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The styrene hydrogenation over Pd/C in a three-phase dead-end stirred tank reactor has been simulated.
The mass transfer coefficients were calculated based on experimental data. The fast intrinsic reaction kinet-
ics did not allow the effects of the gas-liquid and liquid-solid mass transfer to be ignored. A rigorous model
is described which includes all mass transfer steps with a Langmuir-Hinshelwood model of the surface
chemical reaction. The adsorption constants of hydrogen, styrene and ethylbenzene on catalyst active sites
were estimated from a single experimental reaction profile. The parameterised model was validated against
6 further sets of experimental data which were not included in the parameters’ estimation procedure. Re-
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sults indicate the ethylbenzene, styrene and hydrogen adsorption to have an equilibrium constant of
148.34 L mol™, 847.72 L mol™ and 19984 L mol™, respectively. The intrinsic rate constant for the 4.63%
Pd/C catalyst is 0.0542 mol geat * s or 1.17 mol geg * s This work demonstrates that the analysis of the
whole hydrogenation reaction profile in combination with detailed mass transfer resistance evaluation can
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1. Introduction

It is well-known that gas-liquid-solid three-phase reactors
play an important role in the chemical industry. The pharma-
ceutical and fine chemical industries employ batch or semi-
batch mechanically agitated slurry reactors for the production
of high additional value products as they are more versatile,
and therefore, more suitable for multi-purpose plants.'?

A three-phase reaction is a complicated combination of
physical and chemical processes (Fig. 1). The three-phase re-
action involves hydrogen mass transfer from gas to the bulk
of the liquid phase, substrate and hydrogen mass transfer
from the bulk to the surface of the solid phase and pore dif-
fusion within the solid phase and finally transfer and adsorp-
tion onto the catalytic metal nanoparticles dispersed over the
pore surface.”™* The chemical reaction occurs on the nano-
particles: adsorbed reactants migrate to active sites where the
reaction activation energy is lowest. Each of the mass transfer
processes and the chemical reaction affect the overall rate to
different extents. In particular, when a fast chemical reaction
takes place the mass transfer is likely to affect strongly the
overall rate.*
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provide fundamental system properties.

The objective of this work is to develop a model to describe
the heterogeneous hydrogenation of styrene over a commercial
Pd/C in a semi-batch dead-end stirred tank reactor and approx-
imate the surface kinetics of the reaction by comparing the
simulated concentration profile of styrene to experimental data
for which the experimental methodology, material details, and
results are in the work of Stamatiou and Muller."

2. Mathematical model
Mass transfer

Fig. 1 describes the three-phase hydrogenation of styrene to
produce ethylbenzene in a batch stirred tank reactor. Mass
transfer is achieved by two mechanisms: diffusion and con-
vection. To describe mass transfer through interfaces, the
Danckwerts surface renewal model is used since the fluid
flow near the interfaces is slow, due to non-slip boundary
conditions, and diffusion becomes the dominating mass
transfer mechanism.’

The Danckwerts surface renewal model of mass transfer
relates the mass transfer from an interface into a fluid by:

MTR = ka:(C,~C,) where k, ~\/D (1)

The mass transfer rate (MTR) is given in units of mol s™
m™ of the liquid, k; is the observed mass transfer constant
(m s7"), o is the interfacial area available for mass transfer
and (C; — Cp) is the concentration difference between the
interface and the averaged fluid, or the bulk concentration
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Fig. 1 Process scheme of styrene hydrogenation in a batch stirred tank reactor. The process scheme shows the phases (zones of relatively
constant composition), the key components in these phases, and the main transport and reaction pathways.

(mol per unit volume liquid). Therefore, the mass transfer
rates in the different locations are expressed in eqn (2)-(4).

The interfacial area, ag, which is available for mass trans-
fer from the gas to liquid phase, is created by the external
surface area of the bubbles, which are dispersed in the con-
tinuous liquid phase by means of agitation, and it has units
of m*> m™ liquid. The interfacial area, og, which is available
for mass transfer from the liquid to solid phase, is created by
the external area of the solids (catalyst supporting material),
which are suspended in the continuous liquid phase by
means of agitation, and it has units of m* g, ".

1. Mass transfer at the gas-liquid interface - gas side

MTR

H,,G—i

P P, .

=kya, H [ﬁ_ﬁ] (2)
¢ ‘ HE HE

2. Mass transfer at the gas-liquid interface - liquid side

MTRy, i1, = ki @g(Ch,i — Cu, 1) 3)

3. Mass transfer at the liquid-solid interface

ks,Hz‘as"%(CHz,L - CHZ,S) (4)
L

MTR

Hy LS —

In the case of pure hydrogen or slightly soluble gases, it is
unlikely that the adsorption of H, affects the overall rate.
Therefore, it is neglected and the concentration of H, at the
gas-liquid interface is considered to be in equilibrium with
the gas phase pressure based on Henry's law®’ which is given
by eqn (5), where Hg is the Henry constant.

PH2 = HE'CHZ,i (5)
The internal mass transfer due to the pore structure of the

catalyst may be modelled using the Thiele modulus. In the
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course of this study, the internal mass transfer is neglected
because of the use of a fine powder catalyst with a diameter
of 20 um*.

Surface reaction

To describe mathematically the mechanism of the surface re-
action between styrene and hydrogen, we adopt the Lang-
muir-Hinshelwood model. We use a commercial palladium
on carbon catalyst, obtained from Johnson Matthey (type
87L, Pd content based on ICP-MS: 4.63%), where hydrogen is
dissociatively chemisorbed.®'> We assume that styrene and
hydrogen compete for the same sites. The reaction mecha-
nism conforms to a Horiuti-Polanyi model and is described
by the elementary steps which are presented in Table 1, (O
represents active catalyst sites) (Fig. 2).

Steps s2 and s5 describe the adsorption/desorption of sty-
rene and ethylbenzene, respectively, while step s1 represents
the dissociative adsorption of hydrogen. In steps s3 and s4,
we have assumed that styrene is consecutively hydrogenated
by two different hydrogen atoms which have been dissociated
on the active sites of the catalyst. The first adsorbed hydro-
gen atom is added to the adsorbed styrene molecule, in step
s3, producing the semi-hydrogenated intermediate, I, which
afterwards reacts with the second adsorbed hydrogen to pro-
duce an adsorbed ethylbenzene molecule (s4). The linear de-
pendency of the reaction rate on the square root of hydrogen
concentration (Fig. 3) indicates that the first hydrogen addi-
tion (s3) is the rate-determining step. The surface reaction
rate, ', is given by eqn (6).

' =kl -05:0, (6)

To eliminate the fractional surface coverages of styrene
and hydrogen from eqn (6), 05 and 6y, we use the expres-
sions of equilibrium constants and the mass balance of the
active sites (eqn (7)). The fractional surface coverage of the

This journal is © The Royal Society of Chemistry 2019
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Table 1 Elementary steps of the surface chemical reaction
H,s+0O0O Kn, 2H-O ‘- 0,2 (s1)
H™ 2
Ou 'CHZ,S
Stg + O Ky, St-0O ‘- 0, (s2)
St T
en'Csz,s
Sts—-O+H-0O , I-0+0 r_ gt s3
s R r'=ki-Og -0y (s3)
I-O0+H-O EB-0O+0O s4
Kl O, (54)
I GI'OH
EBg + O EB-0O s5
S PEECTIIN K. = 9EB (55)
EB,S — 0.0
o"VEBS

semi-hydrogenated radical, 6;, is assumed to be negligible
compared to the surface coverages of hydrogen, styrene and
ethylbenzene. Finally, the surface reaction of styrene hydroge-
nation is described by eqn (9).

Os¢ + O + Open + Op =1 (7)

1
= (8)
KSt'CSt,S + \/KHZ'CHZ,S + KEB 'CEB,s +1

o

KSt.CSt,S RV, KHZ'CH2 S

=k - 9)
|:stcs¢,s + \/KHQ‘CHZ,S + KEB'CEB,S + 1:|
LR .
r =k -——JCys Styreneinexcess (10)
KSt CS[,S )
JK
K, = r/ Cys = K- KHZ L Styrenein excess (11)
St St,S

Material balance of species in the reactor

The semi-batch reactor operates in the dead-end mode; all
materials remain in the reactor and hydrogen gas is supplied
continuously to the reactor with the flow rate controlled so as

X\ pdc

—_—
H>. MeOH

St EB

Fig. 2 Chemical reaction scheme of styrene (St) hydrogenation to
ethylbenzene (EB).

This journal is © The Royal Society of Chemistry 2019

to keep the reactor pressure constant. Without agitation,
there is no appreciable gas-liquid mass transfer so time zero
(¢ = 0) coincides with the switching on of the agitator. The ex-
perimental data set is analysed assuming (i) any hydrogen
passing through the mass flow controller is being consumed
by the reaction and (ii) the quantities of styrene and ethyl-
benzene associated with the catalyst phase are small com-
pared to the quantity in the liquid bulk.

We have written the material balances of the species in
the three different phases: (i) the hydrogen gas phase with
volume Vg, (ii) the bulk liquid phase with volume V;, and (iii)
a small volume associated with the catalyst Vg;. Convention-
ally, this last volume is chosen to be zero, essentially assum-
ing that the concentrations in the catalyst instantaneously
reach their dynamic equilibrium (so dCss/d¢t and dCgg s/dt =
0 at all times). We choose not to make this assumption, and
arbitrarily set the volume of the liquid associated with the
catalyst to the volume of particles in the reaction mixture, so
as to observe the timescale over which the dynamic equilib-
rium is reached. The volume of particles in the reaction mix-
ture was estimated for solid spheres and by using the mean
particle diameter and particle density found in Stamatiou
and Muller.*

g 10
1200rpm, 32°C, 0.05 g/L cat

14
5 & y = 0.00324'x
g R?=0.915 J
e % \
=
§ 3 '
s € J
=
9 2
(]
=

0

0 0.05 0.1 0.15 0.2
Square root of hydrogen concentration, Cg'gi
(moIe/L)o'5

Fig. 3 Mass transfer rate against the square root of hydrogen
concentration.

React. Chem. Eng., 2019, 4, 1477-1485 | 1479


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8re00132d

Open Access Article. Published on 10 July 2019. Downloaded on 5/23/2026 6:27:22 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

We assume that the concentration of each material in this
volume can be represented by a single variable and that the
concentrations of styrene, ethylbenzene and hydrogen Csg,
Cgg,s and Cy, s, respectively, are in their adsorption equilib-
rium (step s1, s2 and s5 in Table 1).

We have written the material balances of the species in
the three different phases. Hydrogen is present in gas phase,
in bulk liquid phase, where it is dissolved, and at the outer
surface of the catalyst support. The concentration of hydro-
gen at the outer surface of the catalyst support, Cy_g, is in
equilibrium with the amount of hydrogen which is
dissociatively adsorbed onto catalyst active sites.

The material balances of each species in each phase for
the semi-batch are described below in eqn (12)—(18).

Hydrogen

dc, .
GAS T‘; =0 (12)
dé, W,
LIQUID —t = kL'ag'(CH:vi - CHz,L ) - kS,Hz'as' . (CH:,L - CH:,S)
dt v,
(13)
dCHZ,S VL [/Vc VVC ,
SOLID  — === e ks,H;“s‘VL(CHz,L ~Cys)- v (14)
Styrene
dc;, w
LIQUID L _kS,Sl'aslic(CSl,L - C&,s) (15)
dr 4
SOLID dSt'S = VSLL'[ks,st'as' VL(Cst,L - Cst,S ) - VL.V ] (16)
Ethylbenzene
dC, /4
LIQUID —BL kS,EB-aS~7“(CEB,L ~Cups) (17)

L

dC; v, /4 W, .
SOLID dElRS=VL'[_ks,ma‘as'I/C(CEB,L_CEB,S)+I/{'VJ (18)

SL L

3. Results and discussion

The reactor model is described by the differential equations
eqn (15)-(21). To overcome the stiffness of the reactor's

1480 | React Chem. Eng., 2019, 4, 1477-1485
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model, the ODE15s MATLAB solver was used for simulating
the progression of concentrations of species over time in the
reactor. Seven different experiments were used under various
agitation speeds, catalyst concentrations and pressures, each
one repeated three times. All experiments were conducted at
32 °C; hence, temperature effects are not included in the
model. One experiment was used for estimating the model
parameters (training data set), which are described below,
while the other six experiments were used to validate the
model (validation data) since their data which were not used
in the parameter estimation procedure which is described
below.

The model consists of eight different parameters; four are
related to the external mass transfer, three are related to the
adsorption/desorption of the molecules on the catalyst active
sites, and one is related to the intrinsic chemical reaction ki-
netics. The adsorption constants of styrene, Ks;, hydrogen,
Ky, and ethylbenzene, Kgg, and the intrinsic reaction rate

constant, k;, were estimated by using the MATLAB Global

Search algorithm to fit the numerical solution of the reactor
model described by the differential equations eqn (12)-(18)
to the experimentally observed styrene concentration profile
in experiment 1. The numerical solution was obtained using
the implicit ODE15s MATLAB solver, which is capable of han-
dling the stiffness of the reactor's model. The resulting fitting
parameters were then validated using experiments 2-7
(Table 2), which were not used in the fitting procedure. It is
assumed that the external mass transfer parameters do not
affect the surface reaction kinetics.

The styrene concentration profile was calculated by using
the accumulative consumption curve of hydrogen and it is
given by eqn (19).

N N P 1
Cor (1) =GR (0) =y f, R
L

(19)

The data for calculating the mass transfer coefficients of
hydrogen were found in the work of Stamatiou and Muller,*
while the liquid-solid mass transfer coefficients of styrene
and ethylbenzene were correlated to the liquid-solid mass
transfer coefficient of hydrogen based on the values of the
square root of their diffusion coefficients in methanol, since

the surface renewal model suggests that k ~+/D. The values

of mass transfer coefficients have been calculated using the
data which correspond to periods for which styrene is in a
large excess. Therefore, the observed chemical reaction con-
stant is given by eqn (11). All the mass transfer coefficients
and the experimental conditions are summarised in Table 2.

Objective function and constrains

The objective function minimised is the sum of squared errors
between the experimental and simulated concentrations of sty-
rene under the conditions of experiment 1, CE@‘}{ and
respectively, and it is described by eqn (20).

im
St,Ly

This journal is © The Royal Society of Chemistry 2019
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Table 2 Summary of experimental conditions and associated mass transfer coefficients and their 95% confidence intervals as determined by Stamatiou

and Muller*
Training Validation
Exp. 1 Exp. 2 Exp. 3 Exp. 4 Exp. 5 Exp. 6 Exp. 7
N (rpm) 1200 1200 1000 1000 700 500 400
P (Bara) 3 7 3 5 3 3 3
T (°C) 32 32 32 32 32 32 32
Ceat. (gL™ 0.05 0.05 0.1 0.1 0.2 0.085 0.125
kiay (s™ 0.0873 0.0873 0.1094 0.1094 0.0710 0.0558 0.0299
195% C. I 0.0216 0.0216 0.0099 0.0099 0.0050 0.0021 0.0004
ks, i, 05 Lstg™ 2.85 2.82 1.5530 1.5530 0.6327 0.9760 0.5837
95% C. I 1.95 1.95 0.7745 0.7745 0.1721 0.2782 0.0838
ks st0s (Ls'eg™ 1.14 1.14 0.6212 0.6212 0.2531 0.3904 0.2335
£95% C. I 0.78 0.78 0.3098 0.3098 0.0688 0.1113 0.0335
ks kncts (Ls'eg™ 1.20 1.20 0.6523 0.6523 0.2657 0.4099 0.2452
+95% C. I 0.82 0.82 0.3253 0.3253 0.0723 0.1168 0.0352
Regarding the second set of constrains, the concentration
& Sim profile of styrene is divided into two different regimes
;= min ZO:(CStL( )-Cailt )) (20) (Fig. 4). Initially, the styrene consumption rate is constant

There are two sets of constrains which the optimum solu-
tion needs not to violate; the first set is associated with the
observed chemical reaction constant and its 95% confidence
intervals, while the second comes from the Langmuir-Hin-
shelwood model and the competition between hydrogen and
styrene molecules for active sites.

Regarding the first set of constrains, the observed chemi-

cal reaction constant, k., and its 95% confidence intervals
were calculated from the data in the work of Stamatiou and
The £k,

-1

Muller.” needs to lie between 0.059 /molLg™ s

and 0.103 /mol L g™ s™'. Taking into account eqn (11), the

constraints are given by eqn (21).

0.0so¥moI L KyKa oo ymol L

(21)

and the styrene concentration decreases linearly over time in-
dicating that the reaction rate is independent of the styrene
concentration. Although the hydrogen concentration is kept
constant for the whole course of the reaction, after a thresh-
old value of the styrene concentration, a second regime is de-
veloped where the styrene consumption rate decreases over
time indicating that the reaction order of styrene has
changed from zero to first order.

The threshold value of styrene concentration depends on
the association between the catalyst and the molecules of hy-
drogen and styrene. From the Langmuir-Hinshelwood
model, an indication of this association is given by the ad-
sorption constants.

The second set of constrains comes from the equality (eqn
(23)) which defines the regime change. From Fig. 4 the con-
centrations of styrene and hydrogen at the point where the
regime changes were found to be 0.024 mol L™ and 0.0118

gs K Cs[s mol L', respectively.
Table 3 summarises the different regimes that a heteroge-
neous reaction can develop according to the Langmuir-
1200rpm, 0.05g/L Pd/C, 32°C, 3bara
0.03 gg— . . E : ; : ; 0.16
% ¢ Consumption rate
% . J0.14
E 0.025f ., ® Styrene concentration
= ‘.. = Hydrogen concentration| 10.12 ¢,
j —~ 0.02f . 3
£ E % 1 Jo1 §
c E 1S RS POV AL S O %2
S Z0.015F 4t 4T 40T e {008 55
872 T ¥ sE
& o ¢ 40.06 2
E = ool o 2 5
7] % o
s R . PR {0.04
©  0.005} e °
° 40.02
IIIIIIIIIIIIIlllllllllIIIIIIl."--:llIIIII.IIIIIIIIII
0 1 1 1 ! ®0e960000 fessansesly
0 2 4 6 8 10 12 14 16 18
Time (min)

Fig. 4 Reactant concentration profiles and consumption rate over time; blue dots indicate the styrene concentration in bulk liquid phase, and
blue squares indicate the hydrogen concentration in the gas-liquid interface calculated by Henry's law.
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Table 4 Initial guess of each constant

o~ Styrene in excess. Eqn (22)
KsiCois > K, Cu, 5 Reaction rate independent
of styrene concentration
Regime change Eqn (23)
Ks:'CSt,s ~ \/KHZ 'CHZ,S
Both reactants affect the Eqn (24)

KSt'CSt,S - \/KHZ'CHZ,S

reaction rate

Hinshelwood model. The regime change occurs when the sty-
rene and hydrogen terms are almost equal and if the two
terms are comparable, both reactants affect the reaction rate.
Substituting the concentration in eqn (23), the adsorption
constant of styrene needs to be almost 4.5 times the square
root of the adsorption constant of hydrogen - indicating that
active sites adsorb preferably hydrogen against styrene - in or-
der to change the reaction order when the styrene concentra-
tion is 0.024 mol L™ and the hydrogen concentration is 0.0118
mol L™, Based on this, eqn (26) describes the second set of
constrains which the optimum solution needs not to violate.

Ky ~4.5 K, (25)
3< A <6 (26)

H,

The GlobalSearch built-in MATLAB algorithm was used
for the minimisation of the objective function which is given
by eqn (20). The algorithm needs an initial guess for the in-

dependent variables (Ks, Ku,, K and k) and the bounds

Table 5 Lower and upper bounds of each constant, LB and UB, respectively

Trial Ky, (Lmol™) Kg (L mol™) K (L mol™) kl'(mol g s")

1-2 100 100 100 100
3 7000 1000 100 0.01
4 12500 1550 250 0.01
5 15000 1200 250 0.01
6 17500 950 250 0.01

of each variable. The bounds specify the search space. Due
to the lack of any sense about where the constants might
lie, the algorithm run with different sets of initial guesses
and different sets of bounds. Tables 5 and 4 summarise the
initial guesses and bounds which were used in seven differ-
ent runs.

Initially, the algorithm searches for the optimal combi-
nation of constants which minimises the objective function
in a broad search space, while the initial guesses of the ad-
sorption constants have the same value, case 1. In case 2,
the initial guesses are kept the same as in case 1 but the
search space shrinks around the optimal solution of case 1.
From case 3 to 7, the search space of case i + 1 shrinks
around the optimal solution of case i and the initial guess
of each parameter is given in the centre of the search
space of each parameter. In cases 1 to 3, the algorithm
converges to different optimum solutions which improve
the minimum of the objective function. But in cases 3 to 7,
although the search space shrinks around the optimum so-
lution, the minimum of the objective function did not im-
prove sensibly.

Ky, (Lmol ™) Kge (L mol ™) Kgg (L mol ™) k{(molg’l s")
Trial LB UB LB UB LB UB LB UB
1 107 10* 10 10* 107 10* 1074 10*
2 10" 10* 107" 10° 107" 5 x 10> 107 107"
3 10° 1.5 x 10* 10 2 x10° 10" 5 x 10> 1073 107"
4 5% 10° 2 x10* 10> 3x10° 107" 5 x 10> 107 107"
5 10* 2 x10° 4 x 10* 2 x10° 10 5 x 10> 1073 10"
6 1.5 x 10* 2 x10* 4 x10* 1.5 x 10° 10 5 x 10% 1073 10"
Table 6 Summary of GlobalSearch algorithm results for each case of initial guesses and sets of variables bounds
Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6
min(Fop) x 10 1.778 1.090 0.986 0.953 0.8762 0.988
% rel. MSE 28.33 24.61 24.43 24.52 23.70 24.86
K, L mol™ 2564 9841 11472 12515 19984 18678
+95% C. I 1210.03 171.24 2250.80 814.10 706.18 2508.90
Ks¢ L mol* 293.62 591.73 636.93 669.27 847.72 798.87
+95% C. I 9.48 9.15 220.86 19.83 195.75 99.43
K L mol* 38.95 100.45 107.08 113.20 148.34 132.66
+95% C.I 7.43 1.57 59.01 5.43 44.61 24.06
K mol geoe " 5" 0.0522 0.0538 0.0528 0.0541 0.0542 0.0528
! +95% C. I 4.2 x107* 2.3x107* 0.0194 0.6 x10™* 0.0098 0.0037

1482 | React Chem. Eng., 2019, 4, 1477-1485

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8re00132d

Open Access Article. Published on 10 July 2019. Downloaded on 5/23/2026 6:27:22 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Reaction Chemistry & Engineering

Table 6 summarises the optimum solutions and the mini-
mum values of the objective function for each case, and the
lowest value among the minima has been highlighted with
bold formatting.

Fig. 5 depicts the experimental and simulated concentra-
tion profiles of styrene by substituting the values of the opti-
mum solution which correspond to the lowest objective func-
tion The +95% confidence bounds of the
concentration profile were simulated using the +95% confi-
dence intervals of the mass transfer coefficients which are
given in Fig. 5.

When the lower 95% confidence intervals of the mass
transfer coefficients are used, the three-phase reaction be-
comes slower due to the higher mass transfer resistance and
the upper confidence bound of the styrene concentration is
calculated (red lines in Fig. 5 and 7). On the other hand, when
the upper 95% confidence intervals of the mass transfer coeffi-
cients are used, the three-phase reaction cannot evolve faster
because it is limited by the intrinsic chemical reaction kinet-
ics. This explains why the simulated concentration is not in
the middle of the +95% confidence bounds in Fig. 5. In this
case, the lower confidence bound of the styrene concentration
profile is calculated (blue lines in Fig. 5 and 7).

To evaluate the effect of the liquid volume associated with
the catalyst, Vg, we simulated the reactor in a range of V;/Vg;.
Apart from the extreme case that the liquid volume associated
with the catalyst is equal to the bulk liquid volume, the V;/Vg;,
ratio does not affect the concentration profiles and the esti-
mated adsorption constants. Fig. 6 summarises the concentra-
tion profiles of the styrene, ethylbenzene and hydrogen in the
different phases and for different V;/Vg;. All the profiles corre-
spond to the experimental conditions of experiment 1
(Table 2). When V;/Vg, = 10?, 10° and 107, the system reaches
the dynamic equilibrium in less than 5 s. In the extreme case

value.
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Fig. 5 Experimental and simulated styrene concentrations.

that the liquid volume associated with the catalyst is equal to
the bulk liquid volume, the time required for the dynamic
equilibrium to be reached is fifty times more.

Model validation

To evaluate how the reactor's model performs under condi-
tions of agitation, pressure and catalyst concentration, which
have not been included into the fitting procedure, the model
parameterised by fitting trial 5 on experiment 1 (Table 2) was
validated against experimental data which were obtained un-
der six additional different sets of experimental conditions,
described in Table 2 (experiments 2-7).

Fig. 7 shows the experimental and simulated concentra-
tion profiles of styrene for each of the six different cases
of experimental conditions which change the external
mass transfer. Although the surface reaction parameter es-
timation and the model validation have been accom-
plished under different external mass transfer conditions,
for all the cases of model validation, the experimental
data lie inside the +95% confidence bounds of the simu-
lated concentration profiles. This supports the assumption
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Fig. 6 Concentration profiles of St (Al to A4), EB (B1 to B4) and H, (C1 to C4) in the different phases for four different V| /Vs. Al, B1 and C1
correspond to the extreme case where V| = V,s; A2, B2 and C2 correspond to V/Vs_ = 10%; A3, B3 and C3 correspond to V/Vs, = 10°; A4, B4 and
C4 correspond to V| /Vs, = 107. Apart from the extreme case, the system reaches the dynamic equilibrium in less than 5 s.
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Fig. 7 Experimental (dots) and simulated (orange lines) concentration profiles of styrene with the simulated 95% confidence intervals (+95% red

lines, -95% blue lines) for model validation.

that the external mass transfer does not affect the surface
reaction kinetics and indicates that the analysis of a sin-
gle hydrogenation reaction profile in combination with de-
tailed mass transfer resistance evaluation can provide fun-
damental system properties and uncouple the external
mass transfer effects from the surface reaction kinetics.
Although the mass transfer effects have not been elimi-
nated, due to the fast surface reaction Kkinetics, the ad-
sorption constants and the intrinsic reaction rate constant
can be estimated reliably.

The confidence bounds of the simulated concentration
profiles are calculated based on linear regression models
found in the work of Stamatiou and Muller.*

4. Conclusions

The styrene hydrogenation in a three-phase semi-batch
stirred tank reactor was simulated by modelling all mass
transfer steps, and assuming that the surface chemical reac-
tion follows the Langmuir-Hinshelwood model, hydrogen is
dissociatively chemisorbed onto palladium active sites, sty-
rene and hydrogen compete for the same sites and styrene is
hydrogenated in two consecutive steps.

Curve fitting of three adsorption equilibrium constants,
and the rate-limiting reaction on the surface of the metal
nanoparticle catalyst to a single reaction profile was shown to
provide reliable kinetics. This was validated by prediction of
the reaction profiles of three further data sets, each of which
remains well within the limits of confidence of previously de-
termined mass transfer constants.

Our work demonstrates that the analysis of the whole hy-
drogenation reaction profile in combination with detailed
mass transfer resistance evaluation can provide fundamental
system properties.
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