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Catalytic Hydrodesulfurization of o-Aminobenzyl Sulfides 

Hydrodesulfurization of ortho-aminobenzylsulfides to ortho-alkylanilines with particular atten- 
tion to the reaction of 2-methylthiomethyl-6-trifluoromethylaniline to 2-methyl-6-trifluorometh- 
ylaniline has been examined in a batch reactor at 453-473 K (180-200°C) and hydrogen pressures 
between 1034 and 13,785 kPA (150-2OOO psi). Application of typical hydroprocessing catalysts, 
such as sulfided COO-MOO&-A&O,, fails to retain the substituent groups while selectively cleaving 
the carbon-sulfur bonds. Use of sulfided Coo-Moo,-on-carbon and various unsupported, sulfided 
Co,Mo,O, catalysts with x/y in the range l/4 to 4/l gives high selectivity to the organic product. An 
abbreviated kinetic study using unsupported, presulfided CoMoO, shows that the reaction rate is 
first order with respect to the gas and liquid reactant with no noticeable inhibition effects. Compari- 
sons between reaction rates for this reaction to those for typical petroleum hydrodesulfurization 
reactions show that the current system proceeds at significantly lower temperatures with an order- 
of-magnitude higher rates. 0 1986 Academic Press, Inc. 

INTRODUCTION 

Catalytic desulfurization and reduction 
of organic sulfides to hydrocarbons and 
thiols occupies an important position in ap- 
plications ranging from laboratory-scale 
synthesis (Z-6) to commercial hydro- 
processing of petroleum fractions (7-9). 
The wide range of applications encountered 
in these and related studies has resulted in 
the development of various diverse meth- 
ods for desulfurization which are summa- 
rized in detail elsewhere (2). Of these 
various methods, those based upon 
heterogeneous catalysts such as Raney 
nickel (Z&12), Raney cobalt (I.?), and alu- 
mina-supported cobalt-molybdate and re- 
lated oxides (7-9, 14-1.5) have the most 
widespread application. Use of Raney 
nickel and its modified forms can have sev- 
eral drawbacks which include: (i) the unde- 
sired reduction of olefinic double bonds, 
carbonyl and nitro groups (16); (ii) the pro- 
motion of undesired side reactions (17); (iii) 
difficulties associated with handling since it 

is pyrophoric, and (iv) is readily available in 
powdered form but not in tableted form. 
These features suggest that the choice of a 
suitable heterogeneous catalyst for pilot or 
commercial-scale processing of nonpetro- 
leum type organics is directed toward use 
of the alumina-supported metallic oxide or 
sulfide catalysts as encountered in the pe- 
troleum industry. 

The principal chemical reaction that oc- 
curs in petroleum hydrodesulfurization is 
basically limited to cleavage of simple car- 
bon-sulfur bonds followed by hydrogen 
saturation of the free valencies and of ole- 
finic double bonds (7-9). This represents a 
marked contrast to a particular class of re- 
actions that have recently arisen in chemi- 
cal processing (28) involving cleaving of 
carbon-sulfur bonds that are present as 
substituent groups on an aromatic structure 
where a high yield of a specific organic 
product is desired. The particular reaction 
of interest in this work involves the conver- 
sion of o&o-aminobenzylsulfides to ortho- 
alkylanilines written generally as 
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In this reaction, R can represent alkoxy, fluoromethyl aniline (abbreviated here as 
alkyl, alkenyl, haloalkyl, halogen, hydroxy, MT?MA) in the presence of hydrogen and a 
or hydrogen, R1 can represent alkyl, al- suitable catalyst to yield 2-methyl-6-&i- 
kenyl, or hydrogen, while Rz can represent fluoromethylaniline (abbreviated here as 
alkyl, alkenyl, aryl, or hydrogen. The reac- MTMA) where R = CF3, R, = H, and R2 = 
tion of particular interest here involves the CHJ: 
conversion of 2-methylthiomethyl-6-tri- 

NH2 NH2 
CH2-S-CH3 CH3 

H2 

catalyst 
t CH3SH PI 

Particularly noteworthy is that application 
of petroleum hydrodesulfurization catalysts 
would be expected to be unsuccessful for 
the reaction given by Reaction [Z] since 
these types of catalysts have been shown to 
react with the carbon-fluorine bond of tri- 
fluoromethylbenzene (C6H5CF3) and incor- 
porate the fluorine ion into the catalyst 
(29). Hydrodesulfurization of related com- 
pounds within the classification of Reaction 
[1] having other types of functional groups 
as part of an effort to assess their sensitivity 
to reaction conditions and catalyst type is 
in progress. 

One objective of this note is to show that 
typical supported petroleum hydroprocess- 
ing catalysts are unsuitable for selective 
carbon-sulfur bond cleavage for the ortho- 
aminobenzyl sulfide given in Reaction [Z]. 
Another objective is to define suitable het- 
erogeneous catalysts for laboratory synthe- 
sis and commercial processing that give 
high yields of the organic product. A final 
objective is to briefly summarize some ki- 
netic results for Reaction [Z] and to point 
out some differences and similarities be- 
tween this type of hydrodesulfurization 
versus petroleum hydrodesulfurization. 

Additional details related to these objec- 
tives and other aspects related to this inves- 
tigation will be given in a future publication 
(-w . 

EXPERIMENTAL 

Most of the hydrodesulfurization experi- 
ments were performed using a 0.3-liter 
stainless-steel Autoclave engineers reactor 
with appropriate controls for reactor tem- 
perature and pressure. Liquid-phase sam- 
ples could be obtained during the course of 
a run by withdrawal through a 1.5875mm 
o.d. (0.0625 in.) x 0.762-mm i.d. (0.03 in.) 
capillary tubing and a suitable valve ar- 
rangement. Liquid reactant and catalyst in 
the form of a powder was charged to the 
reactor in the presence of argon to mini- 
mize exposure to air. Air was further ex- 
cluded from the reactor by flushing the re- 
actor with hydrogen several times after 
sealing. The results given here correspond 
to hydrogen pressures between 1034 and 
13,785 kPa (150-2000 psig), reaction tem- 
peratures between 453 and 473 K (180- 
2OO”C), catalyst loadings of ca. 4 wt%, and 
initial MT*MA concentrations of less than 
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10 wt% with toluene as the inert reaction 
solvent. A wider range of conditions to fur- 
ther define the scope and limitations of this 
system including discrimination between 
various reaction mechanisms by analysis of 
the associated reaction rate expressions is 
given elsewhere (20). 

Quantitative analysis of the liquid-phase 
reaction products was performed using 
a Varian 3700 gas chromatograph with 
dual thermal conductivity detectors. Analy- 
sis of toluene, ortho-trifluoromethylaniline 
(OABT), 2-methyl-6-trifluoromethylaniline 
(MTMA), and 2-methylthiomethyl-6-tri- 
fluoromethylaniline (MT2MA) was per- 
formed using a 1 m X 3.175 mm (0.125 in.) 
stainless-steel column packed with 3% OV- 
101 on SO/100 Chromosorb W. Analysis of 
hydrogen sulfide (H,S), methylmercaptan 
(MESH), dimethylsulfide (DMS), and other 
low-boiling thiols was performed using a 
column of the same dimensions but packed 
with 80/100 mesh Porapak Q. The columns 
were connected through a Carle switching 
valve with appropriate sequencing so that a 
complete analysis of the liquid phase could 
be performed using a single 29~1 injection. 
Calibration was performed using dodecane 
as the internal standard with response fac- 
tors being determined using calibration so- 
lutions. Quantitative analysis of a reactor 
head gas sample was performed for a few 
selected runs after reactor cool down using 
a Carle Series SX fixed gas analyzer. 

Catalyst precursors used to obtain the 
results given here included commercially 
available petroleum HDS catalysts such as 
Nalco 477 (3.3% Co0 and 14.0% Moo3 on 
r-A&O,), a carbon-supported COO-Moo3 
catalyst, and various unsupported Co,Mo, 
0, catalysts where the x/y ratio was varied 
between 114 and 4/l. In one case reported 
here, the Nalco catalyst was modified by 
treatment with a ca. 3 N potassium hydrox- 
ide solution to neutralize the acidic sites. 
The carbon-supported catalyst was pre- 
pared by step-addition and coimpregnation 
with aqueous solutions of (NH&M07024 * 
4H20 and Co(NO& * 6H20 with calcina- 

tions of 383 and 723 K, respectively. The 
final loading was 3 wt% Co and 13 wt% MO. 
The various Co,Mo,O, catalysts were pre- 
pared by mixing aqueous solutions contain- 
ing appropriate amounts of (NH&Mo~O~~ . 
4H20 and Co(NO& . 6H20 and evaporating 
the mixture to dryness. Calcination of the 
dried catalyst was performed for 5 h at 738 
K. 

All catalyst precursors were presulfided 
in a quartz-glass dip-tube reactor using a 
hydrogen stream containing 10% hydrogen 
sulfide at 523 K for 1 h beyond break- 
through of HzS. 

Detailed physical and chemical charac- 
terization of all catalyst samples was per- 
formed also but is omitted here for brevity 
and will be given in a future publication 
cm. 

The sulfide reactant given in Reaction [2] 
was prepared using the organic synthesis 
procedure given by Claus and Vycudilik 
(22). Positive identification of this and 
other species was performed using GCMS, 
F19 NMR, and H’ NMR. 

RESULTS AND DISCUSSION 

Table 1 gives the selectivity to the de- 
sired product MTMA as a function of 
MT2MA conversion for the catalyst precur- 
sors mentioned above as well as a few cata- 
lyst supports. Direct application of the 
Nalco 477 catalyst and other similar petro- 
leum HDS catalysts generally give low se- 
lectivity to MTMA due to polymer forma- 
tion. Attempts to neutralize the acidic 
support using potassium hydroxide gave 
similar results. Runs performed with vari- 
ous catalyst supports such as ~-A1203, 
which is a solid acid, and MgO, which is 
basic, convert MT*MA to undesirable prod- 
ucts, while the carbon support was essen- 
tially inert under the indicated reaction con- 
ditions. Both the acidity and basicity of 
commercial petroleum HDS catalysts and 
related catalyst supports, including the af- 
finity of the metal oxides for the fluoride 
ion, are possible causes for poor selectivity 
of MT2MA to MTMA. 
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TABLE 1 

Experimental Result for Various HDS Catalysts 

Catalyst Initial MT*MA Hydrogen Reaction Reaction % Conversion % Selectivity 
concentration pressure temperature time of MTzMA to MTMA, 

(wt%) (psk) (“Cl 00 (Xl (9 

Nalco 477 

Nalco 477 
+ 20% KOH 

Alcoa y-A&O3 
MisO 
Carbon 

Co-MO/carbon 

CoMo04 
CoMo204 
CoMo404 
Co2Mo,04 
Coz,Mo,O,, 

8 150 190 16.5 59.8 5.6 
7 2000 200 4 33 16.5 

13.2 130 180 15 18.2 0 

7 
7 
7 

7.5 

7.5 
7.5 
7.5 
7.5 
7.5 

150 
150 

2000 

2000 

2000 
2000 
2000 
2000 
2000 

195 
195 
200 

200 

200 
200 
200 
200 
200 

16 63.8 0.7 
16 23.6 3.4 
5 0 0 

94.8 >95 

90.7 99.2 
53.7 98.1 
50.2 97.9 
53.7 94.8 
95.2 97.0 

Note. X = 
NBO - NB NPO + NP 

NBO 
x 100; s = N 

BO - NB 
x 100; M’, = 4 wt%. 

Application of the 3% COO-13% Moo3 
on-carbon catalyst gave a MT2MA conver- 
sion of 95% with greater than 95% selectiv- 
ity to MTMA which represents a significant 
improvement when compared to the previ- 
ously cited results. 

The results of using unsupported cobalt- 
molybdenum oxides with CO/MO ratios in 
the range from l/4 to 4/l show that all of 
these lead to high selectivity to the organic 
product MTMA with CO/MO ratios of l/l 
and 4/l giving the highest conversion. The 
same powder was pressed into 4.76 x4.76- 
mm pellets using a Pennwalt-Stokes tablet 
machine with an average crush strength be- 
tween 34.475 kPa (5 psi) and 55.16 kPa (8 
psi) and used in basket reactor experiments 
with similar excellent results. 

From the above results, one can con- 
clude that either a carbon-supported Co- 
MO catalyst or an unsupported CoMoOa 
powder or tablet are effective heteroge- 
neous catalysts for selective cleavage of the 
carbon-sulfur bond in MT2MA whereas pe- 
troleum HDS catalysts lead to poor results. 

The reaction kinetics of MT2MA hydro- 

desulfurization to MTMA using unsup- 
ported CoMo04 catalyst powder as the 
precursor were briefly investigated for 
comparison to typical petroleum HDS 
results such as those given by Gates and co- 
workers (22-24). Interpretation of the reac- 
tion kinetics is simplified when reaction 
rate inhibition due to various adsorbed spe- 
cies does not occur. For this case, the 
terms present in the denominators of vari- 
ous Langmuir-Hinshelwood or Eley-Ri- 
deal type rate expressions such as those 
tabulated in Tables 4-8 in (24) all reduce to 
unity. If the rate-determining step is as- 
sumed to be reaction between adsorbed hy- 
drogen and MT2MA, the intrinsic rate of 
reaction defined on a catalyst weight basis 
can be given as 

1 dNB -- - = kCACs, 
w, dt (1) 

where C denotes the surface concentration, 
N represents the number of moles, w, de- 
notes the catalyst weight, t denotes time, 
and the subscripts A and B refer to hydro- 
gen and MT2MA, respectively. If one as- 
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FIG. 1. Determination of pseudo-first-order rate constants at various hydrogen partial pressures. 

sumes that the solubility of hydrogen in the 
liquid does not change appreciably as the 
concentration of the liquid phase changes, 
then a fixed Henry’s law constant can be 
used to express the concentration of hydro- 
gen in the liquid to its partial pressure in the 
gas phase as shown by 

PA = HACA. (2) 

Substitution of Eq. (2) into Eq. (1) followed 
by integration of the resulting expression, 
assuming PA is constant, yields the follow- 
ing familiar first-order batch reactor perfor- 
mance equation 

NB --In-= 
NBO 

k,t. 

The variable k, denotes a pseudo-first-order 
reaction rate constant that can be related to 
hydrogen partial pressure PA by Eq. (4) 

where k’ = klH, is introduced as a lumped 
second-order rate constant: 

ka E = k’jIiA. (4) 

The parameter M = w,lVL denotes the cata- 
lyst loading where W, is the catalyst weight 
and VL denotes the liquid volume. 

Reaction data obtained at hydrogen pres- 
sures of 500, 995, and 2000 psig (35, 68.7, 
and 137.1 atm absolute) are plotted in Fig. 1 
according to the form suggested by Eq. (3). 
This verifies that the reaction rate exhibits 
first-order dependence on MTzMA for the 
indicated range of conditions. A compari- 
son between predicted and experimental 
values of NBINno as a function of reaction 
time using the rate constants from Fig. 1 is 
given in Fig. 2 where the agreement is quite 
satisfactory. Values of k,/M obtained from 
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FIG. 2. Comparison between experimental and predicted values of normalized MTzMA concentra- 
tion versus time. 

the slopes of the lines in Fig. 1 are plotted 
as a function of hydrogen partial pressure in 
Fig. 3 according to the form given by Eq. 
(4) which, analogous to Eq. (3), verifies that 
the reaction rate exhibits a first-order de- 
pendence on hydrogen concentration. The 
expression for the reaction rate given by 
Eq. (1) can, therefore, be written in terms 
of the observables w,, PA, and Ca as 

1 --= 
WC 

6.475 x 10-sjj,CB. (3 

Equation (5) is valid for T = 468 K 
(195”C), 35 I PA 5 137 atm, and 0 I Ca 5 
7.5 wt%. Development of an appropriate 
equation for the rate which is valid over a 

wider range of temperature, pressure, and 
concentration is complex enough to be the 
subject of a separate investigation and is 
omitted here for brevity. 

The intrinsic reaction rate expression 
given by Eq. (5) assumes that the solubility 
of hydrogen in the liquid phase is propor- 
tional to the hydrogen gas pressure and is 
independent of liquid reactant and product 
concentrations according to Eq. (2). Exam- 
ples are available (25-27) where the solubil- 
ity of the gaseous reactant is dependent 
upon the liquid-phase composition. In these 
cases, the gas solubility must be related to 
the liquid-phase composition, pressure, and 
temperature before discrimination between 
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FIG. 3. Pseudo-first-order rate constants as a function of hydrogen partial pressure. 

various intrinsic reaction rate expressions 
is attempted. Justification for the use of Eq. 
(2) in this work was provided by evaluating 
the solubility of hydrogen over the entire 
range of liquid-phase compositions encoun- 
tered during reaction using various thermo- 
dynamic correlating equations for gas solu- 
bility such as those of Prausnitz and Shair 
(28), O’Connell (29), and Kung et al. (30). 
For example, the Prausnitz and Shair (28) 
equation relates the solubility of gaseous 
reactant A to the liquid mixture composi- 
tion according to 

- ln xA,mix = ln(f!dfA) 

+ &(&- ~A)*/RT. (6) 

In this equation, XA,mix is the mole fraction 
of hydrogen in the liquid phase, fi is the 
fugacity of hypothetical liquid hydrogen, fA 
is the fugacity of hydrogen at 1 atm pres- 
sure, ui is the molar volume of hypothetical 
liquid hydrogen, and 5, and 6A are the solu- 
bility parameters for the liquid mixture and 
hydrogen, respectively. Detailed equations 
for evaluation of the various parameters on 
the right-hand side of Eq. (6) are omitted 
for brevity but are given elsewhere (20) 
along with comparisons between the vari- 
ous other cited correlations and example 
calculations. At T = 468 K (19YC) corre- 
sponding to the data in Fig. 1, one obtains 
fi = 313.4 atm, Vi = 63 Cm3 mOl-‘, 8A = 
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3.17 (caYcm3)li2, and 8, = 6.81 (cal/cm3)“* 
when the MT2MA conversion X = 0. Simi- 
larly, 8, = 6.78 (caYcm3)1’2 when X = 50%. 
Substituting these values into Eq. (6) using 
f~ = 1 atm yields XA,mix = 1.301 X 10m3 at X 
= 0 and XA,mix = 1.319 X lW3 atX = 50 so 
that the hydrogen solubility is nearly con- 
stant. This result is not surprising since the 
liquid-phase mole fraction of solvent is 
greater than 90% and the principle liquid- 
phase species have a similar chemical 
structure. Thus, use of Eq. (2) correspond- 
ing to a fixed value of Henry’s law constant 
seems justified in this case. 

Reaction rate equations for hydrogena- 
tion and hydrodesulfurization of thiophenic 
species such as benzene, biphenyl, naph- 
thalene, and dibenzothiophene were identi- 
fied by Gates and co-workers (22-24) by 
comparison to batch and flow reactor data. 
The rate equations that gave the best agree- 
ment with experimental results included in- 
hibition due to the liquid reactant, hydro- 
gen sulfide, and hydrogen, but otherwise 
were first-order with respect to hydrogen 
and the liquid reactant, respectively. Our 
results do not indicate any inhibition by the 
liquid reactant or hydrogen over the given 
ranges of concentration and pressure, but 
do exhibit first-order dependent with re- 
spect to both the gas and liquid reactants. 
Inhibition of our observed reaction rates by 
either hydrogen sulfide or methylmercaptan 
seem possible for our system, but this could 
not be detected from various batch reactor 
data where varying amounts of these were 
initially present in the liquid feed. The ab- 
sence of a support material such as y-Al203 
in our catalyst precursor may be partly re- 
sponsible for the observed lack of inhibi- 
tion, but more detailed studies, preferably 
in a continuous flow reactor, are needed be- 
fore this assessment can be made. 

Hydrodesulfurization of MT2MA readily 
occurs at lower temperature with a higher 
specific reaction rate than thiophenic or re- 
lated species. For example, evaluation of 
Eq. (5) at T = 468 K, PA = 137.1 atm, and 
Cg = 3.0 x 10m4 mol cmp3 yields r = 2.7 x 

10e6 mol/g cat.-s. This value for the reac- 
tion rate is an order-of-magnitude greater 
than r = 1.5 x lo-’ mol/g cat.-s at T = 573 
K and PH2 = 1.8 x lo4 kPa given by Bro- 
derick and Gates (24) in Fig. 6 of their pa- 
per where Cn,s = 0 corresponding to the 
maximum observed value. This result is not 
surprising since the carbon-sulfur bond in 
MTzMA is present in a substituent group on 
the aromatic ring versus within the aro- 
matic ring itself as typically encountered in 
the sulfur species present in petroleum frac- 
tions. 

SUMMARY 

Catalytic hydrodesulfurization of ortho- 
aminobenzylsulfides to ortho-alkylanilines 
has been identified as a significant reaction 
step in the synthesis of certain key chemi- 
cal intermediates. Application of typical pe- 
troleum hydrodesulfurization catalysts to a 
particular aromatic sulfide with trifluoro- 
methyl as a substituted group has been 
shown to give unacceptable results, while 
carbon-supported and unsupported cobalt- 
molybdenum oxides give high selectivity to 
the desired product. For the unsupported 
oxides, it was shown that various unsup- 
ported Co,Mo,O, catalyst precursors with 
x/y in the range l/4 to 4/l gave high selectiv- 
ity to the organic product. 

The results of an abbreviated reaction 
kinetic study have shown that the hy- 
drodesulfurization of the ortho-aminoben- 
zylsulfide has a reaction rate that exhibits 
first-order dependence on both the gas and 
liquid reactants over a limited range of gas 
pressure and liquid reactant concentration. 
The reaction rates are an order-of-magni- 
tude greater than those for hydrodesulfur- 
ization of typical compounds present in pe- 
troleum fractions at corresponding lower 
reaction temperature. 
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