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Abstract

Objectives. To take into account the change in the number of active sites during the adsorption-
catalytic deformation and deactivation of a catalyst surface by means of a catalytic poison when
calculating the turnover frequency (TOF) of a hydrogenation catalyst.

Methods. The activity was determined by a static method, using a titanium reactor having
a volume of 400 mL, an experimental temperature controlled using a liquid thermostat with
an accuracy of 0.5 K, with a paddle stirrer rotation speed of 3600 rpm and system hydrogen
pressure equal to atmospheric. The consumption of hydrogen used to reduce the model compound
was taken into account via the volumetric method. The heats of hydrogen adsorption were
determined using a reaction calorimeter with an operating mode close to that of a chemical
reactor. After measuring the specific surface area using low temperature nitrogen adsorption, the
results were processed using Brunauer-Emmett-Teller theory approximations. Deactivation was
carried out by introducing dosed amounts of catalytic poison into the system in titration mode.
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Results. A kinetic experiment for the reduction of a multiple carbon bond in a sodium maleate
molecule using aqueous solutions of sodium hydroxide with additions of monohydric aliphatic
alcohols as solvents under conditions of partial deactivation of the catalyst was carried out.
The obtained values of heats of hydrogen adsorption on skeletal nickel in the course of the
experiment are given. The described approach is used to calculate TOF values taking into account
changes in the number of active surface sites during the course of a catalytic reaction and upon
the introduction of a deactivating agent. A refined equation for the correct calculation of TOF
is proposed along with its mathematical justification. The results of TOF calculations under
various assumptions for a number of catalytic systems are shown.

Conclusions. When calculating absolute activity values, a change in the number of active sites
has a significant effect on the obtained values. The physical meaning of a number of constants
in the proposed equation relates the activity of the catalyst to the distribution of hydrogen
on its surface in terms of heats of adsorption.

Keywords: liquid-phase hydrogenation, active sites, catalyst deactivation, nickel catalyst, bulk
catalysts, adsorption-catalytic deformation, TOF
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HAYYHASA CTATbA

Bansinue agcopOlMOHHO-KATAJIMTHYECKON nedopManuu
U YACTUYHOM Je3aKTUBALUN HA onpe/iesieHrne adCOJTTHON
AKTHBHOCTH KAaTAJIU3aTOPA KUAKO(PAZHOI0 THIPUPOBAHUSA

A.B. Apuneesckuii’, [I.A. IIpo3opos, T.I0. Ocaguas, H.E. F'opauxa

Hearoesckulii zocyoapcmeeHHblil XumMuKo-mexHosozuueckuil yHusepcumem, Hearnoso, 153000
Poccus
“Aemop ons nepenucku, e-mail: afineevskiy@mail. ru

AHHOMAQyus

IMenu. Yuecmb usmeHeHUe KOAUUeCmea AKMUBHbIX UeHMpoe npu adcopOUUOHHO-KAMAAUMU-
yeckoll degpopmayuu u 0e3aKmue8ayull NOBEPXHOCMU KAMAAUMUUECKUM S00M Npu pacueme
gesuuuH abcontomuslx akmueHocmell (turnover frequency, TOF) kamanuzamopa 2udpupo8aHusi.
MemooOsl. Onpedenerue aKmusHOCMU NPOBOOUSU CMAMUUECKUM MEMOOOM, UCNOAb308ANU
mumarosblii peaxmop obbemom 400 mn, 3a0aHHYO memnepamypy onblma KOHMpPOAUPOSANU
C NOMOWbIO JKUOKOCMHO020 mepmocmama ¢ mouHocmsto 0o 0.5 K, ckopocmb epawieHust ionacm-
HoU mewanku cocmagasina 3600 06/ MuH, oasieHue 8000po0a 8 cucmeme pagHoO AmmochepHoMY.
Pacxoo eodopoda Ha soccmarosneHue MO0esbH020 COeOUHEHUSL YUUMBLBAJICS. 80TIOMOMEempuUe-
cKkum memodom. Tenstomuvt adcopbyuu 8000po0a onNpedensiiu C NOMOULbIO PEAKUUOHHO20 KA0pU-
Mmempa, pexum pabomsl Komopozo b6bln 6UI0K K pesxumy pabombvl XUMUUECKO020 peaKmopa.
YoenvHast nouiadb NOBEPXHOCMU UBMEPSIIACL C NOMOUbIO HU3KOMemnepamypHoi adcopbyuu
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asoma, pesyabmamel 06pabamuleasiu, UCNONb3Ys npuburkeHust meopuu bpyrayspa—-Smmema—
Tennepa (BOT). Adezaxkmugayus npogoounace 8gedeHuem 8 cucmemy 003UpPo8aAHHbLX KOAUUECNE
Kamaaumuueckozo si0a 8 pesxume mumposaHuUusL.

Pesynemameut. IlonyueHbl pe3ysibmambl KUHEMUUEeCK020 3KCnepumeHma 60CCMAaHO8NeHUS.
KpamHoti Yy2nepoOHOU c8s3U 8 MOJeKysle Mmarieama HAmpus 8 pacmeopumensx pPasiudHol
npupoosbl U CoOCMaea 8 YCI08USX UACMUUHOU Oe3akmueayuu kamasauzamopa. B kauecmee
pacmeopumesieli UCNOb308ANIU 800HblE PACMBOPLL 2UOPOKCUOA HAMpust ¢ 006as8KaMU OOHO-
amoMHbLX anugamuueckux chnupmos. IIpueedeHbl 3HAUEHUsT meniom aodcopbyuuu 8000pooa
Ha CKeNlemHOM HuKese, NOJAYUeHHble 8 Xx00e a0COPOUUOHHO-KAIOPUMEeMPUUECKO20 IKCnepu-
MmeHma. [TokasaH no0xo0, NO38ONAOULUN Yuecmsb U3MEeHeHUe KOUUeCcmaa aKmueHblX YeHmpoa
NnogepxHoCMuU 8 npouecce NPOMeKaHUsL KaMAaIUMuUeckoll peakyuu U npu egedeHuu oeaaxmu-
supyrouezo azenma, npu pacueme sHaueruti TOF. IIpeonosxeHOo ymouHeHHOoe YpaeHeHUe O/s
roppexmnozo pacuema TOF, a maroke npeocmaeieHo mamemamuueckoe ezo 060CHOo8aHUe.
ITokasansl pesynremamet pacuema TOF npu pasnuuHblx 0ONYWeEHUSX Ot psoa Kamaaumu-
yecKux cucmem.

Bbteoost. [Ipo0eMOHCMPUPOBAHO, UMO YUem USMEHEHUS. KOAUUeCEed AKMUEHbLX WeHmMpoe npu
pacueme geauuuH abCONOMHOU AKMUBHOCMUL 0KA3bleAem 3HAUUMENbHOE 8AULHUE HA NONYUeH-
Hoble sHaueHusl. Iloka3aH cpusuueckuili cmblen psiO0a KOHCMAHmM 8 NpedslosKeHHOM YPA8HEHUU,
C8s13bleaULeM AKMUBHOCMb KAMAlU3amopa U pacnpedeseHue HA e20 N08EPXHOCMU 8000pooa
no mensomam adcopoyuU.

Knroueesle cnoea: »x»uorxogasHoe 2udpuposarue, aKkmugHble yeHmpbol, 0esaKkmueayus Kama-
AU3amopa, HuKenegblil Kamaau3amop, MAcCUugHble Kamaau3amopbsl, a0CoOPOUUOHHO-KAMAUMU-
yeckasi degpopmayusi, TOF

Jna yumuposanua: Apuneesckuii A.B., IIposopoB JI.A., Ocamguas T.IO., lopauna H.E. Biusnue apcopObunonHoO-Kara-
JUTHYECKON NedopMali W YacTUYHOH Je3aKTHBALMK Ha ONpE/ielICHHE a0CONIOTHOM aKTHBHOCTH KaTaJIM3aTopa JKHAKO(a3HOTO
rugpupoBanust. Toukue xumuueckue mexnonoauu. 2023;18(4):341-354. https://doi.org/10.32362/2410-6593-2023-18-4-341-354

INTRODUCTION

The hypothesis of cyclically activated complexes
with alternate rupture and formation of bonds was
generalized for the first time in relation to particular
cases of individual reactions on the example of a very
wide range of chemical processes in the works of
Ya.K. Syrkin [1-4]. In heterogeneous catalysis, the
adsorption, surface diffusion, chemical rearrangement,
reaction, and desorption of the product must occur
in such a way that the surface of the catalyst can
be replenished with new substrate molecules. The
faster such a cycle is carried out, the faster the
process progresses. Thus, the turnover rate or
turnover frequency (TOF), normalized by the
number of active sites and consequently representing
the rate at which a full catalytic cycle is performed
once, should be considered as one of the best
measures of catalytic activity [5-8]. This value,

which is also referred to as absolute activity [9],
is defined as the maximum number of molecules (N )
that reacted on one active site (N, ) per unit of time t [9]:

TOF = —vml _[s71]. )
N,

as

In order to compare the indicators reported
by different research groups, it is necessary to
carefully describe the methodology used to determine
the number of active sites. The main unsolved
problem is that the densities of active sites measured
prior to the catalytic reaction are not necessarily
identical to those present under reaction conditions.
In the case of non-porous catalysts, the values
of the working surface and the total surface are
almost equal, whereas, in the case of porous catalysts,
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it is only the surface accessible to the reagents that
works. Nevertheless, even on an accessible surface,
the number of active sites (in the selected specific
reaction) is typically unknown.

Therefore, a different approach is also often
used. According to [9], the activity (4) of a catalyst
is defined as the difference in reaction rates in the
presence of a catalyst (r_). This is related to the
unit of the amount of catalyst (g): mass (m_),
volume, moles, or surface area). In the absence of
acatalyst (), 4 =r,_ /g —r__ . However, since usually
r. >> I the last term in this equation can be
disregarded. Thus, the catalytic activity for liquid-
phase processes is expressed in terms of the reaction
rate, which Syrkin et al. proposed to normalize
to the amount of catalyst (g) [10]. Thus, in the case
of liquid-phase hydrogenation, the activity can be
determined as follows (2)—(4) [11]:

1 dV(HZ): crn3 , (2)
m dt s-g

cat

a:(VO_V):(CO C) V(H ) (3)
Vo S V,(H, )
A=Ty o005 = {ﬁ} ’ )
s-g

where a is the degree of transformation (conversion);
¢ is the concentration of the substrate to the
current time (t), ¢, is the initial concentration
(a = 0); r is the conversion rate of the substrate,
v is the number of moles of the substrate to the
current moment (t), v, is the initial number of moles
(o = 0); V,(H, is the initial volume of hydrogen
(o = 0), V(H,) is the volume of hydrogen absorbed
to the current moment, V (H,) is the total volume
of hydrogen that went into the reaction, at its
complete completion (o = 1).

The use of Eq. (4) is justified by the fact that
the initial rates of the hydrogenation reaction can
be considered as objective parameters of the activity
of catalysts [12, 13]. For conversions below 0.05,
since the hydrogenation rate is directly related to the
reactivity of the catalytically active site, the course
of side processes has not yet had time to have a
significant effect. However, this approach requires
that the initial conditions (temperature, hydrogen
pressure, reactant concentrations, etc.) are accurately
set to be identical each time.

Previously [12-20] it was found that an
adsorption-catalytic deformation can in some cases
occur during reactions in which the number of active

catalyst sites changes. It is therefore necessary to find
an approach that allows such changes to be taken
into account. It is also known that the action of
a catalytic poison is based on its removal of the active
site from the reaction zone in some way (blocking,
destruction, etc.). That is, the number of active
sites should increase during adsorption-catalytic
deformation, but when blocked, the number should
decrease. The aim of the present work, then, was to
find a way to take into account the change in the
active sites of the surface during the course of the
reaction when calculating the TOF value.

One of the ways to account for the number
of active sites removed from the reaction zone
can be the analysis of the equation relating the
distribution of adsorbed hydrogen by binding
energies to the active sites of the catalyst (5)—(7) [21]:

A

calc

=K, AHX(H,)-K

H—A4 meas pois

n(CDAY+ A, (5)

AHE H) =K}, A +

calc meas

+ Ky Ky n(CDA) + A, HIS (H,),

pois max

(6)

AHENH) =-4,,, K}, (7)

max

where 4~ and A are the activities of the
catalyst measured in kinetic experiment (see Eq. (4))
and calculated from thermochemical data,
respectively, [em® - s g '[; A H™(H,) is the peak
position calculated from kinetic data, [kJ-mol™];
A H™ (H,) is the peak position according to the
distribution functions (determined in a thermochemical
experiment using calorimetric data), [kJ-mol™]; CDA
(cross dehydrogenative arylation) is catalytic poison
(deactivating agent for the catalyst); n(CDA) is
the amount of catalytic poison introduced into the
system per gram of catalyst, [mol-g™']; 4 is the
calculated maximum activity for the recovery
of the selected compound on a given -catalyst,
[cm® s g, AH™(H,) is the limiting heat of
hydrogen adsorption (weakly bound hydrogen can
participate in hydrogenation, while strongly bound
hydrogen cannot); K o K, ,, K,,, are constants,
the physical meaning of which must be established.
Thus, by using the above equations to determine
the physical meaning of a number of constants,
it may be possible to determine the number of
active sites removed from the reaction zone by the

catalytic poison. By taking into account the changes
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in surface area during the adsorption deformation,
as well as the active sites removed from the reaction
zone, it will be possible to accurately determine
the number of active sites involved in the reaction,
which should in turn allow the absolute activity
of the catalyst to be accurately calculated.

EXPERIMENTAL

Sodium maleate with a purity of >98%
(Merck, Germany) was chosen as a hydrogen acceptor:
since the mechanism and kinetics of its reduction
by hydrogen in the presence of a catalyst are well
known and the formation of a minimum number
of intermediates and by-products has been recorded,
it is often used as a model compound [12, 13, 22, 23].

Skeletal nickel obtained by leaching the Raney
alloy (Merck, Germany) according to the described
method [12, 13] was used as a catalyst. Previously,
it was shown that the deactivation of skeletal nickel
by the dosed introduction of sulfide ions into the
catalytic system, depending on the nature of the
solvent, is able to selectively block the active sites
of the surface with a given metal-hydrogen bond
energy [12].

Hydrogenation was carried out using a static
method in a closed system with intensive mixing
of the liquid phase to exclude the influence of
external mass transfer on the experimental results
[12, 13]. The reactor was designed in such a way
that the rate of the hydrogenation reaction could
be measured by the volume of hydrogen absorbed
during the reaction per unit of time. The obtained
values were reduced to the standard temperature
and pressure (273.15 K, 1 bar). The experimental
conditions were as follows: mixing speed is
3600 rpm™'; hydrogen pressure is atmospheric;
temperature of the liquid phase is 303 K; mass of the
catalyst is m_ = 0.5 £ 0.01 g; volume of the liquid
phase is 100 cm®; reactor volume is 400 cm®. The
experimental procedure and the reactor diagram
are presented in more detail in [12, 13]. The rate of
hydrogen uptake, the degree of conversion, and
the catalytic activity were calculated according
to Egs. (2)—(4).

Hydrogenate analysis was performed on a
Crystallux-4000M gas chromatograph (META-CHROME,
Russia) with a flame ionization detector.
A TRB-PETROL 100 m x 0.25 mm x 0.5 pm
capillary column (7Teknokroma Analytica S.A., Spain)
was used to separate the extractant. The parameters
of the analysis program were as follows: analysis
time is 60 min; initial temperature of the columns
is 35°C; programmed heating to 150°C at a rate
of 5°C/min, then to 250°C for the remaining

analysis time; detector temperature is 270°C;
evaporator temperature is 270°C; volume of sample
taken for analysis is 0.4 pL.

RESULTS AND DISCUSSION

In order to obtain a set of data on the activity
of the catalyst, nine solvents were considered
in the work, including water, sodium hydroxide,
and aliphatic monatomic alcohol. The effect of the
solvent on the observed kinetic patterns is well
documented in the organic synthesis literature [24].
Although similar effects have been described in
the literature on heterogeneous catalysis, the
chemical basis of the observed effects remains
unclear. Solvent effects in heterogeneous catalysis
have been rationalized by comparing reaction
rates and product distribution with solvent polarity
or permittivity [25-28]. Although there is no doubt
that such properties of the solvent can affect the
kinetics of the reaction, further research is needed
in this area to better understand and quantify these
effects, which become even more difficult when
switching to metal catalysts on a support due to
possible  solvent/support interactions [29, 30].
The authors associate the solvent effects with the
adsorption equilibrium constant and the volume
concentration of H, [31].

An example of primary data is shown in
Fig. la. These data were differentiated and then
normalized per 1 g of catalyst according to Egs. (2)
and (3) (see example in Fig. 1b).

The activity of the catalyst is calculated from
Egs. (2) and (4) and summarized in Table 1.

To calculate the TOF, Eq. (8), obtained from
Egs. (1) and (2), can be used:

TOF =

1 dV(H, N, 1
dV(H,) _[ } ®

m. dt  N™"-1000-V, |s

cat

where N, is the Avogadro number (6.02 x 10* mol™);
N3™is the number of active sites normalized per
1 g of catalyst (g'); V_ is the molar volume of gas
(for hydrogen V= 22.43 dm*/mol [32]).

According to the definition given in [6-8],
the TOF of a catalyst is the maximum number
of molecules that reacted on one active site per
unit of time. Therefore, this value is determined
at the moment when the catalytic reaction reaches
its maximum speed. When a reaction is -carried
out in a batch reactor, the maximum reaction
rate is typically observed at the beginning of the
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Fig. 1. Primary data on the absorption of hydrogen during the hydrogenation of sodium maleate in a solution
of water—0.01 M NaOH-ethanol 0.11 mole fraction at different amounts of introduced sodium sulfide,
mmol (Na,S)/g (Ni): 1(#) 0; 2(m) 0.025; 3(A) 0.075; 4(x) 0.125; 5(*) 0.175;

(a) absorbed hydrogen volume, (b) hydrogen absorption rate.

Table 1. Activity (4) of a porous nickel catalyst in aqueous solutions with additions of sodium hydroxide, aliphatic alcohol,
and catalyst poison, [cm’(H,)/(s-g(Ni))]

n(Na,S), [mmol (Na,S) - g™ (Ni)]
Additives to water
= 0.025 0.075 0.125 0.175
0.01 M NaOH 2.97+045 223+0.33 1.78 £0.27 1.18 £0.18 0.90£0.13
0.1 M NaOH 2.82+£0.42 2.60+0.38 2.20+0.33 1.48 £0.22 1.03£0.15
1 M NaOH 2.32+0.35 2.08+£0.32 1.63+£0.25 1.18+£0.18 0.75+£0.12
0.01 M NaOH-MeOH 2.43+0.37 1.68 £0.25 1.32+0.20 0.93+0.13 0.38+£0.05
0.1 M NaOH-MeOH 2.73+0.42 2.40+0.37 2.22+0.33 1.77+£0.27 0.92+0.13
1 M NaOH-MeOH 2.05+0.30 1.73+£0.27 1.53+0.23 1.45+£0.22 1.15+£0.17
0.01 M NaOH-EtOH 2.62+0.38 1.80+£0.27 1.28+£0.20 0.87+0.13 0.85+0.13
0.1 M NaOH-EtOH 2.88+0.43 3.13+£0.47 2.48 +0.37 1.77+0.27 1.43+£0.22
1 M NaOH-EtOH 1.63+£0.25 1.83+£0.28 1.57+0.23 1.50+0.23 1.28 £0.20

Note: MeOH is methanol; EtOH is ethanol.

reaction. In the present work, the maximum speed

occurred at the beginning of the process in all

cases (see Fig. 1b). The TOF is thus determined
at the same time as the catalyst activity. Thus, with
some  assumptions about the  hydrogenation

reactions of the model compounds considered, the

absolute activity can be expressed by Eq. (9):

TOF ~

A-N,

1
N™™.60-1000- 7, _H'

G.D. Zakumbaeva et al.

©)

[33] found that

1.5-10" nickel atoms are located on 1 m?> of the

surface of skeletal nickel, that is, N;sz =15 - 10".
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Consequently, the normalized number of active
sites per 1 g of catalyst can be expressed by
Eq. (10):

NE™ =8 N, (10)

where S is the specific surface area of the catalyst.
Comblnlng Egs. (9) and (10) gives Eq. (11):

TOF ~ A4- ]ZVA =
S, - N -1000-V,
Ay 1 (11)
S, 1000 _H’

where, for skeletal nickel, y = 1789.
Using Eq. (11), absolute activities (TOF) were
calculated and summarized in Table 2.

Analyzing the data presented in Table 2, it can
be seen that the TOF values decrease monotonically.
However, this should not be the case. It is logical to
assume that there should be changes upon initial
introduction of the catalytic poison, since the energy
profile of the surface changes and the binding energies
of hydrogen with the surface begin to increase [12].
However, further values should change slightly, since
additional introduction of the catalytic poison should
only change the number of active sites available to
the reactants, not their nature.

When calculating TOF according to the above
Eq. (I11), S was considered as a constant. However,
as mentioned above, the specific surface area will
change due to the adsorption deformation that occurs
when the catalyst is poisoned. It was therefore decided
to measure the specific surface area (low temperature
nitrogen adsorption by the Brunauer—Emmett—Teller
(BET) method) in order to take its changes into
account for a more accurate calculation of the TOF.

The data shown in Fig. 2 are in good agreement
with the data published in [20]. There, an initial
increase in specific surface area is also followed by

Table 2. Absolute activity (TOF) of a porous nickel catalyst in aqueous solutions with various additives of sodium
hydroxide, aliphatic alcohol, and catalytic poison, without taking into account adsorption deformation or blocking of active

sites by catalytic poison, 100/s

n(Na,S), [mmol (Na,S) - g™ (Ni)]
Additives to water

- 0.025 0.075 0.125 0.175
0.01 M NaOH* 5.90 4.44 3.55 2.35 1.79
0.1 M NaOH* 5.60 5.17 437 2.95 2.05
1 M NaOH* 4.61 4.14 3.25 2.35 1.49
0.01 M NaOH-MeOH** 7.14 4.94 3.86 2.74 1.12
0.1 M NaOH-MeOH** 8.02 7.04 6.50 5.18 2.69
1 M NaOH-MeOH** 6.01 5.08 4.50 4.25 3.37
0.01 M NaOH-EtOH** 7.67 5.28 3.76 2.54 2.49
0.1 M NaOH-EtOH** 8.46 9.19 7.28 5.18 4.20
1 M NaOH-EtOH** 4.79 5.38 4.60 4.40 3.76

* Specific surface area of the catalyst (S,) =90 m?/g;
** Specific surface area of the catalyst (Ssp) =61 m¥g.
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a decrease as the level of poisoning increases.
In [20], such a change in specific surface area is
explained by the initial adsorption deformation,
where the catalyst particles fall apart into smaller
particles, leading to an increase in specific surface
area. This is also reflected in the increased activity
of the catalyst, which occurs despite the poisoning
of its catalytic poison in a number of solvents. Taking
into account the obtained data, a new calculation
of TOF was made, where S_ is no longer a constant,
but is measured for all cases. The data are presented
in Table 3.

In Table 3, the TOF for poisoned catalysts is
less dependent on the solvent and the values are
close, whereas, without taking into account the
adsorption deformation, there is practically no
correlation of similar values. It is therefore advisable
to use the proposed approximation to calculate
the TOF. However, this approximation does not
take into account the reduction in the number of
active sites due to blocking by a catalytic poison.
Consequently, with this approach to calculating
TOF, the resulting value also decreases as the level
of poisoning increases. However, in some cases
(solutions of H,O-EtOH-0.1 M NaOH and
H,O-EtOH-1 M NaOH), a promotional effect was
observed: in order to correctly calculate TOF, it is
necessary to somehow take into account changes
in the number of active sites during partial poisoning.
This requires further research.

300 —4—0.01M NaOH

Ssp, m%/g

—¢0.01M NaOH, EtOH =~ ——0.01M NaOH, EtOH

To account for the number of active sites
removed from the reaction zone, it is necessary
to reveal the physical meaning of K in Eq. (5).
According to [21] for skeletal nickel,
A = 196 cm*s'g!, = -247.76-10° kJ-mol™,
and K . = 509887 s'; Egs. (5) and (6) take

the form (12) and (13), respectively:

A, =8.11-10" A H™ (H,) -

meas

(12)
—5.09887-10° - n(Na,S) +196,

AHX (H,)=1.2335-10°- 4, + 13
+6.2894-10° - n(Na,S) —241.76-10°.

If expressed K, ,, from Eq. (7) and substituted

into Eq. (5), we get the following Eq. (14):

A HI(H,) -

Acalc = k meas
AH T (Hy) (14)
- Kpois ’ n(NaZS) + Amax N
—%—(.1M NaOH —4—1M NaOH

—#-0.01M NaOH, MeOH -@-0.IM NaOH, MeOH = ——1M NaOH MeOH

—%—1M NaOH, EtOH

0 0.02 0.04 0.06 0.08

0.10 0.12 0.14 0.16

n(Na:S), mmol(Na:S)-g™* (Ni)

Fig. 2. Influence of the amount of introduced catalytic poison on the specific surface area of the catalyst.
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Table 3. Absolute activity (TOF) of a porous nickel catalyst in aqueous solutions with various additions of sodium hydroxide,
aliphatic alcohol, and catalytic poison, taking into account adsorption deformation, but without blocking of active sites by

catalytic poison, 100/s

n(Na,S), [mmol (Na,S) - g™' (Ni)]
Additives to water

- 0.025 0.075 0.125 0.175
0.01 M NaOH 5.90 222 2.36 1.64 1.26
0.1 M NaOH 5.60 2.31 2.06 1.90 1.52
1 M NaOH 4.61 3.92 2.95 1.79 1.10
0.01 M NaOH-MeOH 7.14 4.24 1.57 1.33 0.55
0.1 M NaOH-MeOH 8.02 5.44 2.02 2.11 1.43
1 M NaOH-MeOH 6.01 4.92 2.92 1.79 1.79
0.01 M NaOH-EtOH 7.67 4.18 2.80 1.58 1.27
0.1 M NaOH-EtOH 8.46 4.00 2.12 1.26 1.28
1 M NaOH-EtOH 4.79 5.38 3.55 2.27 1.55

Now let us try to group this equation into a
different form (15):

e AHPNH,) 4,

max

peak K .
A = Ié‘lmaX [1 - AaHmcaS (HZ) - n(NaZS)J (15)

Based on Eq. (15) and the information that

the dimension K = [cm*(H,)-s™"*mol /(S *)],
Eq. (16) is:
_ :A*max'NA'KS—Ni . (16)
pois Nnorm

as

Substituting the figures obtained for skeletal

nickel into this equation, we get K. . = 8. Thus,
K, can be assumed to be the coordination

number for sulfide with respect to nickel, which is

in good agreement with the previously obtained data
[12, 13]. As a result, Eq. (15) can be expressed in
a finite general form (17):

A H™(H,) N, -K..
A= Ay | 1- R e Cl)_ T Boi 5 )
AHNS(H) NS

max

J- a7

It is clear that one sulfur atom blocks
eight nickel atoms. Thus, it is possible to set
a limit at which all nickel atoms will be
blocked, as well as taking into account the number
of unblocked atoms N*™  (18):

ASunblock

N NN K n(Na,S) | (18)

ASunblock

Based on the equations given above, it
becomes clear that K . represents the degree
of blocking of active sites multiplied by the
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maximum  possible activity for the selected
catalyst. Based on this, the following Eq. (19) was
obtained for calculating TOF:

Ny _
(S, VL™ =N, - Ky -n(Na,$))-1000-7,,

4 a - 1 - (19)
S, -Ny™ -1000-V, K ;-n(Na,S)-1000-V,

TOF~ 4-

P D A 1
S, -1000 K -n(Na,S)-1000-V,, |

The results of calculating the absolute error
taking into account the adsorption deformation
and deactivation of the catalyst are shown in Table 4.

As shown in Table 4, the data show close
values of absolute activity in all the considered
systems, having already introduced the catalytic

poison. Thus, taking into account the adsorption
deformation and the physical blocking of the
active sites by the catalytic poison, the TOF
values begin to depend less on the amount of
catalytic poison to instead primarily depend on the
fact of its introduction. Thus, with the exception
of a few cases related to severe selective poisoning
(e.g., with a solution of MeOH-0.01 M NaOH)
[12,13], a further decrease in TOF after blocking
16% of the active atoms is already insignificant,
which was expected since TOF shows the activity
of an active site. The obtained deviations can be
explained by an increase in the heat of adsorption
with an increase in the amount of catalytic poison
injected.

CONCLUSIONS

The studies carried out allow us to take into
account the number of atoms currently available
for the reaction (Eq. (18)).

Table 4. Absolute activity (TOF) of a porous nickel catalyst in aqueous solutions with various additives of sodium
hydroxide, aliphatic alcohol, and catalytic poison, taking into account adsorption deformation and blocking of active

sites by catalytic poison, 100/s

Degree of blocking nickel atoms
Additives to water
0% 11% 16% 32% 45%
0.01 M NaOH 59 23 2.9 24 22
0.1 M NaOH 5.6 2.4 2.4 2.7 2.8
1 M NaOH 4.6 4.3 39 2.7 2.0
0.01 M NaOH-MeOH 7.1 4.8 1.9 1.9 1.0
0.1 M NaOH-MeOH 8.0 6.1 2.3 29 2.8
1 M NaOH-MeOH 6.0 5.6 39 2.5 3.5
0.01 M NaOH-EtOH 7.7 4.7 4.0 2.7 2.4
0.1 M NaOH-EtOH 8.5 42 2.4 1.5 1.8
1 M NaOH-EtOH 4.8 6.2 5.1 34 2.5
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The physical meaning of K . is established
to represent the product of the maximum possible
activity for the selected catalyst by the degree of
blocking of active sites (Eq. (16)). It is shown that
the lack of consideration of adsorption-catalytic
deformation and blocking of active sites leads
to an incorrect calculation of the TOF. With this
calculation, the absolute activity decreases evenly.
Moreover, when these two processes are taken
into account, it can be secen that the absolute
activity initially drops sharply with the initial
introduction of the catalytic poison, since the
energy profile of the surface changes along with
an increase in the binding energies of hydrogen
with the surface. However, with an increased
amount of catalytic poison in the system, the values
further change insignificantly, since additional
poisoning of the catalyst only changes the
number of active sites available to the reactants, but
not their nature.

Equation (19) allows the absolute activity of
a liquid phase hydrogenation catalyst to be
calculated taking into account the adsorption
catalytic deformation.
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