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Abstract
Recently, simultaneous hydrotreatment of various petroleum fractions and plant feedstocks has been in demand. NiMo 
catalysts can be active in these processes. Therefore, supported NiMo oxide catalysts were prepared by impregnating an 
alumina support with Anderson’s molybdenum salt (ammonium salt of nickel heteropolymolybdate  (NH4)4NiMo6O24H6) 
and lithium carbonate. The prepared catalysts were tested in hydrodesulfurization (HDS) of thiophene and parallel HDS/
HDO (hydrodeoxygenation) of 1-benzothiophene and octanoic acid. Experimental data showed a positive effect of lithium 
on the parallel HDS/HDO reactions and a negative effect on the HDS of thiophene. A significant effect of lithium on the 
acidity and reducibility of the NiMo/Al2O3 catalyst as well as the contribution of an Anderson-type heteropolycompound 
was demonstrated.
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1 Introduction

Hydrotreatment of different feeds for the production of 
fuels includes several processes such as hydrodesulfuri-
zation (HDS), hydronitrogenation (HDN), hydrogenation 
(HYD), hydrodemetallization (HDMe) and hydrodeoxy-
genation (HDO). All these reactions take place in the pres-
ence of catalysts containing either Mo or W compounds, 
promoted by Co and/or Ni compounds, which are sup-
ported mostly on  Al2O3. In addition to the traditional 
chemical compounds used for the preparation of HDS 
catalysts, such as ammonium heptamolybdate, phospho-
molybdic acid, nickel or cobalt nitrates, other compounds 
such as polyoxometalates (POMs) may be of interest due 
to their unique acidic properties and oxidative abilities, 
which can be systematically controlled by changing the 
countercation and the element in the anion.

Polyoxometalates (POM) are used either as a start-
ing material for the preparation of metal oxide catalysts 
or directly as active components of supported catalysts. 
Recently, considerable attention has been paid to catalysts 
synthesized using polyoxometalates and various supports 
 (Al2O3,  TiO2, MgO, zeolites etc.). Polyoxometalates serve 
as catalysts or precursors of catalysts [1, 2] acting in vari-
ous acid and oxidation–reduction reactions including 
hydrodesulfurization (HDS).

Studies on supported polyoxometalates are particularly 
important because the interaction of the support and POM 
can alter properties of the resulting solids. The strength 
of the interaction can be influenced by the components of 
the polyoxometalates and the acid–base properties of the 
support. The design of the catalyst at the molecular level 
can be straightforward and therefore it is worth studying 
the properties of POM. However, there is no uniform opin-
ion in the literature on the stability of polyoxometalates 
formed at the support surface [3–5].

In our previous papers on hydrodesulfurization cata-
lysts, we have investigated the properties of Mo or W poly-
oxometalates of different structure and compositions pre-
pared on different supports [6–8]. The catalysts prepared 
from POM, supported on silica and modified by lithium 
showed higher activity for HDS of thiophene than the non-
modified ones [9]. We also showed that ammonium salts 
of polyoxometalates of Ni, Co and Fe of the Anderson-
type based on alumina are suitable precursors of active 
sites in hydrodesulfurization reactions. Among the metal 
salts studied, the nickel-containing catalyst showed the 
highest activity in HDS [10]. In contrast to Keggin type 
of polymolybdates, Anderson type of polyoxomolybdates 
exhibit a planar structure which is an important factor 
for heteropolyanion–support interaction. This interaction 
produces an ordered distribution of metallic elements and 

their uniform deposition, which enhances the synergic 
effect [11, 12].

Moreover, catalysts prepared from Anderson salts exhibit 
good reducing and sulfidation properties, which repre-
sent an interesting alternative to traditional HDS systems 
[13]. Using Anderson type of polyoxometalates, Nikulshin 
et al. [14] investigated the effect of Co, Ni, Mn, Zn cations 
and morphology of nanosized transition metal sulfides in 
hydrodesulfurization of dibenzothiophene. Pimerzin et al. 
[15] summarized the effect of Cr, Mn, Fe, Co, Ni, Cu, Zn, 
Ga in Mo Anderson-type polyoxometalates on the activities 
in HDS and hydrogenation of thiophene and benzene.

The development of a wide range of catalysts for the 
hydrotreating of various petroleum fractions and second-
ary products is therefore significant. Thiophene is very 
often used as a model compound for HDS reactions rep-
resenting the composition of light petrol. Thiophenes are 
sometimes used for simultaneous HDS/HDO with aromatic 
alcohols and furans representing pyrolyzed bio-oils [16, 17]. 
Recently, however, simultaneous hydrotreating of various 
petroleum fractions, vegetal raw materials and/or waste fatty 
materials has been required [18–21]. The use of Li-modified 
NiMo/Al2O3 catalysts in the hydrogenation of a model reac-
tion mixture (representing a mixture of petroleum fractions 
and fatty feedstocks, namely 1-benzothiophene and octanoic 
acid) could reveal the influence of the different acid–base 
properties of the catalysts on the activity and selectivity of 
the reaction. Thiophene and 1-benzothiophene are known 
to exhibit similar reactivity during their HDS on NiMoS 
catalyst because of the identical reaction pathway [22, 23]. 
However, the similarity in the behavior of the two reactants 
may not hold true in the case of a set of catalysts that differ 
significantly in their surface properties affecting HDS reac-
tion pathway. In addition, reaction byproducts formed during 
HDO of hydrocarbon feeds, high oxygen content mainly in 
the form of –OH or –COOH groups and their derivatives can 
influence the HDS reaction pathway of, e.g., 1-benzothio-
phene. Therefore, a mixture of 1-benzothiophene and fatty 
acid is a good choice for waste fats and heavier hydrocar-
bon fraction co-hydrotreatment focused on environmentally 
friendly diesel production, while a mixture of thiophene and 
furan will be an excellent model mixture for light hydrocar-
bon fraction co–hydrotreating.

Improvements in hydrocatalytic processes, including the 
simultaneous hydrotreating of various petroleum fractions 
and plant feedstocks has recently been required due to the 
use of new renewable feedstocks and the demand for envi-
ronmentally friendly fuel production. Therefore, not only 
hydrodesulfurization reactions are necessary in the process-
ing of modern feedstocks. New feeds derived from waste 
plastics or renewable sources introduce high oxygen content 
into hydrocarbon feeds up to approximately 38% by weight 
[24–26] (instead of approximately 2% in other feeds). When 
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synthetic or renewable feedstocks are co-hydrotreated with 
fossil-based feedstocks, sulfide hydrotreating catalysts must 
provide a large-scale hydrodeoxygenation reaction (HDO) in 
addition to the hydrodesulfurization reaction (HDS).

We found previously [27] that the NiMo sulfide phase 
exhibits higher HDO and HDS activity than the sulfide phase 
of CoMo and Mo supported on MgO,  Al2O3,  ZrO2,  TiO2, 
and activated carbon. The type of support influenced the 
HDO/HDS selectivity and the active phase used and was 
the highest for NiMo/TiO2. Varakin et al. [28] suggested 
double-bed catalytic system consisting of unsupported  MoS2 
catalyst and a NiMo catalyst supported by  Al2O3 for co-
hydrotreating of a mixture of waste vegetable oils and oil 
fractions. Nikulshin et al. [18] showed that catalysts more 
useful for the HDO of renewable feed are those on the inert 
C-coated  Al2O3 supports. However, acidity plays a major 
role in hydrodeoxygenation reactions and thus, seems to be 
crucial for HDO of fatty acids containing feeds because it 
affects the formation of linear or branched hydrocarbons [27, 
29].

Considering the dependence of the activity of supported 
polyoxometalates on the composition, type of support and 
added compounds, an important step in tailoring catalysts 
for HDS/HDO reactions is the selection of active and stable 
polyoxometalates in traditional HDS (HDN) processes that 
could be suitable also for HDO process.

The aim of this study is to investigate the effect of lithium 
in a Li-modified NiMo/Al2O3 catalyst prepared from the 
ammonium salt of Anderson compound  (NH4)4NiMo6O24H6 
(abbreviated  NiMo6). We decided to investigate such cata-
lysts in HDS of thiophene to reveal whether the effect of 
lithium on the  Al2O3-supported NiMo catalyst would be 
similar to that of NiMo/SiO2 catalysts. These catalysts 
showed higher activity in HDS of thiophene with increas-
ing Li concentration [9], which was very likely due to the 
stabilization of molybdenum dispersion induced by lithium 
loaded on  SiO2 support.

It was previously found [30] that lithium in the 
 Al2O3-MgO-supported CoMo catalysts can enhance the 
selectivity of direct desulfurization in HDS and promote 
not only the reduction of the number of acidic sites but 
also the reduction of the acid strength of these sites [31]. 
Therefore, we decided to study Li-modified NiMo/Al2O3 
catalysts in the hydrotreating of a model reaction mixture, 
namely 1-benzothiophene and octanoic acid, representing 
a mixture of petroleum fractions and fatty feedstocks. This 
study would be of great interest since the different acid–base 
properties of the NiMo/Al2O3 catalysts due to Li modifica-
tion could be observed in both reactions.

Therefore, in this paper, the formation of molybde-
num phases, their physical properties and activities in the 
hydrorefining reactions of model feeds are investigated. The 
study shows how lithium content in the range of 0.1–1.3 

wt.% affects the activity in HDS of thiophene at 300–370 °C 
and 1.0 MPa and the activity in parallel HDO/HDS of octa-
noic acid (OA) and 1-benzothiophene (BT) at 330 °C and 
1.6 MPa.

2  Experimental

2.1  Preparation of Catalysts

Basically, catalyst support (grains γ-  Al2O3 with diameter 
0.16–0.32 mm, SBET = 184  m2g–1,  Vtot = 0.505  cm3g–1, Euro 
Support Manufacturing Czechia, s.r.o, Litvínov, Czech 
Republic) was impregnated with an aqueous solution of 
Anderson's salt  (NH4)4NiMo6O24H6) prepared according to 
Tsigdinos by reacting solutions of ammonium molybdate 
and nickel sulfate at 80 °C [32]. Prior to the deposition of the 
active components onto alumina, the support was impreg-
nated with an aqueous Ni(NO3)2 solution, dried and cal-
cined at 350 °C for 4 h to ensure sufficient Ni in the result-
ing catalysts (−1.5 wt.%). The support thus prepared was 
impregnated with an aqueous solution of Anderson's salt 
and  Li2CO3 at a temperature of about 80 °C. (Preparation of 
5 g of NiMo6-0.1 sample: 0.28 g of Anderson salt + 0.053 g 
of  Li2CO3 was dissolved in 40 ml of water and then a pre-
prepared  Al2O3 carrier containing about 1.5 wt.% Ni was 
added to this solution. The suspension was evaporated with 
stirring at 60 °C and 70 Pa to dryness on a vacuum evapora-
tor. The resulting product was dried at 105 °C for about 8 h 
and subsequently calcined at 350 °C for 4 h. All impregnated 
samples were dried 4 h at 105 °C and calcined in a crucible 
furnace at a heating rate of 6 °C  min–1 and then at 350 °C for 
4 h. After calcination, the prepared catalysts were designated 
as  NiMo6-x, where x indicates the amount of lithium (wt.%) 
in the calcined catalyst.

2.2  Characterization of the Catalysts

The content of metals in the prepared catalysts was deter-
mined by Agilent 4200 MP-AES (atomic emission spectros-
copy with microwave plasma) after samples dissolution in 
diluted (2%) hydrochloric acid.

Nitrogen physisorption on catalyst (grain size 
0.16–0.32  mm) was performed using an ASAP 2020 
Micromeritics instrument after degassing at 350 °C and 
1  Pa vacuum for 24  h. The adsorption–desorption iso-
therms of nitrogen at -196 °C were evaluated by the standard 
Brunauer–Emmett–Teller (BET) procedure [33] for the p/p0 
range = 0.05–0.25 to calculate the specific surface area SBET. 
Total pore volume, Vtotal, was determined from nitrogen 
adsorption isotherm at p/p0 (−0.995). The measurements of 
SBET and Vtotal are made with an accuracy of ± 2%. The pore-
size distribution (pore radius  100–102 nm) was evaluated 
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from the adsorption branch of the nitrogen isotherm by 
the Barrett–Joyner–Halenda (BJH) method [34] assuming 
a cylindrical pore geometry. The Lecloux–Pirard standard 
isotherm [35] was used for the t–plot and for the pore–size 
distribution evaluation. Volume of micropores, Vmicro, and 
pore radius, R, were determined.

Temperature-programmed reduction  (H2-TPR) measure-
ments were performed with the  H2/N2 mixture (10 mol.% 
 H2), flow rate of 50 ml   min−1, and a linear temperature 
increase of 20 °C  min−1 up to 800 °C. Changes in  H2 con-
centration were detected with a catharometer. Reduction of 
grained CuO (0.16–0.32 mm) was performed to calculate 
absolute values of the hydrogen consumed during reduction 
of the samples [6].

Temperature-programmed  NH3 desorption  (NH3–TPD) 
was performed to investigate the acidic properties of the cat-
alyst surface [6, 36, 37], as it has been previously shown that 
Broensted sites are not present in  Al2O3-supported NiMo 
catalysts [38]. Thus, the adsorption of pyridine on lithium-
modified NiMo/Al2O3 catalysts has not been investigated. 
The  NH3-TPD measurements were performed with a 0.5 g 
sample in the temperature range of 20–650 °C, with helium 
(16 ml  min−1) as a carrier gas and  NH3 as the adsorbing 
gas. Prior to the  NH3-TPD measurement, the sample was 
heated in helium from 25 to 500 °C, with a temperature ramp 
of 20 °C  min−1; then, the sample was cooled in helium to 
25 °C. Ten doses of  NH3, 840 µl each, were applied to the 
catalyst sample at 30 °C before flushing with helium for 1 h 
and heating at the rate of 20 °C  min−1. The composition of 
gases evolved during the experiments was determined by a 
mass spectrometer (Balzers). The mass contributions m/z 
16–NH3 was collected. The spectrometer was calibrated by 
dosing the known amount of  NH3 into the carrier gas (He) 
in every experiment. Identical apparatus and experimen-
tal conditions were used for the measurements of catalyst 
basicity  (CO2-TPD), only  CO2 was used instead of  NH3. The 
mass contributions m/z 44–CO2 was collected. The  H2-TPR, 
 NH3-TPD, and  CO2-TPD experiments were evaluated using 
OriginPro 8.0 software with the accuracy of ± 5%.

An Avatar 360 (Nicolet) FTIR spectrometer was used 
to obtain infrared spectra from catalysts between 360 and 
4000  cm−1 (resolution 1.93  cm−1, 300 scans, 1 s per scan, 
transmission mode) when the sample powder was pressed 
with KBr into a pellet. The spectrum of the support was 
eliminated using a compensation method [39].

The XPS measurements were performed in the analysis 
chamber of the electron spectrometer ESCALAB‐Mk II (VG 
Scientific) with a base pressure of ~ 5 ×  10–8 Pa. The “as–pre-
pared” calcined samples in powder form were pressed into 
graphite covered copper sample holders, the pellets so 
obtained had diameter of 10 mm and thickness −1.5 mm. 
The C 1 s, O 1 s, Al 2p, Li 1 s, Mo 3d, and Ni 2p pho-
toelectron lines were recorded with  AlKα (hν = 1486.6 eV) 

radiation. All spectra were calibrated using O 1 s peak at 
531.5 eV as a reference. The surface composition was evalu-
ated from the photoelectron intensities divided by the corre-
sponding photoionization cross sections taken from Scofield 
[40]. In order to check at least qualitatively the uniformity of 
active phase distribution in the bulk of the alumina support, 
additional measurements of samples crushed in agate mortar 
before analysis were also performed.

The model reaction was gas-phase hydrodesulfuri-
zation of thiophene (Th) in a fixed-bed flow reactor at 
the total pressure of 1.0 MPa. The feed rate of Th, FTh, 
was 0.909  mmol   h–1, and that of hydrogen, FH2, was 
0.732 mol  h–1. The catalyst charge, W, was 0.01 g. The cata-
lyst was pre–sulfided in situ by a mixture of  H2S/H2 (1:10) 
at atmospheric pressure with a flow rate of 110 ml  min−1, 
a temperature rise rate of 6 °C  min–1 to 400 °C and dwell 
time of 1 h. These pre-sulfidation conditions represent typi-
cal conditions for the formation of sulfide catalysts from 
oxide precursors. The sulfidation process is documented in 
[41] and references therein. The Th conversion, xTh, was 
determined at 300, 340, and 370 °C. The conversion was 
defined as xTH = (noTh−nTh)/noTh, where noTh and nTh are the 
initial and final number of moles of Th, respectively. The 
activity of catalyst was evaluated as a pseudo-first-order rate 
constant  kTh  (mmolTh  gcat

–1  h–1) of Th conversion:

Parallel deoxygenation and desulfurization was car-
ried out on a fixed-bed flow reactor at 330 °C and 1.6 MPa 
using the previously reported method [27]. Briefly, cata-
lysts were pre–sulfided in situ as it was described above. 
The feed consisted of octanoic acid (OA), 1-benzothiophene 
(BT), decane and  H2. The composition of the feed was kept 
constant at 16, 16, 200, and 1368 kPa of OA, BT, decane, 
and  H2, respectively. The catalyst weight (W) was 0.06 and 
0.1 g. The reaction was performed at three feed rates of OA 
and BT (FOA and FBT): 7.7, 10.3, and 15.5 mmol  h–1. The 
conversion of OA was defined as xOA = (noOA−nOA)/noOA, 
where noOA and nOA are the initial and final number of 
moles of OA, respectively. Yields yC7+C8 were defined as 
yC7+C8 = (nC7 + nC8)/n°OA, where n° OA and n are the initial 
moles of octanoic acid and the moles of the linear hydro-
carbons, respectively. The total hydrodeoxygenation (HDO) 
activity was quantified as empiric pseudo-first order rate 
constant  kHDO of the sum of the yields of linear  C7 and  C8 
hydrocarbon formation yC7+C8. The total HDO activity  kHDO 
 (mmol(C7+C8)  g(cat)

–1  h–1) was achieved by non–linear fitting 
from the dependence of yC7+C8 on W/FOA:

The hydrodesulfurization (HDS) activity during HDO/
HDS was quantified as the empiric pseudo-first order rate 

(1)kTh = −
(

FTh

/

W
)

ln
(

1−xTh
)

(2)yC7+C8 = 1−exp
(

− kHDO ∗ W
/

FOA

)
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constant of the  kHDS yields of ethylbenzene (EB) formation 
yEB. The BT conversion was defined as xBT = (noBT−nBT)/noBT, 
where noBT and nBT are the initial and final moles of BT, 
respectively. The yield yEB was defined as yEB = (nEB)/n°BT, 
where n°BT and nEB are the initial amount of 1-benzothio-
phene and the amount of ethylbenzene, respectively. The 
HDS activity kHDS  (mmolEB  g(cat)

–1  h–1) was obtained by a 
non-linear fitting from the dependence of yEB on W/FBT:

3  Results

3.1  Physical–Chemical Properties of the Prepared 
Catalysts

The chemical composition of  NiMo6-x catalysts (calcined 
at 350 °C for 4 h) prepared from the ammonium salt of 
polyoxonickelate and a small amount of  Li2CO3 is shown 
in Table 1. The concentration of lithium was gradually 
increased from 0 wt.% for the  NiMo6-0 sample to 1.3 wt.% 
for the  NiMo6-1.3 sample. The concentration of Ni was 
around 1.5 wt.%. The concentration of molybdenum was 
around 8.5 wt.%. The molar ratio of Ni/Mo in the catalysts 
was close to 0.28.

The porous structure of the Li-doped  NiMo6 catalysts 
was characterized by adsorption/desorption of nitrogen at 
–196 °C and the results are summarized in Table 2. The 
SBET surface area of all catalysts was lower than the sur-
face area of the support (184  m2  g–1,  Vtot = 505  mm3

liq  g–1), 
which was due the partial blocking of small pores during the 
impregnation of the support with active components. The 
surface area of the catalyst without lithium showed the value 
approximately 167  m2  g–1. This value therefore represents 
a surface area of about 192  m2  g−1 after normalization per 
gram of support.

However, the addition of a small amount of lithium 
decreased the surface area of the catalysts slightly; the 
catalyst with 0.9 wt.% Li showed the smallest surface area 
(SBET = 153  m2   g–1). Accordingly, the total pore volume 

(3)yEB = 1−exp
(

− kHDS ∗ W∕FBT

)

decreased with increasing Li concentration in the solids 
from 425 to 396  mm3

liq  g–1. The Vmicro micropore volume 
was small in all cases (about 2% of the total pore volume). 
Experimental data show that increasing lithium concentra-
tion higher than 1.0 wt.% in the catalysts have a negative 
effect on the porous structure of metal oxides.

The nitrogen adsorption–desorption isotherms obtained 
with calcined catalysts confirm that there is not a significant 
difference in the pore size distribution among the catalysts 
with lithium concentrations ranging from 0.1 to 1.3 wt.% 
(see Fig. S.1 in Supplementary Information). Very similar 
pore radii (around 5 nm) were observed for the  NiMo6-0 
and  NiMo6-0.1 catalysts, while the other two catalysts 
 (NiMo6-0.2,  NiMo6-0.9) showed slightly larger pore radii 
(5.4 and 5.2 nm). The data show that the content of lithium 
in catalysts higher than about 1 wt.% leads to a decrease 
in pore radius due to sintering. The pore characteristics 
changed only slightly for the sample with 1.3 wt.% Li, prob-
ably due to the interaction of  Li+ with isolated  MoO4

2– ions 
leading to the formation of new poorly dispersed  Li2MoO4 
crystallites [42].

Reduction of the prepared  NiMo6-x catalysts contain-
ing various amount of lithium was studied by  H2-TPR in 
the temperature range of 25–800 °C (Fig. 1). The reduc-
tion of unsupported Anderson salt was carried out in three 
regions with temperature maxima at 492, 620 and > 800 °C. 

Table 1  Chemical composition, 
 H2 consumption during  H2–
TPR, and amounts of  NH3 and 
 CO2 desorbed during  NH3–TPD 
and  CO2–TPD experiments

a Upto 500 °C

Sample Li Ni Mo Ni/Mo H2–TPRa NH3–TPDa CO2–TPDa

wt.% wt.% wt.% mol  mol–1 mmol  g–1 mmol  g–1 mmol  g–1

NiMo6-0 0 1.49 8.61 0.28 0.62 0.60 0.01
NiMo6-0.1 0.09 1.50 8.70 0.28 0.59 0.64 0.01
NiMo6-0.2 0.18 1.48 8.61 0.28 0.52 0.53 0.01
NiMo6-0.9 0.89 1.65 9.85 0.27 0.29 0.29 0.04
NiMo6-1.3 1.32 1.37 6.95 0.32 0.23 0.21 0.09

Table 2  Characteristic values of porous structure of the examined 
samples

SBET Surface area determined from  N2 adsorption isotherm at 
T = –196 °C; Vtotal Total pore volume determined from  N2 adsorption 
isotherm at P/P0 = 0.995; Vmicro Volume of micropores determined by 
t-plot method using standard isotherm of Lecloux and Pirard; R Pore 
radius determined from a maximum at pore-size distribution curve

Sample SBET Vtotal Vmicro R
m2  g–1 mm3

liq  g–1 mm3 liq  g–1 nm

NiMo6-0 167 424 8 5.0
NiMo6-0.1 158 411 6 5.0
NiMo6-0.2 156 438 7 5.4
NiMo6-0.9 153 396 7 5.2
NiMo6-1.3 174 425 6 4.7
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According to Cabello et al. [43] who investigated the reduc-
tion process of  (NH4)3CoMo6H6O24.7  H2O Anderson phase, 
two main reduction regions representing the  MoVI →  MoIV 
and  MoIV →  Mo0 reactions were found. Thus, in our case, the 
peak at 620 °C represents the reduction of  NiMoO4 to  MoO2 
and the peak at temperature higher than 800 °C represents 
the reduction of  MoO2 to Mo. The small peak observed at 
492 °C can be attributed to the reduction of  Mo4O11, which 
is formed as an intermediate in the reduction process. After 
deposition of Anderson salt on Ni/γ–alumina support, all 
catalysts exhibit two typical temperature regions of  H2 con-
sumption with increasing temperature. For  NiMo6-x cata-
lysts, we can observe significant changes in the temperature 
peaks with increasing Li concentration. The lithium-free 
catalyst  (NiMo6-0) showed temperature peaks at 430 and 
674 °C, roughly separated at about 450 °C. Higher Li con-
tent led to a shift of the low temperature peak to higher tem-
peratures and to its broadening. The catalyst with the highest 
Li concentration  (NiMo6-1.3) showed three reduction peaks 
with maxima at 430, 588, and 758 °C. Thus, the Tmax posi-
tions of the reduction peaks in  H2–TPR (Table 1) reflected 
the Li concentration in the  NiMo6-x catalysts: increasing Li 
concentration led to delayed reduction of metal oxides. The 
intensity of the reduction peaks decreased with increasing Li 

concentration. At the same time, the value of the peak posi-
tion increased. The progression of the reduction peaks indi-
cates a gradual change in the composition of the catalysts 
due to the addition of Li, and the formation of compounds 
such as  NiMoO4 and  MoO2 and compounds formed during 
interaction of POM with the support.

The acidity of the catalysts is an important factor that 
affects the chemical reactivity of the reactants due to the 
different acidic nature of the catalyst surface and the reacting 
molecules. Several types of acid sites can be recognized in 
the  NH3-TPD profiles of oxide catalysts. Weakly acidic sites 
are attributed to –OH groups occurring on the catalyst sur-
face, moderately acidic sites are formed by metal(Me)-bound 
oxygen as  Me2+–O2– or  Me3+–O2– pairs, and strongly acidic 
sites are attributed to isolated cations [44]. Individual peaks 
below 140 °C can be assigned to weakly acidic sites, peaks 
appearing in the range 140–220 °C to moderately acidic 
sites, and peaks above 270 °C can be assigned to strongly 
acidic sites. Protons present in 6-heteropoly anions such as 
 [NiMo6O24H6]4– are directly bound to oxygen atoms bridg-
ing Ni and Mo atoms and are not neutralized prior to the 
decomposition of these anions by the base.

NH3-TPD measurements were performed to determine 
the differences in acidity between fresh  NiMo6-x catalysts 
modified by lithium and calcined at 350 °C. The effect of 
lithium content on the amount of acid sites is shown in 
Table 1 and Fig. 2. The  NH3-TPD desorption profiles repre-
sent all types of acid sites – weak, medium, and strong—but 

Fig. 1  H2–TPR profiles of unsupported Anderson salt and NiMo6-x 
catalysts with different amounts of Li (x is given in wt.%)

Fig. 2  NH3–TPD profiles of NiMo6-x catalysts modified with differ-
ent amounts of lithium (x = Li content in wt.%)
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a strict separation between them was not possible. In the 
lithium-free catalyst  (NiMo6-0), weak and moderately acidic 
sites were predominant. The  NiMo6-0.1 catalyst with the 
lowest Li concentration (0.09 wt.%) showed a very similar 
 NH3 desorption profile to the  NiMo6-0 catalyst.

A significant increase in Li concentration (0.9 wt.%) 
led to a gradual decrease in the amount of weakly acidic 
sites with a maximum desorption at 132 °C (Fig. 2), but the 
strongly acidic sites corresponding to  NH3 desorption at ca. 
426 °C were still retained in the catalyst. An even higher 
concentration of lithium in the catalyst (1.3 wt.%) led to a 
significant reduction in the amount of weakly and strongly 
acidic sites desorbing at 132 and 426 °C. Thus, the  NH3 
desorption of the  NiMo6-1.3 catalyst differed substantially 
from the other catalysts (Fig. 2), as it showed the lowest 
amount of very strong acid sites characterized by a Tmax of 
 NH3 desorption around 470 °C.

Desorption of  CO2 at increasing temperature was chosen 
as a method to characterize the basicity of the catalysts (Fig. 
S2). The course of  CO2 desorption from catalysts with low 
Li concentration is practically the same as for the unmodi-
fied catalyst. The addition of 0.09 wt.% Li caused a shift 
of  CO2 desorption to lower temperatures, indicating a shift 
of the strength of the basic sites to lower values. A more 
pronounced shift of desorption to lower temperatures can 
be seen in case of the catalyst with 1.3 wt.% Li. The tem-
perature maximum has shifted from 550 to 450 °C. In addi-
tion, this catalyst showed a significant presence of weak base 
sites (temperature maximum of  CO2 desorption at about 
100 °C). The basicity (Table 1) expressed as mmol  CO2  g–1 
desorbed from 25 to 500 °C showed very low values, rang-
ing from 0.01 for the unmodified catalyst to 0.09 mmol  g–1 
for the catalyst with 1.3 wt.% Li. These data demonstrate 
the amphoteric nature of POM- prepared catalysts, which 
shifted to basic nature after the introduction of ≥ 0.9 wt.% Li.

Fourier transform infrared spectroscopy (FTIR) iden-
tifies different types of molecular bonds present in solid 
samples. In our catalysts, stretching mode bands in the 
range 3200–3600  cm–1 and 1600–1750  cm–1 (not shown 
here) appeared due to the presence of crystallization and 
constitution water, with higher amounts in  NiMo6-0.9 
and  NiMo6-1.3 catalysts than in  NiMo6-0,  NiMo6-0.1 and 
 NiMo6-0.2 catalysts. Figure. 3 shows the FTIR spectra of the 
calcined catalysts taken in the region from 400 to 1200  cm–1.

Two broad bands at about 900  cm–1 (with close bands 
at 875 and 926   cm–1) and 636   cm–1 (with a shoulder at 
575  cm–1) are characteristic of the synthesized Anderson 
polyoxomolybdate (POM) and correspond well with the 
bands described in the literature [45, 46]. The absorption 

bands at ca. 950–850  cm–1 are attributed to cis–MoO2 bonds 
and the bands at 636–500  cm–1 are attributed to bridging 
Mo–O–Mo bonds.

After deposition of nickel polyoxomolybdate 
 (NH4)4NiMo6O24H6 on Ni/Al2O3, the bands of  NiMo6-0 
catalyst were slightly shifted to higher wavenumbers (665, 
900 and 945  cm–1), and a new band at 445  cm–1 appeared. 
These bands are in agreement with the bands found for 
 (NH4)3AlMo6O24H6 [39], which may have formed during 
the catalyst preparation due to the interaction between the 
Ni/Al2O3 and the active component  (NH4)4NiMo6O24H6. 
These species could also be formed by interaction of 
Ni and Mo compounds with partially dissolved alumina 
domains during impregnation [47, 48].

Very similar spectra were observed for the  NiMo6-0.1 
and  NiMo6-0.2 catalysts with Li concentration < 0.2 wt.%; 
only the band at 945   cm–1 is more pronounced for the 
 NiMo6-0.2 catalyst.

The increasing Li concentration in the catalysts (0.9 
and 1.3 wt.%) was reflected by the disappearance of the 
characteristic Anderson salt bands and the appearance of 
new broad bands at 840  cm−1 (attributed to lithium molyb-
date formation) and a not very strong band at 511  cm−1. 
It is evident that the original Anderson salt was broken 
during the preparation of catalyst and new compounds 

Fig. 3  FTIR spectra of Anderson salt and  NiMo6–x catalysts modified 
with lithium (x = Li content in wt.%); the spectrum of the support is 
subtracted
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may have formed on the support surface. Based on the 
position of the determined bands, NiO and/or  Li2O could 
have been present in the catalysts after calcination, since 
the bands appearing below 600   cm–1 can be attributed 
to metal–oxygen–metal (M–O–M, where M = Ni or Li) 
bonding [49]. Bielanski et al. [50] reported on the basis 
of their FTIR measurements that no Lewis-acid sites are 
present in the ammonium salts of Keggin type heteropoly-
acid  H3P12MoO40, even after processing at 400 °C. Thus, 
only Brönsted acidity is present, which is due to protons 
originating from hydrogen bonds between the Keggin units 
and not to typical OH groups such as those in acid zeolites 
or alumina. A similar situation in acidity can be expected 
for the Anderson salt.

The chemical state and composition of the oxidized and 
freshly sulfided (400 °C) catalysts were investigated by XPS 
technique. The binding energies of the elements in the cal-
cined samples are given in Table 3. Values in brackets refer 
to samples that were crushed in an agate mortar prior to 
analysis. The values found for Mo  3d5/2 (233 eV) and Ni 
 2p3/2 (856.6 eV – main line) are typical for oxidation state of 
 Mo6+ and  Ni2+ (in the oxide matrix). The surface concentra-
tions of all elements in the calcined as-prepared and crushed 
samples are given in Table 4.

The surface concentration of Ni and Mo after crushing 
the samples shows only a small decrease (about 10 – 12%) 
compared to the concentration in the as-prepared samples. 
This indicates a uniform distribution of the active phase 
in the catalyst support grains. It is clear that the surface is 

enriched in both Ni and Mo, when comparing these quan-
tities with the bulk analysis. Due to the low photoelectric 
cross section for lithium [40] peak feature was observed only 
for the  NiMo6-0.9 and  NiMo6-1.3 samples, whose binding 
energy corresponds to the  Li2CO3 compound [51]. The cor-
rectness of the assignment is demonstrated by the higher 
intensity at 289.5 eV in the C 1 s region for these two sam-
ples, which also indicates the presence of carbonate species 
on the surface. Another explanation for the Li peak could be 
the presence of  LiNiO2 on the surface. However, the Ni  2p3/2 
binding energy (main line) for  LiNiO2 (i.e.,  Ni3+) shows a 
value about 1 eV lower [51] compared to  Ni2+. Therefore, 
the very small shift (0.1 eV) observed for the  NiMo6-0.9 and 
 NiMo6-1.3 samples (see Table 3) in this direction cannot be 
considered as evidence for the presence of a  LiNiO2–like 
species on the surface.

Mo 3d spectra for the calcined samples are shown in 
Fig. 4. It is worth mentioning the high sensitivity of all 
samples to X–rays in vacuum. After a few minutes of irra-
diation, the samples darken, and therefore lower power (30 
W instead of 230 W) was used during data acquisition to 
reduce the observed effect. Peak features at ~ 232 eV indicate 
partial reduction of molybdenum during analysis. Samples 
with higher lithium content were more stable and remained 
virtually unchanged during analysis. To test this idea, we 
performed an additional study of the effect of X–ray irradia-
tion for the sample  NiMo6-0.1. After prolonged irradiation 
under vacuum at high power, the surface portion of the sam-
ple was scraped off and analyzed by ESR spectroscopy. The 

Table 3  Binding energies of 
elements in oxide catalysts (eV)

The values in parentheses are for samples crushed in an agate mortar before analysis

Sample NiMo6-0 NiMo6-0.1 NiMo6-0.2 NiMo6-0.9 NiMo6-1.3

Al 2p 74.8 (74.7) 74.8 (74.7) 74.8 (74.7) 74.7 (74.7) 74.7 (74.6)
Mo  3d5/2 233.2 (233.1) 233.0 (233.0) 233.1 (233.2) 232.9 (232.9) 232.9 (232.9)
Ni  2p3/2 (main line) 856.7 (856.7) 856.7 (856.7) 856.6 (856.7) 856.4 (856.6) 856.4 (856.5)
O 1 s 531.5 (531.5) 531.5 (531.5) 531.5 (531.5) 531.5 (531.5) 531.5 (531.5)
Li 1 s 55.2 (55.2) 55.4 (55.4)

Table 4  Surface composition 
of oxide catalysts (at. 
%) determined by X–ray 
photoelectron spectroscopy 
and the ratio of surface (XPS) 
and bulk analysis (chemical 
analysis) for Ni and Mo

The values in parentheses are for samples crushed in an agate mortar before analysis

Name NiMo6-0 NiMo6-0.1 NiMo6-0.2 NiMo6-0.9 NiMo6-1.3

Ni 2p 0.96 (0.95) 1.01 (0.8) 0.94 (0.87) 0.85 (0.83) 0.73 (0.58)
Mo 3d 2.97 (2.65) 2.99 (2.76) 3.19 (2.76) 2.69 (2.46) 1.8 (1.61)
Al 2p 37.11 (37.05) 36.4 (37.51) 36.81 (37.57) 34.19 (34.68) 34.84 (35.12)
O 1 s 58.96 (59.35) 59.59 (58.93) 59.07 (58.79) 57.48 (58.86) 59.42 (57.45)
Li 1 s 4.78 (3.17) 3.2 (5.24)
Mo/Al 0.08 (0.08) 0.082 (0.074) 0.087 (0.073) 0.079 (0.071) 0.052 (0.046)
Ni/Mo 0.32 (0.36) 0.34 (0.29) 0.29 (0.31) 0.32 (0.34) 0.4 (0.36)
Ni: Surface/bulk, wt.%/wt.% 1.66 1.75 1.61 1.39 1.48
Mo: Surface/bulk, wt.%/wt.% 1.44 1.45 1.54 1.2 1.17
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ESR result (not shown here) clearly showed the presence of 
 Mo5+, which was not observed in the “fresh” sample. Based 
on this observation, it can be concluded that the components 
showing lower binding energy in the Mo 3d spectra are due 
to X–ray irradiation during XPS analysis.

After sulfidation of the samples, the Mo3d XPS line 
has a complex structure. For Mo  3d5/2, it is represented 
by three fitting peaks (Fig. 5, right) with binding energies 
of 228.7–229.2 eV, 230.4–231.0 eV and 232.7–233.4 eV 
(Table 5), which correspond to  Mo4+ ions in  MoS2,  Mo5+ 
ions in Mo oxysulfide forms such as  MoOxSy, and  Mo6+ 
ions (as in  MoO3), respectively. These Mo  3d5/2 peaks were 
accompanied by Mo  3d3/2 peaks at about 3 eV higher bind-
ing energy.

Spectra decomposition of Ni 2p line showed two peaks; 
at 853.8 eV assigned to  Ni2+ ions in  NiSx and at 856.7 eV 
indicating the presence of  Ni2+ ions as in oxidic samples 
(Table 5), but the data are burdened with a large error due 
to the low Ni concentration. The S 2p line was fitted with 
two S 2p fitting peaks: the first peak with binding energy 
S  2p3/2 161.1–161.8 eV corresponds to  S2− ions in the 
 MoS2 and/or NiS phase, the second at 162.2–162.8 eV to 
 S2

2− ions in the Mo oxysulfide form (Fig. 5). Note the 
shift of the S  2p3/2 peak in the sulfided  NiMo6-0.9 and 
 NiMo6-1.3 samples by 0.5–0.6 eV to lower binding energy 
values compared to the same S  2p3/2 peak in the other 
samples. Some authors attribute a similar shift to the for-
mation of the K-intercalated  MoS2 phase in the supported 

Fig. 4  Peak fitting of Mo 3d 
spectra for the as-prepared sam-
ples in oxide (left) and sulfidic 
(right) form. In order to mini-
mize the effect of X-ray irradia-
tion during data acquisition, the 
X–ray source was set to a lower 
power (5 mA/6 kV = 30 W)
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K-Mo samples [52]. However, we did not observe a par-
allel shift to the lower BE of Mo  3d5/2 line. We assume 
that Li can modify the electronic properties of the  MoS2 
phase in Li-NiMo6 samples and can form  LixMoS2 in close 
interaction with it.

Regarding the surface atomic concentrations of the ele-
ments, the presence of Li in the catalysts caused a decrease 

in the degree of sulfidation of Mo and Ni (Table 6). This may 
be due to the formation of tetrahedral forms of Mo species 
[30] that interact strongly with the support, as seen in the 
TPR profiles (Fig. 1). The sample with the highest Li con-
tent showed the lowest degree of sulfidation of Mo (62.8%) 
estimated from the  Mo4+/Mtot ratio (Table 6). The degree 
of sulfidation of Mo for the other samples ranged from 70 
to 75%. After sulfidation, Mo was stabilized on the surface 
of catalysts with higher Li content (0.9–1.3 wt.%), as Mo/
Al ratio did not decrease. On the other hand, Ni dispersion 
increased after sulfidation for all samples (Table 6, Ni/Al 
ratio). The observed S/Mo ratio was higher than 2 for all 
samples.

As for  NiSx species, their proportion (Table 6) was 81.8% 
for the  NiMo6-0.1 sample and 75.0% for the other Li-con-
taining samples. Thus, in the samples with higher Li content 
(0.2–1.3 wt.%), 25% of  NiOx species remained unsulfided, 
while in the NiMo6-0.1 sample, its proportion was only 
18.2%. The proportion of  S2− ions present in the  MoS2/NiSx 
phases of the samples was 83–87%, except for the  NiMo6-1.3 
sample where 62% was recorded.

The proportion of unsulfided  MoO3 in the NiMo6-0.1 
sample was only 9.2%, which is the lowest value among 
all samples. The proportion of partially sulfided  MoO3, 
 MoOxSy, was 18% in the  NiMo6-0.1 sample, which was 
higher than that of the  NiMo6-0.2 and  NiMo6-0.9 samples. 
Since the proportion of  MoS2 active phase in  NiMo6-0.1 
was approximately 73%, the sum of the sulfide  MoOxSy and 
 MoS2 components was 90.8%, which was the highest value 
found among all the samples.

3.2  Activity of the Catalysts

3.2.1  HDS of Thiophene

The effect of lithium on the catalytic activity of supported 
NiMo catalysts in the hydrodesulfurization of thiophene 
was studied on the catalysts prepared from Ni Anderson salt 

Fig. 5  Peak fitting of S 2p spectra of the sulfided catalysts

Table 5  Binding energies (eV) and (in parentheses) surface atomic concentration (at. %) of elements in sulfided catalysts

Sample Mo3d5/2  Mo4+ Mo3d5/2  Mo5+ Mo3d5/2  Mo6+ S2p3/2  S2− S2p3/2  S2
2− Ni2p3/2  NiSx Ni2p3/2 Ni oxide

NiMo6-0.0 228.8 (22.6) 230.6 (4.4) 232.8 (3.5) 161.7 (58.7) 162.7 (10.9) 853.8 (0.9) 856.5 (0.2)
NiMo6-0.1 228.8 (20.3) 230.4 (5.0) 232.7 (2.6) 161.6 (60.3) 162.8 (12.0) 853.7 (0.9) 856.7 (0.2)
NiMo6-0.2 228.7 (21.0) 230.6 (4.7) 232.8 (4.4) 161.7 (59.5) 162.8 (10.6) 853.8 (0.9) 856.5 (0.3)
NiMo6-0.9 228.7 (23.9) 230.7 (3.5) 232.9 (4.3) 161.2 (59.7) 162.2 (8.6) 853.8 (0.6) 856.7 (0.2)
NiMo6-1.3 229.2 (18.9) 231.0 (6.7) 233.4 (4.5) 161.1 (43.5) 162.6 (26.5) 853.8 (0.6) 856.7 (0.2)
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containing also different amounts of lithium. The reaction 
proceeds as follows:

Butenes were not found in the reaction mixtures. The 
steady state thiophene conversions obtained with the 
 NiMo6-x catalysts containing different Li concentrations 
(x from 0 to 1.3 wt.%) at 300, 340, and 370 °C are sum-
marized in Fig. 6. The thiophene conversion was highest 
for the Li-free catalyst, reaching 36.6, 67.5 and 84.5% at 
300, 340 and 370 °C, respectively. However, the thiophene 
conversion decreased with increasing lithium concentration 
in the catalysts.

(4)Thiophene + 2H2 = H2S + butane

3.2.2  Parallel HDO/HDS of Octanoic Acid 
and 1‑Benzothiophene

Parallel deoxygenation and desulfurization was performed 
using octanoic acid (OA) and 1–benzothiophene (BT) as 
model reactants. During HDO/HDS, the following reactions 
took place:

The scheme of the reactions carrying out during HDS of 
thiophene and hydrodeoxygenation (HDO) of octanoic acid 
parallel with HDS of 1–benzothiophene is following:

(5)
1−benzothiophene + 2H2 = H2S + ethylbenzene

hydrodesulfurization

(6)
CH3

(

CH2
)

6COOH = n − heptane + CO2

decarboxylation

(7)
CH3

(

CH2
)

6COOH = heptenes + CO + H2O
dehydration−decarbonylation

(8)heptenes + H2 = n − heptane hydrogenation

(9)

CH3
(

CH2
)

6COOH + 2H2 = octenes + 2H2O
direct hydrodeoxygenation

(10)octenes + H2 = n − octane hydrogenation

Table 6  Surface atomic ratio of 
elements in sulfided catalysts

The Ni/Al ratio in the oxide form of the catalysts is given in parentheses

Sample NiMo6-0.0 NiMo6-0.1 NiMo6-0.2 NiMo6-0.9 NiMo6-1.3

Ni/Al 0.034 (0.027) 0.032 (0.023) 0.039 (0.021) 0.031 (0.024) 0.029 (0.116)
Mo/Al 0.059 0.056 0.065 0.071 0.050
Ni/Mo 0.585 0.578 0.498 0.444 0.572
S/Mo 2.28 2.59 2.34 2.15 2.32
Mo4+/Motot % 66 60 68 70 62
MoS2, % 74.0 72.8 69.8 75.4 62.8
MoOxSy, % 14.5 18.0 15.6 11.0 22.3
MoO3, % 11.5 9.2 14.6 13.6 14.9
S2−, % 84.3 83.4 84.9 87.4 62.1
S2

2−, % 15.7 16.6 15.1 12.6 37.9
NiSx, % 81.8 81.8 75.0 75.0 75.0

Fig. 6  Dependence of thiophene  xTH conversion in HDS reaction on 
the amount of lithium in NiMo6-x catalysts (x denotes Li content in 
wt.%) at three temperatures
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Fig. 7  Example of determina-
tion of kHDO (a) and kHDS (b) 
activity in parallel HDO/HDS 
of octanoic acid (OA)/1–benzo-
thiophene (BT) on  NiMo6-0.1 
catalyst: Solid line—fitting of 
pseudo-first order rate constant 
kHDO, Eq. (2); dash line—fit-
ting of pseudo–first order rate 
constant kHDS, Eq. (3); a 
 C7—linear  C7 hydrocarbons; 
 C8—linear  C8 hydrocarbons; 
 C7 +  C8—sum of yields of 
linear  C7 and  C8 hydrocarbons 
 yC7 +  C8. b Relative content of 
BT (1–xBT) and relative yields 
of ethylbenzene (EB)  yEB

Table 7  Results of HDS of thiophene at 340 °C, 1.0 MPa and parallel HDO/HDS of octanoic acid and 1–benzothiophene at 330 °C, 1.6 MPa

kTh pseudo-first order rate constant calculated by Eq. (1) from thiophene conversion
kHDO total HDO activity obtained by non–linear fitting of  C7 +  C8 yields using Eq. (2)
kHDS HDS activity obtained by non–linear fitting of ethylbenzene yields using Eq. (3)

Sample Thiophene HDS Parallel HDO/HDS

Activity Activity Selectivity to linear hydrocarbons Selectivity to HDO

kTh kHDO kHDS C7 (HDeCOx) C8 (DDO) HDO/(HDO + HDS)

mmol(TH)  g−1  h−1 mmol(C7+C8) 
 g−1  h−1

mmol(EB) 
 g−1  h−1

yC7 at  y(C7+C8) = 1 yC8 at  y(C7+C8) = 1 kHDO/(kHDO +  kHDS)

NiMo6-0 102 81 133 0.71 0.29 0.38
NiMo6-0.1 101 98 164 0.74 0.26 0.37
NiMo6-0.2 87 91 185 0.74 0.26 0.33
NiMo6-0.9 39 86 78 0.70 0.30 0.52
NiMo6-1.3 12 49 37 0.69 0.31 0.57
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The overall activity of the catalysts was expressed using 
pseudo-first order rate constants of hydrocarbon formation. 
The sum of linear  C7 +  C8 hydrocarbons formed from octanoic 
acid was used to calculate the total activity of HDO,  kHDO, and 
the formation of ethylbenzene from 1–benzothiophene was 
used to calculate the activity of HDS,  kHDS. An example how 
 kHDO and  kHDS were obtained is shown in Fig. 7. The overview 
of  kHDO and  kHDS fitting is given in Fig. S.3 in the Supplemen-
tary Information. The activities of catalysts are summarized 
in Table 7. The highest activity in the parallel HDO reaction 
was exhibited by the NiMo6-0.1 catalyst with ca. 0.1 wt.% Li 
 (kHDO = 98  mmol(C7+C8)  gcat

–1  h–1). A slightly higher Li con-
centration (0.18 wt.%) in the  NiMo6-0.2 catalyst reduced the 
total HDO activity to 91  mmol(C7+C8)  gcat

–1  h–1.
Catalysts with lower and higher lithium contents than the 

above values showed lower activities. In contrast to the HDO 
reaction, the parallel HDS of 1–benzothiophene was fastest 
with a catalyst containing slightly more Li (0.18 wt.%). The 
1.3 wt.% lithium content in the catalyst caused a decrease 
in the overall HDO activity by almost a factor of two and 
in the case of HDS by almost a factor of five. The findings 
show that the decrease in surface acidity caused by the intro-
duction of lithium into  NiMo6-x catalysts affected the HDS 
reaction significantly more than HDO.

3.3  Selectivity of the Catalysts

3.3.1  HDO/HDS Selectivity of the Catalysts

HDO/HDS selectivity was expressed as the ratio of  kHDO 
to the sum of  kHDO and  kHDS (Table 7). The investigated 

catalysts can be divided into two groups. Modification of 
 NiMo6 catalyst with 0.09 and 0.18 wt.% lithium caused 
a slight decrease in HDO/HDS selectivity from 0.38 to 
approximately 0.33. A second group of catalysts with higher 
Li content exhibited HDO/HDS selectivities higher than 
0.51. This represents a more than 1.34-fold increase in the 
HDO/HDS selectivity index compared to the first group. It 
is evident that Li content in NiMo catalysts higher than 0.9 
wt.% decreased HDS activity more than HDO activity.

3.3.2  Selectivity to Reaction Intermediates During HDO/
HDS

Regarding the selectivity towards the reaction intermediates 
in the HDO/HDS reactions of octanoic acid and 1–benzo-
thiophene, i.e., octanol, the reaction intermediate of direct 
deoxygenation of octanoic acid, and dihydrobenzothiophene, 
the reaction intermediate of 1–benzothiophene hydrodesul-
furization, this selectivity was similar and negligible over all 
prepared catalysts. The relative content of octanol and dihy-
drobenzothiophene in the reaction mixtures hardly reached 
the value of 0.01. These relative contents did not change 
with increasing Li concentration in the catalysts. Therefore, 
these intermediates were not discussed in schemes (5–10) 
and Fig. 8.

Similarly, no cracking activity was observed for the 
catalysts  (C7–x pathway). Branched hydrocarbons, such as 
2-methyl-hexane, 3-methyl-hexane, 2-(or 4)methyl-heptane, 
and 3-methyl-heptane, were only observed in low yields 
(less than 1% of  C8 +  C7 yields) and were, therefore, not 
discussed. In contrast, the selectivity towards linear  C7 and 
 C8 hydrocarbons during HDO of octanoic acid was clearly 
expressed.

For all catalysts, the  C7 pathway (dehydration decarbon-
ylation/decarboxylation,  HDeCOx) predominated, yielding 
 C7 olefins and finally n-heptane according to Eqs. (6, 7, 
8). All catalysts showed similar selectivities for  C7 hydro-
carbons, approximately 69–74% of the total hydrocarbons 
yields listed in Table 7. The  C8 pathway (direct hydrode-
oxygenation, DDO) with yields of  C8 olefins and finally 
n-octane according to Eqs. (9, 10) was less pronounced. The 
formation of linear olefins, intermediates of the HDO reac-
tion, was observed at low space time, while hydrogenation 
to both n-octane and n-heptane was predominant at higher 
space time. An example of a simplified reaction progress 
kinetic analysis (RPKA), i.e., an example of the formation 
of linear olefins and linear alkanes in HDO, is given in the 
Supplementary Information (Fig. S.4). The same progres-
sion was observed in our previous work on NiMo sulfides 
on commercial supports [27].

Fig. 8  Relationship between  H2 consumption determined by TPR 
measurements, the amount of desorbed  NH3 and  CO2 determined 
during TPD experiments (per gram of Li-modified  NiMo6-x catalysts, 
temperature range 25–500 °C) and the rate constant  kTh



443The Effect of Lithium on NiMo/Al2O3 Hydrotreating Catalysts Prepared from…

1 3

4  Discussion

NiMo catalysts prepared from the ammonium salt of Ni 
Anderson–type polyoxomolybdate over γ–alumina were 
modified by small amounts of lithium to obtain catalysts 
with different acid–base properties of the catalyst surface. 
A relatively small amount of lithium (less than 1 wt.%) 
added to molybdonickelate slightly reduced the surface 
area (by about 10 rel. %). However, a higher amount of 
Li (1.3 wt.%) in the catalyst surprisingly increased the 
surface area, very likely, due to the partial decomposition 
of molybdonickelate during the impregnation of Ni/Al2O3 
particles and probably the formation of Li-molybdates and/
or Ni–O (Li–O-Ni) species as shown by FTIR (Fig. 3). The 
mesopore volume and other pore characteristics changed 
only to a limited extent.

Temperature-programmed  NH3 desorption revealed the 
dependence of the amount and strength of acid sites on 
the addition of Li. A very low concentration of Li (about 
1 wt.%) added to the  NiMo6-x catalysts prepared from 
Ni Anderson salt substantially affected their acidity. The 
acidity (expressed in mmol  NH3  g–1 desorbed between 25 
and 500 °C) of the catalyst with 1.3 wt.% Li dropped to 
one third of the value found for the unmodified catalyst. 
The strength of the stronger sites increased slightly as the 
temperature maxima of desorption shifted to higher tem-
peratures (Fig. 2). The catalyst basicity values confirmed 
the acidic nature of the POM-prepared catalysts, as the 
basicity of the Li unmodified catalyst was very low. Basic-
ity was increasing after gradual introduction of an alkali 
metal, Li, into the catalysts. Basicity of the catalyst with 
the highest Li concentration differed significantly from the 
other catalysts: the temperature maxima of  CO2 desorption 
was shifted to lower temperatures, indicating a decrease 
in the strength of the basic sites. With increasing Li con-
centration in the catalysts, the temperature-programmed 
 H2-TPR reduction showed a shift of the temperature max-
ima of metal oxide reduction present in the calcined cata-
lysts to higher temperatures (Fig. 1), probably due to the 
strong interaction of Li with polymolybdates, both octa-
hedral and tetrahedral, as well as the strong interaction of 
polyoxometalate with the support surface.

FTIR spectra (Fig. 3) revealed the preservation of the 
original polyoxometalate (POM) compound structure for 
samples with low Li concentration (Li < 0.2 wt.%). For 
samples with higher Li amount (Li concentration > 0.9 
wt.%), the pH of the impregnation solution was much 
higher than that of the solution without Li and the structure 
of initial Anderson salt used for catalyst preparation was 
destroyed (characteristic bands at ca. 947 and 1043  cm–1 
disappeared). In addition, FTIR spectra obtained in the 
800–4000  cm–1 region showed the presence of crystalline 

and constitutional water, with larger amounts observed for 
samples containing 0.9 and 1.3 wt.% Li. It is very likely 
that the high basicity of the impregnation solution caused 
by the addition of alkali contributes to the decomposition 
of the Ni polyoxometalate (POM) and the resulting water 
is adsorbed on the support. Thus, it can be concluded that, 
based on the above reasons, it does not make sense to add 
more than − 0.9 wt.% Li to the catalyst, since the Anderson 
salt is not stable at pH value higher than 5.

The role of nickel, which is deposited on the support prior 
to POM impregnation, is also not negligible. Adsorption 
studies of various Anderson polyoxometalates have indicated 
that nickel POM exhibits the lowest adsorption strength on 
alumina [53] and thus more nickel remains on the surface 
without aluminate formation. It is evident that the nickel 
initially introduced on the alumina support interacted with 
the basic OH groups of the support surface and thus reduced 
the possible decomposition of POM. Therefore, nickel added 
to the support prior to its impregnation with Anderson salt 
contributes to the retention of nickel in the position of coun-
tercation in the Anderson salt and apparently helps to pre-
serve the structure of the supported POM [45]. Moreover, 
 Ni2+ ions present on the alumina surface could interact with 
the loaded Anderson salt by substituting  NH4

+ ions and lead 
to a highly dispersed, easily reducible form of the surface 
compound. However,  H2-TPR experiments revealed a shift 
of the temperature reduction maxima to higher values with 
increasing amounts of lithium in the catalysts. This implies 
that catalysts with higher Li concentration are not easily 

Fig. 9  Dependence of HDO selectivity on acidity (expressed as the 
amount of desorbed  NH3 in the temperature range 25–500  °C) of 
 NiMo6-x catalysts
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reducible and therefore their hydrogenation function would 
be worse. These findings may affect the ability of the cata-
lysts in the HDO/HDS reaction.

Findings in literature [14] inform that O- and S-con-
taining compounds compete for the same active sites of 
hydrotreatment catalysts. The catalysts synthesized using 
 (NH4)4Ni(OH)6Mo6O18 Anderson salt and  Li2CO3 leading 
to catalysts with various acid–base and reduction properties 
confirmed their role in hydrodesulfurization reaction and 
parallel treatment of 1–benzothiophene and octanoic acid. 
The HDS of thiophene gradually decreased with increas-
ing Li concentration due to decreasing acidity, increasing 
basicity and decreasing reducibility of the catalysts (Fig. 8, 
Table 1). It is clear that acidic sites are essential for the acti-
vation of thiophene in its HDS reaction.

The situation in parallel HDO/HDS of octanoic acid 
and 1–benzothiophene is more complex. In these reac-
tions, the selectivity of the catalysts depends on their acid-
ity (Fig. 9), which is determined by the properties of the 
support, the molybdenum compound added and the lithium 
concentration (Table 1). The acidity of the catalysts affects 
the reaction rates of both HDO octanoic acid and 1–ben-
zothiophene HDS, but in different ways. Small amounts of 
added lithium (0.1 and 0.2 wt.%) increased catalyst activity 
for HDS 1–benzothiophene by 40%. Similar to the case of 
HDS thiophene, the HDS of 1–benzothiophene decreased 
with decreasing catalyst acidity. However, the HDO reaction 
rate of octanoic acid increased up to a certain acidity value 
(about 0.5 mmol  NH3  g–1) and then seemed to decrease.

The conversion of octanoic acid, which is a part of the 
reaction mixture, probably positively influences the conver-
sion of 1–benzothiophene by HDS, since hydrotreatment 
leads to the formation of  H2O. It is clear that the affinity of 
lithium for water alters the necessary acid–base properties 
of the catalysts in the HDO reaction, and these reach an 
optimum at certain Li concentrations. The HDO activity of 
octanoic acid on the catalyst prepared from an Anderson 
salt is increased by 20% if the catalyst contains 0.1 wt.% Li, 
while at a concentration of 0.18 wt.% Li it increases only by 
12%. In the case of HDS of 1–benzothiophene, the activ-
ity of the investigated catalysts increased by 20–40%. It is 
noteworthy that the catalyst with higher Li content shows 
higher activity.

As for the selectivity of the examined catalysts in 
HDO reaction is concerned, the  C7 pathway (dehydration 
decarbonylation/decarboxylation,  HDeCOx) yielding first 
 C7 olefins and finally n-heptane predominated over all 
catalysts. All catalysts revealed similar selectivity to  C7 
hydrocarbons about 70% from the total yield of hydro-
carbons. The  C8 pathway (the direct hydrodeoxygena-
tion, HDO) yielding  C8 olefins and finally n-octane was 
less pronounced. Linear olefins, the intermediates of the 
HDO reaction, were observed at low space–time, while 

hydrogenation to n-octane and n-heptane predominated at 
higher space–time. In HDO/HDS processes, two reactions 
take place on the catalyst, but probably involving different 
catalyst centers. Nickel is apparently active in both pro-
cesses. Nickel enhances the acidity of NiMo/Al2O3 cata-
lysts [54], forming active sites for HDS reactions together 
with Mo because of its ability to donate electrons to Mo 
and thus increase the electron density on Mo [55]. Nickel 
is also very important for the hydrogenation of octanoic 
acid. The oxygen-containing reactant can be adsorbed on 
the catalyst and its  O– ion, as well as  H2O formed during 
reactant hydrogenation, can decrease the electron density 
of  Mo+4 to  Mo+5. It is very likely that the low concen-
tration of lithium, which has an affinity to  H2O, helps to 
create balance between the acidity and reducibility of the 
catalyst.

As can be seen from the FTIR spectra (Fig. 3), the cat-
alysts  NiMo6-0,  NiMo6-0.1 and  NiMo6-0.2 have a close 
spectral image with some difference in intensity. The con-
sumption of  H2 (Table 1) taken up to 500 °C decreases 
from 62 to 52 mmol  g–1, indicating that the addition of 
Li reduces the reduction of molybdenum. Comparison of 
these data with the activity of the samples during HDS 
of 1–benzothiophene and HDO of octanoic acid (Table 7) 
shows that Li at a low concentration of 0.1–0.2 wt.% has 
a positive effect on these reactions. It can be assumed that 
the situation in these samples is analogous to that observed 
in our earlier work with  NiMo6-based catalysts [56].

It has been shown that the presence of certain amount 
of  MoOxSy, originated from tetrahedral  MoO4

2− species, 
is beneficial for high HDS activity. Nevertheless,  MoOxSy 
phase exist in all prepared catalysts (Table 6). Thus, the 
low loading of Li has to interact also in other way. Lithium 
in the presence of octanoic acid contributes to the for-
mation of other portion of the active phase, thus achiev-
ing higher activity of Li-modified samples in HDO/HDS 
reactions. It is clear from the experimental XPS data that 
maximum synergy exists between the  MoS2(MoOxSy) and 
 NiSx phases at low Li content. In the case of a catalyst 
containing a high concentration of Li, the high basicity of 
the catalyst prevails over the positive effect caused by the 
interaction between lithium and octanoic acid, and there-
fore the resulting activity in the HDO/HDS reaction is low.

The presented data obtained from HDS of thiophene in 
the presence of Li-modified NiMo/Al2O3 catalysts did not 
confirm the expected improvement in catalyst activity pre-
viously observed for NiMo/SiO2 catalysts [9]. This finding 
can be explained by the ability of the unmodified alumina 
support to provide a sufficiently high dispersion of molyb-
denum. However, the addition of lithium to the alumina-
supported catalysts gradually decreased their acidity and, 
for this reason, reduced their activity in HDS of thiophene.
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5  Conclusions

Parallel processing of octanoic acid and 1-benzothiophene 
in HDO and HDS hydroprocessing showed relatively high 
activity of the catalyst containing  (NH4)4NiMo6O24H6 
Anderson salt in both reactions. The low amount of lith-
ium added to the catalyst (0.1–0.2 wt.%) did not cause 
significant changes in the acid–base properties of the cata-
lysts. However, this low amount of lithium significantly 
increased the activity during the hydrotreatment of the 
mixed feedstock, in HDS by 40% in the case of 1-benzo-
thiophene, and in HDO by 18% in the case of octanoic 
acid. The interaction of octanoic acid with these low 
amounts of Li thus created additional active centers for 
the HDO/HDS reactions. Such centers were not present 
in the HDS of thiophene. In contrast, the high amount of 
lithium added to the catalysts (0.9–1.3 wt.%) had detri-
mental effect on the studied acid–base properties and HDS 
and HDO/HDS activities.

The optimization of the catalyst preparation, i.e., the 
selection of a support with the necessary acid–base prop-
erties, a suitable heteropolycompound and its modification 
procedure can obviously lead to high catalyst activity in 
the hydrogenation of mixed feedstocks.
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