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Precursors of unsupported NiMo and FeMo sulfide hydrodesulfurization catalysts with 
concentration ratios r = Ni(Fe)/(Ni(Fe)+ Mo) ranging from 0.1 to 0.3 were prepared by three 
methods: homogeneous sulfide precipitation (HSP), inverse HSP and coprecipitation. Differen- 
tial thermal analysis was used to study the decomposition under argon, and the 
reduction/sulfidation under 15% H2S---H 2 of the precursors and the subsequent oxidation under 
air of the samples obtained after these reactions. The reactivity of the solids varies as a function 
of the preparation method, the nature of the promoter and the concentration ratio. The degree of 
sulfidation of the precursor and the presence of either NH4NO 3 or NH4C1 formed from group 
VIII metal salts and (NH4)zS may affect the thermal behaviour of samples during DTA. 

Unsupported MoS2-based catalysts promoted by group VIII metals are 
extensively used as model catalysts for the investigation of hydrodesulfurization 
(HDS) catalysis. Industrially, nickel and iron are used less than cobalt. 
Nevertheless, they have important specific uses, and exploration of the similarities 
and differences between them and cobalt in HDS is important, both practically and 
scientifically. 

We have shown in a previous work [1] that differential thermal analysis (DTA) 
under a controlled atmosphere is a convenient tool for detection of the various 
solid-state reactions involved in the preparation of unsupported CoMo sulfide 
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catalysts. This method provided fingerprints for characterizing the degree of 
interaction of cobalt and molybdenum in the precursor and sulfided state of the 
catalysts. This interaction has been shown to be extremely critical with respect to 
catalytic activity. 

Using the same approach as in our previous work [1,2], we investigated the 
influence of the details of the preparation conditions (promoter salt used, 
concentration of solutions and excess of (NH4)2S) on the reactivity of unsupported 
NiMo and FeMo sulfide catalysts and their precursors. Indeed, both the structural 
properties and the HDS activity of unsupported NiMo and FeMo catalysts were 
found to be affected by changes in the preparation conditions [3]. 

Experimental 

Preparation o f  catalyst precursors 

The starting solids investigated in this study are "catalyst precursors" obtained 
by drying "precursor slurries" made by mixing, by different procedures, chosen 
proportions of compounds of molybdenum and nickel or iron in a solution of 
(NH4)2S (or ammonium thiomolybdate). The details of the preparations of the 
precursor slurries are listed in Table 1. The concentrations of ammonium 
heptamolybdate (AHM) and (NH4)2S (which are not given in Table 1) can be 
calculated from the indicated concentration of group VIII metal (M = Ni or Fe), 
the predetermined atomic composition ratios r = M/(M + Mo), and the S/(4Mo + 
M) values. 

Unsupported NiMo sulfide catalyst precursors w~re prepared with r = 0.1 and 
0.3, by the homogenous sulfide precipitation (HSP) [4] and inverse HSP (IHSP) [5] 
methods. 

In the HSP method, a mixed solution of AHM and nickel nitrate was added to a 
vigoruously stirred solution of(NH4)2S. In the IHSP method, a solution of (NH4)zS 
was added to a mixed solution of AHM and nickel nitrate. The slurries formed were 
then evaporated to dryness. All steps of the preparation procedures were carried 
out either under argon at 343 K, or in air at 353 K, for the HSP and IHSP methods, 
respectively. 

Unsupported FeMo sulfide catalyst precursors were prepared with atomic ratios 
r = 0.15 and 0.3 by the HSP and the coprecipitation (CP) [6] methods. 

In the HSP method, FeCI 2, 4H20 and AHM were used as starting materials. The 
details of the preparation procedure were identical to those used to prepare the 
NiMo catalyst precursors by the same method. 

In the CP method, a mixture of FeS and MoS 3 (or mixed sulfides) was 
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precipitated by adding a solution of iron(III) nitrate to a previously prepared and 
vigorously stirred solution of ammonium thiomolybdate (ATM). 
The precipitation and the subsequent evaporation of the slurries were carried out 
under argon at 343 K. 

DTA Under controlled atmosphere 

Temperature-programmed reactions (TPR) of the dry precursors and sulfide 
catalysts were studied in a purpose-built, atmospheric-pressure, all-glass DTA 
apparatus. A 300 mg sample was heated at a rate of 11 deg rain 1 from 373 K to 
703-723 K. 

Thermal decomposition (TPD) or reduction/sulfidation (TPRS) was conducted 
under argon and under a 15% HzS-H z mixture, respectively. After completion of 
either of these reactions, a subsequent temperature-programmed oxidation (TPO) 
of the resulting sample was performed using air as reacting atmosphere. The details 
of these experiments are described elsewhere [1,2]. 

Results and discussion 

DTA curves recorded during the temperature-programmed reactions of NiMo 
and FeMo-containing samples are shown in Fig. 1 and Fig. 2, respectively. 

We shall first recall the general characteristics of the DTA curves of the CoMo 
system as discussed in the previous paper [1]. Thereafter, we discuss the new 
information provided by this study. 

Reoction under I Oxidation (TPO) I 
E o -I|- ~ 

/ 

i 'O / r=0.3 ~k'~'~ l 
. . . . . .  

~T. ao. ' ~  .~_oj. .... .,,~.~ ",X,. 
H2SIH2 I, ,s I / 1 1  I I t "  

I |  I | 

Ar (rPO) II II . . . .  # I 

200 zOO 600 800 800 
Temperoture, K Temperature, K 

Fig. I DTA curves of decomposition and reduction/sulfidation o]" unsupported N iMo catalyst 
precursors and subsequent air oxidation of  the catalysts prepared by the HSP and IHSP methods. 
N i M o . . .  HSP, .-. -IHSP 
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{ Reo, ctlon under I Oxtdo.tlon (TPO) 

A ii ~''" 

...... i .. ... '~' 

200 400 500 800 200 400 600 800 
Temperature, K TemperQture, K 

Fig. 2 DTA curves of  decomposition and reduction/sulfidation of  unsupported FeMo catalyst 

precursors and subsequent air oxidation of  the catalysts prepared by the HSP and CP methods.  

FeMo: - -  HSP . . . .  CP (1.03) - - - CP (1.5) 

General characteristics of DTA curves obtained 
with unsupported CoMo catalysts 

1 The endothermic effect observed below 450 K in both the TPD and the TPRS of  
the precursors is due to the decomposition of  (NH,)zMoS 4 and (NH4JzMoOzS 2 
(present in the precursor slurry) to form MoS 3 or a mixture of  MoOS z and MoS 3. 
This occurs with release of ammonia and HzS [7]. 

2 The highly exothermic peak appearing between 450 and 550 K in the DTA 
spectra of  the catalyst precursors during the TPD and TPRS is attributed to the 
decomposition of NH4NO 3 formed in the precursor slurries when nitrates are used 
as starting materials [1, 2, 8]. 

3 The exothermic effects observed between 500 and 700 K in both the TPD and the 

TPRS of the catalyst precursors are due to the decomposition of MoS 3 and MoOS 2 
to MoS z, accompanied by the release' of  elemental sulfur and the crystallization of 

MoS 2 [9]. 
The reduction of MoS 3 to MoS 2 under H2S-H z occurs at lower temperatures than 
its decomposition under argon. 

4 In TPO, the large and broad exothermic peaks appearing in the DTA curves of  
both samples previously reacted under Ar or H2S-H 2 indicate that oxidation 
proceeds through several steps [10]. It is interesting to recall that, in the case of  a 
sample containing only molybdenum and treated under H2S-H 2, the oxidation of  
stoichiometric MoS z is characterized by an exothermic threshold at 600 K [1]. 
In comparison, the lower onset temperature of  oxidation for the samples previously 
reacted under argon is due to the presence of  excess sulfur [1, 2], resulting from the 
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preparation of catalyst precursors. It is less efficiently removed under argon than 
under the 15% H2S-H 2 mixture. This excess sulfur starts to be oxidized at 450 K 
and initiates further bulk oxidation of MoS z [1]. 

5 As pure CooS 8 oxidizes at a higher temperature than MoS 2 [1], the presence of 
Co atoms on the edges of MoS z crystallites (as proposed for the Co-Mo-S model 
[11]) protects MoS 2 from oxidation in unsupported CoMo sulfide catalysts 
prepared by the HSP and IHSP methods. This results in a shift of the onset 
temperature of oxidation to above 600 K for the H2S-H2-treated samples. 

New findings 

NiMo-containing samples 

1 TPD and TPRS 
The lower intensities of the exothermic peaks (and their shifts towards higher 

temperatures) for the IHSP samples than for the HSP samples are undoubtedly due 
to the incomplete sulfidation of the NiMo-IHSP precursors. The amount of 
NH4NO 3 formed in the reaction of nickel nitrate and (NH4)2S is also lower (e. g. for 
NiMo-IHSP (0.93)-0.1 precursor) (Fig. 1). This incomplete sulfidation of the IHSP 
precursors was mostly due to the fact that the preparation was carried out under air 
instead of argon. 

The difference in the preparation conditions may also affect the composition, 
structure and texture of the solids obtained after either TPD or TPRS. Indeed, 
XRD indicates the presence ofNiS 2 in the H2S-H2-treated NiMo-IHSP (t.66)-0.3 
catalyst (Fig. 3), whereas it is not detected in the NiMo-HSP (1.5)-0.3 catalyst after 
the same treatment. The higher dispersion of Ni in the HSP catalyst confirms the 
importance of avoiding exposure to air during preparation of the precursor. 

0 

>~ 

o o o o 

60 5O L,O 30 20 10 
20, ~ 

Fig. 3 X-ray diffractograms of unsupported NiMo sulfide catalysts with r = 0.3 prepared by the a) HSP 
and b) IHSP methods. 0 NiS 2 
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2 TPO 
If we compare the TPO curves of Ar-decomposed samples of NiMo prepared by 

the HSP and IHSP methods, we notice the low intensities of the exothermic peaks 
and their shifts towards higher temperatures for NiMo-IHSP samples. This 
confirms that the degree of sulfidation of these samples is significantly lower than 
that of the samples NiMo-HSP (1.5)-0.1 and -0.3 (Fig. 1). 

After reaction under H2S-H 2, the higher threshold of oxidation for the promoted 
samples than for pure MoS 2 (600 K) [1] is probably due to a higher coverage by Ni 
of the edges ofMoS 2 slabs, forming the Ni-Mo-S structure [11]. Since the oxidation 
ofMoS 2 proceeds from the edges [12], the presence of Ni (or more probably of Ni-O 
complexes similar to the Co-O complexes formed on the surface o f C o 9 S  8 a t  460 K 
[13]) protects MoS 2 from bulk oxidation up to temperatures higher than 600 K. 
The higher threshold of oxidation for NiMo-HSP samples than for the 
corresponding NiMo-IHSP samples suggests a lower Ni coverage on the edges of 
MoS 2 in the latter. Indeed, the above-mentioned XRD results (Fig. 3) seem to 
confirm this explanation. In correlation with the dispersion of Ni, the steady-state 
reaction rates for HDS of thiophene (30 bar, 573 K) are 10.9.10 s and 13.6.10 s moi 
m-2s -~ for sulfided NiMo-IHSP (1.66)-0.3 and NiMo-HSP (1.5)-0.3 catalysts, 
respectively [3]. 

Fe Mo-containing samples 

1 TPD and TPRS 
In Fig. 2, the strong endothermic effect between 500 and 600 K, with maximum 

at about 550 K, observed during the heat-treatment of precursors FeMo-HSP 
(1.5)-0.15 and -0.3, is due to the evolution and decomposition of NH4C1. 
The absence of the strongly exothermic effect between 450 and 500 K in both the 
TPD and the TPRS of FeMo-HSP precursors prepared using iron(II) chloride 
instead ofiron(III) nitrate as starting material confirms that this exothermic effect is 
due to the decomposition of NH4NO 3. This result should lead to a reinterpretation 
of results in the literature [14, 15], which had attributed the exothermic effect to the 
decomposition of the precursor of a mixed Fe-Mo-S phase. 

The low exothermicity of the reaction of Mo species in FeMo-HSP precursors 
under HzS-H 2 is probably due to a partial compensation by the endothermic 
evolution of NH4CI in the range 500-600 K. 

2 TPO 
A comparison of the DTA curves of the TPO for FeMo- and NiMo-HSP 

samples, after reaction under argon, indicates that the nature of the promoter does 
not affect the oxidation of the samples previously reacted under argon, using 
otherwise identical conditions to prepare the precursors. 

7 J. Thermal Anal. 31, 1986 
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The exothermic peaks observed above 650 K in the TPO of FeMo-CP samples 
previously reacted under argon are probably due to the oxidation of a separate iron 
sulfide phase, which, however, could not be detected by XRD [3]. 

The low threshold temperature of oxidation (450 K) for the sample 
FeMo-CP(I.5)-0.3, after reaction under argon, indicates the presence of a large 
amount of elemental sulfur in this sample, originating from the sulfur excess used in 
the preparation. 

In contrast with the oxidation of CoMo- [1] and NiMo-containing samples, the 
reactivity of MoS 2 towards O z in FeMo-containing samples reacted under HzS-H z 
depends only slightly on the amount of promoter and the method of preparation of 
the precursor. 

Conclusions 

(1) The DTA of both the TPD or TPRS and the subsequent TPO of NiMo 
sulfde samples demonstrates the importance of the degree of sulfidation of the 
precursor and of the absence of air during the preparation of unsupported HDS 
catalyst precursors. 

(2) The DTA of both the TPD and the TPRS of FeMo sulfide catalyst precursors 
confirmed that the highly exothermic effect detected between 450 and 550 K is due 
to the decomposition of NH4NO 3. 

(3) The degree of sulfidation of FeMo sulfide catalyst precursors affects the 
thermal behavior of At-decomposed samples in the subsequent TPO. 

(4) In contrast with Co and Ni, Fe has only a slight influence on the onset 
temperature of oxidation of MoS 2 in H2S/H2-treated samples. 

(5) The DTA of temperature-programmed reactions appears to be a sensitive 
tool for the detection of differences in the method and conditions (nature of 
promoter salt used, concentration of promoter, excess of (NH,)2S, atmosphere) of 
preparation of unsupported MoS2-based HDS catalysts. 

, , 8t 
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Zusammenfassung - Vorl/iufer von NiMo- und FeMo-Sulfidkatalysatoren fiir die Hydrosulfurierung 
mit Konzentrationsverh/iltnissen r = Ni(Fe)/[Ni(Fe)+ Mo] von 0.1 bis 0.3 wurden nach 3 Methoden 
hergestellt: homogene Sulfidpr/izipitation (HSP), inverse HSP und Koprfizipitation. Die DTA- 
Methode wurde zur Untersuchung der Zersetzung in Argon, der Rcduktion/Sulfidierung der Precursor 
in einer 15% H2S enthaltenden H2-Atmosph;ire und der darauffolgenden Oxydation der nach diesen 
Reaktionen erhaltenen Proben in Luft herangezogen. Die Reaktivit~it der festen Produkte ist yon der 
Pr/izipitationsmethode sowie yon der Natur und den Konzentrationsverh/iltnissen des Promotors 
abh/ingig. Der Grad der Sulfidierung der Precursor und die Anwesenheit yon aus Salzen von Metallen 
der Gruppe VIII und (NH4)2S gebildetem NH4NO 3 oder NH4C1 k6nnen das thermische Verhalten der 
Proben w~ihrend der DTA beeinflussen. 

Pe31oMe - -  HCXO,/IHBIe coe~HneHlt~l JI21fl cy.ql,qhn~HblX NiMo ~ FeMo taTa.~H3aTopoa 6e3 no/L~ox~t'~ c 

roHuenTpauaonnuM cooxuotueu~eM r = Ni(Fe)/(Ni(Fe) + Mo) OT 0,1 do 0,3 6U~. noayqenu xpeMa 
MeTO~laMit: FOMOFeHHbIM cy21bqbl'UlltblM oca~r~enneM, o6paTHbIM FOMOFeHHBIM oca~aenueM 
coocax,~lenneM. ~Jtl~b(~peHHI, ladlb$1blH TepM~qecrn~ anaaa3 6bia acnoahaoaan ltas .3yqenna paaao- 
x~enaa ,cxo~abIX coeaaaenHfi e axMocdpepe aprona a a aTMOCdpepe 15% H2S---H 2 n nocae~ymmero 
oI~acaenns noayaenaux npn aTOM coe~anen.fi a aTMOC,~l~epe aoa~yxa. Peartmonnaa cnoco6Hocrb 
Taep~lux aemecxa a3Menaaacb a 3asacaMocxa OT MeToaa .x  noay.~enna, npnpo~u npOMoxopa n 
ronuenTpatmonnoro cooxnomenna. TepMnqecKoe noae~enne nayqenmax o6paattoa 3aTparnaaeTca 
cTenei~bm cyJ~bOa~npoaanaa ,cxo~u~,~x aemecTa, a Tarx, ce aa.at4~i~eM anTpaTa, x.aopaaa H cy~t~bn~a 
aMMOIma, cnoco6amx r o6paaoeanmo coae~ c MeTa,rIaaMn aOCbMOg rpynnu nepaoaa,~ecro~ CnCTeMU 
321eMeHTOB. 

7* 
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