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Abstract

The isotopic exchange between hydrogen and deuterium was studied over a Pd/alumina catalyst. A model was proposed, including the
adsorption and dissociation of hydrogen and deuterium. An adsorption-assisted desorption mechanism was also included and turned out to
play a minor role in the KD, exchange but have to be considered in the reaction between deuterium and water. A comparison between the
experimental data and the simulation revealed that the model could describe the observed dissociation and isotope exchange reaction.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction may be assessed close to a steady state. Isotope-labelled re-
actants are therefore used to follow reaction pathways and
The interaction of hydrogen with metal surfaces is a fun- to determine reaction mechanism, compared to steady-state
damental problem of surface science. Because of its appar-experiments. The kinetic analysis of transient response data
ent simplicity, the investigation of hydrogen adsorption on is based on nonlinear regression analysis. Equations are es-
metal surfaces has regained experimental interest with re-tablished for each and every gas phase and surface species
spect to both the dissociation behaviour and the atomic ad-which results in a set of coupled differential equatifs
sorption properties. In environmental catalysis, the main issue The isotopic transient techniques have been widely used to
is to optimise catalytic converters to remove pollutants. A de- develop new technologies in the field of environmental catal-
tailed understanding of the kinetic processes taking place si-ysis[5,6]. It has also been applied in the linear modelling of
multaneously and interactively is therefore needed. Transientcatalytic surface reactiofig] and in mathematical treatments
response methods offer several advantages for investigatiorof transient kinetic dat§d]. In the present work, deuterium
of the kinetics of heterogeneous catalytic reactions. Tamarustep changes have been utilised to trace the hydrogen reaction
and Naito[1], Mirodatos[2], and Furusawa et aJ3] have pathways over Pd—alumina, as it eventually can help in devel-
reviewed the transient technique applied to heterogeneousoping a fundamental understanding of the role of hydrogen
catalysis. The system can be perturbed in a controlled wayin the reduction of NO.
by changing any system variable such as concentration, tem-
perature, flow rate, or pressure. While undergoing a dynamic
change the system reveals more about the mechanism, coms Experimental
pared to steady-state experiments. A more specific way to use
the transient techniques is the steady-state isotopic transient The isotopic exchange between hydrogen and deuterium
kinetic analysis. This involves replacement of a reactant by was studied using isotopic changes between 1##\Hand
its isotopically labelled counterpart in the form of a step or 1% D,/Ar over a Pd/alumina catalyst in a quartz reactor hav-
pulse input function. The thermodynamic state of the systeming a length of 300 mm and a diameter of approximately
remains constant in the experiment and the reaction kineticsg mm. The catalyst used in the experimental section was a
modified alumina-supported Pd catalyst. The active metal,
* Corresponding author. Tel.: +358 2 2154479, fax: +358 2 2154470, Palladium, was attached to the support by means of impreg-
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trometer. Experiments with£and HO were also performed

Nomenclature to determine the deuterium exchange with hydrogen in water.
The details about the analytical and experimental procedure
c concentration vector, gas-phase components ~ have been reported by Rahkamaa-Tolonen ¢84l.
¢ concentration vector, surface intermediate
M stoichiometric matrix, surface intermediates
N stoichiometric matrix, gas-phase intermediates 3. Results and reaction mechanism
P total pressure
r rate vector, gas-phase components In the present study, hydrogen was initially pre-adsorbed
r' rate vector, surface components on the surface. Once deuterium was introduced to the reactor
R rate vector, elementary steps the isotopic exchange took place with the hydrogen atoms
R gas constant already adsorbed, and formation of HD was immediately ob-
R2 degree of explanation served. At this point the formation of HD started to grow until
t time amaximum, after which it decreased in a short period of time.
T temperature The reverse process could be observed when deuterium flow
\% volume was switched of and hydrogen flow introduced into the reac-
1% volumetric flow rate tor. This can also be seenfig. 1L Production of water was
X molar fraction vector observed in the first and last step of the experiment, which
z dimensionless length coordinate can be attributed to the reaction of chemisorbéehltbms and
OH-groups present in the alumina support. Small amounts of
Greek letters HDO and B3O could be observed during the second stage of
8 dimensionless change in the volumetric floy the experiment.
rate Based on the transient responses and literature data, two
e void fraction different mechanisms were proposed for the isotopic ex-
0 fractional coverage vector change reaction, #D,. The first mechanism, denoted as
e dimensionless time mechanism A, is assuming exchange between atomic hydro-
I catalyst bulk density gen/deuterium and a molecy®:
o specific surface area of the catalyst . .
T contact time D2+H"= HD + D 1)
Hyo +D*= HD + H* (2)

When more vacant sites are available, fissociates and
by nitrogen adsorption was 112fg and the pore volume reacts further with the Hatoms according to the following

of the catalyst was 0.33 &y. The palladium particle size ~ réaction§10]:
determined by CO chemisorption was approximate_ly 3.2nm. Hog)+ 2 = 2H* 3)
The total gas flow over the catalyst was 400 ml/min and the
reaction temperature 1853°C. The experiments were car- Dy + 2* = 2D* 4)
ried out under atmospheric pressure. A split of the product
flow was taken through a capillary to a quadrupole mass spec-H* +D*— HDg) +2* (5)
0.01
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Fig. 1. H/D, exchange over Pd/alumina at 185.
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D, H, H* 4+ H* = Hy* +* (20)
+ +
/I*b /|*|/ H>* +D2= Hy+ D" (21)
7 8
6
H,+D* == D, + Hy* HD™+ D2 D2" +HD (22)
+ o+ + o+ o
OHD+2*  2*  * ¢ x  oHD42x H*+D"= HD"+" (23)
VL LY, | AT [ NP/ | HD* — HD +* (24)
2%+ 2HD* = 2H*+2D*  2D* + 2H* = 2HD*+2*
+ 13 13+ OH* + D* = HDO* +* (25)
oH, 2D,
1) 1) HDO* — HDO+ * (26)
2HD+2H,* 2HD+2D,* HDO* + D* = D,O* 4+ H* (27)
Fig. 2. Mechanism B for the $iD, exchange over Pd. D,0* = D,O+* (28)

The second mechanism illustrated Rig. 2, assum-
ing adsorption-assisted desorption with molecular hydro-
gen/deuterium is denoted as mechanism B.niblecules ) o ] o )
interact with adsorbed hydrogen atoms and enhances their Like all kinetic modelling, the kinetic modelling of the
association and desorption. Tamaru and NEfidfirst pro- H>/D, exchange requires experimental data with sufficient

posed the adsorption-assisted-desorption concept and manipformation content to allow verification of reaction mecha-
authors have later largely reviewed it. nism and meaningful parameter estimation. Usually the case

To clarify the reaction mechanism for the isotope exchange IS that kinetic models for catalytic reactions contain a large
between water and deuterium experiments were performed?Umber of parameters, which requires high experimental ac-
with H,O and D, over the same catalyst and under the CUracy. The kinetic analysis of a reaction can be performed
same condition as the#D, experiment. Once water entered with the use of model fitting and nonlinear regression anal-
the reactor dissociation took place and the isotopic productsYSiS: This allows testing of alternative reaction mechanisms
HDO, D,0 and HD started to formFig. 3. The H atoms since commonly the case is that several models could be fit-
were assisted to desorb from the surface byniblecules ~ t€d to the same reaction. A challenge in kinetic analysis is
simultaneously arriving to the catalyst. The formation of the hence to distinguish a unique functional form of the kinetic
H, peak can be attributed to the adsorption-assisted desorpM0del. Transient techniques provide in general better mech-
tion mechanism. No deuterium response was observed in the?NiSm identifiability than steady-state experiments.

beginning of the experiment indicating adsorption and disso- | N€ parameter estimation and modelling of the reactions in
ciation of deuterium. Rahkamaa-Tolonen ef@].proposed this work is based on the data of the gas phase combined with

based upon the observations a model for the formation of the theoretical calculations of the coverages for the surface
hydrogen as follows: intermediates. The transient step-responses were described

quantitatively with a dynamic plug flow model where adsorp-

4. Mathematical method

D, 4+ 2* = 2D* a7 tion, surface reaction, and desorption steps were included.
Two mechanistic models for thes)HD, exchange were tested
H20+4* = HO" (18) taking into account the adsorption and dissociation of hydro-

gen including an adsorption-assisted desorption mechanism.

k) kL, gk *
H20" +% = H" +OH (19) The first comprises stef§4)—+5) and the second is depicted
in Fig. 2 The gas-phase components and surface intermedi-
0.014+ ates were described with separate mass balances. The kinetic
0.012 parameters were determined with nonlinear regression anal-
H, ;
c 0014 ysis.
2 HD The isothermal plug flow model for the components in the
E 0.008 5, gas phase is written as
3 2% HO = dc dcv)
= 0.004- T —8_1W + opge~tr (29)
0.002 1 - . . " .
0.0 Defining the dimensionless quantities and replacing the con-
0 o o 00 150 200 centrations by mole fractions, the mass balance can be written
Time (5) in dimensionless form
ime (S
dx dx ds opBTRT,
_ o _ = e Yo 4 xm) + PBITIONR (30)
Fig. 3. Hy/D- isotopic exchange in $0 over Pd at 155C. de dz dz Py
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The rates of the elementary steps are given by vétand where the single steps are:

the generation rates of gas phaseahd surface components

(r") are calculated from re = K6 Dy " CHpy 76 = k-6 (D, * Chy*
\R a1 r7 =k7-cp, - Cx, r_7=k_7-cpy
r =
( ) r8=k8'cH2 © Cx, ”78=k78'CH2*
K
"= ddi = MR 32 re=hkeeppch  re=ko-ch
t
r10 = k10 - ¢y - €2, r_10=k_10- cﬁ*
whereN andM denote the stoichiometric matrices for the . . _ ;... byt e ro11=k_11- 3.
gas phase and surface componéhig. v v 2
Instead of using surface concentration surface coverage’12 = #12° CHy* = Cx,  I'=12 = K12 Cpys
(6)), calculated fronc” =6;co wherecy is the total concen-  r13 = k13- cp* - CHx,  r-13 = k_13" CHD*  Cx
tration of active sites can be used. When dimensionless time r14 = k14 - cyp*, F_14a=k_14" CHD - Cx

is inserted the final form of the balance becomes

@ (L)
de Co

r15 = k15 CHD* * CHp,  7'—15 = k—15* CHy* * CHD
r16 = k16 - CHD* - €CD,» ¥—16 = k_16- CD,* * CHD

The model predictions were obtained by solving the differ-

The initial conditions of the gas phase and surface balanceential equations numerically for all of the components during

equations are

X = Xo(z)

0=00(z), ©<0,0=<z<x<l1l

The rates of the elementary steps for th€Bp exchange ex-

the parameter estimation. The PDEs, @), were converted

to ODEs by the method of lines. The ODEs were solved
with the ODE-solver (BzzOde) suitable for stiff differential
equation was used to solve the system of equations with the
backward difference method. The ODE-solver connected to
a parameter-estimation program, MODERP], was used

plained by reaction mechanism A are given by the following for the estimation of the kinetic parameters. The simplex al-

equations:

Ry, =—r2+r2—rz+rs,

Rpx=ri—r_1—ro+r_o+2rp4—2r_4—rs
Rup=ri—r-1+r2—r_2+rs,
Ry =—ri+ra+r—ro+2r3—2r_3—rsg

Rp, =—r1+r_1—ra+r_a,
Ry = _(RD* + RH*)

where the single steps are:

r1=k1-cp, - CcH*,

r2 = k2 cH, - cp*,
2
%9

2
r4 =ks - cp, - c,

rg=k3: cH,c

rs = ks cp* - cy+,

The concentration is denoted byk the rate constant and «
the concentration of the adsorbed species A, etc.

re1=k_1-
ro=k_o-
r-3=k_3-
r_a=k_q-

Cp*
CH*
2,

2,

* CHD
* CHD

gorithm implemented in the software minimized the residual
sum of squares. The most common measure for the goodness
of fit is the R%-value, given by the expression

2 = 100(1_ lew— cesil® (36)
||Cexp - Cexp||2

where the valueses; denote the predictions given by the
model andrexp the mean value of all the data points.
For the B + H>O reaction the elementary steps are given
as follows.
For gas species:
Ry, = ro1—r-21
Rup = roo—r—22+raa—r_24
Rp, = —rniz+rar—raa+ ro1—ra2+ro2
Ry,0= —rig+r-18
Rupo = r26—r—26
Rp,0 = rog—r-2s

The rates of the elementary steps for mechanism B, based

onFig. 2 are:

Ry, =—-re+r_g—rg+r_g—rio+r-10—ris+r_1s,

Rup = ria—r-14+ris—r_15+ri6 —r—1e,
Rp,=re—re—r7+r—7—rg+r_g—rig+r_1s,

Ry=—r7+r7—rg+rg—2r9+2r 9—2ri0+2r_10—ri1

+roaa—ri2+roi2+ri3—ro13+ria—r-14
Ry = 2rio— 2r—_10+ 2r12 — 2r_12 — r1i3+r—_13
Rpx =2rg — 2r_g+ 2r11 — 2r_11 —riz+r-13
Ry,=re—r-e+rg—r-g—ri2+r-12+ris—r-_15
Rp, =—re+re+rr—r_7—ri1+r_11+rie—r-16
Rup» =ri3—r-13—ria+r-14—ris+r_1s —rie+r-1e
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For surface species: Table 1
Estimated values of the parameters fof[Bb exchange, all steps included
Ry = —2r17+2r_17—rig+r_18—r19+r_19+ r20— in the calculations
r_204 123 —r—23 4 ro4 — r—o4 + ros — r_o5 + rog— Mechanism A: all parameters (degree of explanation 99.41%)
r_26+rzg —r—_o8 Parameter Estimated values
Rpx =2r17 —2r_17 —ro3+r_23—ra5+r_35 ki (/mol's) 1.36x 103+£5.13x 1073
k_1 (/mols) 5.38x 1073+0.0143
—rar+r-2r ks (I/mol s) 6.79x 10-3+0.011
Ru,0 =rig—r-1g—rig+r_19 k_2 (I/mol s) 0.0134+ 2.69x 1073
_ ks (12/mol s) 0.912+0.12
Ry = —2r20 + 2r—20 — rag +r-23+ ra7 —r-27 k_s (/mol s) 0.0919+ 0.0131
ROH* =ri9—r—_19 — 7125 —r_25 k4 (I2/m0I2 S) 1.18+0.124
R _ k_a (1/s) 0.124£0.012
Hp* =720 —7r—20—r21+r-21 ks (/mol's) 0.2140.0115

Rpy =ra1—r-a1+ra—r-2
Mechanism B: all parameters (degree of explanation 96.69%)

Ruyp* = —ra2+r-—22+r23—r-23—raa+r_24 -
R " n Parameter Estimated values
¥ =125 —F_25— 126+ 7r_26—127+71-27
HDO ke (/mol s) 1.24x 10754+ 7.58x 104
Rp,or =r27—r—27—r2g+r-28 k_g (/mol's) 2.41x 1074 +0.0196
. kz (Ymol's 0.122+0.129
and for the single steps the rates are: k77( (s ) 0.033. 0.00596
2 2 kg (I/mol's 0.494+0.0277
r17 = k17 - ¢p, - c§, r—17 =k_17- cps k_; s ) 0.1794 1.68x 10-4
r1gs = k18 - CH,0 * Cx, r_1g=k_1g8- CH,O* ko (12/moP-s) 6.444+0.313
1o = k1 - Cores - g = ket - Corn - G k_g (I/mol's) 0.774+0.0631
r20 = koo - C&i*’ r—20=k_20- CHy* - Cx k_10 (/mols) 0.595+ 0.0551
—k — ki1 (/mols) 1.15+2.24x 1073
21 = K21 CHp* * CDps  T—21 = K-21" CH, " €Dy K_11 (Vmol s) 0.656+ 0.0163
r22 = k22 - CHp* - €D,, 722 =Kk _22- CD,* - CHD k12 (I/mol s) 0.21+0.0288
k_12 (I/mol s) 0.5314-0.0434
r23 = k23 cp* - oy, r—23=k_23 CHD* * Cx kiz (Vmol s) 0.66+5.21
ro4 = k24 - CHD*, r—24=%Kk_24-CHD * Cx k_13 (I/mol's) 0.253+0.0202
kg (s71) 0.546+0.00134
ro5 = kos - conr - cp*, 725 = k_25- CHpO* - Cx K_14 (Umol s) 0.169% 0012
726 = k26 - CHDO*» r_26 = k_26- CHDO * Cx kis (I/mol s) 4.63x 104 +£2.68x 1072
k_15 (I/mol's) 9.68x 104+7.97x 1074
ra7 = k27 CHpo* - cD*, 127 = k27 CD,0* - CH* ks (I/mol s) 7.42x 1074+ 1.76x 10°3
rog = k2g - ¢p,0*, r_28 = k_28- cD,0 - C« k_16 (/mol's) 6.25x 103+ 0.016

probably a local, but not global, minimum. When the rate
5. Discussion constants for the steps (6), (15) and (16) in mechanism B

(Fig. 2) were set to zero, the mechanism was able to describe

The two mechanisms for the)HD,> exchange were tested  the isotopic exchangedfD, on Pd in the best way with a de-

separately. When all steps were considered in the parametegree of explanation of 99.7%. As can be seen flag 4, the
estimation for mechanism A, the values of the parameters for comparison between experimental data and modelled simu-
stepg1) and(2) were close to zero resulting in high standard lations demonstrated successful modelling. The parameters
errors for the parameters, as can be seen frabte 1 To test and the statistics are presentedable 2 The results reveal
whether the adsorption-assisted desorption, e.g. §i¢pad that dissociation of hydrogen and deuterium is the prevail-
(2), is significant for the reaction the rate constants for steps ing mechanism. This result is in agreement with previous
(1) and(2) were fixed to zero. This resulted in an improve- experiments, which demonstrates that hydrogen is adsorbed
ment of the parameter errors but the degree of explanationdissociatively on palladiurfi.3].
decreased, which is presentedrable 2 For mechanism B, Modelling and parameter estimation for the BH20 re-
a similar observation was made. When all steps in the mecha-action was also performed. It was important to reveal if the
nism were included in the parameter estimation the values ofadsorption-assisted desorption step proposed by Rahkamaa-
the steps attributed to the molecular adsorption-assisted desTolonen etal., ste21), was significant for the reaction mech-
orption, steps (6), (15) and (16), were found to be very low anism. During the parameter estimation of this mechanism,
after optimum fit to the experimental datéaple J). In this the rate constant for stef21) was either included or ex-
form, the mechanism could not describe th#b$ exchange cluded (rate constant equal to zero) from the calculations.
sufficiently well, indicating that this parameter set represents If step (21) was included the degree of explanation (96.8%)
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Table 2 0.014
Estimated values of the parameters fe/[Bp exchange, without adsorption
assisted desorption 0.012}1¢ H J
2
Mechanism A (degree of explanation 98.64%) o
0.01} .
Parameter Estimated values o
= le] sloleletars)
ks (12/moP s) 0.81+0.134 S o0.008} o o, W
k_3 (Vmol-s) 0.08+8.68x 1075 @
kg (12/moP s) 1.06+ 0.0709 #/moP-s © 0.006] ¢ X o ]
ka(s™) 0.10+0.0151/s s EOROCECO0VCR00BCACIHNO
ks (I/mol-s) 0.06+4.37x 10-3l/mol-s 0.004° 0.0 1
16300000000 2
Mechanism B (degree of explanation 99.7%) 0.002 TUElPH,O
Parameter Estimated
k7 (/mol s) 0.019+0.016 l/mols 9 100 150 200 BRG
—1
k7(sh 0.0114+0.012 1/s THiie &)
ks (I/mol s) 0.018+ 0.0181/mols
kg(s? .024+0.019 1
Ko %Smglz s) (J).:(L)ﬂ: 5 23 Icz)/mgoléss Fig. 5. Dy + H,0O on Pd/alumina. Comparison between experimental data
K_g (mol's) 1.33+ 0.61 I/mols (symbols) and calculations (curves). Degree of explanation is 96.8%.
2 2
Em (I(lllmll ss)) §634Si 8222 imols Table 3
—10 . . . . . .
ke (Vmol's) 3.4 0.24 /mols Estimated parameters for the modelling of-bH,O reaction on Pd/alumina
k_11 (I/mol's) 1.9+ 0.17 I/mols Parameter Estimated values
ki2 (I/mol's) 2.544+0.57 limots ki7 (12/moPs) 4.92+3.35
k_12 (I/mol's) 2.14+ 1.251/mols k_17 (Ymol's) 2.07+2.23
ki3 (I/mol's) 0.664 0.45/mols kg (I/mol's) 4.06+2.24
k_13 (I/mol's) 1.8x 103+ 2.45x 10~*I/mol-s K_1g (s71) 1.344+0.532
kia (571 0.67+£2.75x 1074 1/s kig (I/mols) 0.653+0.859
k-14 (Vmols) 0.19+0.11 K_10 (mol's) 2.85x 10-3+£4.83x 1074
koo (I/mol s) 3.85+4.62
I h . d bl k_20 (I/mol's) 2.72x103+1.6x 1073
as well as t e estlmat_e parameter errors was acceptabley (mols) 4.97% 10-3 4+ 1.23x 10-3
Without taking steff21) into account the degree of explana-  k_,; (/mols) 4.24x 1073 +3.19x 1073
tion remained below 80%. This could lead to the conclusion ks (/mols) 597+ 1.7
that adsorption-assisted desorption plays a minor role in the k-22 (fmols) 6.1x 10-3+1.7x 107
H,/D, exchange but have to be considered in the reaction be-i23 ("(’J‘;LSI)S) glgii;éig
. . . 23 . .
tween de_uterlum f_;md water. The hydrogen peak |mmed|ately koa (s1) 0.2284 0.07
after the introduction of Pand HO can clearly be assigned  _,, (imols) 0.0456+ 0.0361
to the adsorption-assisted desorption phenomena, in whichks (/mols) 1.58+0.802
deuterium interacts with chemisorbed i order to liberate k'Lz? (1/{;10'5) 4.18£2.11
ive sites and then dissociakég. 5displays the compari- (S 0.414:+0.58
active sites and then dissociakgg. 5displays the compa K 25 (Imols) 483+ 383
ko7 (I/mol s) 0.525+0.0918
< 0.01 P S S " k_»7 (mol's) 1.42+0.269
2 0.008F 2 D, kog (s71) 0.102+0.138
8 o.006} k_2g (Vmol's) 6.47+8.63
()
5 0.004} HD
= 0.002} > . . .
son between experimental data and modelled simulations for
the D, + H2O reaction to the experimental data and the pa-
rameter statistics is summarizedTable 3 As can be seen,
c the proposed modelis able to describe the transient behaviour
2 of the system.
g
©
o -
= 6. Conclusions

Kinetic modelling of the isotopic exchange between hy-
drogen and deuterium over Pd#ll; was performed in this

Fig. 4. Hp/D exchange on Pd/alumina. Comparison between experimental Study by nonlinear regression. Based on experimental results,
data (symbols) and calculations (curves). The degree of explanation is 99.7%.reaction mechanisms were developed for th&}H exchange
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