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Abstract

This study further evaluates four mechanisms for the enhancement of gas-liquid (G—L) mass transfer [Can. J. Chem. Eng. 81 (2003)
632-639]: (1) boundary layer mixing, (2) shuttling, (3) coalescence inhibition, and (4) boundary layer reaction. The present work focuses
on G-L mass transfer enhancement in a gas inducing stirred slurry reactor (GIR) in a range of mixing intensities (0.5]:%13 kWwm
Physical enhancement (mechanisms 1-3) and reaction enhancement (mechanism 4) are investigated separately by dynamic gas absorptic
experiments without reaction and pseudo-steady-state gas absorption experiments with reaction. Two Pd-catalysed reactions are studied
oxidation of glucose (aqueous phase) and hydrogenationréthyl styrene (AMS) (organic phase). The influence of lyophobic carbon
particles, lyophilic silica particles, and of electrolyte on G—L mass transfer is studied. Mechanism 1 is predominant at low mixing intensity,
whereas the contribution of mechanism 2 is insignificant. Carbon/silica particles and electrolyte individually increase the volumetric
G-L mass transfer coefficient, which is mainly attributed to mechanism 3. Especially a combination of particles and electrolyte strongly
increases G—-L mass transfer. Mechanism 3 also holds at higher mixing intensity. Mechanism 4 magnifies the impact of mechanisms
1 and 3. The carbon/silica particle lyophobicity strongly influences the interaction with the G—L interface. In aqueous glucose slurry,
physical enhancement (mechanisms 1 and 3) and reaction enhancement (mechanism 4) are observed. In organic AMS—cumene slurry
lyophobicity/lyophilicity affects reaction enhancement only.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction transfer{6,7], could not describe the observed mass transfer
phenomena. More recently, gas—liquid mass transfer en-

Gas-liquid mass transfer in slurry reactors is a key hancement by particles suspended in the liquid phase has
parameter in commercial three phase systems for, e.g.been investigated by several auth@Bs/—12] and various
Fischer—Tropsch synthesis, liquid phase methanol synthesismodels/mechanisms have been proposed for describing this
or biological waste water treatment. Sharma and Mashelkarenhancement. An important aspect of G-L mass transfer en-
[2] first qualitatively demonstrated the increase of the gas hancement appears to be the sticking of particles to the G—-L
absorbtion rate by small gas-absorbing particles in a bub-interface[9,10,13]and this attachment is termed as particle
ble column. Lee and Tsa8] confirmed this for a stired  to bubble adhesion (PBA), schematically showrFig. 1
slurry reactor. Kars et a[4] introduced a shuttle effect to ~ This adhesion is determined by a plethora of parameters,
explain this mass transfer enhancement. Alper dbafirst e.g., liquid properties (surface tension, viscosity, density,
guantitatively demonstrated mass transfer enhancement bysurface-active components, and nature of liquid, aqueous or
active carbon particles, showing that the two-film model organic), particle properties (diameter, lyophobicity, surface
of Whitman developed in 1923 and the penetration model, roughness, partition coefficient, i.e., adsorption capacity
developed to explain non-stationary phenomena of massbetween liquid and solid, and three-phase contact angle),

and process parameters (turbulence intensity, particle con-

Abbreviations: AMS, a-methyl styrene; C, carbon; E, electrolyte  centration). In slurry reactors, PBA affects the gas hold-up,
(sodium g_luconate in this st_udy); G, glucose; GIR, gas inducing reactor; the bubble size distribution, and the bubble coalescence
PB é‘off;;';(l)en d?ng;itﬁg:eﬁ'eﬁm_ 40-2472850: faxs 31.40-2446653,  Tate- In our previous work in a surface aeration reactor with
E-mail addressj.c.schouten@tue.nl (J.C. Schouten). a flat G-L interfacq1], four mechanisms of mass transfer
URL: http://www.chem.tue.nl/scr. enhancement were introduced:

1385-8947/$ — see front matter © 2003 Elsevier B.V. All rights reserved.
doi:10.1016/j.cej.2003.08.005
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surface area per unit volume of (bubble and
particle free) liquid (M m>)

surface area of catalyst per unit volume of
(bubble and patrticle free) liquid (?Tlml_3)
catalyst concentration in the reactor (g)
saturated concentration of gas at liquid side
of G-L interface (mol m®)

gas concentration in bulk liquid (molmd)
dissolved gas concentration in liquid filled
catalyst particles (mol g¥)

sensor response (molTh)

saturated concentration of gas at liquid side
of G-L interface at 1.1 bar (mollfﬁ)

impeller diameterd, = 0.045 in all
experiments (m)

particle diameter (m)

reactor diameter (m)

effective diffusivity (m?s—1)

molecular diffusivity (nfs—1)

physical enhancement factor as defined in
Eq. (17)(-)

reaction and total enhancement factor as
defined inEq. (18)(-)

fraction of active metal Pd at outer surface
of catalyst particle (-)

distance between bottom of reactor and
impeller blade (m)

Henry coefficient (Pa moft m3)

liquid height in gas inducing reactor (m)
adsorption rate constant

= 8.85x 10~/ exp(295404/RT)

(mg mol~1)

G-L mass transfer coefficient (mY

overall mass transfer rate defined in the
Eq. (11)(s™h)

reaction rate constant fimol;} s

L-S mass transfer coefficient (Mm%

sensor constant (8)

surface reaction rate constant

=1.29 x 10%%exp

(—544364/RT) (molmg3s71)

weight specific Pd surface atoms calculated
as (%Pd/ Mpg) FEC® (mol kgg 1)

partition coefficient (img3)

impeller rotation speed (3)

impeller power number, taken as 5 from
Bates et al[44] (-)

pressure (kPa)

H» partial pressure (kPa)

O; partial pressure (kPa)

power dissipated by impeller,

P = NppiN3d? (KW)

Ry observed volumetric reaction rate
(molm—3s71)

t time (s)

Vg total volume of the gas phase in the
reactor (n79)

Vi total volume of the liquid phase in the
reactor (1)

Wp width of baffle in the reactor (m)

XAMS mole fraction of AMS (-)

Greek letters

) G-L film thickness at liquid side of
interface (m)

n effectiveness factor (-)

“ liquid viscosity (Pas)

P liquid density (kg ni3)

Pp particle density (kgmg3)

ol surface tension of liquid (N m')

T tortuosity taken as 3.2 from

Kawakami et al[32] (-)

e Mechanism 1: Boundary layer mixing—Four different
physical phenomena influence the convective mass trans-
fer and the concentration gradient at the G-L interface: (i)
the effective G—L boundary layer thickness is reduced by
collisions of the particles with the boundary lay®,14]
which increases the G—L mass transfer coefficiignt (ii)
large particlesdp > §) induce a local degree of turbu-
lence at the G-L interface which increases the refreshment
rate of the liquid in the G-L boundary layer by mixing
with the bulk liquid. However, particles may also dampen
the turbulence at the G—L interface, leading to a decrease
of ki [15]; (iii) one might expect a priori that thlg de-
pends on the rate of coalescence of gas bubbles for two
reasons: (a) bubble coalescence by particles is especially
induced at low mixing intensities and it may give rise to
larger bubbles that have a more mobile interface (latger

C '
Gas
bubble ‘\ .
L(frs
‘e
CAQ@ ’
m .
: | |
Gas Liquid Solid

Fig. 1. Schematic representation of mass transfer from gas to liquid to
solid in series and direct gas to solid in parallel with particle—bubble
adhesion, where both physical and reaction enhancement of mass transfer
occurs.
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[14,16,17] (b) bubble coalescence causes re-dispersion
of entrained gas, which means additional surface renewal
(largerk)); (iv) small particles o < §) may decrease

k), due to a decrease in the effective volume fraction of
the liquid available for diffusion of gas at the interface.
The number of particles adhering to bubbles is dependent
on the balance between shear stress and adhesion forces.
The shear stress is proportional to the stirrer speed in a
stirred tank reactor and proportional to the superficial gas
velocity in a bubble column. When the shear forces be-
come higher than the adhesion induced forces, particles
are removed from the G-L interface. The relative effect
of PBA on the increase of the rate of mass transfer will
therefore decrease at higher mixing intensifids

Mechanism 2: Shuttling—If the particles have a high spe-
cific surface area and porosity, then, in addition to mech-
anism 1, the particles that penetrate the liquid film at
the G-L interface will adsorb some of the dissolved gas.
When these particles return to the bulk liquid, they will
desorb the adsorbed gas. In this way, transport of the gas to
the bulk liquid is increased due to the moving particles. In
agitated slurry reactors, an increase of the volumetric G—L
mass transfer coefficient ), is ascribed to an increase
of k of about 200-3009%4,5] and 20-509418] due to

this shuttle effect. Mechanism 2 is dependent on the par-
tition coefficient ¢n) of the particles and on the residence
time of the particles in the G—L boundary layer. This shut-
tling mechanism has been modelled using the penetration
theory[7,19] and it was concluded that only for a very
high adsorption capacity of particles (= 400), mecha-
nism 2 becomes important. Vinke et §.3] showed an .
enhancement of mass transfer for small lyophobic parti-
cles with a partition coefficient ol = 100-300. How-
ever, in the same study, experiments with other type of
lyophilic particles showed no such enhancement despite
their large partition coefficients{ = 800—2500). Mecha-
nism 2 is predominant in case of particles of size equal
or smaller than the G—-L boundary layer (typicallyfm),

if a significant number of particles is present at the inter-
face. The coverage of the bubble surface by these parti-
cles does not result in a partial blocking of the interfacial
area for mass transfer as found for particles with larger
size (100-20@.m) and for non-wettable particl¢s7,20]
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(groups of) physical properties of influence to mechanism
3 are: (i) surface tension of liquid; (ii) viscosity and den-
sity of liquid/slurry; (iii) ionic forces; (iv) lyophobicity of
particles (wettability); (v) particle size. Lindner et §]

have measured a gas hold-up increase of approximately
300% due to an electrolyte (salt solution) caused by a de-
creased bubble coalescence rate in both a stirred reactor
and a bubble column. Kluytmans et §l4] also found

an increase of the bubble interfacial area in a slurry bub-
ble column. Marrucci21] and Prince and Blancf22]
conclude that due to ionic forces or the local electrostatic
potential at the G—L interface, the film drainage speed be-
tween two approaching bubbles is slowed down, resulting
in a lower rate of bubble coalescence and an increased
number of smaller bubbles. Schumpe et[2D] found

for bubble columns that small carbon particles have a co-
alescence hindering effect on very small “ionic” bubble
clouds. Jamialahmadi and Muller-Steinhaf@3] demon-
strated that wettable particles tend to repel the gas inter-
face, therefore acting as a buffer between two adjacent
gas bubbles. This stabilises small bubbles and therefore
the formation of large bubbles by coalescence is delayed.
The opposite effect is found for non-wettable particles
(using polypropylene). However, Quicker et[@4] found
contradictory resultsq( is constant) and attributed the in-
crease irk to the shuttling of particles. With increasing
superficial gas velocity or stirrer speed, the shear stresses
in the system increase, decreasing the effect of electrolyte
and solid particles on the increase of the G-L interfacial
area[14].

Mechanism 4: Boundary layer reaction or grazing effect—
When small particles catalyse a chemical reaction at the
G-L interface, significant conversion occurs within the
diffusion layer around the gas bubbles, thereby increasing
the rate of mass transfer. As the concentration of gaseous
reactants in the film layer is higher than in the bulk liquid,
the reaction rate in the film layer will be higher. Mass
transfer enhancement during reaction is a function of the
lyophobicity and activity of the catalyst particles, and of
the turbulence intensity in the reacfar8,12] Mechanism

4 can further enhance the effect of mechanisms 1 and 3.

Though much research has already been documented on

Therefore, it is expected by mechanism 2 that increasing G—L mass transfer enhancement, knowledge of the exact
the particle concentration and with increasing mixing in- mechanism of increase in either the G—L mass transfer co-
tensity, the visiting frequency of particles at the G—L in- efficient, k; (physically by mechanisms 1 and 2), or the
terface will increase, leading to an increased transport of G—L interfacial areag; (mechanism 3), or enhancement
gas from the G-L interface to the bulk liquid, which will due to chemical reaction (mechanism 4) is still rudimen-
result in a larger value of. tary[7,12,17,25,26]Also, no literature is available on mass

transfer enhancement for hydrogen gas in organic liquids,
Mechanism 3: Coalescence inhibition—Particles adhering although hydrogenation reactions in slurry systems com-
to the gas bubbles and electrolyte in the slurry can reduceprise an important class of chemical reactions. Therefore,
or hinder coalescence of gas bubbles. This increases thehe objective of this work is to further clarify which mecha-
value of the G—L interfacial area and therefore the vol-  nisms lead to the observed increase of the rate of G-L mass
umetric mass transfer coefficierti4). The five different transfer.
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2. Experimental procedure and data treatment

Dynamic gas absorption and pseudo-steady-state absorp
tion experiments with and without reaction are performed
in a gas inducing stirred slurry reactor (GIR). Mass trans-
fer enhancement is investigated as a function of the follow-
ing parameters: particle material (carbon and silica); organic
and aqueous liquid; electrolyte concentration; chemical re-
action; and mixing intensity. Oxidation of glucose (aqueous
phase) and hydrogenation afmethyl styrene (AMS) (or-

ganic phase) are chosen as model reactions. Both reactions,

are catalysed by Pd supported on carbon and silica particles

The corresponding experimental set-ups are schematically

shown inFig. 2a and b. The gas inducing reactor is a double
walled glass reactor with a total volume of 11, equipped with
four symmetrically placed, equal sized baffles and a hollow
four-bladed gas-inducing impeller. Gas is sucked in through
the impeller, creating gas bubbles in the liquid. Prior to each
experiment, carbon and silica particles were cleaned from
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Table 2
Physical properties of the catalyst and supports used during oxidation and
hydrogenation reactiofs

Code G-4781  Q500-191  Q500-130 42864
Pd (wt.%) - 3 - 3
Support SiQ SiO, Carbon Carbon
Distribution - Uniform - Eggshell
dpP® (m) 64 44 30 40
dp distributior? - - 7,27,78 2.5, 24, 100
Sger® (Mg™l) 514 278 1108 850
Vspd (mlg™t) 1.63 2.08 1.60 1.19
0.8515  0.88 0.65 0.6614
FECO® (%) - 39.26 - 16.79
Lt (molkgzt) - 0.1107 - 0.0473
AH' (mdnT?) —201 —228 —54 —-70

aSupplied by Engelhard B.V. and Promeks ASA. Carbon samples
have 50+ 3wt.% moisture.

bMeasured using Coulter counter LS 130 in aqueous suspension.
Particle size distribution 5%: 2.5 um, 50%< 24m, 100%< 100pm.
Same % of distribution holds for other samples.

¢Measured using N physisorption in ASAP-equipment from Mi-

organic contaminants and consecutively dried and stored atcromeritics.

363 K. To make sure that all particles are completely wet-
ted at the start of each experiment, the particles were mixed
with liquid for 1 h preceding each experiment. Information
about the experimental conditions is givenTiable 1 The

Table 1
Characteristics of the reactor, experimental conditions and physical con-
stants used in this study

Symbol GIR, i GIR, &,

Ha/H 0.30 0.40

di/dr 0.46 0.46

wp/dT 0.10 0.13

H/dTt 1.00 0.74

T (K) 303 323

P (kPa) 103-109 103.33

Vi (m3) 0.5x 103 0.5x 1073

Vg2 (m3) 0.899x 1073 0.635x 1073

Cgluc (Mol m~3) - 500

Cams® (mol m—3) 6152 -

Hen,© (kPamoflmd) 34.112 -

Heo,d (kPamottm?) - 108.32

Dm,o,% (Mm?s™1) - 2.755% 1079

Dmp,’ (m?s™) 1.252x 1078 -

No. of experiments 95 312
(without reactior

No. of experiments 48 40

(with reaction)

aCalculated from pressure sensor and known values of gas flow rate.

b81.05mol%, 80vol.%, cumene is used as a solvent.

®He = xams x 4450 ex[§628/ )+ (1—xams) x 4060 exg597/ T); [45].

9He 1 = 0.54342 exp|-66.7354+ 874755/ T + 24.4526 In(T/100)];
[48].

e Wilke—Change correlatiof6], Dm.o, = 6.85x 10-5Ty %, where
w(D = —2 x 107%(T — 27315) + 0.0018; fitted from[47] for 0.5M
glucose solution.

f Dmh, = (29464—48.632xavs) x 1078 exp(—13.4 x 10°/RT); fitted
from [34].

9 Distilled water (22), carbon-water (40), electrolyte—water (108),
electrolyte—carbon-water (100), silica—AMS (34), carbon-AMS (61),
silica—water (18), glucose—electrolyte (24).

d Measured using mercury porosimetry in Micromeritics Autopore IV
9500, ey = Vspps/(1 + Vspps) and verified usingos = ppg/(1 — €p);
Ppg = 45050 (kg n3), Ap ~ 90 for carbon and 300 for silica particles.

€Fraction exposed: measured using CO chemisorption in modified
ASAP-equipment.

f Heat of immersion in water by microcalorimetry.

surface tension of the liquid is measured with a digital Ten-
siometer K10T. The viscosity of the liquid is measured with
a Rheometer AR 1000 N. The properties of the catalyst par-
ticles are given irifable 2 The heat of immersiomA Hj, is

a measure of the degree of lyophobicity of the particles and
ranges between 0 and355mJnT? [9,10,13] Therefore,
the carbon particles are more lyophobic than the silica par-
ticles, seeTable 2 Both chemical reactions are carried out
under mass transfer limiting conditions in order to properly
assess mass transfer enhancement and the effects related to
particle to bubble adhesion.

2.1. Aqueous phase: glucose solution and electrolyte

Experiments were carried out with distilled water, slur-
ries with carbon or silica particles, electrolyte (sodium glu-
conate), and slurries with combinations of carbon or silica
particles and electrolyte. A mixture of nitrogen and oxygen
(po, = 0.2bar) is continuously fed to the reactor, where
the oxygen reacts with the glucose. Because the supported
Pd-Bi catalyst is poisoned by the reaction product gluconic
acid, the pH is controlled (at a value of 9) to maintain a con-
stant high reaction rate. This is done by adding 5M NaOH
solution online from a burette, which is a measure of the
reaction rate. The temperature is maintained at 323 K. The
liquid phase oxygen concentration during the reaction is
monitored using an Ingold electrochemical oxygen sensor, to
corroborate mass transfer limiting conditions, viz, o, ~
0O mol rrr3. The stirring rate and the electrolyte concentration
are varied at each particle loading for each type of slurry.
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Fig. 2. Schematic diagram of the experimental set up (a) used for dynamic gas absorption with saturation and pressure step method, and psteo-steady-
glucose oxidation to gluconic acid and (b) used for dynamic gas absorption as well as pseudo-steady-state absorption for hydrogenation of AMS to cume
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2.2. Organic phase: AMS and cumene the oxygen sensor:

. . . dCsen(?)
Experiments were carried out with AMS—cumene s
(80:20vo0l.%) slurries with carbon or silica particles and
supported Pd catalysts. The pressure in the reactor is con-The sensor constanksen iS @ function of the degree of
trolled using an electronic differential pressure transmitter. turbulence at the membrane surface and it changes as a
The system is degassed completely with a vacuum pumpfunction of stirring intensity, electrolyte concentration, and
everytime before starting the experiments. The reaction carbon or silica particle concentration. Sensor constants
temperature is maintained at 303K. The stirring rate is were estimated using the saturation method three times
varied at each particle loading for each type of slurry. The and values in the range of 0.08-0.2g+5% error) were
initial specific rate of absorption of hydrogen is determined calculated. The values of the sensor constant were then
from the recorded pressure vs. time curve for that run until combined withEq. (1), resulting inEq. (3}
no significant change in the gas pressure is indicated by the 0
. . Ci—-C _ _

pressure sensor. The rate of reaction is determined from theCse (1) = C; — ———[ksen€ M9 — kjaj e %] (3)
dynamic pressure change by hydrogen gas absorption. The ksen— kia
stirring rate is varied at each particle loading for each type The G_L mass transfer coefficiehty, was then determined
of slurry. from non-linear multiple regression @fsen(r) against time

t, by the Levenberg—Marquardt method. The valugaf is

2.3. Pressure-step method and saturation method without Calculated using the pressure step method twice and values
reaction in the range of 0.02-0.36'$ (3% error) were calculated.

= kser(Csen(t) — C) (2

The physical G-L mass transfer coefficient of oxygen 2.4. Dynamic gas absorption method without reaction
absorption in the glucose solution is measured using both
the pressure-step meth{®7,28]and the saturation method The physical G-L mass transfer coefficient of &bsorp-
(discontinuous switch from nitrogen to oxygen under ex- tion in an organic AMS—cumene mixture is determined with
act flow conditions). In both methods, the two-film model the dynamic gas absorption method. This method is based
describes the rate of mass transfer. The ||qU|d side masson the dynamic pressure Change byg-as absorption_ The

transfer is represented bya; and, in most cases, deter- mass balance for a gas dissolving in an (ideally mixed) lig-
mines the overall rate of gas—liquid mass transfer, while yid phase, can be written as

the gas side mass transfer resistance is negligible. When

using the pressure-step method, the slurry is stripped by —Ve 97 _ (ki) (ﬁ _ C|) (4)
nitrogen until the dissolved-oxygen concentration is almost VIRT dz P \He

nil. Then the nitrogen flow is shut down until all bub- .

bles have escaped from the water. Subsequently, the liquid

bulk is saturated with 0.1 bar oxygen over-pressure. When ¢, — _g(po - ) (5)
an equilibrium concentration is established, the pressure VIRT

in the reactor is instantaneously decreased to the originalTpe Henry coefficientHe, is determined at equilibrium

operating pressure by pinching of the gas-outlet valve. \yhere o/dr is zero and the pressure equals the equilibrium

It is assumed that the liquid and the gas are perfectly pressurepeq. Substituting this in the equation above gives
mixed. Therefore, the dissolved-oxygen concentration is

given by He — Deq _ VIRT  peq (6)
dCi(0) Ci(t = 00) Vg Po— Peq

dr

=ha (G = G®) (1) Substitutingeqg. (5)and solving the differentiadquation (4)

o _ from initial time r = 0, pressurep = po, to time¢, and
The boundary condition is€) = €% at+ = 0 (saturation pressurep, gives

concentration at 1.1 bar oxygen elevated pressure). The vol-

umetric mass transfer coefficiehta) is determined by a " 1 0 In o _ VgHe
least square fit oEq. (1)to the experimentally obtained val- (kiarp =+ 0+1 (0+1p—0Om/° ~ VRT
ues ofC|(r) measured with the oxygen sensor. The sensor )

response to a change in oxygen concentration has a finite

delay, which is described by a first-order process. This de- The value of the ‘pure’ volumetric G-L mass transfer co-
lay in the response is of the order of magnitude of the time efficient, & a)o, is determined from a similar procedure in
constant of the gas—liquid mass transfer. Therefore, the senthe absence of particles and electrolyte. All the experiments
sor response time should be incorporated in the overall massare done three times and the maximum standard deviation
transfer modelEqg. (2)represents the first-order response of is 2%.
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2.5. Pseudo-steady-state absorption with reaction estimate the limitations set by liquid—solid mass transfer,
the Sherwood—Frdssling correlation figy[37] is used:

_ The oxidation rea_ction is carried out With carbon or sil- Sh= 2 + 0.4Ré"/4sd/3 (14)
ica supported Pd—-Bi catalyst, and selectively produces glu-
conic acid. The hydrogenation reaction is carried out with ksdp di|5N,3d§p|3 w
carbon or silica supported Pd catalyst, and selectively pro- Do’ Viud ’ D

. . m |M| Pl Pm
duces cumene. Under the operating conditions used, the re-
action at the catalytic site is first order in oxygen and in where Sh Reg and Sc are the Sherwood, Reynolds, and
hydrogen concentration due to G—-L mass transfer limita- Schmidt number, respectively. For the agueous sliey
tions and zero order in glucose concentratjdf] and in 0.5-55 (400-1500 rpm) with correspondifd = 3.5-8.5.
AMS concentratiori29]. Neglecting mass transfer in the gas  For the organic slurryRe = 0.9-1090 with correspond-
phase, and assuming an ideally mixed gas and liquid phaseng Sh = 4-9.7. For the hydrogenation reactidag. (11)

(15)

with reaction only in the bulk liquid (right side dfig. 1), is solved by assuming: = 1, ks given by Eq. (14) and
the following equations describe the volumetric reaction & given byEq. (13) For the oxidation reaction, the liquid
rate,Ry: phase concentration of oxygen is zero during the reaction.
Therefore, the overall rate equation is given by
Ry = (kia)r(Ci — C)) (8) R
koverallo, = ~——— = (ki) (16)
6C C overall Oy ]
Ry = ksd cat <CI - _S> (9) CI’OZ
PPp " The reaction enhancement factor can then be calculated with
Ry = ki LiCcalCs (10) the obtained values ok));.
Eliminating C| and Cs from the above equations results in  2.6. Definition of physical enhancement and reaction
the following equation for the reaction rate: enhancement
-1
_ R _ 1 dppp 1 i The physical mass transfer enhancemery, by sus-
koverall = = . . . X
Gi (kian)r 6ks  nmkLt/) Ceat pended particles or electrolyte in the slurry, is defined as
(11) (kian)p
p= a7
where (kiano
. P N 45 The physical mass transfer coefficieitia{)p, changes to
CI,Oz ) CI Hy = (12) . . X
Heo, Hen, (kiar)r in the presence of reaction. The reaction enhancement

) ) factor, E;, and the total enhancement factfy, are defined
koverall iS @ rate constant for the total rate of reaction and as

can be calculated with linear regression from the volumet-
: - : L . . (kiap)r (kiapr

ric reaction rateRy, against the equilibrium G—L interfacial E; = ——, p = —,
concentrationC;, at a specific partial pressure. The equa- (kiaro (kian)p

tions for the catalyst effectiveness factgr,and the Thiele Al the effects of enhancement due to mechanisms 14 are
modulus.g, for the uniform catalyst and first-order reaction jncorporated in the total enhancement factg,

are given by[31]. The intrinsic reaction rate coefficient for

the hydrogenation reactiok;,, has been derived on the basis

of Langmuir—Hinshelwood mechanisms, and is calculated 3. Results and discussion

from [32,33],

ksrka 1 3.1. Agueous phase: physical enhancement

= 5 - (13)

(14 VhaCo)” (Liophit The stirring rate, the electrolyte concentration, and the
where Arrhenius-type equations for the surface reaction particle concentration were varied and the mass transfer en-
rate coefficientks, and the hydrogen adsorption equilib- hancement factor is separately presented for electrolyte so-
rium coefficient,k,, are given in the Nomenclature. The lutions, for particle slurries, and for their combinations.
literature value of Lipp)it is 7.38 mollni, assuming the
dispersion of active metal of 20% for the catalyst used by 3.1.1. Electrolyte
[32,33], which was verified with the data obtained from The influence of glucose and a combination of glucose—
[30,34,35] The value ofk, for oxidation under mass trans- electrolyte on mass transfer enhancement, is presented in
fer limiting conditions is 22 Mmolpgs~ at 323 K[36] and Fig. 3a. TheEp values for 0.4 M G-0.1 M E are smaller than
for hydrogenation a value of 3.13%molpgs™! at 303K for 0.1M G-0.4M E (based on starting concentration of
is obtained fromEq. (13)for Cs up to 3.16 mol n;r3. To 0.5 M glucose) at all mixing intensities. For glucose—distilled

r
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Fig. 3. Effect of electrolyte on gas-iquid mass transfer measured using pressure-step method with distilled water at 1bar and 323K.

water only, the enhancement factor is around 1.4 and in
combination with glucose-electrolyte—distilled water, it is
same. The influence of glucose on surface tension is found
to be negligible. Higher enhancement due to glucose is re-
garded as resulting from the higher viscosity of the solution.
The residence time of a gas bubble in the system is linearly
proportional to viscosity and coalescence inhibition in-
creases with viscosity. Hence, the gasiquid interfacial area
(a) increases. The difference between glucose—€lectrolyte
(Fig. 3a) and distilled water—electrolyte (Fig. 3b) at al
mixing intensities is negligible (within 90% confidence).
Therefore, the additional influence of glucose to distilled
water—electrolyte solution is negligible and the study of
the combination of particles and electrolyte is done using
distilled water. The following interpretations can be made
from Fig. 3: (i) a low mixing intensity, addition of elec-
trolyte contributes to an additional enhancement factor of
1.8 (Fig. 3a); (ii) the enhancement factor increases with
electrolyte concentration and attains a maximum value of
2.1 at 0.6M electrolyte solution (Fig. 3b), beyond which
it decreases; (iii) the enhancement factor decreases with
increasing mixing intensity and is 1.4 at high mixing in-
tensity (Fig. 3a). The presence of an electrolyte changes
the surface tension which is a measure for the stability of
the G-L interface. The surface tension for distilled water
is 74.7mNm~1 and decreases to 58 + 3mN m~1 with in-
creasing electrolyte concentration up to 0.3-04M, beyond
which it becomes independent of electrolyte concentration.
A lower surface tension leads to a less stable G-L interface
and thus to a smaller average bubble size. On the other
hand, a decreasing surface tension, also decreases k|, since
it reduces the rate of surface renewa [16]. The viscosity
of ditilled water is 0.578 mPas and of 0.33M electrolyte

is 0.628mPas at 323K. At a very high concentration of
electrolyte (>0.6—-1 M), athough the surface tension does
not decrease further, the viscosity of the liquid is increased
strongly (1.12mPasfor 1M electrolyte at 323 K). Since the
molecular diffusivity and turbulent diffusivity are inversely
proportional to the viscosity [38], the increase in viscosity
beyond 0.6 M electrolyte reduces the value of kja1. The
effect of electrolyte at high mixing intensity is not very
pronounced. It is concluded that mechanism 3 (coalescence
inhibition) is the only governing mechanism both at low
and high mixing intensities.

3.1.2. Particles

From Fig. 4a, no dependency is seen between the volu-
metric mass transfer coefficient and the carbon concentra-
tion. The maximum value of Ep at very low mixing intensity
of 1kwW mé_3 is around 1.5. Beyond a mixing intensity of
15kWm", the value is around unity. The values below
1 may be attributed to turbulence inhibition effect. The
difference between pure distilled water and silica particles
is small (enhancement factor of 1.2) at all mixing intensi-
ties as shown in Fig. 4d. For 1gl~? silica and carbon, an
opposite trend is observed at the lowest mixing intensity.
This is attributed to the fact, that dense silica particles are
not distributed uniformly at low mixing intensity and colli-
sions with the G-L boundary layer are ineffective, whereas
carbon particles adhere readily to the interface at low mix-
ing intensity. For particle concentrations below 0.6vol.%
(approximately 3gl—1), the small Iyophobic particles may
cover the bubble surface, preventing coalescence of the
bubbles. Thus smaller bubbles with alower rise velocity are
present with alarger interfacial area. However, adding more
particles (typically >0.6vol.%) will not further increase
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Fig. 4. Effect of glucose concentration, carbon particle concentration, combinations of carbon or silica particles with electrolyte on gas-iquid mass
transfer measured using pressure step method with distilled water at 1bar and 323K.

the interfacial area. The bubble surface is then already suf-
ficiently covered for a maximum coalescence inhibition.
Based on above mentioned observations, mechanism 1 is
the likely one to account for the increased rate of mass
transfer at low stirring rates. It is expected that the surface
tension is hardly influenced by the presence of carbon or
silica particles. Mechanism 2 is not relevant since the ob-
served enhancement decreases with stirring rate and does
not increase proportionally to particle concentration. There
is no dependency on carbon concentration beyond a mixing
intensity of 10kwW mf3 where the enhancement factor is
nearly 1 since mixing forces are much higher than particle
induced forces at the G-L boundary layer. At high mixing

intensity, neither mechanism 1 (additional refreshment of
liquid at the G-L boundary layer), nor mechanism 3 (coa-
lescence inhibition) contribute to an enhanced mass transfer.

3.1.3. Particles and electrolyte

Since during oxidation of glucose, both electrolyte and
particles (carbon or silica, Pd-Bi/C or Pd-Bi/SIO;) are
present, it is relevant to study the combined effect. Compar-
ison of Fig. 4b with Fig. 3b, shows that, addition of 1gl—?1
carbon to electrolyte solutions, has a very pronounced effect
on the mass transfer rate. The value of Ej increases with
electrolyte concentration and attains a maximum between
0.3 and 0.4M, beyond which it decreases. Enhancement
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factors are significantly higher compared to the case of
pure electrolyte, and attain a maximum of 4.80 at 0.3M
electrolyte concentration at low mixing intensity. Based on
such a pronounced effect of the combination of particles
and electrolyte, the concentration of carbon particles was
varied at an electrolyte concentration of 0.33M (Fig. 4c).
The results for silica particles are shown in Fig. 4d. Clearly,
the combination of particles and electrolyte significantly
increases the enhancement factor.

At low mixing intensity, a maximum value of 8.2 for
4gl~1 carbon-0.33M electrolyte slurry and a maximum
value of 1.6 for 1gl~—? silica-0.1M electrolyte-0.4M glu-
cose durry isobtained. The accuracy of the dataiswithin the
+5% error. It is suggested that: (i) addition of electrolyte,
active carbon, or silica particles together stabilises the bub-
bles. This stabilisation is the result of the formation of a
layer of particles, and/or particles with adsorbed electrolyte
around the gas bubble, which hinders bubble coalescence as
discussed in Section 1 for mechanism 3; (ii) particles with
adsorbed electrolyte have a higher tendency for PBA [39].
Also, sedimentation experiments show that particle agglom-
eration isdelayed. Carbon particlesin water readily form ag-
glomerates and settle down (settling time ~5 min), whereas
electrolyte stabilises the slurry (settling time ~30min). An
increase in electrolyte concentration reduces the interaction
potential energy between the particle and bubble, as well as
the critical film rupture thickness. Thus, the film drainage
rate increases between particle and bubble [40]; (iii) alarger
fraction of carbon particles, having nearly the same density
as the liquid, adheres to the G-L interface and therefore lo-
cal boundary layer turbulence is more vigorous. It increases
k) by refreshment of liquid. For the heavier, non-adhering
silica particles, increase in & is only by collisions with the
G-L interface; (iv) when the density or the viscosity of the
liquid-slurry around the bubble is significantly increased,
the rise velocity of the bubble will be lowered at low stir-
ring rates, which results in a higher gas hold-up. Thus, it is
suggested that both mechanisms 1 and 3 play arole at low
mixing intensity.

At high mixing intensity, the enhancement factor de-
creases in case of the carbon durry (Fig. 4c) but increases
for the silicadlurry (Fig. 4d). When comparing Figs. 3a and
4aat the highest mixing intensity, a maximum enhancement
factor of 1.4 is found for the case of electrolyte. This value
is much lower than the combination of carbon particles and
electrolyte at the highest mixing intensity (maximum value
of 3from Fig. 4c). Apparently, even at high mixing intensity,
carbon particles in electrolyte stabilises bubbles, in contrast
with carbon particles in pure water. The enhancement factor
increases with the carbon concentration in the presence of
electrolyte. For the case of silica particles, the difference
in the enhancement factor between pure distilled water
and added silica particles is small (value of 1.2). For the
combination of silica particles and electrolyte, a maximum
enhancement factor of 2.4 for 0.1M electrolyte, and 2.2
for 0.33M electrolyte is attained. The enhancement factor

clearly increases with mixing intensity up to 17 kW ml_3 for
the silica—electrolyte—glucose slurry, after which it reaches
a plateau. The difference between solid and liquid density
is an important parameter in relation to kja;. The greater
inertia of the heavier silica particles, creates stronger col-
lisions at the G—L interface at high shear rate and thereby
affects the value of & [41]. Thus, mechanisms 1 and 3 act
concurrently for silica particles at high mixing intensity.

3.2. Organic phase: physical enhancement

The stirring rate and the carbon or silica concentrations
are varied and the initial, specific rate of absorption of
hydrogen in the AMS—cumene liquid, is determined from
dynamic gas absorption experiments. For AMS hydro-
genation, the product cumene does not change the surface
tension of the liquid nor the viscosity. From Fig. 5, it is no-
ticeable that the enhancement factor of hydrogen absorption
in the presence of carbon or silica particlesin AM S-cumene
dlurry is significantly lower than the enhancement factor
of oxygen absorption in distilled water—electrolyte surry.
But, the enhancement factor at high mixing intensity in
the AMS-cumene dlurry with carbon or silica particles,
is higher than in the distilled water slurry without elec-
trolyte. The results for hydrogen absorption in AM S—carbon
slurry and AMS-silica dlurry shown in Fig. 5, are more
or less similar. Thus probably, silica is not lyophobic
enough to adhere to the G-L interface or the lyophobic-
ity/lyophilicity of the particles is less important in organic
liquids.

At low mixing intensity, the maximum physical enhance-
ment factor is 1.7 in the AMS-silicadlurry and is 1.4 in the
AMS—carbon dlurry. As illustrated in Fig. 5, the enhance-
ment decreases at higher particle concentrations after which
it levels off. There is a critical particle concentration of
1g1~1 observed for both the silica and the carbon slurries,
beyond which no further increase of the enhancement factor
isfound. Thisobservation isin agreement with experimental
observations for other gas-activated carbon durry systems
[5,42] and our resultsin Section 3.1 without electrolyte. The
enhancement factor decreases at high mixing intensity. Con-
trary to distilled water, no difference between carbon and
silica behaviour is observed and hence the collision effect
isabsent. It is concluded that mechanism 1 is operative and
adhering particles increase kj, due to increased refreshment
of the G-L boundary layer.

At high mixing intensity, the maximum physical enhance-
ment factor is 1.3-1.4 for both carbon and silicaslurries. The
influence of particles on G-L mass transfer decreases, and
the same explanation holds as described for aqueous slurry
(mechanisms 1 and 3 as an additive effect). Mechanism 2
is not present due to: (i) the same behaviour of carbon and
silica particles which may be due to the fact that the parti-
cle size is one order of magnitude higher than the thickness
of particle free G-L boundary layer; (ii) the difference in
measured values of partition coefficient for Hy—silica slurry
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(m = 6.1+ 5%) and Hy—carbon slurry (m = 40 £ 10%) is
too low, where m must be of the order of 400, to have mech-
anism 2 as contributing factor [19]; (iii) the enhancement
factor decreases with mixing intensity and no particle con-
centration dependency is found. It is concluded that mecha-
nism 3 (coalescence inhibition) is operative at high mixing
intensity, but has a limited effect.
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3.3. Aqueous phase: reaction enhancement

Pseudo-steady-state experiments were performed with
reaction in the GIR and the results are shown in Fig. 6. The
measured liquid phase concentration of oxygen is zero for
all glucose oxidation experiments, due to the high activity
of the catalyst. As illustrated in Fig. 1, the main route for
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Fig. 6. Comparison of physical and chemica reaction enhancement measured in the GIR for aqueous glucose oxidation as a function of impeller speed:
P = 1.05bar, T = 323K, pH 9, Pd/Bi = 5mol/mal, initia Cgyc = 500 mol/m3, po, = 0.2bar, conversion = 0-60%. Ej reference is 1g|*1 +0.1M

electrolyte.
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oxygen transport is directly from the gas phase to the liquid
filled wetted catalyst particle [36]. Also, mechanism 4 due
to PBA might be operative. The calculation of the reaction
enhancement factor is complicated due to the following
reasons: (i) the reaction product sodium gluconate itself is
an electrolyte and hence the concentration of electrolyte
and glucose changes in time, thereby changing the catalyst
potential. We have shown its importance in Section 3.1
and it is also clear from Fig. 4; (ii) the adhesion behaviour
for the catalyst particles may be different (see AH; from
Table 2) and can aso change during reaction. The catalyst
is more lyophilic and hence PBA is expected to be less,
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thereby lowering the physical enhancement factor; (iii) the
influence of the catalyst promoter Bi and noble metal Pd on
the volumetric G-L mass transfer coefficient is unknown.
Due to al these uncertainties, it is difficult to find a proper
reference value for Ep. However, we assumed a reference of
1gl~* carbon or silicawith 0.1 M electrolyte and the cal cu-
lated enhancement factor is presented in Figs. 6a and b. For
the Pd/SIO, particles, the value of (kjay), is calculated from
Eqg. (11) under reactive conditions. The reaction enhance-
ment factor is calculated with this value because full mass
transfer limiting conditions do not apply yet. Only at a cat-
alyst concentration above 1gl~1, the measured bulk liquid
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Fig. 7. Comparison of physical and chemical reaction enhancement measured in the GIR for organic AMS hydrogenation as a function of catalyst loading
and impeller speed: P = 1bar, T = 303K, pure H, gas; effectiveness factor 5 is 0.4 (3% Pd/SIO;) and 0.61 (3% Pd/C).
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oxygen concentration is zero. It is observed that the reaction
enhancement (E, by mechanism 4) in the glucose—carbon
slurry is higher than the glucose-silica slurry. This may be
due to the fact that eggshell carbon catalyst has higher ac-
tivity than uniform silica catalyst [36]. The value of E; for
carbon and silica catalyst increases with stirring rate (range
of 1.2-1.4 from Fig. 6a and b). Although the physical and
reaction enhancement for silica catalyst increases with stir-
ring rate, an opposite trend is observed for carbon catalyst
as explained earlier. The maximum total enhancement ob-
served is 3.2 for carbon catalyst and 3.5 for silica catalyst.
In conclusion, thereis a limited contribution of reaction en-
hancement to oxygen mass transfer in the presence of carbon
or silicasupported catalyst. And, the overwhelming physical
enhancement obscures this effect.

3.4. Organic phase: reaction enhancement

Pseudo-steady-state experiments were performed with
AMS hydrogenation in the GIR of which the results are
shown in Fig. 7. With the literature values for mk,, re-
action enhancement factors less than unity are obtained.
This cannot be explained by: (i) experimenta errors due
to comparison of dynamic gas absorption method and
pseudo-steady-state absorption method [43]; or (ii) incor-
rect use of EQ. (11) to represent the effect of PBA, as is
considered in [36]. Since E; > 1, a senditivity analysis for
the value of mk; is done for both 3% Pd/C and 3% Pd/SiO»
catalyst. It has been found that the value of mk, for the
case of silica particlesis at least 3.13 (i.e.,, m = 1), but for
carbon particles, mk; is 25 (i.e, m = 8) toget dl E, > 1.
This later value is also reported by Tinge and Drinkenburg
[11] for the adsorption of hydrogen gas on carbon particles.
From Fig. 7a, a maximum reaction enhancement factor of
2.4 in the AMS-Pd/SIO, durry is observed at al catalyst
loadings where the physical enhancement factor equals 1.1.
In Fig. 7b, the reaction enhancement increases with stirring
rate in the case of AMS-Pd/SIO, dlurry. It appears to flatten
out or even decrease after 8kW m;> giving a maximum re-
action enhancement factor of 3.0 at 4kW m;” 3. For 3% Pd/C
slurry, a reaction enhancement factor in the range of 1-1.6
is found, see Fig. 7c and d. It is not very much dependent
on the catalyst concentration nor on the mixing intensity.
Concluding, the relative lyophobicity/lyophilicity of car-
bon and silica particles is especially important concerning
mechanism 4 (reaction enhancement) in organic durries.
However, it is insignificant for the physical mechanisms
discussed in Section 3.2.

4, Conclusions

It has been shown that by combining the results of exper-
iments with two different catalyst supports, i.e., carbon and
silica particles, along with an aqueous €electrolyte solution
and organic liquid, using an oxidation as well as hydrogena-

tion reaction, it is possible to identify the operating mech-
anisms of G-L mass transfer enhancement. We have found
that:

(1) For an AMS-H> dlurry, physica enhancement factors
up to 1.7 for silica particles and 1.4 for carbon parti-
cles are observed. For a glucose-O5 durry, physical en-
hancement factors up to 1.4 for carbon particlesand 1.1
for silica particles are observed. For aqueous liquids,
carbon particles adhere to the G—L interface and induce
local turbulence. Collisions of silicaparticlesrefresh the
G-L interface. Both effects enhance the rate of mass
transfer (mechanism 1). For organic liquids, carbon and
silica particles equally refresh the G-L interface at low
mixing intensities only (mechanism 1). This effect lev-
els off at high particle concentration.

(2) Enhancement of mass transfer by shuttling of particles
between the G-L interface and the bulk liquid (mech-
anism 2) is insignificant since it is found that (i) the
enhancement factor decreases with stirring rate and (i)
reaches a plateau after some critical particle concentra-
tion.

(3) Enhancement factorsupto 3.5for distilled water—0.33 M
electrolyte—carbon and 2.1 for distilled water—0.33M
electrolyte-silica particles, are observed with a par-
ticle loading of 1gl~! a ~2kwm>. The highest
value of enhancement is 8.2 for distilled water—4gl—*
carbon-0.33M electrolyte at ~1kW m|_3. For silica
particles, the enhancement factor increases with mix-
ing intensity to a maximum value of 2.4 at 15kW ml‘3
and then levels off. Maximum enhancement factor of
1.4 (only electrolyte), 1.0 (only carbon), and 3.0 (their
combination) prevails at high mixing intensities (mech-
anism 3) along with mechanism 1 as a concurrent effect.
Whereas for AMS—cumene slurry, maximum physical
enhancement factors of 1.3 (carbon particles) and 1.2
(silica particles) at high mixing intensity (mechanism
3) are obtained.

(4) The rate of mass transfer in aqueous durry is very pro-
nounced when in combination with electrolyte and car-
bon or silica particles, which is attributed to an increase
in the specific gas-iquid interfacia area a) (mecha-
nism 3). The addition of both solid particles and elec-
trolyte together changes the local electrostatic potential
on solid particles or ionic bubbles which in turn pro-
motes particle-bubble adhesion, thereby inhibiting bub-
ble coalescence (stahilising effect). For organic liquid,
at high mixing intensity, mechanism 3 is operative but
has a limited effect.

(5) The mass transfer coefficient in the presence of reac-
tion is higher (mechanism 4) as compared to physical
mass transfer in the presence of solids. The reaction
enhancement for glucose oxidation is complicated due
to the uncertainty in the reference value for the physical
enhancement. The reaction enhancement is obscured
due to an overwhelming physical enhancement in the
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glucose—carbon—€electrolyte dlurry. The reaction en-
hancement factor increases with mixing intensity up
to a certain value, after which it becomes constant.
The reaction enhancement factor for glucose—carbon
slurry (1.3-1.5) is higher than for glucose-silica slurry
(1.0-1.3). And, for the AMS—carbon dlurry (1.2-1.4) is
less than the AMS—silica dlurry (2.0-2.4). Thus, therel-
ative behaviour of carbon and silica catalyst in organic
phase is the reverse of the behaviour in an aqueous
phase.

(6) Lyophobicity/lyophilicity of the carbon/silica catalyst
particles determines the interaction with the G-L inter-
face. In agueous glucose dlurry, physical enhancement
(mechanisms 1 and 3) and reaction enhancement (mech-
anism 4) are observed. In organic AM S—cumene slurry,
lyophobicity/lyophilicity affects reaction enhancement
only.
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