unit was designed and built. Expernits are conducted either
in a batch or continuous process mode. The labgraactor to conduct the catalytic
hydrogenation of the aromatic sulfonyl chloride dsstirred 300 crh EZE-SEAL
Robinson-Mahoney stationary catalyst basket react@nufactured by Autoclave
Engineers (AE). The body of the reactor is madeHastelloy C-276 with an inner
diameter of 1.82 inch and 0.75 inch thickness. Th&ximum allowable working

pressure is 3300 psig at 452.

Figure 3.1 shows a detail description of the degifithe Robinson Mahoney
stationary basket reactor. The U-shape overflove tuds been replaced in the top of the
reactor in opening H instead of a connection to lb&om opening L, as shown in
Figure 3.1. With this modified design, the tip bétoverflow tube reaches the top of the
reactor to let the mixture of liquid and gas flowt @f the reactor. Therefore, the reactor

is operated completely filled with gas and liquid.

The reactor has eight ports, two bottom and sixdopnections. It is equipped
with a thermowell and an OSECO rupture disc withuest pressure of 2482 psig at 22.2
°C. Both thermowell and rupture disk are made oftellioy C-276. External accessories
include a pressure relief valve, a manual vent ejaly 0-1000 psi pressure gauge, a

pressure transducer and a heating jacket.
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Figure 3.1 Robinson-Mahoney stationary basket ogadesign, Property of, and used
with the permission of Snap-Tite, Inc. The overflave has been placed in opening H
in a U-shape design instead of a connection tddt®m opening L
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The agitation is performed by rotation of extenmagnets, which actuate internal
magnets attached to the agitator shaft. The agitaissembly is composed of a belt
driven MAGNEDRIVE with purebon carbon graphite begs, a speed sensor, a 90 volt
direct current motor, an agitator with three upshiriolades and three downthrust blades
(six blades total) and an agitator shaft. The m®aapable of delivering 0.5 hp at 3000
RPM. An aluminum cooling jacket between the driemmection and the magnet zone

maintains the temperature below 149 °C.

An Autoclave Engineers tower controller has beestailted to control motor
speed, process temperature and heating jackenahtegmperature. Process pressure
measured from the pressure transducer is alsoagiesgl The internal temperature of the
heating jacket is adjusted to control accuratelg firocess temperature, which is
measured by an OMEGA type-J thermocouple inseméal a thermowell. The tower
controller has a communication port for use with &E towerview software and uses a
touch pad for incremental increases in the speetthefmotor and temperature of the
heating jacket. The power to the heater and toathitator is shutdown with the front
panel ON/OFF switch.

The basket is a fixed annular design with bafflesde and outside to prevent
fluid vortexes. The basket screen has an openitj0&1 inch and the size of the mesh
is 14x 14. It has been manufactured using Hastelloy Cwift6 a 0.020 inch wire. The
agitator shaft is located directly at the centethaef basket to force the fluid through the
basket, then up and down along the reactor wadr gfassing the basket and back into
the center of the basket. Figure 3.2 shows the flattern of the fluid around the basket

within the reactor.
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ke

Figure 3.2 Flow pattern of the fluid around the Kediswithin the reactor. Property of,

and used with the permission of Snap-Tite, Inc.

The re-circulation of the fluid and the perfect mx between the liquid and gas
phases as well as the continuous radial flow thnotngg basket create a gradient-free
concentration in the liquid phase and uniform terapge within the reactor. Mass
transfer resistances at the gas-liquid and liqoidisinterfaces are eliminated and

intrinsic reaction rates of the reacting specieshensurface of the catalyst are obtained.

Figure 3.3 shows a simplified flow diagram of thgdiogenation unit built to
investigate the catalytic hydrogenation of the atin sulfonyl chloride into the
aromatic thiol in continuous mode. A detailed flallagram, which includes all the
equipment used, is given in Figure 3.4. Figure shbws a simplified diagram of the

hydrogenation unit in the semi-batch mode.
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Motor

stationary basket
reactor

Heating jacket —

H,/Ar

Feed: 5 wt% sulfonyl
chloride in toluene

Material of construction: Hastelloy C-276

Gas only

Robinson-Mahoney @ @ Gas/liq

Back
Pressure
Regulator

-

To gas
chromatograph
for analysis

Cyclonic gas-liquid
separator

Liquid only

Liquid collector

gas
chromatograph
for analysis

Figure 3.3 Simplified flow diagram of the hydrog&oa unit in continuous mode
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Robinson-Mahoney
stationary basket
reactor

Heating jacket —

Motor

I Back
H, Pressure
Needle Regulator

valve l

Gas outlet:
purge+
excess gas

H 2
L &
d
Needle
N, 3-way valve

valve

Pump: 5 wt% sulfonyl
chloride in toluene

Reaction temperature: 110 °C

Reaction pressure: 350 psig

Material of construction: Hastelloy C-276

Figure 3.5 Simplified flow diagram of the hydrog&oa unit in semi-batch mode
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Hydrogen is the gas-phase reactant for the hydedgenof the aromatic sulfonyl
chloride and argon is used as a tie component. §asek are supplied in cylinders. Two
Brooks Instrument model 5850 | mass flow contralleequipped with a Brooks
Instrument microprocessor 0154 control and readioiif have been installed in the unit
to control the flowrates of hydrogen and argon tiethe reactor. Mass flow controllers
were calibrated using a soap bubble flowmeter. fidrogen and argon mass flow
controllers have a full scale flow range of 0 to03§tandard centimeter per minute
(SCCM). The manufacturer indicated that the measeant percent error range of the
flowrate setpoint for the hydrogen mass flow colhdrois 0.01 to 0.06 % and that of
argon is -0.35 to +0.25 %.

Liquid feeds were prepared in a 1-liter glass o5 grams of 98 % purity 2,5-
dimethylbenzene sulfonyl chloride from TCl Ameriegere weighed with a OHAUS
AV2102 C balance and 475 grams of 99.5 % purityene were added. After strong
agitation of the glass bottle, the liquid feed ngion was completed by shaking the
bottle manually and weighting again the glass batith its content.

The liquid mixture containing a 5 wt% aromatic salyl chloride in toluene is
placed in a glass bottle, with a maximum allowgiressure of 10 psig, and fed to the
reactor. The inlet volumetric flowrate is contrallé&y an Autoclave Engineers high-
pressure micro-metering liquid pump with a PEEK enat pressure head capable of

pressures up to 1500 psi and liquid flowrates rdrga 0.01 to 40.0 cimin.
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The pump is a positive displacement pump and #qgsipped with a self-flush
head which provides continuous washing of the pidip a 20% volume methanol in
water solution. The manufacturer indicated thatrtteasurement percent error range of
the volumetric flowrate setpoint is -0.4 % to 0.1 Beth liquid and gas inlet lines are

preheated by heating tapes before reaching théoreac

The mobile phase contains atmospheric gases, piynratrogen and oxygen.
These dissolved gases may lead to bubble formasamell as other impurities in air and
should be removed before entering the pump andehetor. Degassing the mobile
phase is accomplished by sparging continuouslyrtbkile phase with helium at 5 psig.
The mobile phase is also filtered with a 0.5 micfitier prior to entering the pump. This
ensures that no particles will interfere with thgeration of the piston seals and check

valve in the pump.

A gas/liquid cyclonic separator is located on thlet of the reactor to separate
liquid and gas for proper analysis in the outletain. The design of the separator with
its specific dimensions is shown in Figure 3.6. Tas and liquid mixture flows first
through a 40 micron-mesh filter to remove any gataparticles that can obstruct the
inlet opening of the separator. The material ofstarction of the separator is Hastelloy
C-276.
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Figure 3.6 Design of the gas-liquid cyclonic separa
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Liquid flowing from the cyclonic separator accunmeka in a liquid collector
made of Hastelloy C-276. The liquid collector ipipe with a nominal pipe size of 1 ¥
inch schedule 40 and a length of 10 1/8 inch. Timside diameter is 1.9 inch and the
inside diameter is 1.61 inch. The volume of thdembr is approximately 340 ¢inA
Jerguson high-pressure liquid level transparenggasi used to visualize the level of the
liquid inside the collector. The pressure gaugelased parallel and at the same level as
the liquid collector. The gauge is 10 ¥ inch 10Bd3/8 inch wide and 5 1/16 inch deep.
The material of construction of the chamber isndémis steel 316. The transparent
window is made of glass and the gaskets are madeflwin. The volume of the chamber
is 75 cn.

The liquid collector is drained by opening simu#ansly two normally-closed
ASCO red-cap solenoid valves depending on the cadrtocation of the liquid level
within the collector. The solenoid valve locatedtive bottom of the collector, when
energized, drains the collector. The solenoid védeated on top of the collector injects
nitrogen to counteract the loss of pressure wherbtittom solenoid valve opens. Two
HITECH technologies SONOCONTROL ultrasonic liquievél sensors are mounted
vertically on the outside of the liquid collectar detect the position of the liquid level
within the collector. The distance between the s&asors is 3 ¥ inch which controls a

volume of liquid of approximately 110 érwithin the collector.

The interface between the solenoid valves and lthesonic sensors includes two
PKK-312 type 2 current controlled switches and féedential level switch. One current
controlled switch powers the lower ultrasonic sensdhereas the other current
controlled switch powers the upper ultrasonic sen3wo LED lights indicate the
change in ultrasonic signal when the liquid reacties top or bottom sensor. Both
current controlled switches are connected to audfftial level switch, which energized
and/or de-energized the solenoid vales dependinth@wertical position of the liquid

within the collector.
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Gas flowing from the cyclonic separator is directied a small transparent
pressure gauge. A second-stage separation is neeelemuse of the insufficient
separation between the gas and the liquid in tleonic separator. Separation of liquid
and gas is essentially performed by impact of #he @n the wall of the pressure gauge.
The bottom connection of the pressure gauge isamad with the liquid collector to
allow the remaining liquid to accumulate in theuid) collector. The top connection of
the pressure gauge is connected to the back-peesggulator. The material of
construction of the pressure gauge is stainlegs 316.

Hydrochloric acid is a by-product of the hydrogeoatof the aromatic sulfonyl
chloride. Gas flowing from the back-pressure regulanters a 500 chylass scrubber,
which contains a sodium hydroxide solution with @an@entration of 2 mol/l. After
passing the purification unit and removal of thaltwghloric acid, the flow of gas is
directed to a gas chromatograph (GC) for analysissacontent or vented through the

fume hood.

3.2 Experimental Procedure and Gathering of KinetidData

3.2.1 Continuous Mode

The annular section of the basket is filled withOB2grams of 1 wt % palladium
on carbon catalyst from Sigma Aldrich catalog numd@5753-100G. A silane treated
glass wool is placed on top of the basket in theukar section to avoid any loss of the
catalyst during the reaction. After installation tbe basket in the reactor, the vessel
body is installed in the flange ring and the O-risepl is placed into the body seal
groove. Closure of the reactor is performed with BYE-seal pressure vessel head and
the socket head cap screws previously lubricatéd dat-Lube SS-30 pure copper anti-
seize. The inlet gas and liquid lines are connetddtie appropriate bottom connections

in the reactor.
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The liquid collector is thereafter filled with agpimately 60 cril of toluene for
proper circulation of the flows of gas and liquid the downstream section of the

hydrogenation unit.

The unit is blanketed first with nitrogen and akléest is performed by checking
the rate of decrease of the pressure within the limo decrease of pressure is observed
within 15 minutes, the mixture of gas containingltogen and argon is fed to the reactor
overnight with the appropriate hydrogen to argos fgad ratio.

The reaction conditions and parameters used tosiigpate the catalytic
hydrogenation of the aromatic sulfonyl chlorideoirthe aromatic thiol are presented in
Table 3.1.

Table 3.1 Reaction conditions in continuous processthe hydrogenation of 2.5-

dimethylbenzene sulfonyl chloride

Process temperature 85, 97 and 110 °C
Process pressure 364.7 psia
Agitation speed 950 RPM

Average liquid residence time (approximation) 0859, 1.5, 2.0, 3.1 hr

Hydrogen to aromatic sulfonyl chloride ratio 8

Hydrogen to argon gas feed ratio 3

Type of catalyst 1 wt% Pd on charcoal

Mass of catalyst 12.03 g

Bulk Density of catalyst 0.55 g/cm

Catalyst size 2.8 to 3.35 mm (6-7 mesh)
Liquid feed composition 5 wt% sulfonyl chloridetmluene
Liquid feed density at room temperature 0.879 g/cm

* Only at a process temperature of T
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Five different residence timeé& of the liquid within the reactor have been
investigated for each of the process temperatusésdlin Table 3.1. Fresh catalyst is

used for each experiment.

The next day, the experiment is started by turminghe liquid metering pump
and feeding pure toluene to the reactor with a fiae/of 25 criymin with the mixture of
hydrogen and argon flowing through the hydrogematimit. At the same time, the
heating jacket and the agitator are turned on &edréactor is brought to the desired
process temperature. The volumetric flowrate ofigok is changed to a specified
experimental liquid volumetric flowrate when thguid level rises in the high-pressure
transparent liquid gauge. At this moment, tolueag reached the downstream section of
the unit and, therefore, the reactor is full ofuldy Toluene is fed until the reactor
stabilizes at the desired experimental condititttskes approximately 35 to 40 minutes

to bring the reactor to the reaction conditions.

Before feeding the organic liquid mixture, tolueaecumulated during the
stabilization of the reactor is removed from thguid collector. The feed is switched to
the glass bottle container containing a 5 wt % atiensulfonyl chloride in toluene by
directing the liquid flow with a three-way valverdeess time is taken equal to zero
when the liquid mixture reaches the liquid bottoommection of the reactor. Samples of
liquid accumulated in the collector are collectédlifferent interval of process time in a

small vial.

Improvements in the operating procedures and gathesf the kinetic data
include a change in the sampling method for theeerpents conducted at process
temperatures of 85 and 97 °C. In these experimearsples are taken every hour by
opening manually the top and bottom needle valastliled with the liquid collector.
The solenoid valves are disconnected during thepergnents. However, experiments
conducted at a process temperature of 110 °C arerped with the automatic
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operation of the two solenoid valves. Opening miypuhe needle valves to obtain
liquid samples from the collector increases thgueancy of the data collection and thus
monitors more accurately the catalyst activity dgrthe hydrogenation of the aromatic
sulfonyl chloride.

Reaching steady state operation of the reactof p@icular concern during the
time of an experiment. Steady state operation ef réactor is normally approached
when the process time equal to three to five tithesesidence time of the liquid within
the reactor, whatever the order of the reactiorj. [EBerefore, for all experiments, the
hydrogenation reaction was conducted more thare tinees the residence time of the

liquid within the reactor.

The hydrogenation unit is shut down by turningtb## liquid metering pump and
closing the inlet liquid and gas lines with the egiate plug valves. The heating jacket
and agitator are turned off as well. After depregstion of the unit, both bottom
connections of the reactor are opened and the mbafehe reactor is collected into a
flask. Cleaning of the reactor and the basket idopmed by using tap water and
acetone. Appropriate safety precautions such asdhields, face mask, long sheets etc.,

are taken to protect the operator during emptinthefreactor.

3.2.2 Semi-batch Mode

The purpose of the hydrogenation batch mode regadsoto investigate the
reactivity of several aromatic sulfonyl chlorid@s5-dimethylbenzene sulfonyl chloride,

benzene sulfonyl chloride, p-chlorobenzene sulfamjbride.

The procedure described in the continuous modéh#mge the basket with the
catalyst and closure of the reactor is the same.r&hctor is blanketed with nitrogen at

350 psig by opening the needle valve located initlhet gas line. The purpose is to
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remove air from the reactor and check for any ledkss needle valve is thereafter kept
closed. The reactor is charged with a liquid migtaf 5 wt% aromatic sulfonyl chloride
in toluene by turning on the liquid metering punitptakes about 10 minutes to charge
the reactor at a liquid flowrate of 25 &min. The needle valve located in the outlet of
the reactor is reopened during the operation oflithed pump to remove the nitrogen
previously used to purge the reactor. The pumprised off when liquid flows from the

back-pressure regulator indicating that the reastarll of liquid.

The gas is switched to the hydrogen line by dirgcthe flow of gas with a three-
way valve. The reactor is purged with hydrogen pgrong the needle valve located in
the gas inlet line. The needle valve located inatiet line is reopened to let hydrogen
flow out of the reactor during the purge. Some itiglows at the same time from the
back-pressure regulator during the hydrogen purganimg that the reactor will not be

operated full of liquid during the batch reaction.

After closing both needle valves (inlet and outlaes), the heating jacket is
turned on as well as the agitator. During the $taion of the reactor at the
experimental conditions, the heating jacket is edrioff when the process temperature
reaches 85 °C to avoid excessive overshootingapthcess temperature setpoint of 110
°C. With this method, the process temperature Emc maximum at 115 °C and
decreases to 110 °C with the heating jacket tuofed’he heating jacket is turned back
on at a process temperature of 112 °C to contrel ghocess temperature at the
appropriate setpoint. During the heating process,ingrease of pressure has been
noticed due mainly to the increase of the vapossuee of toluene (solvent). The needle
valve located in the outlet line is opened whenphmess pressure is greater than 355

psig. This valve remains closed otherwise.
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It takes 30 minutes to stabilize the reactor araess temperature of 110 °C.
Due to the consumption of hydrogen, the pressuregsmethod is used to maintain the
reactor at a pressure of 350 psig £5 psig. The leeatve located in the inlet line is
opened anytime the reaction pressure falls belo% (&lg. This valve remains closed
otherwise. No consumption of hydrogen is observiéer 8 hours of operation. The
hydrogenation reaction is maintained for an addéld hours with a total reaction time

of 8 hours.

An increase of the reactor pressure has been dasafter 4 hours of reaction
time, which corresponds to one hour after discamtign the hydrogen feed, and until the
end of the reaction. Therefore, the needle valeatkd in the outlet line needs to be
opened during the hydrogenation reaction due toirtbeease of the process pressure.
Vapor pressure of toluene and the formation of bgdn sulfide (KHS) and HCI are
eventually responsible for the increase of the gsecpressure. After 8 hours of
operation, the heating jacket and agitator arechioff. The reactor is depressurized and
its content is collected in a flask and analyzed36/MS.

3.3 Analytical Procedure

3.3.1 On-line Gas Analysis

A gas chromatograph (GC) GOW-MAC series 550 witthermal conductivity
detector (TCD) is used to analyze on-line the auntd#f the gas flowing from the
purification unit. A manual gas sampling valve alfothe injection of approximately
400 ul of gas into a packed column mole sieve 13X 80/I0fe gas chromatograph
settings are as follows: the carrier gas is nitrogéth a flowrate of 30 cfimin and head
pressure of 50 psig, the oven temperature i8G,0the injector temperature is 12G,

the detector temperature is 120 and the detector power setting is 150 mA. To ensu
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reproducibility of the gas analysis, five to eighjections are performed in the GC and

the composition of the gas phase is averaged.

To calibrate gas standard mixtures, known fractioingure hydrogen and argon
were mixed and fed to the gas chromatograph by sme@rnthe mass flow meters.
Samples were injected ten times into the GC anaisdiae each peak were averaged. Six
different fraction levels were used. The calibnatiwas completed by plotting the mole
ratio of hydrogen to argon versus the area ratidwyafrogen to argon. The response

factor for hydrogen is determined from the slopéhefcurve.

3.3.2 Off-line Liquid Analysis

A gas chromatograph HP G1800C series with an eledtmization detector is
used to analyze off-line the effluent organic Idjyghase collected in the downstream
section. A 1ul injection with a microsyringe is performed forcbaanalysis of the liquid
phase. The content of the syringe is injected atdP-5 crosslinked 5% phenylmethyl
silicone capillary column. The length of the columrB80 m, the diameter of the column
is 0.25 mm and the film thickness is 0 2%. The gas chromatograph provides sample
separation and the detector generates retentiom &énad abundance information. The
detector gives also mass spectral (MS) data foh eatnponent of the sample. One

injection is performed to determine the contenthefeffluent organic liquid phase.

The gas chromatograph settings are as followscéneer gas is helium with a
flowrate of 0.68 crifmin and a head pressure of 50 psig, the injeetmperature is 200
°C, the detector temperature is Z&and the split ratio is 50/1.



50

The temperature program is as follows: the int#gahperature of the oven is 50
°C and it is held for 5 minutes after injection betsample into the capillary column.
During this period of time, the detector is turra@tito avoid analysis of toluene which
can damage the filament in the detector when eaelamount of toluene is injected.
Thereatfter, there is a Z&/minute heating rate until the temperature ofdhen reaches
280°C. This temperature is held during 15 minutes. fithal time for the analysis of a

sample is 43 minutes.

Calibration of the gas chromatograph for the araergtlfonyl chloride, aromatic
disulfide and aromatic thiol is necessary in ortterdetermine the amount of each
compound in an unknown sample. Based on Figureir2.gection 2.1, toluene is,
obviously, resistant to the hydrogenation in thengerature range used for the

experiments, and can be used as a tie-compoundgdiquid phase.

To calibrate compound |, five different mole ratlevels of sulfur-based
compound j to toluene were prepared with a FISCHB&ER200DS analytical balance
and injected into the GC. The calibration was categal by plotting the mole ratio of the
sulfur-based compound j to toluene versus the afesaulfur-based compound j. Table
3.2 shows the calibration constants obtained. @#ldn constants for the sulfur-based
aromatic compounds were determined each time thed®t8ctor was tuned. Liquid
samples collected at the process temperatures ah83®7 °C were analysed with the
same tuning of the MS detector. The MS detector rgasned for the analysis of the

liquid samples collected at a process temperatutd® °C.



51

Table 3.2 Calibration constants of the aromatidustbased compounds for the gas
chromatograph HP G1800 C

Calibration Calibration

. _ Molecular
Chemical Chemical ' constants:  constants: 85
weight
name structure 110 °C °C and 97 °C
(g/mol) _ .
experiment  experiments
2,5-
dimethylbenzene 204.68 1.07 18 1.12 10°
sulfonyl chloride sogel
2,5-
dimethylbenzene 138.23 7.28 16° 7.84 10"
thiol it
Bis(2,5-
dimethylphenyl) 274.45 1.21 18 1.83 10°
disulfide 9

Since Bis(2,5-dimethyl phenylthiosulfone compound not available
commercially, a rough estimate of the calibratiemstanth was performed from the
calibration of S-phenyl benzenethiosulfonate 99 @6itp obtained from Aldrich. A
calibration constant of 2.43 $thas been found for S-phenyl benzenethiosulforate
% increase in the calibration constant between pghenyl disulfide and bis(2,5-
dimethylphenyl)disulfide reflects the substitutiah the four methyl groups in the
aromatic ring. Applying the same percentage in&dastween the unsubstituted and
substituted aromatic thiosulfones, a calibrationstant of 2.72 18 has been estimated
for Bis(2,5-dimethyl phenyl)thiosulfone. The methaded to estimate the calibration

constanth for the bis(2,5-dimethyl phenyl)thiosulfone isfaBows:
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hebstituted ~ Munsubstituted

disulfide disulfide x100% h

hsubstltuted h , unsubstituted
. substituted .
thiosulfone o thiosulfone
disulfide

(3.1)

Table 3.3 shows the calibration constants obtaifeedother aromatic sulfur-

based compounds.

Table 3.3 Calibration constants of several aromaultur-based compounds for the gas
chromatograph HP G1800 C

Chemical Chemical Molecular Calibration

name structure weight (g/mol) constants

Benzene sulfonyl
_ 176.62 1.12 18
chloride S0,Cl

Benzene thiol 110.18 1.07 18

@'\SH

p-chlorobenzene al

sulfonyl @\ . 211.07 2.67 18
so.Cl

chloride

p-chlorobenzene <
_ 144.62 1.01 18
thiol SH




53

3.4 Calculation Methods

3.4.1 Liquid Phase

The overall reaction is shown in Figure 3.7.

X
+3H, —— + 2H,0 + Hcl
s0.Cl [Pd/C] SH

Figure 3.7 Overall hydrogenation reaction of thenaatic sulfonyl chloride

The reactions involved in the hydrogenation segeesfcthe aromatic sulfonyl

chloride are presented in Figure 3.8.

Ha, 1y

[Pd/C]
S0.,Cl SO,H

+ HCcCI
[Pd/C] l + % Ho 13
— + 2H,0

5-5

[Pd/C] l +% Horry

SH

Figure 3.8 Reaction scheme of the catalytic hydnagen of the aromatic sulfonyl

chloride
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The reactions involved in the dehydration sequaridbe aromatic sulfinic acid
are presented in Figure 3.9.

+ - H,0

,_,
o)
[
oy
()
.
Lad
+
Ll | —

SOH $-50, SO,H
[Pd/C] l + Hprs
2 2
= + 5 H0
SH

Figure 3.9 Reaction scheme of the dehydration@ftiomatic sulfinic acid

The overall conversion of the aromatic sulfonylachde X is defined as:

(3.2)

The molar yield of the aromatic sulfonyl chloridea the aromatic disulfide )Ys
determined by:

F
__ DS
Yl }FO (3.3)
2 DS

and the molar yield of the aromatic sulfonyl chileriinto the aromatic thiol Xis
calculated as following:
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F
Y, = THIOL (3.4)
£0
e

The molar yield of the aromatic sulfonyl chlorid@a the aromatic thiosulfonesYs
determined by:

F
Y, = Lﬁ (3.5)
3T
where Fgc is the inlet molar flowrate of the aromatic suljbrchloride (kmol /hr),
Fsulfonyl : FDS' FTS and FTHIOL are the outlet molar flowrates of the aromatic

sulfonyl chloride &mol/hr), aromatic disulfide, aromatic thiosulfone andraatic
thiol, respectively.

The molar flowrates of the aromatic sulfonyl chilej aromatic disulfide,
aromatic thiosulfone and aromatic thiol in the eutf the reactor are determined by
using toluene as a tie component and analysiseolidbid phase, by injecting the liquid
phase into the GC/MS detector.

The total outlet molar flowrate of the aromatidfeubased compounds~

(kmol /hr ) is determined by:

Ft = FSC + FDS + F_I_S + FTHIOL (3.6)
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and the concentration of the aromatic sulfur-basechpound | (kmol/m3) in the

liquid mixture accumulated in the collector is cdited by:

j
C. = 3.7)
b Vg

with | referring to the aromatic sulfonyl chloride, ardimadisulfide, aromatic

thiosulfone and aromatic thiol an\i.l_ lig is the outlet liquid volumetric flowrate

(m3/hr).

The molar density of the effluent liquid mixtu&éS total * containing toluene
and the aromatic sulfur-based compounds is cakxailabm:

0
I:tol uene * ZJ: I:j

C

Stotal = v, (3.8)

T,liq

with j referring to the aromatic sulfur-based compourl%ljs,the outlet molar flowrate

of compound|j (kmol/hr), Ft?)luene the inlet molar flowrate of toluenekitol / hr)

andVT lig the volumetric flowrate of the quuichﬁ3/hr) leaving the reactor.
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The outlet liquid volumetric flowrat calculation is based on the change

¥T lig

of density of the liquid mixture due to the reanticonditions (essentially the process

temperature), the mass flowratm[ (kg/hr) of the liquid mixture, the mole fractions

and Xj as well as the molecular WeigHtA;Wt and |\/|Wj (kg/kmal ) of

X
toluene oluene

toluene and each aromatic sulfur-based compgunt@he calculation of\/T lig is

presented in Equations 3.9 to 3.13.

The densities of pure toluene and the liquid feexiture, containing a 5 wt%
aromatic sulfonyl in toluene, at room temperatud3 °C) and measured with a
hydrometer are 866 kgfhand 879 kg/m respectively. Since the difference of density is

small (1.5 %), the unknown liquid mixture densiQL containing the aromatic sulfur-

based compounds and toluene is assumed to be apptely equal to the density of

pure toluene,otoluene at the reaction conditions. The same assumpticapgied to

estimate other thermophysical properties of thaidigmixture, such as surface tension
and viscosity, within the reactor at the reactioosditions.

F.
X, = i) (3.9)
|:t * |:tol uene
= 0
_ toluene
X = (3.10)
toluene 0
F +F
t toluene

|\/IWI iquid - (Xtol ueneMWtol uene)+ ZJ: Xj MWJ- (3.11)

- 0
my = (Ft + FtOI uene)M (3.12)

Wiquid
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rﬁt
V., =—— (3.13)
T,li
a 'Otoluene

To back-calculate the concentration of the arom&iltur-based compoungl in
the outlet stream of the reactor from the concéotraof the aromatic sulfur-based
compound j determined in Equation 3.7 after draining the itiquwollector, the

following material balance in the liquid collectshould be applied as represented in
Figure 3.10.

(E S

ﬁ - n3=n1+n2

Figure 3.10 Material balance applied to the ligeadlector
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Assuming complete mixing between the liquid mixt§fg flowing from the
reactor and accumulated into the collector andlithgd mixture (2) remaining after

draining the collector, the concentration of th@naatic sulfur-based compoundg

(kmol / m3) Cl in the outlet stream of the reactor is determiogd

_C3v +V,) -GV,

=
Vi

(3.14)

with C3 the concentration of an aromatic sulfur-based aamgd j determined from

Equation 3.7,C2 the concentration of the aromatic sulfur-based cmmg j remaining

after draining the liquid coIIectork(noI/m3) and V2 equal to 60 cmS. V1 is

determined by:

Vi =V g <A (3.15)

with At the time elapsedhf ) between the accumulation of the liquid mixtureoithe
collector and drainage of the collector for analys the liquid mixture into the GC/MS

detector. Sincer\1 is the number of moles of the reacting speciesractated during the
period At in the coIIector,C:L represents the concentration of the reacting epeunithe

outlet stream of the reactor at the average prdoessof (tn +t /2.

n+1)
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The residence time of the liqu# within the reactor (hr) is defined as:

VL
H:V (3.16)
T,liq

with VL the volume of liquid within the reactom(g) and VT the outlet liquid

lig

volumetric flowrate ('nB/hr ).

The volume of quuio\/L within the reactor is approximately determinedriro

VL= (Vreactor “Vhasket ~Vcatalyst j x(1-¢) (3.17)

vV =Vx(l-¢) (3.18)

With Viegctor the volume of the reactom(g), Vbasket the volume occupied by the

basket (), V

catalyst the volume occupied by the catalysng(), & the gas holdup

within the reactor l(n3/m3) andV the true volume of the liquid corrected from the

volume occupied by the baSkaasket and the volume occupied by the catalyst

3 . 3
Vcatalyst (m®). The volume of the baSkmbasket has been estimated to 40 “chy
Autoclave Engineer. The volume of the Catalysc:‘[atalyst is calculated from the

information given in Table 3.1 and it has beennested to be 21.8 cin
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Table 3.4 shows the density, surface tension ascbsity of the liquid organic
mixture within the reactor, approximated from thermophysical properties given for
toluene [13, 14], at each process temperature.gHBseholdups within the reactor is
determined from the Calderbank correlation giverEquation 2.7 of section 2.2. The

volume of quuidVL calculated from Equation 3.17 is listed at all tesidence times and

process temperatures in Tables 3.5 to 3.7.

Table 3.4 Approximated thermophysical propertiethefliquid phase within the reactor

at each process temperature

Process temperature (°C) o, (kg/m3) o (kg/s?) # (Pas)
85 8.07 16 2.07 10 3.12 10°
97 7.94 16 1.94 10° 2.75 10°
110 7.88 10 1.80 107 2.50 10'

Table 3.5 Power injected in the liquid, total sdijoeal gas velocity, gas and liquid
holdup within the reactor at process temperatui@oiC

6 (hr) PG Wimd) Vg (mPIms) o (nBimdy  V, (emd)
1.0 6.91 10 1.12 10° 0.047 226.80
1.5 6.91 10 7.6 10° 0.038 228.93
2.0 6.91 10 5.61 10° 0.033 230.28

3.1 6.91 10 3.65 10° 0.026 231.88
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Table 3.6 Power injected in the liquid, total sdijoeal gas velocity, gas and liquid

holdup within the reactor at process temperatui@/ofC

6 (hr) PG wimd) Vg (m3imds) o (m3/md) v, (ecmd)
1.0 6.91 10 1.16 10" 0.050 226.21
1.5 6.91 10 7.84 10° 0.041 228.45
2.0 6.91 10 5.80 10° 0.035 229.87
3.1 6.91 10 3.78 10° 0.028 231.54

Table 3.7 Power injected in the liquid, total sdijoeal gas velocity, gas and liquid
holdup within the reactor at process temperaturEl6f°C

6 (hr) PO Wimd) Vg (m3Ims) o By, (em)
0.6 6.91 10 2.110° 0.072 220.98
1.0 6.91 10 1.2 10" 0.053 225.42
1.5 6.91 10 8.11 10° 0.043 227.80
2.0 6.91 10 6.0 10° 0.037 229.29
3.1 6.91 10 3.910° 0.030 231.08

Autoclave Engineer documentation for stirred read67] shows an average

static torqueT0 of 16 inch-lbs (1.8 N-m) for the type of agitatmstalled with the

Robinson-Mahoney stationary basket reactor. Toroete the horsepowehp at a

certain agitation spee (RPM), Equation 3.19 is applied.

T xN
hp =-2

= 3.19
6302¢ ( )
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and the power dissipated by the agitator per uoitme of the quuid,%, in the

Calderbank correlation, is evaluated.
3.4.2 Gas Phase

The conversion of hydrogeNH in the gas phase is defined by:
2

X, =—2_ 2 (3.20)

with FI(-)I equal to the inlet molar flowratekiol / hr ) of hydrogen. The flowrate of
2

hydrogen, F_, in the outlet of the reactor is determined by usargon as a tie

Hy

component and analyzing the gas phase by using @lgamatograph with a thermo-
conductivity detector. Argon is used as an interstaindard for the gas phase. For
calibration purposes, an arbitrary value of 1 carassigned as the value of the response

factor for argon. A response factor of 0.1119 +@.6@s been found for hydrogen.

The fraction of hydrogen in the gas ph@ﬁs is calculated based on the area of
2

hydrogen AH and argon AAr obtained by integration of the peaks in the gas
2

chromatogram as well as the response faBforfor each compound:
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(R, *xA
v, = 2"y (3.21)
2 (Rf)HZXAHZ"'(Rf)ArXAAr

The fraction of argory in the gas phase is determined by:

yAr =1- yl_|2 (3.22)

The following equations can be established forg@® mixture:

thix = FH2 + FAr (3.23)

F, =y, XFt_. (3.24)
H2 H2 mix

FAr =Y X thix (3.25)

with FH , the outlet molar flowrate of hydrogerknfol / hr), FAr the outlet molar
2

flowrate of argon kmol /hr) and thix the total outlet molar flowrate of the gas

mixture (kmol / hr ).

Since argon is defined as an internal standardnteemolar flowrate of argon is
equal to the outlet molar flowrate of argon:

_ 0
Far = Fa (3.26)
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The total outlet molar flowrate of the gas mixtigealculated as follows:

F
Ft_. =—A" (3.27)
mix y
Ar

and the outlet molar flowrate of hydrogen is founyd

xFt__ (3.28)

The total pressure within the reactor is given by:

I:)reactor - PH 5 * PAr * IDtol uene " % Pj (3.29)

with PH the partial pressure of hydrogeird),

rthe partial pressure of argon
2

PA

(Pa), Pt the partial pressure of toluen®gq) and j referring to the aromatic

oluene

sulfur-based compounds.

The total pressure measured within the reactorsgiraed to be represented

essentially by the partial pressures of hydrdqsn and argonP A
2

Preac,[or DPH + PAr (3.30)

Thermodynamic equilibrium between the gas and diquinases is assumed for
the calculation of the hydrogen concentration ia liguid phase. The gas-liquid and
liquid-solid mass transfer resistances presentédguare 2.3 of section 2.2 for hydrogen
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and the reacting species are negligible due tditje turbulence in the liquid created by
the agitator within the reactor. From Figure 2.2section 2.1, the mole fraction of

hydrogen dissolved in toluenq_I quat a given temperature is calculated by:
2’

X . =KxP (3.31)
H2,I|q H2

with K the solubility constant Fea_l), and PH the partial pressure of hydrogen
2

within the reactor Pa).

The solubility constant of hydrogen dissolved inueme at the process
temperatures of 85, 97 and 110 °C and a processypee within the reactor of 364.7
psia is listed in Table 3.8.

Table 3.8 Solubility constant K of hydrogen dissaivin toluene at process temperatures
of 85, 97, 110 °C

Temperature (°C) K (P4
85 4.53 10°°
97 4.87 107
110 5.02 1¢°°

The concentration of hydrogen in the liquid phé‘ﬁg lig IS:
2l

C .=

H i XHZ,quCS,total (3.32)
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with XH2,qu the fraction of hydrogen dissolved in toluene ‘mg,total the molar

density of the effluent organic mixture calculafemm Equation 3.8 kmol /m3).

Including Equation 3.31 in Equation 3.32, the cartition of hydrogen

CH lig (kmol /m3) in the effluent organic phase becomes:
2)

C . =KxP
H2,I|q H2

C S total (3.33)

The partial pressure of hydrog<§?|1_I is calculated assuming ideal gas:
2

P, =C RT (3.34)

with R the gas constamn(3Pa/kmoI [K) and T the process temperatur& §. The

concentration of hydrogen in the gas phé?ﬁ gas is calculated from:
2!

F
H2,gas
C =< (3.35)
H,,gas
2 V.
T,gas

with FHz,gas the outlet molar flowrate of hydrogerknfol /hr) and VT,gas the

volumetric flowrate of the gas leaving the rea<(1m3/hr ).
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Assuming that the gas phase is only composed afolggth and argon and the

vapor pressures of toluene and the aromatic shised compounds are negligible, the
outlet volumetric flowrate of the gas leaving theactor VT gasis calculated as

following:

(FHz,gas+ FAr,gas]RT

VT,gas: 5 (3.36)
reactor
with FH gas and F Ar,gas the outlet molar flowrate of hydrogen and argon

2l
(kmol /hr), respectively, R the gas constantn(3Pa/ kmol [K), T the reaction

temperature K) and P the process pressuréd).

Finally, the concentration of hydrogen in the I'nhtpihaseCH lig is calculated
2!
as following:
I:Hz,gas
“Hylig =T T Cs ot (3.37)
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CHAPTER IV
EXPERIMENTAL RESULTS

4.1 Hydrogenation of Toluene

Most of the catalytic hydrogenations of the aromatilfonyl chlorides were
conducted in solvent such as toluene, benzenetmahtelrofuran (THF) [6, 9, 10, 15,
57]. One important aspect to take into accountaaléfined as a good solvent is that it
should be resistant to the hydrogenation reactagure 4.1 shows the thermodynamic

equilibrium between toluene and methyl cyclohexarnbe presence of hydrogen:

© + =)

Figure 4.1 Thermodynamic equilibrium between toki@amd methylcyclohexane in the

presence of hydrogen

Makar’ev et al [12] investigated the hydrogenatairtoluene using a palladium
on zeolite support at process pressure of 40 atrthd range of temperatures from 100
°C to 200 °C, as shown in Figure 2.1 of section th&y determined that the formation
of methylcyclohexane dominates and no cyclohexandoimed. The formation of
cyclohexane from the demethylation of methylcychdree is initiated only at
temperatures above 200 °C. Furthermore, the hydedga of toluene into
methylcyclohexane can be assumed negligible atdestyres equal to and less than 110
°C.
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Calibration of the gas chromatograph for the araergtlfonyl chloride, aromatic
disulfide, aromatic thiosulfone and aromatic th®hecessary in order to determine the
amount of each compound in an unknown sample. Basedgigure 2.1 of section 2.1,
toluene is, obviously, resistant to the hydrogemain the temperature range used for the

experiments, and can be used as a tie-compoundgdiquid phase.

The purpose of this section is to verify that toleeis resistant to the
hydrogenation reaction and can be effectively used tie-compound for the liquid
phase. The experiment was carried out at the higivesess temperature, 110 °C, in
continuous process. Since the equilibrium constdmtween toluene and
methylcyclohexane is dependent upon the temperatydrogenation of toluene should
not occur at temperatures of 85 and 97 °C; if ndrbgenation of toluene is observed at
110 °C.

Toluene and hydrogen were fed only to the readibe gas and liquid phases
were analysed periodically to verify that consumptiof hydrogen and formation of
methylcyclohexane do not occur during the experim&able 4.1 shows the reaction

conditions applied during the hydrogenation of ¢oile.



71

Table 4.1 Reaction conditions for the hydrogenatibtoluene

Process temperature 110 °C

Process pressure 364.7 psia

Agitation speed 950 RPM

Averaged liquid residence time (approximation) Ch82

Toluene to hydrogen feed ratio 0.12

Hydrogen to argon gas feed ratio 3.47

Type of catalyst 1 wt% Pd on charcoal
Mass of catalyst 12.03 g

Density of catalyst 0.55 g/cm

Catalyst size 2.8 to 3.35 mm (6-7 mesh)
Liquid feed composition Pure toluene

Liquid feed density at room temperature 0.866 g/cm

Figure 4.2 shows the outlet molar flow rate of &vla:
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Figure 4.2 Hydrogen outlet molar flow rate durihg tiydrogenation of toluene.
T =110°C, P = 364.7 psia and liquid residence time of Gu62

The outlet flowrate of hydrogen remains constamtind) the experiment and
therefore no consumption of hydrogen occurs. Funtbee, methylcyclohexane
formation is not observed by analysis of the ligpichse, which was also observed in the
experimental work of Makar’ev et al [12]. The hydemation treatment of toluene at a
process temperature of 110 °C and at a 2 hr-resedéme of the liquid within the
reactor was also conducted and no formation of yhetblohexane was observed.
Therefore, toluene is not hydrogenated at a tenyreraf 110 °C and, it can be used as
a tie-compound for the liquid phase during the bgénation of aromatic sulfonyl
chloride.
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4.2 Catalytic Hydrogenation of 2,5-DimethylbenzeneSulfonyl Chloride into

Thiophenol in Continuous Process Mode

The experimental procedure is the same as thedeseribed in section 3.2.1.
The catalytic hydrogenation of the aromatic sulfoctyloride was conducted using a 1
wt% palladium on charcoal at three different terapses: 85, 97 and 110 °C and five
different residence time& 0.6 (only at 110 °C), 1.0, 1.5, 2.0 and 3.1 HmeTprocess
pressure is 364.7 psia and the following molar ogmti were used:

0 0 - 0 0 _ : -
FHZ/FsquonyI =80mol /mal , FH2/FAr =30mol /mol during the catalytic

hydrogenation.

The overall conversions of the aromatic sulfonybaddde (SC), X, and hydrogen
(H2), XH,, as well as the molar yield of the aromatic swifarhloride into the aromatic
disulfide (DS), Y, the molar yield of the aromatic sulfonyl chlorid@o the aromatic
thiol (THIOL), Y, and the molar yield of the aromatic sulfonyl ciderinto the aromatic
thiosulfone (TS), ¥, with respect to process time at all the residemes and process

temperatures investigated, are shown in Figuresd 817.
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Figure 4.3 Overall conversion of the aromatic swtochloride (SC) X with respect to

process time at residence timgs1.0 (* ), 1.5 »), 2.0 ®) and 3.1 hr *), process
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temperature: 85 °C, process pressure: 364.7 p5ja, /F =8.0mol /mal ,
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Only one organic liquid phase was observed aftaindrg the liquid mixture
from the collector, which suggests that the watedpced during the hydrogenation of
the aromatic sulfonyl chloride is soluble in thgamic liquid mixture containing toluene

and the aromatic sulfur-based compounds. Figuré ghbws the solubility of water in
toluene at different temperatures [68].
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Figure 4.18 Saturated solubility of water in puwkiéne at different temperatures [68]

As determined in Figure 4.18, the solubility of @min pure toluene at 85 °C is
about 0.33 g of water in 100 g of solution, whielpresents approximatively a fraction
of 0.016 of saturated water dissolve in toluengghidr solubility of water in toluene
should be expected at 97 and 110 °C consideringeheral trend of the solubility curve
in Figure 4.18. Based on the stoichiometry of #&ction and the overall hydrogenation
of the aromatic sulfonyl chloride at a process terajure of 85 °C, the average fraction
of water produced in the liquid organic mixture idgrthe experiments is about 0.0083,

which is below the saturated solubility of watertahuene. It is therefore in accordance
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with the experiment and the fact that only oneitigphase is observed in the outlet

stream of the reactor.

For each of the reaction temperatures investigdegher overall conversions of
the aromatic sulfonyl chloride X and hydrogen Xa&te obtained by increasing the
residence time of the liquid within the reactor.eTsame trend is observed with the
molar yield from the aromatic sulfonyl chloride ttee aromatic thiol ¥. Higher molar
yields of the aromatic disulfide¥rom the aromatic sulfonyl chloride and the aromati
thiosulfone % from the aromatic sulfonyl chloride are obtaineg decreasing the

residence time of the liquid within the reactor.

Both intermediates aromatic disulfide and arom#tiosulfone are detected by
GC/MS analysis of the effluent organic mixture. Ating to Figure 2.4 of section 2.5,
the presence of the aromatic thiosulfone showstkieatiehydrative disproportionation of
the aromatic sulfinic acid occurs simultaneouslthvine hydrogenation sequence. White
particles in suspension in the effluent organicgehare also visually observed and can
be associated to either the aromatic sulfinic agidaromatic sulfonic acid. No
guantitation has been made due to the complexitgj@Eeparation of the white particles

from the effluent organic liquid mixture.

For all the residence times and process tempesatimvestigated, the molar
yield of the aromatic disulfide Yis higher than the molar yield of the aromatic
thiosulfone Y. One can conclude that the dehydration sequentieearomatic sulfinic
acid is effectively a minor side reaction duringe thydrogenation of the aromatic

sulfonyl chloride.

Steady state operation of the reactor is normalgr@ached when the process
time equal to three to five times the residenceetioh the liquid within the reactor,

whatever the order of the reaction [67]. Shortiligeesidence time experiments (0.6 and
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1 hour at 110 °C) are conducted until the process teaches seven to ten times the
residence time of the liquid within the reactor. &t process temperatures investigated,
molar yields Y and Y; continuously increase with respect to process.tiéndecline of
the molar yields of the aromatic thiol Yfom the aromatic sulfonyl chloride is observed
when the process time reaches two to three timesefidence time of the liquid within
the reactor. One can conclude that steady-stateatiqe of the reactor has never been
reached during the event of all the experimentsigoted at short residence times. The
same trends for the overall conversions of the atmnsulfonyl chloride and hydrogen
and for the molar yields 1Y Y, and Y; are observed by increasing the residence time of
the liquid within the reactor and the same conodlsiare made. Other factors have to be
taken into account in order to explain the reactor reaching steady-state operation

during the event of an experiment.

The conversion and molar yield profiles with regpecprocess time suggest a
deactivation of the 1 wt % palladium on charcoahlyst. As a result of this catalyst
deactivation, a continuous decrease of the ovedalersions of the aromatic sulfonyl
chloride and hydrogen, a continuous increase ofntiodar yields Y and Y; and a

decline of the molar yieldsYare observed.

After switching from the pure toluene feed to tlgpiid mixture containing the 5
wt % aromatic sulfonyl chloride in toluene, the anoyield of the aromatic thiol yfrom
the aromatic sulfonyl chloride increases to a maximand thereafter continuously
decreases with respect to process time. The maxiohsarved in the molar yield,Y
occurs when the process time reaches approximateto three times the residence

time of the liquid within the reactor.

The decline of the molar yield yYis highly correlated with the amount of the
aromatic sulfonyl chloride fed to the reactor ah@ fprocess temperature. At short

residence time, meaning high feed molar flowrdte, decline of the molar yield of the
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aromatic thiol % from the aromatic sulfonyl chloride is more pronoed meaning that
the intensity of the catalyst deactivation is highkhe decline of the molar yield,¥s
also more pronounced at elevated temperature. Hbtalyst deactivation and the
intensity of the deactivation is due to the natofethe feed, the aromatic sulfonyl
chloride, and the amount of the aromatic sulforhjbdde fed to the reactor at a given

process time.

One can conclude that the catalyst deactivatiorsists1of the formation of a
poison (P) from an adsorbed aromatic sulfonyl ¢teand palladium free active sites

on the surface of the catalyst as shown in Figut8.4

k
Ar sulfonyl chloride_,, + L —_— Poison_

Figure 4.19 Formation of the poison from an adsbrd®matic sulfonyl chloride and a

free metal active site L on the surface of thelgata

After reaching its maximum and since more of thanaatic sulfonyl chloride is
fed to the reactor thereafter, the continuous deatif the molar yield ¥with respect to
process time suggests that the poison (P) formeadssrbed irreversibly on the surface
of the catalyst.

Figures 4.20 and 4.21 show the X-Ray Diffracti®iiRD) analysis of the fresh
catalyst and spent catalyst for the experiment gotedl at 110 °C and 1-hour residence
time. XRD analysis of the catalyst was conductadgia Scintag XDS-2000 apparatus.
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Figure 4.20. XRD analysis of the fresh 1 wt % pdilian on charcoal catalyst
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Figure 4.21 XRD analysis of the spent catalysttfi@ experiment conducted at 110 °C

and 1-hour residence time experiment

The peaks corresponding to palladium in the freatalgst XRD spectrum
disappears in the spent catalyst XRD spectrum.cbhgparison between the two spectra
leads to the conclusion that the poison is resptaé$or the formation of an amorphous
layer on the catalyst surface which blocks thevacsites and therefore deactivates the
catalyst. Some authors [63] found that the amorpHayer formed on the surface of
palladium on charcoal catalyst with sulfur-basednpounds consists of a surface

configuration of the sulfur atom covering four palium active sites (R8).
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4.3 Catalytic Hydrogenation of Several Aromatic Subnyl Chlorides in Semi-

batch Mode Reaction

Hydrogenation of the 2,5-dimethylbenzene sulforiyloade, benzene sulfonyl
chloride and p-chlorobenzene sulfonyl chloride veasmducted in semi-batch mode
reactor configuration using a 1 wt % palladium dmarcoal catalyst. The reaction
conditions applied during the catalytic hydrogemratof the aromatic sulfonyl chlorides
are listed in Table 4.2.

Table 4.2 Reaction conditions in semi-batch modalg#c hydrogenation of several

aromatic sulfonyl chlorides

Process temperature 110 °C

Process pressure 364.7 psia

Agitation speed 950 RPM

Reaction time 8 hours

Type of catalyst 1 wt% Pd on charcoal

Mass of catalyst 12.03 g

Density of catalyst 0.55 g/cm

Catalyst size 2.8 to 3.35 mm (6-7 mesh)

Liquid feed composition 5 wt% of aromatic sulforghloride

in toluene
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Table 4.3 shows the overall conversions of the diiethylbenzene sulfonyl
chloride, benzene sulfonyl chloride and p-chloradere sulfonyl chloride and yields of
the aromatic sulfonyl chlorides into the correspgongcaromatic thiols obtained in semi-
batch mode reaction.

Table 4.3 Overall conversions of several aromailtosyl chlorides X and yields xof
several aromatic sulfonyl chlorides into their esponding aromatic thiols. Semi-batch
mode experiments. Reaction conditions: 110 °C, Bfdia

_ _ _ Reaction
Starting material Desired products X Y- _
Time (hr)
_BR |
[pd/C] 99.5 77.5 8
$0,Cl SH
@ _BH, @ 99.8 91.5 8
so,cl [Pd/cl SH
Cl Cl
@ _3H | @\ 100 95.7 8
[Pd/C]
S0.Cl SH
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After 8 hours of reaction time, the intermediatesnzatic disulfide and aromatic
thiosulfone were not detected by GC/MS for theemesactions investigated. The highest
conversion X and yield Yare obtained with the p-chlorobenzene sulfonybitie. An
average yield ¥ of 81.0 % for the 2,5-dimethylbenzene sulfonyl aclie to the
corresponding aromatic thiol, using a 5 wt % palladon charcoal, was found in the
experimental work of Jacobson [9], which is higtien the yield ¥ shown in Table 4.3

for the same compound.

Vapor pressure of toluene and the formation of bgdn sulfide (HS) and HCI
are eventually responsible for the increase of ghecess pressure after 4 hour of
reaction time when no consumption of hydrogen iseoled. Venting periodically the
outlet of the reactor until the end of the reactismeeded to maintain the process

pressure constant at 364.7 psia.
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CHAPTER V
KINETIC MODELING AND PARAMETER ESTIMATION

5.1 Introduction

Transport processes may influence the overall dcdteeaction so that the

conditions over the reaction sites do not corredgorthose in the bulk fluid around the

catalyst particle. The reaction rate then depemdthe heat and mass transfer between

the fluid and the solid or the diffusion of theifliitcomponents inside the porous catalyst.

Figure 5.1 shows the steps involved when a molegulmoves from the bulk fluid

stream to the catalyst, reacts, and the producoi®Rmback to the bulk fluid stream.

Location @ ® Process

e oo oot oo e oo e e ooy e e o )| - - -

¥ :
csurface csurface

Figure 5.1. Steps involved in reactions on a scdithlyst
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The steps involved are:

1) Transport of reactants A, B, ... from the main streanthe catalyst

pellet surface
2) Transport of reactants in the catalyst pores

3) Adsorption of reactants on the catalytic site andage chemical

reaction between adsorbed atoms or molecules
4) Desorption of products R, S, ...

5) Transport of the products in the catalyst poreskldacthe particle

surface

6) Transport of products from the particle surfacekitacthe main fluid

stream

Steps 1, 3, 4, 5 and 6 are strictly consecutivecgsses and can be studied
separately and then combined into an overall t&éewhat analogous to a series of
resistances in heat transfer through a wall. Howesteps 2 and 5 (transport of reactants
and products in the catalysts pores) can not beebnseparated: active centers are
spread all over the pore walls so that the distdheemolecules have to travel, and

therefore the resistance they encounter, is nagdhee for all of them.
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5.2 Catalyst Deactivation

The deactivation of a catalyst by poison formatiors expressed by the ratio of

fluxes:

N;{tor Cp)
NOltor cp =0)

(5.1)

r.
The ratio of fluxes is equal to the ratio of theewtfical reaction rates~ only when

0
"

there are no diffusional limitations and it is repented by a deactivation functidml ,

evolving from 1 to O with increased deactivatios falows:

o =
70

(5.2)

where r is the rate of reaction in the presence of catalgactivation ancti0 is the rate

of reaction in the absence of catalyst deactivation

In the way of expressing catalyst deactivationsitn- measurement of the
concentration of the deactivation agent adsorbethersurface of the catalyst and the
fraction of sites remaining actiae necessary. In the absence of information regard

the way actives sites are deactivated or covetezgéactivation functioﬂ)i is often

expressed in terms of a measurable quantity oftibesiag agent by an empirical
function. Functions such as exponential or hypecbiinctions have been commonly
used to account for the deactivation of catalyst$ the decline of the rate of reaction.

For the case when the concentration of the dediktgyaagent is not determined
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experimentally during an experiment, the deactorafunction can be expressed in term
of process time. Froment [69] listed the most comrdeactivation functions used to

express catalyst deactivation with respect to tasmehown in Table 5.1.

Table 5.1 Empirical deactivation functions [69]

®=1-at —C(Ij;?=a
® = exp(- at) —‘ij—?=a¢
b= 1 _d£:a¢2
1+at dt
o=t~ 05 _do_o°
dt 2a
— do 1+(Q/N
®=(1+at)" N 9 ot UN)
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The constantt in the empirical deactivation function with respée time is a
function only of the operating conditions which ya@ during the formation and
deposition of the deactivating agent. A uniformaeation of the sites of the catalyst is
represented with the decay of the kinetic ratearst given process time. In reality,
because of concentration profiles of the deactigatagent and reacting species,
nonuniform deactivation occurs within the catalystes, which is not accountéat by
expressing the deactivation function in term ofgess time. Therefore, using the
deactivation function with respect to process tisteows several restrictions and
limitations in trying to understand the deactivatimechanism during the event of an

experiment.

5.3 Formulation of the Kinetic Model for the Catalytic Hydrogenation of an

Aromatic Sulfonyl Chloride

In the hydrogenation of the aromatic sulfonyl cider as shown in Figure 2.4 of
section 2.5, the first intermediate of reactionthe aromatic sulfinic acid with the
formation of hydrochloric acid. Hydrogenation oetaromatic sulfinic acid leads to the
formation of the aromatic disulfide and water. 8udf acid undergoes a dehydrative
disproportionation reaction which leads to the fation of the aromatic thiosulfone,
aromatic sulfonic acid and water. The aromatic I and thiosulfone are
hydrogenated and lead to the formation of the atientlaiol. The chemistry involved in
the hydrogenation of aromatic sulfonyl chlorides lh@en presented elsewhere [3, 15].
Figure 5.2 shows the complete reaction schemehimrmydrogenation of the aromatic
sulfonyl chloride.
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Sulfonyl chloride [A]

Thiol [D]

Figure 5.2 Reaction scheme proposed for the hydetge of 2,5-dimethylbenzene

sulfonyl chloride

Quantum mechanics calculation [70] shows that the &nergy of reaction for
each of the chemical steps involved in the reacticdmeme of Figure 5.2 is negative,
which indicates that the equilibrium of reactiondisplaced towards the products of
reaction. Therefore, the rate determining step dach of the hydrogenation and
dehydration reactions is defined as the irreveessbirface reaction between adsorbed
species on the surface of the catalyst. Computatioalculations [70] show that the
adsorption of the aromatic sulfonyl chloride on #utive sites involves the breakage of
the sulfur-chlorine bond with each of the sulfurdachlorine atoms occupying two
separate active sites. Therefore, each step ofhgfdrogenation and dehydration

sequences of the aromatic sulfonyl chloride inmdhomatic thiol is assumed to involve
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the same number of active sites as the adsorptitthre@romatic sulfonyl chloride, i.e., 2

active sites.

Figures 4.13 to 4.17 in section 4.2 show a residaavity of the catalyst for the
experiments conducted at long residence timesaf2d03.1 hr) with the conversions and
molar yields of the reacting species with respett process time reaching an
asymptotically value. A complete deactivation af ttatalyst is simulated with the use of
an exponential deactivation function, which is wntadiction with the experimental
data obtained. A hyperbolic deactivation functidmowd be more suited to fit the
experimental data. Since the deactivating agent mesmeasured in-situ during an

experiment, the hyperbolic deactivation functiorexpressed in terms of process time,

ie., <D:1+1m and implemented in the Hougen-Watson rate equatidihe alpha

parameter of the hyperbolic deactivation functisrestimated simultaneously with the

adsorption coefficients and kinetic parameters.

Hydrogen adsorbs either molecularly or atomically the surface of metal
catalysts [5]. For the derivation of the rate etpret, hydrogen is assumed to adsorb
molecularly on the surface of the palladium on oarlsatalyst to react with adsorbed

aromatic sulfur-based reacting spedieg he reacting species involved in the formation

of the final product, the aromatic thiol, are calesed to be adsorbed on the surface of
the catalyst and participate in the rate equati@serimental data for the aromatic
sulfonic acid, water and hydrochloric acid were a& collected to the complexity of the
guantitation and sampling. Therefore, these comg@®uwere not included in the

minimization of the objective function.
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Table 5.2 lists the reacting specigsnvolved in the kinetic modeling with their

corresponding nomenclature.

Table 5.2 Nomenclature used in the kinetic modeahefcatalytic hydrogenation of the

aromatic sulfonyl chloride

Abbreviation in

Name Formula o
the kinetic model
2,5-dimethyl benzene A
sulfonyl chloride S0l
Hydrogen H, H>
2,5-dimethyl benzene .
sulfinic acid SO, H
Bis (2,5-dimethyl phenyl) c
disulfide S-S
2,5-dimethyl 5
thiophenol SH
Bis (2,5-dimethyl phenyl) e

thiosulfone

S-S0,
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Assuming that the adsorption of the reacting s®ea@n the catalyst surface
reaches equilibrium, Figure 5.3 shows the adsampdiothe aromatic sulfonyl chloride

and hydrogen.

KA c
A+L —AL k, -—AL
C.C
AL
K
H, CHZL
2 Cyy O
H2L

Figure 5.3 Adsorption of the aromatic sulfonyl aide and molecular hydrogen on a

metal active site L with the corresponding adsorpequilibrium constants

The catalytic surface reactions involved are showrigure 5.4.

AL + HL — BL + L rds,
BL + HL — CL + L rds,

BL — EL rds,
CL + HL — DL+ L rds,

EL + HL — DL+ L rds.

Figure 5.4 Catalytic rate-determining surface rieast between adsorbed reacting

species and molecular adsorbed hydrogen
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where rdsstands for the rate-determining step of reaction

Figure 5.5 shows the desorption steps involved.

BL — B + L 1Ky
CL — C + L 1K,
EL — E + L VK
DL — D + L VK,

Figure 5.5 Desorption of the reacting species ftoenmetal active site L

The concentrations of the adsorbed aromatic sulfehjoride and adsorbed

molecular hydrogen are expressed as follows:

C, =K, C,C (5.3)

AL A AL

Cy, =K, C, C (5.4)
HoL = H, “H, L

where CL is the concentration of a vacant active site é}]E is the concentration of a

chemisorbed specigs
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The concentrations of the other reacting specie®hrained from:

CgL =KgCaC, (5.5)
CoL =KeCeCL (5.6)
CpL =KpCpCy (5.7)
Cp =KgCeC, (5.8)

Since the concentration of the total active stﬁ?sis assumed to be constant, the

site balance is written as follows:

Ct :CL+CAL+CH2L+CBL+CCL+CDL+CEL (5.9)

Cp =C_ +K,C,C| +K, C_, C +KzCLC +K.C.C +
2 2 (5.10)

KDCDCL + KECECL

The following Hougen-Watson rate equations wereettged for the reacting

species:
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» Rate of consumption of the aromatic sulfonyl chloride:

0
R ARH, CaCH, 1
r. = X 5.11
1 2 l+agt (.11)
1+K,, C, +YK.C.
Hy Hy "5
» Overall rate of consumption of the aromatic sulfinic acid:
"sufinic =2+ '3 (5.12)

with ry the rate of consumption of the aromatic sulfimodd via the hydrogenation of

the aromatic sulfinic acid:

0
kZKBKHZCBCHZ )
= x 5.13
2 2 1+ at (.13)
1+K,, C,, +YK.C.
Hy Hy 5

with ra the rate of consumption of the aromatic sulfexed via the dehydration of the

aromatic sulfinic acid:

0
kKoK .C
[, = 3 BB x 1 (5.14)
3 1+agt
1+K,, C, +ZK.C.
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* Overall rate of formation of the aromatic thiol:

THioL =74t s (5.15)

with r, the rate of formation of the aromatic thiol e thydrogenation of the aromatic

4
disulfide:
K9k K., c~C
4°C"H,~C™H, L
() = ; X1+a4t (5.16)
1+K,, C,, +YK.C.
Hy Hy 5

and I the rate of formation of the aromatic thiol vieethydrogenation of the aromatic

thiosulfone:

0
kK _C
_ 5 E"E 1
r_= X 5.17
S 2 1+a5t (5.17)
1+K,, C,, +YK.C.
H, " H, j I

A zero-order in the concentration of hydrogendsuaned for the catalytic step

from the aromatic thiosulfone to the aromatic thiol

* Net rate of formation of the aromatic sulfinic acid:

rh—r

Fsulfinic =1 "2 ' (5.18)

3
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* Net rate of formation of the aromatic disulfide:

(1 1
rDS_[ErZ ErAJ (5.19)

* Net rate of formation of the aromatic thiosulfone:

(1 1
g = (5 ra §r5j (5.20)
* Net rate of consumption of hydrogen:

rH2 :(grl +%r4 +gr5j (5.21)
The fact that the hydrogen concentration does waolive with respect to process
time is explained from the depletion of hydrogen thg chemical reactions being
instantaneously compensated by the hydrogen massfér from the gas phase to the
liquid phase. Due to convergence problems durirgg rttinimization of the objective
function and a zero-order assumption in the comagah of hydrogen in the catalytic
step from the aromatic thiosulfone to the aromttiol, the net rate of consumption of

hydrogen is expressed by the chemical raimd My

The net rates of formation of the aromatic sulfomted, water and hydrochloric

acid are written as follows:

"sulfonic ~ 3 3 (5.22)

r 2r +lr +r5j (5.23)

HZO (2 33
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=T (5.24)

The aromatic sulfonic acid, water and hydrochlaaiwid are by-products of

reaction during the hydrogenation of the aromatitosyl chloride.

5.4 Continuity Equations and Initial Conditions for the Reacting Species

During the startup of an experiment pure toluengsid to fill the reactor with a
mixture of hydrogen and argon flowing through tkaator. Stabilization of the reactor
at the reaction conditions occurs by feeding totuand the gas feed mixture containing
hydrogen and argon with a specified flow rate. Whenreaction conditions have been
reached, the pure toluene feed is switched to thanic liquid mixture containing 5
wt% of the aromatic sulfonyl chloride in toluenet grocess time equal to 0, when the
liquid feed mixture enters the reactor, a changéha concentration of the aromatic
sulfonyl chloride in the feed occurs due to thealyitc hydrogenation reaction taking
place in the volume of liquid within the reactort thne equal to0+ At , the flow rate at

0

sulfonyl which is different

which the aromatic sulfonyl chloride enters thectenis F

from F the flow rate of the aromatic sulfonyl chloride the outlet stream of

sulfonyl ’

the reactor. The material balance applied to tbenatic sulfonyl chloride over the time

period At is given by:

0

Fautfonyl ~ Fautfonyl ~ W sulfonyl }dt sulfonyl ‘t et " Nsulfory |t ©29)

[

t+At{
t

with w the mass of catalyskg). By using the mean-value theorems of integral and

differential calculus [71], Equation 5.25 reducesthe following differential equation,
Equation 5.26.
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dnsulfonyl

0 _ __ sulfonyl.
F sulfonyl ~ Wsulfonyl T o

sulfonyl ~

(5.26)

The unsteady state continuity equations derivedtlier reacting species in a
perfectly mixed flow reactor with constant fluidregty are as follows:

0
OICsulfonyl _ Csulfonyl I:sulfonyl w
=- + —| —Xxr (5.27)
dt 0 % v, sulfonyl
L L
0
dC|_| CH Fh w
2_-__ 2, 2_ Xy (5.28)
dt o v v, My
dC_ .. . C_ e
sulfinic __ sulfinic N ﬂxr N (5.29)
dt P VL sulfinic
Chisutide  Caisufide [ w
=- | —Xr . . (5.30)
dt 2] VL disulfide
Cthiol __Sthiol ,[ w (5.31)
dt ) VL thiol '
OICthiosulfone _ Cthiolsulfone w
=- —XT,, . (5.32)
dt ] VL thiolsulfone



113

with C. the concentration of the aromatic sulfur-basedtneg speciesj (kmol / m3),

@ the average residence time of the liquid withia tbactor fir), VL the volume of the

liquid within the reactor t(ns), w the mass of catalystkgcat) and r; the Hougen-

Watson reaction rates defined in Equations 5.13.1@ (kmol / kg hr ). In the parameter

estimation program, a Runge Kunta method is usgetiorm the numerical integration

of the set of differential equations.

When the organic mixture enters the reactor at peyoess time, and by virtue of
complete and immediate mixing within the reactame aromatic sulfonyl chloride
appears in the effluent with a certain concentratidifferent from the initial
concentration of the aromatic sulfonyl chloridetire feed. The concentration of the
aromatic sulfonyl chloride in the effluent of theactor depends upon the amount of
toluene in the reactor used in the startup pro@aduhich has to be displaced, the initial
molar feed rate of the aromatic sulfonyl chlorigwl dhe conversions into intermediates
and products. Even though the latter have not lmeeasured experimentally, a zero

concentration can be approximated for the reactipgcies at zero process time, i.e.

C?:O.

5.5 Parameter Estimation Technique and StatisticaAnalysis

Estimates ofthe adsorption coefficients, thanetic constants and thalpha
parameter of the hyperbolic deactivation functioe abtained by minimization of the
sum of the square of the residu®@ between the concentrations determined
experimentally and the concentrations calculatemnfrthe model for each reacting

speciesj , for a number of process times at all the residaimees investigated. The sum

of the square of the residul is calculated at each process temperature inatstig
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2

exp | tspan N
k=1 =1m= m m

where Hexp represents the total number of residence timesstigated, ] the total

number of aromatic sulfur-based componenhts

San the process time until the end of an

AN

experiment,[yld} is the calculated value from the kinetic modetha Ith response
m
obtained for each aromatic sulfur-based compoyinat the mth process time andth

residence time investigated, ang is the Ith response obtained experimentally
m

for each aromatic sulfur-based compoupdt the mth process time anéith residence

time investigated.

The concentration of the aromatic sulfinic acid swaot determined
experimentally and therefore, the sum of the sqoérke residuals for this compound
was not included in the minimization of the objeetifunction. Sixteen parameters
including the adsorption coefficients of each arbenaulfur-based reacting species
kinetic constants and the alpha parameters of yperbolic deactivation function for
each of the catalytic reactionswere estimated simultaneously. The objective fonct
S was minimized per process temperatures at 85,n87140 °C considering all the

responses obtained for the reacting spe¢ied all residence times investigated.
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The parameters of the kinetic model were firstneated at a process temperature
of 85 °C. The value of the estimated parameters obtained afieimization of the
objective function at a process temperature of 8were used as initial values for the
set of parameters at a process temperature of 9THE€ estimated parameters obtained
after minimization of the objective function at aopess temperature of 97 °C were
finally used as the initial values for the set afgameters at a process temperature of 110
°C.

The kinetic parameters are estimated by the mehasgaasi-Newton nonlinear
multi-variable algorithm and a sequential quadratiegram [72]. A final minimization
of the objective function was performed using a dmerg-Marquardt algorithm. The
Hougen-Watson equation rates derived in Equatioh% % 5.17 are non-linear with
respect to the parameters. It is converted inioeat form by Taylor series around the

initial guessx, given for the parameters:

_ 1.7
f(x0+Ax)— f(x0)+Df (XO)TAX+§AX BOAX (5.34)

with [Of (xo) the gradient of the functioh at x = X0 and BO the initial Hessian matrix

usually equal to the identity matrix |. The Taysaries of the gradient is given by:

of (x

o +Ox|=Of [x, |+ ByAx (5.35)

0

which is equivalent to the secant equation. Solviorg Of (x +Ax)=0 provides the

0
Newton step:

Ax, = -B- 1of (xo) (5.36)
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At each iterationk , the search directiott\xk Is updated applying the Newton’s

step calculated using the current estimate of tbeskn matrika and it is used to find

the next pointxk+1 as follows:
| ( )
Axk = JkBk Of X (5.37)
X111 = % +Axk (5.38)

with 5k the optimal step length parameter in the directeamd in the first step. In the

guasi-Newton method, the Hessian matrix of the m@cderivative of the objective

function to minimize does not need to be computeahg stage. The Hessian matrix is
updated by analyzing successive gradient vectaeads The approximation of the
inverse of the Hessian matrix is determined fromBinoyden-Fletcher-Goldfarb-Shanno
(BFGS) method [73] as follows:

9 % . (Bksk)r By Sk

TBS

B, 1= Bt
A Sk Sk Pk

k+1 "k

(5.39)

=X 1™ X (5.40)

q, =0f (xk +1)— Of (x, ) (5.41)
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A quadratic approximation of the Lagrangian functib can be used and it is

defined as:

L(x,A) = f(x)+ E A g (x) (5.42)
o=1 PP

with Ap the Lagrange multipliers for each of the paransetdrthe kinetic model

necessary to balance differences in magnitudeedtetims in the objective function and
gradients. For this case, the approximation of lessf the Lagrangian function is

calculated from Equation 5.39.

The statistical analysis is based upon the t-tedtFatest. The hypothesis that the

parameters estimatdmﬁ would be zero is rejected when [74]

> t[n— p;l—ﬁj (5.43)

with s(bj) the standard deviation of the estimated parambt]elandt(n - p;l—gj is

the tabulated’g percentage point of the t-distribution wi(h - p) degrees of freedom.

The value of § is equal to 0.05 for a 95 % confidence intervahe Tparameters

estimatesb i are significantly different from 0 and effectiyetontribute to the kinetic

model if the calculated t-valuetg, are greater than the tabulated t-value.
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An estimate of the error variancz_ez(bjj for each estimated parameﬁa[ IS

calculated from the jacobian matrid,, evaluated at the converged valuesb?fand the

element on the jth row and jth column of the ineeo$ the covariance matrid | J as

follows:

az(bjj:sz(JTJj;1 (5.44)

with Jthe jacobian matrix at the converged values ofpﬁmmetersJTthe jacobian

matrix transposed ansf the estimate of the experimental error variance.

The estimated experimental error variamgeis given by [74]:

N2
n
.Z[W‘W]
2_1=1 (5.45)

with Y the experimental pointy; the calculated value oj/i, n the number of

responses ang the number of parameters. Only the elements indthgonal of the

jacobian matrix (jth row and jth column), represegtthe gradient of the objective

function with respect to each parameter, is comedlen the calculation of the error

varianceaz(bj). The other elements, representing the cross-gramli¢he ith row and
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jth of the jacobian matrix, are not considered. $tandard deviation for each estimated

parameter is determined from the error variau@{bjj as follows:

{5;)=%(v;) (549

The significance of the fit between the model amal éxperimental data is tested

by performing the F-test. The model is not rejectden [74]

Fe >10F(p,n- p,1- B) (5.47)

with FC the ratio of the regression sum of the squarektha residual sum of the

squares and=(p,n- p,1- ) the tabulated percentage point of the F-distribution

with p parameters andn-p) degrees of freedom. The F-valie. is defined as

follows [74]:

F.= P (5.48)

with n the total number of responsegq the number of parameterg(i the

AN

experimental pointy; the calculated value in .
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5.6 Results and Discussion

5.6.1 Parameter Estimation per Process Temperature

Table 5.3 shows the number of responses used indhdinear regression and

the tabulated t-value, considerify equal to 0.05, at the process temperatures oh@5 a

97 °C.

Tables 5.4, 5.5 and 5.6 show the parameter estmeadculated from the
simultaneous non-linear regression of all the raspe obtained for all the aromatic
sulfur-based compounds j at all process times awidence times investigated,
standard deviations, calculategvalues and lower- and upper-values of the 95 %

confidence interval at the process temperatur&p97 and 110 °C.

Table 5.3 Number of responses in the non-lineatessgon and tabulated t-value and F-

value at the process temperatures of 85, 97 and@10

Process
Number of responses  Tabulated t-value Tabulatedlev
temperature (°C)

85 165 1.97 1.71

97 170 1.97 1.70

110 115 1.98 1.73




121

Table 5.4 Estimates @dsorption coefficients, kinetic constants and alparameter of

the hyperbolic deactivation function with corresgmy standard deviations, tc-value
and 95 % confidence intervals for the Hougen-Wat&aretic model at process
temperature of 85 °C

95 % confidence

_ _ Standard interval
Parameters Unit Estimate o te-value

deviation Lower Upper

Value value

KA m°/kmol 1.15 4254 27110 -82.65 84.96
“H, m¥kmol  1.18 8508 13910 -166.43  168.79
Kg m°/kmol 0.77 2836 27110 -55.10 56.64
Ke m°’kmol  0.096 17.02 56710 -33.43 33.63
Kb m*/kmol 0.027 28.36  9.66 10 -55.84 55.90
Ke m°/kmol 1.43 8508 16910 -166.17  169.04
klo mYKgeachr ~ 1.22 4254 2887 -8258  85.03
kg m¥kgeathr ~ 0.73 4254 1717 -83.07  84.53
kg m¥Kgehr  0.14 608 24310 -11.83  12.13
kg mYKgeachr ~ 0.083 12.15 68470 -23.85  24.02
k9 mikgeahr ~ 1.42 85.08 1.6810 -166.18  169.03
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95 % confidence

) _ Standard interval
Parameters Unit Estimate o te-value

deviation Lower Upper

Value value

a, 1/hr 0.28 7.73 37310 -14.94 15.52
a, 1/hr 1.66 85.08 19510 -165.95  169.27

a'3 1/hr 1.27 10.63 1.20 Y0 -19.66 22.22

a, 1/hr 0.010 28.36 3.67 10 -55.86 55.88

a'5 1/hr 0.60 28.36 212 0 -55.27 56.47

Calculated F-valued= 322.6
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Table 5.5 Estimates @dsorption coefficients, kinetic constants and alparameter of

the hyperbolic deactivation function with corresgmy standard deviations, tc-value
and 95 % confidence intervals for the Hougen-Wat&aretic model at process
temperature of 97 °C

95 % confidence

_ _ Standard interval
Parameters Unit Estimate o te-value

deviation Lower Upper

Value value

KA m°/kmol 1.27 3.96 32110 -653 9.07

“H, m¥kmol  1.16 384 30410 -6.40 8.73
Kg m°/kmol 0.57 1057 53910 -20.25 21.39
Ke m°’kmol  0.053 20249 26310 -398.85  398.96
Kb m*/kmol 0.052 7328  7.0910 -14431  144.41
Ke m°/kmol 1.42 139.90 1.0210 -274.18  277.03

0 3

ky M°/kgeat hr 1.33 3.81 35010 -6.17 8.84
kg m¥kgeathr 051 2155 23970 -41.94  42.97
kg m¥kgeathr  0.29 6.14 47910 -11.80  12.39
kg mYKgeachr ~ 0.017 13042 13170 -256.91  256.94
k9 mikgeahr  1.41 12411 1147 -243.08 24591
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Table 5.5 Continued

95 % confidence

) _ Standard interval
Parameters Unit Estimate o te-value
deviation Lower Upper
Value value
a, 1/hr 0.001 145.18 1.02f0 -286.0 286.01
a, 1/hr 0.47 570 83110 -111.82 112.76
aq 1/hr 0.62 17.77 35170 -34.38 35.63
a, 1/hr 0.038 2564.84 1.47 %0 -5052.70 5052.77
ag 1/hr 0.16 31.15 52210 -61.20 61.53

Calculated F-valued= 390.1
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Table 5.6 Estimates @dsorption coefficients, kinetic constants and alparameter of
the hyperbolic deactivation function with corresgmy standard deviations, tc-value
and 95 % confidence intervals for the Hougen-Wat&aretic model at process

temperature of 110 °C

95 % confidence

_ _ Standard interval
Parameters Unit Estimate o te-value
deviation Lower Upper
Value value
KA m°/kmol 1.22 9.98  1221d -1854  20.98
“H, m¥kmol 1.1 1597 7010 -3050 3274
Kg m°/kmol 0.58 6.63 87710 -12.55 13.71
Ke m°/kmol 0.053 145157 3.70 f0 -2874.05 2874.16
Kp m’kmol  0.057 224.89 25410 -44523 44534
Kg m°/kmol 1.42 114052 1.24 T0 -2256.81  2259.65
klo mYKgeachr ~ 1.27 6.60 19310 -11.79  14.34
kg m¥kgeathr ~ 0.53 499 10810 -9.34 10.42
kg mYKkgehr  0.24 1298 1907 -2545 2595
kg mYKgeachr ~ 0.017 614.13 2.77 f0 -1215.96 1215.99
k9 M*/KQeat I 1.41 591.38 2.3810 -1169.52 1172.34
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95 % confidence

) _ Standard interval
Parameters Unit Estimate o te-value

deviation Lower Upper

Value value

a, 1/hr 0.26 2.53 1.0410 -4.75 5.27

a, 1/hr 0.45 820 55210 -15.78 16.69

as 1/hr 0.63 25.84 2.46 Y0 -50.53 51.80
a, 1/hr 0.038 15967.25 2.38%0 -3.161d 3.16 10
ag 1/hr 0.16 74.96 2.18 170 -148.26 148.58

Calculated F-valued= 78.5
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The estimated parameters do not satisfy the t-vataéistical analysis. The
calculated t-values listed in Tables 5.4, 5.5 adf& each of the parameters are greater
than the tabulated t-value listed in Table 5.3th& process temperatures of 85, 97 and
110 °C. Therefore, the estimated parameters deordtibute significantly to the kinetic

model and the null hypothesis that the parameti@mates bj would be zero is not

rejected, i.ebj =0.

The F-value calculated from Equation 5.48, congndeall the experimental data
collected at each process temperature with theegponding simulated data, is greater
than 10F of the tabulated F-value, meaning that the ragrasis meaningful. The
kinetic model used to fit the experimental data,amdich involves the Hougen-Watson
equation rates for the reacting species adsorbedwonactive sites and with the
deactivation of the catalyst represented with aehlyplic empirical function with respect
to process time, is not rejected.

The equilibrium adsorption coefficients and kinetionstants obtained from
parameter estimation do not display much variatioih respect to the process
temperature. The equilibrium adsorption coefficsecdin be assumed independent of the

process temperature. A certain deficiency in theetic model appears with the kinetic
constants with small variations of tlkfg with respect to the process temperature. Due to

the large standard deviations and 95 % confidemesvals, further improvements in the

values of the kinetic parameters need to be coeduct
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5.6.2 Comparison Between Experimental and CalculateValues

Figures 5.6 to 5.26 show the comparison of experialeand simulated
concentrations profiles with respect to processtiior the reacting species listed in

Table 5.2 at a residence tiriel.0 hr, process temperatures: 85, 97 and 11@ricess

. 0 0 _ 0 0 _
pressure: 364.7 p5|$,H2/FSulfonyl = 80mol /mal FH2/FAr =30mol /mol and

with the parameter estimates listed in Tables 5.8, and 5.6 using the continuity

equations defined in Equations 5.27 to 5.32.

SC concentration (kmol/m3)

0.00 T T T T T T T T
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0

Process time (hr)

Figure 5.6 Comparison of simulate—|) and experimenta ¢) concentration profiles of
the aromatic sulfonyl chloride (SC) with respecptocess time at residence tifel.0
hr, process temperature: 85 °C, process pressure64.7 3 psia,

0 0 _ 0 0 _
FHZ/FsquonyI =80mol /mal , FH2 /FAr = 3.0mol / mol
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Hydrogen concentration (kmol/ms)

0.00 T T T T T T T T
0.0 10 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0

Process time (hr)

Figure 5.7 Comparison of simulate—) and experimental®) concentration profiles

AN

of hydrogen with respect to process time at resideimed: 1.0 hr, process temperature:

0

sulfonyl =80mol / mal ,

85 °C, process pressure: 364.7 psiaFg I F
2

0 0 _
FH2 /FAr = 3.0mol / mal
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Figure 5.8 Simulated concentration profile of thenaatic sulfinic acid —) (SA) with

respect to process time at residence tm#.0 hr, process temperature: 85 °C, process
0 0

sulfonyl H 5

AN

pressure: 364.7 psi&lg)I I F =80mol /mol , F /F,gr = 3.0mol / mol
2
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Figure 5.9 Comparison of simulate—) and experimental®) concentration profiles

AN

of the aromatic disulfide (DS) with respect to @es time at residence tinde 1.0 hr,

process temperature: 85 °C, process pressure: 364 sia,
0 0 _ 0 0 _
FHZ/FsquonyI =80mol /mal , FH2 /FAr = 3.0mol / mal



132

0.10

0.09 -

0.08
0.07 -
0.06 -
0.05 .

0.04 .

0.03 N

0.02 -

THIOL concentration (kmol/m3)
*

0.01 4

0.00 T T T T T T T T
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Figure 5.10 Comparison of simulate—J] and experimental®) concentration profiles
of the aromatic thiol (THIOL) with respect to presetime at residence tinte 1.0 hr,

process temperature: 85 °C, process pressure: 364 fFsia,
0 0 — 0 0 _
FHZ/FsquonyI = 80mol /moal , FH2 /FAr = 3.0mol / mol
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Figure 5.11 Comparison of simulate—) and experimenta ¢) concentration profiles
of the aromatic thiosulfone (TS) with respect togass time at residence titel.0 hr,

process temperature: 85 °C, process pressure: 364 fFsia,
0 0 — 0 0 _
FHZ/FsquonyI = 80mol /moal , FH2 /FAr = 3.0mol / mol



134

0.08

0.07

0.06 -

0.05

0.04 -

0.03 +

0.02 ~

SULFONIC concentration (kmol/m3)

0.01 -

0.00 T T T T T T T T
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0

Process time (hr)

Figure 5.12 Simulated concentration profile of theomatic sulfonic acid )
(SULFONIC) with respect to process time at resideriome 0: 1.0 hr, process

0

sulfonyl = 80mol / mal ,

temperature: 85 °C, process pressure: 364.7 péf%, I F
2

0 0 _
FH2 /FAr = 3.0mol / mal
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Figure 5.13 Comparison of simulate—{ and experimental¢) concentration profiles
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Figure 5.14 Comparison of simulate—) and experimenta ¢) concentration profiles

AN

of hydrogen with respect to process time at resideime0: 1.0 hr, process temperature:

0

sulfonyl =80mol / mal ,

97 °C, process pressure: 364.7 psiaFg I F
2

0 0 _
FH2 /FAr = 3.0mol / mol



137

0.10
0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02

SA concentration (kmol/m3)

0.01

0.00 T T T T T T T T T
0.0 1.0 20 30 40 5.0 60 70 80 90 100

Process time (hr)

Figure 5.15 Simulated concentration profile of #ilematic sulfinic acid—) (SA) with

respect to process time at residence tm#.0 hr, process temperature: 97 °C, process

sulfonyl H

pressure: 364.7 psi&,ﬂ /FO =80mol /mal , FO /Fgr = 3.0mol / mol
2 2



138

0.020

0.018 -

0.016

0.014 -
0.012 - .

0.010 -+ .

0.008 + *

0.006 +

0.004 -

DS concentration (kmol/m3)

0.002 +

0.000 T T T T T T T T T
00 10 20 30 40 50 60 70 80 90 100

Process time (hr)

Figure 5.16 Comparison of simulate—) and experimenta ¢) concentration profiles
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of the aromatic disulfide (DS) with respect to @es time at residence tinde 1.0 hr,

process temperature: 97 °C, process pressure: 364 fFsia,
0 0 — 0 0 _
FHZ/FsquonyI = 80mol /moal , FH2 /FAr = 3.0mol / mol
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Figure 5.17 Comparison of simulate—J] and experimental®) concentration profiles
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process temperature: 97 °C, process pressure: 364 fFsia,
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Figure 5.18 Comparison of simulate—) and experimenta ¢) concentration profiles
of the aromatic thiosulfone (TS) with respect togass time at residence tiel.0 hr,

process temperature: 97 °C, process pressure: 364 fFsia,
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(SULFONIC) with respect to process time at resideriome 0: 1.0 hr, process

0

sulfonyl = 80mol / mal ,

temperature: 97 °C, process pressure: 364.7 péf%, I F
2

0 0 _
FH2 /FAr = 3.0mol / mal



142

0.10

0.09 ~

0.08 ~

0.07 A

0.06 -

0.05 +

0.04 -

0.03 ~

SC concentration (kmoI/m3)

0.02 ~

0.00 T T T T T T
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

Process time (hr)

Figure 5.20 Comparison of simulate—{ and experimental¢) concentration profiles
of the aromatic sulfonyl chloride (SC) with respé&xtprocess time at residence tifme
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Figure 5.21 Comparison of simulate—) and experimenta ¢) concentration profiles
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of hydrogen with respect to process time at resideimed: 1.0 hr, process temperature:
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Figure 5.23 Comparison of simulate—) and experimenta ¢) concentration profiles
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of the aromatic disulfide (DS) with respect to @es time at residence tinde 1.0 hr,

process temperature: 110 °C, process pressure: 7 364psia,
0 0 — 0 0 _
FHZ/FsquonyI = 80mol /moal , FH2 /FAr = 3.0mol / mol
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Figure 5.24 Comparison of simulate—} and experimental®) concentration profiles

of the aromatic thiol (THIOL) with respect to presetime at residence tinte 1.0 hr,

process temperature: 110 °C, process pressure: 7 364psia,
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process temperature: 110 °C, process pressure: 7 364psia,
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Figures 5.27 to 5.31 show the parity plots for eatthe reacting species at all

experimental conditions used for the parametemadion.
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Figure 5.27 Parity plot for theomparison of experimental and simulated conceatrsit
for the aromatic sulfonyl chloride (SC) at all expgental conditions
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The kinetic model show a good fit of the experina¢érdata for the aromatic
sulfonyl chloride, hydrogen and the aromatic thad, shown in the parity plots and the
comparison of the simulated and experimental cdnagon profiles for these
compounds. The kinetic model predicts higher valfesoncentration for the aromatic
sulfonyl chloride at early process time, as showthe concentration profiles in Figures
5.6, 5.13 and 5.20. Based on the parity plots shiowFigures 5.29 and 5.31, there is a
lack of fit between the estimated concentrationthwhe experimental data for the
aromatic disulfide and the aromatic thiosulfoneislprincipally due to the absence of

experimental data for the aromatic sulfinic acid.

At a process temperature of 97 °C, a maximum in dbecentration of the
aromatic disulfide has been observed experimengdlBarly process time and at all the
residence times investigated. This maximum is eptaduced by the kinetic model as
shown in Figure 5.16 for a residence time of 1.0lthis probably caused by the initial
value given before minimization of the objectivendtion for the set of parameters as
well as the large 95 % confidence interval obtairfed the parameter estimates.
Therefore, further improvements in the initial valof the set of parameters need to be
conducted to represent fully the behavior of thiermediates with respect to process
time. The same conclusion can be made considehagriaximum obtained at early
process time with the simulated concentration feaff hydrogen, which is not observed

experimentally.
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CHAPTER VI
CONCLUSION AND RECOMMENDATION

The catalytic hydrogenation of an aromatic sulfoctyloride was investigated in
continuous and semi-batch mode processes usindgpiasdm-Mahoney stationary basket
reactor. Intrinsic reaction rates of the reactipgces were obtained on the surface of a
commercial 1 wt% palladium on charcoal catalyshefic data collected in continuous
process show that the catalyst is deactivated guamexperiment. The lost of catalyst
activity was displayed by a continuous decreasthefmolar yield ¥ of the aromatic
thiol from the aromatic sulfonyl chloride when thecess time equal to 2-3 times the
residence timeé of the liquid within the reactor. Beyond®,3the surface of catalyst
accumulates more of the aromatic sulfonyl chloridbjch continually deactivates the
catalyst. It leads to the conclusion that the atarsalfonyl chloride is the deactivating
agent, which is adsorbed irreversibly on the sw@rfaicthe catalyst. XRD analysis shows
that the active sites are blocked and an amorplayas was formed on the surface of
the palladium catalyst. Similar studies on the bgénation of sulfur-based compounds
using a palladium catalyst show that the sulfurmatmvers four metal actives sites to

form an inactive phase %l

A heterogeneous kinetic model has been developethéohydrogenation of the
aromatic sulfonyl chloride using the Hougen-Watsgee of reaction equation rate with
a hyperbolic deactivation function expressed imtef process time. The mathematical
model consists of non-linear and simultaneous wffeal equations with multiple
variables. The kinetic parameters, which includeatsorption equilibrium constants for
the reacting species, the kinetic constants foh eatalytic step of the reaction scheme
and the parameter alpha of the empirical hyperbdiactivation function, were
estimated from the minimization of a multi-respongkjective function using a
sequential quadratic program. The program inclualegiasi-Newton nonlinear multi-

variable algorithm. The kinetic model with the sétestimated parameters leaded to a
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fairly good fit of the experimental data for thearatic sulfonyl chloride, hydrogen and

the aromatic thiol. A lack of fit with the experimt@l data for the aromatic disulfide and

the aromatic thiosulfone was observed. Large standaviations and 95 % confidence

intervals were obtained for each of the parameiktise kinetic model, which result in a

high incertainty in the values of the kinetic paetens obtained from the estimation

work. Therefore, no conclusions can be made reggrdhe major route for the

production of the aromatic thiol and the valueshef kinetic parameters.

More research efforts need to be conducted witHdhewing recommendations

for future work:

Characterization and quantitation of the white ipke$ in suspension in the

effluent liquid organic mixture

Improvement of the gas phase analysis with invastigs on the possible
formation of hydrogen sulfide @) during the hydrogenation of the aromatic

sulfonyl chloride

Sampling of the reactor should be modified in thieltproduction unit to avoid
back-calculating the content of each reacting spégi the effluent organic
mixture leaving the reactor from the content ol#diby the analysis of the same
liquid organic mixture after draining the liquid l@ztor. The sampling of the
content of the reactor should also include a metbodietermine experimentally
the concentration of hydrogen dissolved in the migéquid mixture within the
reactor. In this respect, the concentration hydnpgalculated and used in the
kinetic model, was estimated from the solubilityhgfirogen in pure toluene and

not in the effluent liquid organic mixture

Improvement in the values of the kinetic paramegerd fit of the simulated and
experimental data
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NOMENCLATURE

i : 2. 3
Gas-liquid interfacial areang /mr)
Estimated kinetic parameters

Concentration of sulfur-based compoungd in the liquid mixture

(kmol /md)

Concentration of hydrogen in the liquid phakendgl /m3)

Concentration of a vacant active site

Concentration of a chemisorbed spegies

Molar density of the effluent liquid mixture comtang toluene and the

aromatic sulfur-based compoundsrol /m3)

Concentration of the poisofkrfol /m3)
Concentration of the total active sites

Bubble diameterr()

Gas diffusion coefficient in the liquid phasm%/s)
Impeller blade diametemng)

Mean spherical diameter of the catalyst par{icig

Diffusion coefficient into the solid phasm?/s)

Reactor diametem()

Energy supplied per unit mass of slurmz(/sg)



I:sulfonyl
Fdisulfide

Fihiosulfone

Fihiol

FH

2

I:Ar

Ft

I:tmix

hp
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Calculated F-value

Tabulated F-value
Inlet molar flowrate of the aromatic sulfonyl ohide (kmol / hr)

Inlet molar flowrate of hydrogerkinol / hr )

Inlet molar flowrate of argonk(mol / hr )

Outlet molar flowrate of the aromatic sulfonylatide (kmol / hr )
Outlet molar flowrate of the aromatic disulfidiengol / hr )
Outlet molar flowrate of the aromatic thiosulfaofienol / hr )

Outlet molar flowrate of the aromatic thidinfol / hr )

Outlet molar flowrate of hydrogerkifol / hr )

Outlet molar flowrate of argorkol /hr )

Outlet molar flowrate of the aromatic sulfur-basednpounds

(kmol /hr)

Outlet molar flowrate of the gas mixturkntol / hr )

Gravity accelerationri/ 52)

Superficial gas mass flow velocitid/ mrzs)

Calibration constant of sulfur-based compounes/ mol
toluene

Horsepower at a certain stirrer agitation speed

Solubility constant of hydrogen in toluenléa(_l)



N
%

P
reactor
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Adsorption equilibrium coefficient of an aromasialfur-nased compound
i (m3/kmol)

Kinetic constant for the catalytic steg m3/kgcat hr)
Free active site on the surface of the catalyst

Mass flowrate of the liquid mixturekg/hr)

Molecular weight of toluenekg / kmol )

Molecular weight of each aromatic sulfur-basethpoundj (kg/kmol)
Number of responses

Number of parameters of the kinetic model

Agitation speed of the stirreRPM )
Power dissipated by the agitator per unit voluhthe liquid (W/m3)
Total pressure measured within the reacka

Partial pressure measured within the reacdRar)(

Gas constant (831m3Pa/ kmol [K )

Hougen-Watson reaction rates for reaciigrkmol /mP Chr)

Standard deviation of each estimated parameter

Calculated t-value

Tabulated t-value

Process time at the end of an experiment

Process temperatur& ()

Average static torque of the stirred ¢ m)



X
Hy

X
toluene
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True volume of the liquid corrected from the vkl occupied by the

basketV, and the volume occupied by the catalVst 3)

basket Catalyst (m

Volume occupied by the basket in the reactn?l
Volume occupied by the catalyst in the reacm?’I

Liquid holdup within the reactom3)
Volume of the reactorr(l3)
. . .3, .2
Superficial gas velocityrQ /mr S)
Terminal gas-bubble velocity in free rism?(/mrzs)
Outlet liquid volumetric flowrater(l3/hr )

Outlet gas volumetric flowraten(3/hr )

Mass of catalystl(gcat)

Overall conversion of the aromatic sulfonyl cidier

Overall conversion of hydrogen

Mole fraction of toluene
Mole fraction of an aromatic sulfur-based compbun
Mole fraction of hydrogen dissolved in toluene

Molar yield of the aromatic sulfonyl chloride anthe aromatic disulfide

Molar yield of the aromatic sulfonyl chloride anthe aromatic thiol



Greek letters
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Molar vyield of the aromatic sulfonyl chloride intthe aromatic

thiosulfone
Experimental point

Calculated value o§/i from the kinetic model

Mole fraction of hydrogen in the gas phase

Mole fraction of argon in the gas phase

Hyperbolic deactivation parameter for the catalgtepi

Percentage point of the t-distribution

Step length in the quasi-Newton method

Gas hold-up r(nB/mr3)
Deactivation function

Slip velocity (m/s)
Density of the liquid kg/ m3)
Density of tolueneKg/ m3)
Density of the gaskg/ m3)

Viscosity of the fluid surrounding the gas bulsb{Pa.s)

Viscosity of gas Pa.s)



Experimental error variance

Surface tension of the quuidkg/sz)

Residence time of the liquid within the reactbr

Slip velocity (m/s)
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APPENDIX A

Function sulfonyl_2007

p_init =[p_init0(1), p_init0{2),...p_init0O{p)] % initial value of the parameters

X0 = [X0{1), X0{2),...X0{3)] 9% inttiaf value for the concentrations of the reacting species

p_est = fmincon{@obj_fn, p_init) 9% Sequential guadratic programing with quasi-Newton
non-finear mufti-variable method

p_est =[p_est{1), p_est{2),...p_est(p)] % Estimated value of the parameters after
minimiation of the objective function

end

Figure A.1. Structure adulfonyl_2007 function to estimate the parameters of the kinetic
model
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Function e = obj_fn (p_var)

p_var = [p_var{1), p_var(2),...p_var{p)] % Change of the value of the parameters during
minimiation of the objective function

t_span = [t_span(tl), t_span(t2),...t_span(tf}] 9% Process time span vector

X_exp{1) = X _exp(tl), X_exp(t2),...X_exp(tf
- :p( )= DX :p( ) . p(2), . p()] % Experimental concentiations of
i : : reacting species 1 to n from process time

X_expli) = [X_exp(t), X_exp(t2)...X_exp(t)] L P tot span(ef)

9% Numerical solution of the set ode s defined
= in suf ode function with the appropriate
[ex: midel] =fodeabe@snl cide, tpan, X0 vat] kinetic modef, ODE 45 includes Runge-Kunta
method to solve numerically the set of ODE%s

9% Objective function defined as the sum
of the sguare of the residual between
experimental data and data obtained from
the kinetic mode/

e = {(X_exp({1)-X_model{1))2 + {X_exp(2)-X_model(2))?

+.+X_exp(§)-X_model(j))?

end

Figure A.2. Structure adbj_fn function to define the objective function
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Function X_model = sul_ode(tspan, X0, p_var)

o ) 9% Hougen-Watson eguation
x deactivation function rates derved for each step §

. (kinetic constant) x (driving - force group)
y (adsorption group) of the reaction schene

dX_model(l)
dt
: % Unsteady state continufly equations derived for

: a continuous stirred sank reactor (CSTR}
dX_model(j) and for each reacting specie 1 to j

di

9% sul ode retumed the data obtained from the kinetic model by solving numerically
the set of ODEF for the reacting specres 1 to j

end

Figure A.3. Structure odul_ode function to solve numerically the set of unsteathte
continuity equations for a continuous stirred taelctor with the appropriate Hougen-

Watson equation rates
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