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Significance

It is shown, based on pulse-response experiments, that under special conditions the activity profile of a prepared cata-
lytic system depends only on the total amount of admitted substance. This property, previously found computationally, is
here established mathematically for porous and nonporous catalysts in different pulse reactors. This result can be used
as a theoretical guidance for the design of systems or materials with an optimal activity profile, in particular a catalyst
bed or a catalyst particle. Consequently, it can be used for understanding and developing the different diffusion-
reaction processes, e.g., wet impregnation, deactivation of active materials, and so forth.
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all scales, that is, active site, catalyst pellet or mem-
brane, and catalytic reactor, remains one of the most
important problems in chemical technology.' Now it is evi-
dent that special, in general nonuniform distributions of the

The optimal or controlled design of catalytic systems at
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active sites within the catalytic unit (pellet, membrane, reac-
tor, etc.) may bring many advantages in terms of controlling
selectivity or lifetime.'™®

Recently, in computational pulse-response adsorption
experiments,” a very interesting phenomenon was found: the
calculated profiles of catalytic active sites were identical if
the number of molecules pulsed during the adsorption proce-
dure was the same. Whether 10 “small” pulses containing
10"® molecules each or one “large” pulse of 10'* molecules
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are injected, the calculated profiles of sorbates, and hence of
the final active sites, are identical. Phanawadee et al.” ana-
lyzed the model of temporal analysis of products (TAP)
response gas-solid experiments. Details on the latter tech-
nique can be found elsewhere.*'” This property was found
for several different cases studied in the TAP-setup: (a) for
nonporous and for porous catalysts; (b) for different configu-
rations of the TAP reactor, that is, one-zone, thin-zone, and
three-zone.

A one-zone reactor is a bed filled by catalyst pellets. In a
three-zone reactor, the catalyst bed is sandwiched between two
beds packed with nonporous inert particles (quartz). A thin-
zone reactor is a three-zone reactor in which the middle, cata-
Iytic, zone is thin enough to be considered longitudinally uni-
form regarding the catalytic active site distribution. The goal
of this article is to provide a rigorous theoretical explanation
of the computational result,’ and hence also clues for the
development of a new paradigm of design of catalytic units
with a controlled profile of catalytic active sites.

The TAP-experiment is performed in the Knudsen diffusion
regime, in which the diffusion coefficient does not depend on the
chemical mixture composition, or on the total pressure. However,
this property can be fulfilled even in a domain somewhat wider
than the Knudsen diffusion domain, and not only for gas-solid
processes. In the modeling by Phanawadee et al.,” it was assumed
that the adsorption process is irreversible and monomolecular.
We would like to stress that irreversible monomolecular adsorp-
tion in a TAP reactor can be considered as the simplest process
representing impregnation of supports for catalyst preparation.
Our analytical results will be obtained specifically for this process
and hold equally for an irreversible reaction involving the forma-
tion of gas-phase products; however, the same analysis can be
applied to many processes of material preparation with a
controlled profile of active substances, for example, preparation
of materials via wet impregnation and optimization of the catalyst
profile during the deactivation process.

From the beginning of this article, we would like to distin-
guish the following characteristics of catalytic units: (1) the pro-
file: longitudinal, in our case corresponding to the reactor scale;
or radial, in our case corresponding to the catalytic support
scale; (2) the integral amount of gas by which the catalyst is
treated at the given position (longitudinal or radial) during all
preparation procedures. This integral amount can be found as
the area under the concentration curve vs. time and can be inter-
preted as the total gas exposure over time. For nonporous cata-
lysts, identical longitudinal properties were obtained across the
bed. For porous catalytic systems, two types of identical profiles
were found, at two length scales: (1) longitudinal profiles across
the reactor; (2) radial profiles within the catalyst pellet. In all
mentioned cases, the profiles calculated computationally’ were
functions of the total amount of pulsed molecules only, not of
any other parameters of the pulse procedure, such as the number
of pulses and the number of molecules per pulse.

First, we are going to formulate two principles of unique-
ness, starting from which the phenomenon can be explained
theoretically both from the physicochemical and mathemati-
cal viewpoint.

1. At any position (longitudinal or radial) of the catalytic
unit, the final catalyst composition is uniquely defined by
the integral amount of gas substance concentrations related
to the given position. This statement reflects a chemical
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feature, that is, the irreversible interaction between the fluid
ingredients, say the active site precursor, and the solid
phase, for example, the catalyst support. It is completely
independent of the fluid dynamics.

2. The integral amount of gas substance concentrations
related to the given position is uniquely defined by the total
amount of molecules admitted to the chemical reactor. This
statement reflects a specific hydrodynamic feature of our
device, viz. the type of transport, boundary conditions, and
so forth.

The following five cases have been analyzed, and similar
results have been obtained: (1) nonporous catalyst, single-
zone TAP reactor; (2) nonporous catalyst, three-zone TAP
reactor; (3) nonporous catalyst, thin-zone TAP reactor
(TZTR); (4) porous catalyst, three-zone TAP reactor; (5)
porous catalyst, TZTR.

Within this article, being limited by space, only two cases
can be presented:

1. Three-zone TAP reactor (nonporous catalyst). Its partic-
ular modifications are the single-zone TAP reactor and
TZTR with the nonporous catalyst, respectively.

2. TZTR with the porous catalyst

Three-Zone Bed Reactor, Nonporous Catalyst

If the three zones have lengths Ly, L, and L3, and the first
and third are inert but the second is reactive, the equations
in the three-zone nonporous reactor are:

e The diffusion or diffusion/reaction equations for the gas
concentration C

IC(x,t) _ 9*C(x,1)

€ T =D, a2 0<x<L;, 0<Zt<+o0 (1)
aC(x,1) . 9°Clx,1)

T =y S S (1= hC (e (1005, 1),
L]<)C<L|+Lz7 0<rt< +0
OC(x,t) _ 0*C(x,1)

€3 o =D; o , Ly tLly <x < Ly+Ly+Ls, 3)
0<tr< +x

where the €53 are the void ratios of the zones, the D3
their diffusivities, p, the number of moles of active sites per
volume of catalyst pellet, and k the adsorption rate constant;

e The interface equations for the concentration C at the

boundaries between zones, expressing continuity of
concentration
CLy =CL{0). CLitly )=CLi+LE.0.
0<t< +
and of flux
ocC oC
—D|—(Ly,0)=—Dy—(LT,1), 0<t<+ 5
lax(l’) zax(l’)’ _< oo ()
oc ocC
—Dy— (Li+L, ,0)=—D3—C(L,+L; 0<t<+
28)((1 27) 38XC(1 2,[), St < e8]
(6)
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e The reaction equation for the coverage 0 in the second zone

90(x, 1)
ot

=kC(x,1)(1-0(x,1)), L <x<L;+L,,

(7
0<t< +@

e The boundary condition on C at the reactor inlet (i.e.,
x=0)

acC

N,
— _ =_Z <
D, P (0,1) 4 (1), 0<t< +o0 )

where A is the cross-sectional area of the bed, N, the number of
moles of the reactant gas in the inlet flow, and /(¢) the unit-area
normalized distribution of inlet flux intensity with respect to time;

e The boundary condition on C at the reactor outlet
(where x=L;+L,+L3)

C(Li+Ly+L3,1)=0, 0<t< +00 )

e The initial condition on C (empty reactor)
C(x,0)=0, 0<x<Li+L,+L; (10)

e the initial coverage 0y

Q(X,O):H()(X), Ly <x<Li+L, (11)

Despite the nonlinearity of the system (1)-(11), its special
properties do allow an integration over time, as follows.
Rewriting (7) as

I 90(x,1)
= L Li+L
1—=0(x,t) Ot K, Li<x<Litl (12)
0<t< +oo

both sides can be integrated from ¢ = 0 to + o0, yielding

1 —90()()
1—=04(x)

where by 0+ (x )— limHOO 0(x, 1), we denote the final cover-
age, and by M(x Io C(x,1)dt, the zeroth moment of C(x,

). This M(x) is, therefore, the total concentration exposure.
Solving (13) for 0+Oc(t) we find that

0rnc()=1=(1=0o(x))exp (—AM(x)  (14)

The expression kM(x), which is dimensionless, characte~r—
izes the efficiency of exposure, and will be denoted by M.
By substitution of the reaction term in (2), we then obtain

8C(x f_ PClx,1) 90(x, 1)

o D ge ellme) == s
Ly <x<Li+L,

In =kM (x) (13)

which can be integrated over 0 <t < +o00 to produce

2
0 Dzd?,/]g )_/’s(l—Ez)(l_@o(x))eXP(_kM(x))’ (16)

L <x<Li+L,
The interface conditions (4) imply that M(x) is a continuous

function at x =L, and x=L; +L,, and (5) and (6) imply that
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dM dM
—Dy (L) =—Dy S (L
la’(l) zdx( ),

dM dM an
—Dy— (Ly+L; )=—D3— (L +L5)
dx dx
The inlet boundary condition (8) integrates to
-D M (0)—N1’ rool(t)dz (18)
Vax A )y
and the outlet boundary condition (9) integrates to
M(Li+L,+L3)=0 (19)

Now the system consisting of (16)—(19) is a second-order
ordinary differential equation with fully specified boundary
conditions, defining uniquely the solution M(x); and the inlet
pulse (N,/A)I(r) only occurs under the form of the total inlet
pulse, its integral (N,/A) 0+:>o I(t)dt. The solution M(x) deter-
mines the final coverage profile 0. in the second zone
uniquely via (13). Therefore, both uniqueness Principles (I)
and (II) hold, and the final coverage is a function only of the
total amount pulsed in, and does not depend on any other
properties of the distribution /(¢) over time.

If the initial coverage 0y(x) is zero, a semianalytical solu-
tion can be found as follows:

e In the first zone, (1) is readily integrated using the fact
that the gas concentration C tends to zero when t — +oo0,
giving 0= D, 4 a'2’ so that M(x)=a+bx for 0 <x <L, for
some constants ¢ and b. The constant b is directly obtained

from the inlet condition (18), —Db= “I(t)dt. To
determine the constant a, we write M, for M (Ll) the value
at the left of the reactive zone. Then M;=a+bL; determines
a from b and M,.

e Similarly, integrating (3) leads to M(x)=d +b'x when
Li+L, < x<Li{+L,+Ls, with @ and b’ other constants. If
we write M, for M(L,+L,), the value at the right of the
reactive zone, M,=da'+b'(L;+L,) and the outlet boundary
condition (19) implies 0=d'+b'(L; +L,+L3), so that &' and
b’ are uniquely determined by two independent linear
equations.

e Now the analysis concentrates on the second zone,
introducing the dimensionless coordinate ¢=(x—L;)/L, so
that 0 < & < 1, and the dimensionless concentration moment
M=kM. We introduce the following dimensionless groups:

kpy(1—e2)L3
D,

I(t)dr, and the aspect ratio of

the Damkohler number Da= , the dimensionless

N,Da +oo
po(T=e2)AL Jo
Zones 3 and 2, o= f’?gz

Let V denote dM/dé, then d*M /d&*=V (dV /dM) and
V(dV /dM)=Da(1—exp (—M)), which is a separable ordinary

Da(]l;[l

pulse size p=

differential equatlon that integrates to 1 (p* -V’ )=
M+exp (—M,)—exp (—M)). Defining the dimensionless aux-

iliary functions tp(x y)=(p*—2Da(x—y+exp (—x)—exp (—y)))'/
and ¢(a,b)= f dM /yy(b,M), we then obtain a system of

equations  for M, and M, &S(M,.,M,)Zl and

ay (M, M )— 1 Using these, the solution is defined implic-
itly as ¢ (M (& ) 1)=¢, from which the final coverage fol-
lows by 0. =1—exp (—M(&)).
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Thin-Zone Bed Reactor, Porous Catalyst

The superscript p is used to indicate properties of the
pores; these have radius R and the external surface area of
the pellet per unit volume of the pellet is denoted A. We
assume that the initial coverage is zero, 05(y)=0. Writing
M. for the moment of concentration in the thin-zone and
MP(y) for the moment of concentration inside the pellet, as
a function of the internal variable y, 0 <y <R, we intro-
duce the dimensionless internal variable {=y/R and the
dimensionless moments M.=kM., M" ({)=kMP(y). Using the
two Damkohler numbers Da=% and Da” =%, a

similar time integration of the diffusion-reaction equation leads to
M’
dg

=Da’(1—exp (—M"({))) (20)

with boundary conditions dM’/d{=0 at (=0 and
M"(1)=M.. We limit our analysis to the case d=1, one-
dimensional pores, as opposed to d =2 or d =3 because
only then does this equation not include explicitly the inde-
pendent variable {, which makes it amenable to solution in
terms of quadratures.

Writing MP(O)=M7 for the moment at the inside of the
pellet,

= @D

JMP(C) am’

M] \/2Da”(1\;lp—M';+exp (—M")—exp (—-M"))

is the semianalytic, implicit solution for the moment along
the pellet profile, from which the final coverage follows as
before from &, _(y)=1—exp (—M"({)). To determine M7 in
this formula, we compute the jump over the thin-zone

R Da - - Z =
p=M-=R)ms \/ZDaP(MZ—M7+exp (—M,)—exp (—M}))
(22)

and state that at (=1, M.=M"(1) due to the absence of
external transport limitations, so that (21) specializes to

M. P

: am
[" — = —=1 (23)

M \/ZDaP(Mp—M7+exp(—Mp)—exp(—Mf))

Consequently, (22) and (23) form a system of two equa-
tions defining MI; and M.; when the former is known, (21)
gives the profile. Once again, its dependence on the total
amount of injected gas flux is established and both unique-
ness principles (I) and (IT) apply.

Conclusions

A remarkable phenomenon described and explained here,
that is, that the final catalytic profile depends only on the total
amount of substance admitted to the reactor, can be a proto-
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type of precise preparation procedures for materials with
desired active component profiles. It can be applied in the
area of catalysis and even far beyond the catalytic technology
in processes in which the active material distribution plays a
significant role (impregnation processes, processes with activa-
tion and deactivation, etc.). In subsequent work, we will
extend the developed theory into the domain of elevated pres-
sures, intending to cover an area of industrial catalysis.

Acknowledgments

Financial support from the Long Term Structural Methusalem Fund-
ing by the Flemish Government. P. Phanawadee, N. Pongboutr, and J.
Limtrakul acknowledge support from the NANOTEC Center of Excel-
lence funded by the National Nanotechnology Center, the Thailand
Research Fund (TRF), the Commission on Higher Education, Ministry
of Education (the “National Research University Project of Thailand
(NRU)”), the National Center for Petroleum, Petrochemical and
Advanced Materials (PPAM), and the Kasetsart University Research and
Development Institute (KURDI).

Literature Cited

1. Morbidelli M, Gavrilidis A, Varma A. Catalyst Design:
Optimal Distribution of Catalyst in Pellets, Reactors and
Membranes. Cambridge, U.K.: Cambridge University
Press, 2001.

2. Regalbuto J. Catalyst Preparation: Science and Engi-
neering. Boca Raton: Taylor and Francis/CRC Press,
2007.

3. Lee SY, Aris R. The distribution of active ingredients in
supported catalysts prepared by impregnation. Catal Rev
Sci Eng. 1985;27(2):207-340.

4. Ertl G, Knozinger H, Weitkamp J. Preparation of Solid
Catalysts. Weinheim, Germany: Wiley-VCH, 1999.

5. De Jong KP. Synthesis of Solid Catalysts. Weinheim,
Germany: Wiley-VCH, 2009.

6. Petersen EE, Bell AT. Catalyst Deactivation. Boca
Raton: CRC Press, 1987.

7. Phanawadee P, Pongboutr N, Yablonsky GS, Constales
D, Jarungmanorom C, Soikham W, Limtrakul J. Inde-
pendence of active substance profiles from the pulse
response experimental procedure. AIChE J. 2013;59:
3574-35717.

8. Gleaves J, Ebner J, Kuechler T. Temporal Analysis of
Products (TAP)—a unique catalyst evaluation system
with submillisecond time resolution. Catal Rev Sci Eng.
1988;30(1):49-116.

9. Gleaves JT, Yablonsky G, Zheng X, Fushimi R, Mills PL.
Temporal analysis of products (TAP)—recent advances in
technology for kinetic analysis of multi-component cata-
lysts. J Mol Catal A Chem. 2010;315(2, SI):108—134.

10. Marin GB, Yablonsky GS. Chemical Kinetics: Decoding
Complexity. Weinheim, Germany: Wiley-VCH, 2011.

Manuscript received July 7, 2014, and revision received Oct. 9, 2014

January 2015 Vol. 61, No. 1 AIChE Journal



	l
	l
	l

