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N. Kobozev (Moscow State University) N.N. Semenov and A.N. Bach

Temkin, M. I.; Bakh, A. N.
Adsorption of hydrogen by
palladium in the presence and
absence of water. J. Phys. Chem.
(USSR) (1934), 5, 809

Qshchei Khimii (1933), 3, 534 /

Kobozev, N. |.; Temkin, M.; Fraiberg, S.
Oxidation of nitric oxide to nitrogen
pentoxide by means of ozone in the
silent electric discharge. Zhurnal
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Temkin, M. |.; Frumkin, A. N. Activation energy of the discharge of

khydrogen ions. Zhurnal Fizicheskoi Khimii (1955), 29 1513 /
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/ Transition State Theory \

Temkin, M. Transition state in surface reactions. Acta Physicochimica
URSS (1938), 8, 141

Temkin, M. I. The Arrhenius equation and the active complex method.
Acta Physicochimica URSS (1940), 13 733

» each molecule one elementary space

* random distribution of molecules

* activated complexes occupy several adjacent elementary sites
» several possible positions of activated complexes

» number of activated complexes is small in comparison with
total number of sites
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/ Surface Reactions \

Reaction : v,A+ ..+ y B +..=
VA + . +Y Bt

r,=x(KT/h)gLq, /(qa,""...0g1"") 041"1...0 SV cy, " exp(-Ae #/KT)

where q,, - modified partition function
L - total number of sites

o %




/ Surface Reactions \

r,=x(KT/h)gLq, /(dp,""...05."")0a4""...0, 5 Cg lexp(-Ac, */KT)

Consequences
Rate is proportional to the number of sites
Rate depends on the surface structure
and configuration of activated complexes.
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/ Lab of Chemical Kinetics \
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Temkin, M.; Pyzhev, V. Kinetics of the synthesis of ammonia on
promoted iron catalysts. J. Phys. Chem. (USSR) (1939), 13, 851

k Theory applied to practical problems /




Mechanism and kinetics

N, +3H, —»2NH,
Mechanism (Fe-based catalyst):

N, +2% = 2N* )
H, + 2% = 21* @)
N* + H* = NH*+* (3)

NH* + H* =NH,*+*  (4)
NH,*+H* =NH*+*  (5)

NH;* = NH, +* (©)
Classical development (Temkin-Pyzhev): , P, C P, "
— Dissociative adsorption ((1) & (2)) r= klRVz P% —k, P :
— Adsorption of N is rds VA =
— N* dominates the surface a=04-05
— Adsorbed N-atoms in “virtual equilibrium™ k; contains rate and equilib. constant

with calculated equilibrium pressure of .
. P . - . 5 P o -
N, and H, in equilibrium with gas-phase NH, ~ al ZE€ro CONVersion:r= k" PHQPN

N /
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Kineties and mechanism of the ammonia synthesis

By A, Ozaxr axp Sm Huen Taviog, F.R.S.
Department of Chemistry, Princeton University
AXD M. BoUDART
Dep of Chemical Enginecring, Princelon University

new kinetic investigations. The additional postulate introduced by Temkin &
Pyzhev is that nitrogen is the only specics covering the surface in appreciable
amounts and that the surface coverage is determined uniquely by the partial pres-
sures of hydrogen and ammonia above the catalyst. The theory further assumes a )

special model of surface heterogeneity characterized by an empirical parameter Hugh Taylor

y

related to a linear change with coverage of activation energies and heats of
adsorption.

Temkin, M. Fugacities in gas mixtures. Acta Physicochimica URSS (1944), 19, 163
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Catalysis Letters 3 (1989) 111-116 \

PERSPECTIVES IN CATALYSIS

VIRTUAL PRESSURE AND VIRTUAL FUGACITY IN CATALYSIS
AND ELECTROCATALYSIS
M. BOUDART
Department of Chemical Lngineering, Stanford University, Stanford, California 94305, U.S.A.
In catalytic reactions, the concept of virfual pressure or virtual fugacity of a

reactant or product was first conceived fifty years ago by Temkin and Pyzhev in
connection with ammonia synthesis and decomposition [2]. If we write the

Ud/va = [NZ]V/[Nllss . (5)
where [N, ], is the actual pressure (or fugacity) of N, in the reacting system at
the steady state and [N, ], is the virtual pressure (or fugacity) of N, defined as the
pressure or fugacity of N, that would be necessary to reach a surface concentra-

tion [N*], prevailing during the steady-state of the reaction, if N, were in
equilibrium with the surface.

L %

/Gas mixtures \

Temkin, M. The Krichevskii - Kazarnovskii equation of state for gaseous
mixtures. J. Phys. Chem. (U. S. S. R.) (1943), 17

Temkin, M. Volatility in gaseous mixtures. J. Phys. Chem. (U. S. S. R.) (1943),
17, 414

Temkin, M. Partial pressures in real gaseous mixtures. Acta Physicochimica
URSS (1945), 20 713

Prof. I. Kazarnovskii
Father-in-law of M. Temkin
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/Surfaces are not uniform \

Temkin, M. I. Kinetics of heterogeneous catalysis. J. Phys. Chem. (U. S. S. R.)
(1940), 14, 1153

Temkin, M.; Levich, V. Adsorption equilibrium on heterogeneous surfaces.
J. Phys. Chem. (U.S.S.R.) (1946), 20, 1441

<9=Z LB in—asp ds

s l+ap 1+a,p
1 1+a
O =— n—OIO
f 1+a,p




/Quasi-logarithmic iIsotherm

<

1 1+a
9= —In=— 2P
f 1l+a,p

ag-a at s=0 (highest a)

where a,-a at s-1 (lowest a)

The number of sites with the same adsorption strength

L

/Strongly nonuniform surfaces

a,>> a, aop>>1, a1p<<1,

For the most strongly adsorbing sites the probability
of being occupied is almost 1 and for the weakly
adsorbing sites — almost 0 (medium coverage)

Logarithmic (Temkin) isotherm

\o

AH

1
= +In(a,p)

uniform
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/Temkin iIsotherm \

Explaining to |. Langmuir and A. Frumkin- that surfaces
are nonuniform

Frumkin-Shlygin isotherm was in fact derived by Temkin in a footnote of

Frumkin, A.N. and Shlygin, A.l., On Platinum Electrode, Dokl Akad. Nauk SSSR,
1934, 2,173.

4 R

Name lsotherm equation Applicahbility

Langmuir™ o a— bp Chemisorption and
Vea: . lsehbn physical adsorpiion

Henry'® v =kp Chemisorption and

phiysical adscrption
Ht low coverages

Freundlich vV =Fkp'"n>1) Clemisorption and
physical adsorplion
at low covarages

s & Chemisorption

Temkin L e R Ll
Vo

Brunauc: - Emmett P 1 L F 1 p MulLi]aye:j. physical

Teller (BET) VDo —5)  Vat Vel m adsorption
Polany®” &= RTIn(pa/p) Pliysical adsorption
Dubirin— Inx = In(Wyp) — Dllni po/p)]*  Multilaye: formation in

Radushkevich™ micropurcus solids
Dubinin-—Kaganar— X = X exp(—Be’) Phvsical adsorption up

Radushkevich 10 a monolayer
(DKR)

Vinul P Y Muliilayer formation in
K RT (1| arx +ax 4 .) micropores

11



Kiperman Romanushkina

Romanushkina, A. E.; Kiperman, S. L.; Temkin, M. |. Equilibrium in the reaction
of hydrogen with nitrogen adsorbed on iron. J. Phys. Chem. USSR (1953), 27,
1181

Kul'kova, N. V.; Temkin, M. I. Kinetics of the reaction of conversion of carbon
monoxide by water vapor. Zhurnal Fizicheskoi Khimii (1949), 23, 695

ﬁemkin, M. I.; Shvartsman, L. A. Auxiliary table for chemical-thermodynarh
calculations. Uspekhi Khimii (1948), 17, 259

20. Beamunna M, anst BHIMHCACHHR TePMOAHHAMHUECKHX

dyukunii no meroay Temkuua w [sapumana In KO —

RT R R

_AHggs +AS£)98 n I

| = —% }AdeT + ] A?deT

298 298

| =AaM, + AbM, + AcM, + AC'M ,

_ 298 298" T
" (n+)T nT  n(n+l)

%%
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Temkin, M. Mixtures of fused salts as ionic solutions.
Acta Physicochimica URSS (1945), 20, 411

<

L

A useful first approximation structural model for molten
ionic systems is the so-called ideal Temkin model. Due to
Coulombic forces. ionic crystals are ordered in a way that
cations are only surrounded by anions and vice versa. An
interchange of an anion and a cation in the lattice is energeti-
cally highly unfavorable. The Temkin model for molten salt
mixtures transfers the ideas for a solid mixed crystal to the
liquid. The molten salt has a “cation lattice” and an “anion
lattice™ so that

§=5+5 [1]

NaCl : affacr = (K (Xer)

KCI-MeCh,

- - HR*
ager = g+) X)) =1+

gt + oangtt

METALLURGICAL AND MATERIALS TRANSACTIONS B

H.A. @YE

VOLUME 31B. AUGUST 2000—641

%

Temkin, M. |.; Kiperman, S. L.; Luk'yanova, L. |. Flow-circulation method
investigation of the kinetics of heterogeneous catalytic reactions.
Doklady Akademii Nauk SSSR (1950), 74, 763

N

\uw.n pump

L= * The pressure in the system is constant

differential form

Buss Berty Carberry

* Gas (liquid) composition does not
change with time or in space

+ Each single pass of reactants through
the bed results in very small conversion
as the circulation rate is very high.

* The system is free from concentration
gradients along the catalyst bed,

concentration gradients due to axial
dispersion and temperature gradients.

*The treatment of data is simplified as
the rate is extracted directly in the

13
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Temkin, M. |. Calculation of surface area
from data of vapor adsorption. Zhurnal
Fizicheskoi Khimii (1955), 29 1610

Cherednichenko, V. M.; Temkin, M. I. The
effect of internal diffusion on the course of
a heterogeneous catalytic reaction retarded
by the reaction product. Zhurnal
Fizicheskoi Khimii (1957), 31, 157.

Cherednichenko, V. M.; Temkin, M. |. Kinetics
of catalytic synthesis of methanol. Zhurnal
Fizicheskoi Khimii (1957), 31, 107

k Cherednichenko, Slinko, Boreskov, Kul’kova, LukyaW

Temkin, M. |. Reaction kinetics on the surface of solids and the problems of
the highest catalyst activity. Zhurnal Fizicheskoi Khimii (1957), 31 3

Kurilenko, A. |.; Kul'kova, N. V.; Rybakova, N. A.; Temkin, M. I.. Oxidation of

ethylene to ethylene oxide on a silver catalyst. Il. The reaction kinetics.
Qurnal Fizicheskoi Khimii (1958), 32, 1043 /
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Temkin, M. |. Conditions that determine the coexistence of gas phases.
Zhurnal Fizicheskoi Khimii (1959), 33, 2040

Gel'bshtein, A. |.; Temkin, M. |., Determination of the reaction order from the
acidity. Proc. Akad. Sci. Phys. Chem. Sect. (1958), 118, 57

Temkin

_!
*

Ty

P %

Temki'n, M. I. Kinetics of stationary reactions. Doklady Akademii Nauk SSSR
Qges), 152, 156 /
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for the determination of heats of chemisorption at elevated temperatures.

Ostrovskii, V. E.; Karpovich, |. R.; Kul'kova, N. V.; Temkin, M. I. Calorimeter\
Zhurnal Fizicheskoi Khimii (1963), 37, 2596
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Fig. 5. Differential beats of I, sorption by NiO at 1507 as a function of the volume of sorbed
H.. In series A, B, C and D the catalyst contained different guantities of O.. Dotted lines indi-
cate maximum sorbed volumes in each series

Journal of Thermal Analysis, Vol. 14 (1978) 27—43

COMBINED USE OF CALORIMETRIC AND ADSORPTION
KINETIC METHODS FOR THE STUDY
OF THE MECHANISMS OF CATALYTIC PROCESSES

V. E. OsTRovVERY

k Karpogp fastitute of Physical Chewistry, Mascow, USSR /

Temkin, M. |.; Apel'baum, L. O. Appiication of a semipermeable membrane to
the study of chain characteristics of surface reactions. Problemy Kinetiki i
Kataliza, Akad. Nauk U.S.S.R. (1960), 392.

Temkin, M. |. Double stage kinetics on a heterogeneous surface. Doklady
Akademii Nauk SSSR (1965), 161, 160.

Temkin, M. |. Kinetics of stationary reactions. Journal of the Research Institute

for Catalysis, Hokkaido University (1968), 16, 355 /

N
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/Theory of complex reactions

<

NO NO
1. 0O +2*«20* 1 1
2. H, +2* &> 2H* 2 0
3. H*+O0*o© OH*+* 2 0
4. OH*+H* < H,0 +2* 2 0
5 Hy+O* <« H,0+* 0_ 2_

tHz + O, «> 2H,0
N®: routes & : stoichiometric number
*: active center : stoichiometric coefficient

L

/ Horiuti - Temkin equation

<

P=S+W-J
P — number of routes, W — number of balance

equations, J — number of intermediates, S —
number of steps

r = i=1 i=1

cTlr+2"'r+s + r—162r+3"'r+s + r—1r—2"'Gs

\o

%
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/ Two-step sequence

1. Z+A,ZI +B,
2. ZI+A, 7 +B,
A,+A, <> B,+B,

KiPp K, Py, —K P kP

r =

klPAl +k, PA2 + k_lPBl +k_, PBz

Gel'bshtein, A. I.; Airapetova, R. P.; Shcheglova, G. G ;
Temkin, M. |. Acidity function in the P205-H20 system.
Zhurnal Neorganicheskoi Khimii (1964), 9, 1502

. Ostrovskii, V. E.; Temkin, M. |. Heats of oxygen
. chemisorption on silver. Kinetika i Kataliz (1966), 7, 529

| Gel'bshtein, A. I.; Kul'kova, N. V.; Temkin, M. I.; Yukhtin, N.
N.; Bakshi, Yu. M.; Bobkov, S. S.; Shcherbatykh, Yu. I.

| Catalyst for acrylonitrile production. U.S.S.R. (1967), SU
1 192760

Shub, F. S.; Apel'baum, L. O.; Temkin, M. I. Simple
gradientless reactor for studying the kinetics of
. homogeneous gas reactions. Kinetika i Kataliz (1969),

10, 464
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ﬁmkin, M. I. A graphic method for the deduction of kinetic equations of\
complex reactions. Doklady Akademii Nauk SSSR (1965), 165, 615

Graph with an empty circle
1. N,+Z=2ZN,

2. ZN,+H,= ZN,H,
3. ZN,H,+Z= 2ZNH
4. ZNH+H, =NH,+Z
5. Z+H,0=Z20+H,

ON =

Hanging vertex

Graph for the Langmuir-Hinshelwood CO oxidation
mechanism with dissociative oxygen adsorption

*0: 4co
1 —
3oy
20, ) 4 2 00
TN

-

F CATALYTIC

K CO: 4- z;}

/ Temkin, M. |.; Kul'kova, N. V. Ideal-displacement laboratory \
reactor. Kinetika i Kataliz (1969), 10, 461

Catalyst granules or pellets are placed into the tubes,
divided with an inert material

Tablet

Tablet

Inert material

Inert material /
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Kuchaev, V. L.; Temkin, M. |I. Secondary ion-ion emission study of the
mechanism of the reaction of hydrogen with oxygen on platinum. Il. Kinetika
i Kataliz (1972), 13, 1024

Novikov, I. I.; Portnoi, V. K.; Kosikhin, Yu. P.; Sinitsyna, N. A.; Temkin, M. |.;
Luzenberg, A. A. Superplastic zinc-aluminum alloy sheet by hardening and
hot rolling. Patent U.S.S.R. (1974), SU 435304

-

Temkin, M. |. Rate relaxation in a two-
step catalytic reaction. Kinetika i
Kataliz (1976), 17, 1095

Meshenko, N. T.; Veselov, V. V.; Shub,
F. S.; Temkin, M. |. Kinetics of the
low-temperature steam reforming of
ethane on a nickel-chromium
catalyst. Kinetika i Kataliz (1977), 18,
962

Shapatina, E. N.; Kuchaev, V. L.; Temkin, M. |. Kinetics of the catalytic synthesis
of phosgene. Kinetika i Kataliz (1977), 18(4), 968

Temkin, M. |. Transfer of dissolved matter between a turbulently moving liquid
and particles suspended in it. Kinetika i Kataliz (1977), 18 493

L %%
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/ Mass transfer \

Temkin, M. |. Transfer of dissolved matter between a turbulently moving liquid
and particles suspended in it. Kinetika i Kataliz (1977), 18 493.

B vd v
- 112 413
Sh= Re"“ Sc

Sherwood Reynolds Schmidt

Number Number Number

/Kolmogorov theory of turbulence \

Critical eddies responsible for energy dissipation
3
Re= V2t Vix(ed)
| 24

Kolmogorov equation can be applied to bubbles / solid particles
with characteristic length d (Temkin, 1977; Baldi et.al., 1978)

1
Re, oc (%)3
Vv

E power input per kg of liquid; energy dissipation

d diameter of bubbles / solid particles

o %
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Remember

IS"{J‘F — —_—

Analysis of
experimental data: 0
% F
]
. {"l.l';y:f.__" I_-'-I-'-—'-—'-!i;JL‘_._l IWRTIT B
Temkin, 1977 % ! z

L

70é 779

Sh=10Re,"Sc"

/ Mass transfer coefficient

<

Gas-liquid

Temkin, 1990

Liquid-solid

diameter of bubbles

eD*
2
Vd cat

1/6

k diameter of particles / Temkin, 1977/
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Temkin, M. I. The kinetics of some industrial heterogeneous catalytic reactions.

@ances in Catalysis (1979), 28, 173-281 /

- " e . -

Temkin, M. |. Gas diffusion in porous catalysts. Kinetika i Kataliz (1981), 22, 1365

Temkin, M. |. Catalyst efficiency factor in a zero order reaction in a spherical

\@us grain. Kinetika i Kataliz (1983), 24, 1270 /
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Kuznetsov, V. D.; Shub, F. S.; Temkin, M. |. Role of
carbon dioxide in the synthesis of methanol in
the presence of the SNM-1 copper catalyst.
Kinetika i Kataliz (1982), 23, 932

Temkin, M. . Simple method for the approximate
calculation of the efficiency factor of a porous
catalyst. Kinetika i Kataliz (1984), 25, 478

Boreskova, E. G.; Kuchaev, V. L.; Temkin, M. I.
Isotope exchange and adsorption of nitrogen on
a catalyst for ammonia synthesis poisoned by
oxygen. Kinetika i Kataliz (1984), 25, 116

Temkin, M. |. Principles of A.A. Balandin multiplet
theory of heterogeneous catalysis. Kinetika i
Kataliz (1986), 27, 533

Temkin, M. |. Equations of state of gases and liquids closely described
Qy van der Waals models. Zhurnal Fizicheskoi Khimii (1988), 62, 2577

%
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Temkin, M. I.; Murzin, D. Yu.; Kul'kova, N. V. Kinetics and mechanism of liquid-
phase hydrogenation. Doklady Akademii Nauk SSSR (1988), 303, 659

Kuchaev, V. L.; Shapatina, E. N.; Temkin, M. |. Kinetics of ammonia synthesis at
I&wtemperatures. Il. Sources of divergences. Kinetika i Kataliz (1988), 29,9

L]

Temkin, M. |. Kinetics and mechanism of ammonia synthesis. Khimicheskaya
Promyshlennost (1990), 292

Murzin, D. Yu.; Kul'kova, N. V.; Temkin, M. |. Kinetics and mechanism of
liquid-phase hydrogenation of benzene with formation both of cyclohexene

and cyclohexane. Kinetika i Kataliz (1990), 31, 983

Temkin, M. |.; Kul'kova, N. V. Synthesis of hydroxylamine sulfate at high

@sure. Khimicheskaya Promyshlennost (1991), 530 /
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Temkin, M. I. Application of the Guggenheim equation of state to gas

reactors, Kinetika i Kataliz (1992), 33, 728

] /' y=113
14 "

/ y=112

s =
- L v

CECOMIHAS
PEMUMA NO
MHEGKWM

Specific mixing power, Wikg

T T T T T T T
120 140 160 180 200 220 240
Number of double movements

equilibriums at high pressures. Khimicheskaya Promyshlennost (1991), 610

Murzin, D. Yu.; Konyukhov, V. Yu.; Kul'kova, N. V.; Temkin, M. |. Diffusion from
the surface of suspended particles and specific power of mixing in vibrating

Specific mixing power in a shaked reactor
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possible mechanism of formation of

adenosine triphosphate in the course

of oxidative phosphorylation.
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..and not only \

Reading Shakespeare

%

Mountain climbing
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/ More personal memories

<

D. Yu. Murzin, The man behind the name:

Mikhail Temkin, Journal of Molecular
Catalysis .A. Chemical (accepted)

L
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Jean-Paul Sartre is reported to have said "'l shall die twice, the
first time physically and the second time when no one shall read
my works””. Mikhail Temkin will live a long, long second life,
as his name will remain known by new generation of kineticists,
who will not even need to read the original writings, since the
main ideas of Temkin are already in all textbooks and
monographs on heterogeneous catalysis

k M. Boudart /

) :
HCA:
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