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1. Introduetion 

Mass transfer to and reaction in a finely dispersed medium is a 

relatively new area for study and may lead to innovation in the region 

of unit operations. 

For a certain class of mass transfer processes involving gas-liquid 

systems, the gas-side mass transfer coefficient is of paramount 

importsnee for the result of the contact operation. Such a process may 

be the selective absorption from a gas-mixture of a specific component 

whose absorption rate is determined by gas-side resistance, while the 

absorption of the other components is controlled by liquid phase 

phenomena. Another example is the quenching of hot reactor gases or 

the evaporation of liquid droplets, the evaporation heat being 

supplied by the surrounding gas. 

In a cyclone, large centrifugal accelerations (e.g. v~/r = 103g) can 

be achieved due to the rotating flow of the fluidum. 

A cyclone spray scrubber (CSS) consists of a vertical cylindrical 

chamber with a tangential gas inlet and an axial gas exit at the 

opposite side. The liquid is introduced by means of a spray device -a 

perforated pipe or spray nozzles- situated in the axis of the cyclone. 

The rotation of the gas phase, caused by the tangential entrance, 

results in centrifugal forces which cause the dropiets to travel 

outward at an increasing velocity through the gas to the cyclone wall. 

The spray impinges on the wall and is drained away. The large 

differences in velocity between gas phase and liquid dropiets cause 

high gas side mass transfer coefficients. 

In the reversed phase case, i.e. a hydrocyclone with gas injection 

through the porous wall, Beensckers & van Swaay (1977) measured high 

liquid side mass transfer coefficients. 

Shear stresses, executed by the gas phase on the liquid droplets, will 

generate internal circulation and consequently enhanced ltquid side 

mass transfer coefficients may be expected. 

Finely dispersed sprays (e.g. 50 urn) with a large specific contact 

area can be applied, The centrifugal field provides for an excellent 

phase separation subsequent to the contact. 

In a CSS mainly cross flow of the gas and liquid phases exist, and 

therefore mass transfer corresponding to only about one theoretical 

plate may be accomplished in a single unit. 
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This thesis describes an investigation of mass transfer in a cyclone 

spray scrubber. The first part is the mass transfer 

characteristics of the CSS, both and theoretica!. In an 

experimental 100 rnm diameter CSS, series of measurements were made on 

the rate of mass transfer and 

operating conditions. For the 

interfacial area for a range of 

determination of the 

volumetrie gas side mass transfer coefficient (kGA), was 

given to the evaporation of a pure liquid with a low vapour pressure 

(e.g. 1,2-ethanediol) at the existing temperatures. In this method 

there is no liquid side resistance, in contrast with classic methods 

employing absorption of a highly soluble solute gas from a lean 

mixture (Sharma & Danckwerts (1979)). 

A mathematica! model was constructed for descrihing the movement of 

the dispersed liquid droplets in the cyclone and for predicting the 

gas side mass transfer. This model is based on numerical solution of 

the equations for transfer of momenturn from the continuous (gas) phase 

to single rigid (liquid) droplets. 

The volumetrie liquid side mass transfer (kLA), was determined by 

physical absorption of oxygen from air into water. In this case, the 

gas side resistance is neglegible. 

The interfacial area was evaluated from absorption of a gas phase 

component, accompanied by chemica! reaction with a liquid phase 

reactant, On appropriate conditions the absorption rate solely depends 

on physical and chemica! parameters of the system involved, 

independent of kL i.e. the hydrodynamical conditions of the liquid 

phase. A method was developed, based upon the reaction of 

carbondioxide with mono-ethanolamine (MEA) in aqueous solution, 

offering several advantages (selectivity, continuous rneasuring) in 

comparison to classic reaction systerns. 

A specific advantage of the CSS was dernonstrated by means of the 

simultaneous absorption of H2S and co2 from lean mixtures with 

nitrogen into aqeous solutions of diisopropanolarnine (DIPA) and MEA. 

This is a process of considerable industrial irnportance, e.g. the 

cleaning of tail gas originating frorn a Claus process. 

Physico-chemical data with regard to the applied carbon 

dioxide-alkanolamine systerns were obtained from absorption 

measurements in a laminar jet absorber. 
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2. Model calculations: Mass transfer at the gas side of the phase 

contact surface 

2.1. Introduetion 

A mathematical model was constructed for descrihing mass transfer at 

the gas side of the gas-liquid boundaries in the experimental cyclone 

spray scrubber (or, in terms of the film theory, in order to estimate 

kGA (m3/s)), 
The description is based on numerical solution of the equations for 

transfer of momenturn from the continuons gas phase to the dispersed 

liquid droplets, and deals in essence with single droplet behaviour. 

The well known equation of Ranz & Marshall for mass transfer at rigid 

spheres serves as a starting point for the calculation of the partial 

mass transfer coefficient in the gas phase kG (Viehweg (1970)) 

Sh 

Sc depends on physical properties only. 

The Reynolds number is defined as 

Re 

(2.1) 

(2.2) 

lv I is the slip velocity between a dispersed liquid droplet and the -s 
surrounding gas. IYsl• Re and Sh vary strongly during the flight of a 

liquid droplet from the cyclone axis to the wall. 

The average value of Sh, Sht• is obtained from integration with 

respect to the time of flight, until the wall of the cyclone is 

reached, i.e. 

Sht 

The corresponding average value of the gas side mass transfer 

coefficient is kG,t = S\D/dd' further indicated by kG. 

The momentaneons slip velocity lv I = lv - ~~ is determined by -s -c -u 

physical parameters such as densities and viscosities, by the 

(2.3) 

introduetion position, -velocity and -direction, and by the droplet 

size and the exchange of momenturn between gas and liquid droplets. 
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The transfer of momenturn from gas to draplets is dominated by drag-, 

centrifugal- and Coriolis-forces. Forces on the droplets, directed to 

the centre of the cyclone, arising from the radial pressure. gradient 

in the gas phase (6p/ór = pcv~/r) as well as Magnus-forces due to 

rotation in the radial gradieqt in the angular velocity (óv
6
/6r) are 

disregarded. They were estimated and appeared neglegible. 

The influence of the liquid drops on the gas flow velocity pattern in 

the cyclone is not taken into account. At liquid supplies encountered 

in the experimental CSS, only a small fraction of the angular_momentum 

supplied by the gas phase is transferred to the liquid phase. During 

the experiments, the pressure loss over the cyclone was always 

slightly smaller when the spray was introduced than it was with the 

dry cyclone. Some effect excists therefore, probably arising from 

swirl velocity profile alteration. 

2.2. Flow pattern in the gas phase 

Boysan, Ayers & Swithenbank (1982) calculated velocity distributions 

in dust separating gas cyclones on the base of the fundamental 

equations of motion (see Bird, Stewart & Lightfoot, Transport 

phenomena (1960) 83-85) and a model for turbulent transfer of momenturn 

(neglecting viscous transfer). In the case under consideration, this 

amount of detail is not necessary. We started from a velocity pattern 

in the cylindric part of the cyclone scrubber based on measurements of 

ter Linden (1949) and Abrahamsou et al (1978) in classic reverse flow 

conical cyclones. 

Presuming conservation of angular momenturn in angular direction in the 

cyclone, the tangential velocity profile could be expressed as v6•r = 
constant or v 6(r) ~ 1/r (free vortex, no radial transfer of momenturn 

or zero viscosity). 

However, in a cyclone vortex involving a viscous gas, the increase of 

angular velocity is reduced by internal friction. Strong transfer of 

momenturn in radial direction should lead to a constant angular 

velocity v6/r = constant or v6 ~ r (infinite viscosity). 

Measurements show a combined type of vortex (Stairmand (1951), 

consisting of an outer potential vortex described by v6(r) ~ 1/rn (n 

from 0.5 to 0.7 (Shepherd & Lapple), n 0.52 (ter Linden)) with a 

region of near solid body rotation at the core. 
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The flow loses its three-dimensional character at a short distance 

from the tangential inlet and becomes very nearly axially symmetrie, 

so it is permissable to exclude dependencies with respect to the 

tangential direction (Boysan et al (1982). It is assumed that the 

velocity at the cyclone wall (disregarding the very thin boundary 

layer) equals the gas velocity at entrance vGi and that the maximum 

tangential velocity is located at the radius R1 of the axial gas 

outlet (which equals the vortex locator radius) according to Bohmet 

(1982). The spinning speed at the inlet radius is not necessarily 

equal to 'the linear speed in the inlet duet, The ratio of these speeds 

depends on the balance between the momenturn supplied at inlet and the 

frictional torque imposed by the cyclone walls. 

The axial, downward facing velocity in the experimental uniflow 

cyclone is taken uniform, the radial velocity vr assumed zero. 

Measurements of Kelsall (1952) in a conical hydrocyclone operated at 

all underflow show that the axial velocity component is far from 

constant. Near the air core, considerable downward facing veloeities 

were measured, there is a range of intermediate radii with upward 

facing flow and near the cyclone wall the flow is facing down again. 

Boysan et al (1982) obtained an analogous pattern from their 

calculations invalving a reverse-flow gas cyclone featuring net upward 

flow. The axial component v - v d of the gas phase mass transfer ze z 
determining slip velocity appears to be relatively small in comparison 

with the tangential and radial components, as will be shown later. 

Therefore a uniform axial velocity v (r) was assumed. z 
Summarizing, the flow pattern of the gas phase is expressed by 

V re 0 

Ai 
V V --ze Gi 'ITR2 

r R n 
iÇ vGi (iÇ) 0 < r :ii R1 

vee { R n 
VG.(-) Rl ::;; r < R 

1 r 

with n, vGi and the radius of the axial outlet R1 as parameters. 

(2.4) 

(2.5) 

(2,6) 

The coordinate system and velocity profiles are shown in Fig. 2.1 and 

Fig. 2.2. 
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- 40 

Fig. 2.1. Cyclone geometry and coördinate system 

r.,. r-> 

Fig. 2.2. Gas phase velocity profiles 
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2.3. Motion of the liquid dropiets 

It is assumed that the drag force on a liquid droplet can be described 

by means of the drag coefficient CD for rigid spheres according to 

(2. 7) 

We will revert to this later. 

The accelerating forces in tangential, radial and axial direction 

follow frbm projection of the drag force vector on these directions 

respectively, Added are the gravitational force in axial, the Coriolis 

force in tangential and the·centrifugal force in radial direction. 

Both of the latter forces appear on transformation from rectangular to 

cylindrical coordinates. 

Hence, the force balances for the dispersed droplets become (2.8, 2.9 

and 2.10) 

dv 
CD(v ) Ad ~p lv 1

2 (vrc-vrd) 
+ (pd-pc) V pdV d _!:.!!. = -s c -s lv I rd d dt -s 

pdVd dved = CD(v ) Ad ~P lv 1
2 <vec-ved) 

- (P -P ) 
vrdv8d V 

dt -s c -s lv I d c rd d -s 

pdVd dvzd = CD(v ) Ad !P lv 1
2 (vzc-vzd) 

+ (pd-pc) l.s.IVd dt -s c -s lv I -s 

The time coordinate t is the flight time that elapses since the drop 

is formed at the nozzle. 

The drag coefficient CD is neither proportional to nor independent of 

the slip velocity, so it has to be determined according to the value 

of IYsl and not at the slip velocity component in the considered 

direction. This causes a weak coupling between these equations, 

Much stronger is the interaction due to the appearance of the 

tangential velocity v8d in the differential equation for the radial 

acceleration of the dispersed partiele and, similarly, through vrd in 

the tangential acceleration expression. 

For spherical particles the liquid droplet cross sectional area is 

Ad =(n/4)d~ and their volume is Vd =(n/6)d~ so Ad/Vd = 3/(2dd). 
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The velocity is related to the six velocity components as follows 

The drag coefficient is obtained from the standard drag curve for 

rigid spheres 

f(Re) 
p lv ldd 

f( c -s ) 
uc 

(2.11) 

(2.12) 

which is described within -4 to +6 % boundaries by the relation of 

Clift & Gauvin (Clift, Grace & Weber, Bubbles, drops and particles 

(1978) 170-171) for Re < 3 105 

CD = R24e (1 + 0.15 Re0.687) + 0.42 
1 + 4.25 104 Re-1•16 (2.13) 

Since the drag coefficient is a function of the shape of the droplet 

any distortien would have a marked effect on its motion and, in 

addition, on the rate of heat and mass transfer. The distortions are 

of two basic types: those of an equilibrium nature, and those of an 

oscillating nature resulting from vibrations about this equilibrium 

position. 

The effect of internal circulation on the drag and terminal velocity 

is slight, even though the internal veloeities can be quite 

appreciable (Hughes & Gilliland (1952)), 

Because of the undefinèd shape of a drop, the geometry is assumed 

spherical, and the value of CD allowed to vary to adjust this 

assumption to the actual facts. 

Clift et al (1978) notice that, for water,drops falling in air 

(d < 1 mm, Re < 300), the deviation from spherical shape and the e 
internal circulation are so minor that application of correlations for 

rigid spheres is allowed. 

Measurements of Beard, Gunn & Kinzer (cit. by Clift et al (1978)) show 

that above Re = 103 the drag coefficient increases due to droplet 

distortion, mainly at the droplets' front (Fig. 2.3). 
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Fig. 2.3. Orag coefficient as a function of 
Reynolds number for water drops in air, 
compared with standard drag curve for 
rigid spheres (Clift et al (1978)) 

O.tfflk---:,.i:----;10i:--,100~-, 
R•• 7!--

Fig. 2.4. Orag coefffcient of drops, spheres and 
disks (Hughes & Gilliland (1952)) 
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Davies (1945) gives the following equation to define the condition 

which drops rnaving in gases must satisfy if they are to retain a 

spherical shape. 

2 
Bo ~pddg < 0.4 (2.14) 

0 

According to Hughes & Gilliland (1952) the distartion depends on the 

surface tension number Su p crdddg /u2 (g is a dimensional factor 
2 c c c c 

ML/F6 , g = I when using consistent (SI) units), Fig. 2.4. c 
With crd = 72 103 Pa m, the surface tension of a pure water surface 

hordering upon air at 25 °C, and dd 0.03, 0.1, 0.3, 1.0 mm we obtain 
3 4 4 5 . Su = 8.7 10 , 2.9 10 , 8.7 10 , 2.9 10 respect1vely. 

This criterion will be used later. 

The combined effects of fluidity, acceleration and distortien have not 

been incorporated as they can merely be conjectured and as this is 

beyond the scope of this model. 

The instantaneous partiele position follows from integration of the 

momentary partiele veloeities according to 

and (2.15, 2.16, 2.17) 

The time of flight, until the moment that the cyclone wall is reached, 

is unknown. The choice of a certain integration step increment in t is 

therefore quite uncertain. Hence, through multiplication by dt/drd = 
1/vrd the set of differentiel equations (2.8 to 2.10) are transformed 

to an equivalent system with rd as the independent variable. The 

terminal value of rd is the cyclone radius R. Substituting the 

acceleration vector caus_ed by and in the direction of the 

velocity, we obtain 

(2.18) 
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2 
1 V -V _1_ Pd-Pc v8d 

la I re rd 
lv I +----

-s vrd pd rd vrd -s 

dved v8c-v8d 1 Pd-Pc vrdv8d 
drd = lv I -s vrd pd rd vrd 

dvzd vzc-vzd 1 Pd-Pc l.s. I 
drd lv I +---

-s vrd pd vrd 

d8d 

drd rd vrd 

dzd 

drd vrd 

dt 
drd vrd 

Droplet trajectories are estimated numerically using this set of 

governing equations. 

2.4. Mass transfer at the liguid dropiets 

(2.19) 

( 2. 20) 

(2.21) 

(2.22) 

(2.23) 

(2.24) 

The average gas side mass transfer coefficient is obtained by solving 

the differential equation 

d(Sht •T) = Sh 
dt t 

(2.25) 

or (2.26) 

The necessary and sufficient initia! and boundary conditions are the 

position, velocity and direction of the droplet introduction. 
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If injection occurs in radial direction only (no axial nor tangential 

components) we have 

t 0 rspray-nozzle 
0 

0 

(2.27) 

3 The value of kGA (m /s) is estimated from the time-averaged value of 

Sh (Sht) and the interfacial area, A which is the product of the 

number of draplets moving in the cyclone and the droplet surface area. 

The number of droplets follows from liquid supply, droplet volume and 

time of flight. 

We obtain 

(2.28) 

(2.29) 

(2,30) 

At the first glance kGA seems to be proportional to the liquid flow, 

but as the entrance velocity increases with the liquid flow the 

contact time will be shorter and kG somewhat larger, hence removing 

the proportionality. 

2.5. Mass transfer at the liguid film on the cyclone wall 

Johnstone & Silcox (1947) investigated the absorption of so2 into a 

salution of sodium bicarbonate in a cyclone spray tower. The tower 

consisted of a tapered chamber 14 ft high, 28!" in diameter at the 

bottorn and 20!" in diameter at the top. Their gas phase velocities, 

measured at a distance of 1" to the wall, varied from 1150 to 2600 

ft/min (5.8 to 13.2 m/s), 
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They measured the absorption taking place into the liquid film at the 

wall, and correlated the results as follows 

(kGA) = 0.0045 V 
0•72 

w w (2.31) 

(kG in lbmol/(min ft 2 atm), v in ft/min). A is here the geometrie 
2 w w 

wetted wall area of 53 ft , i.e. kG includes the ratio between the 

actual gas-liquid contact surface and the geometrie wetted wall area. 

From this ~ork we estimated the partial mass transfer coafficient at 

the liquid film in our experimental cyclone spray scrubber. Conversion 

into SI units, including a Schmidt number correction (Sc = 1.34 for 

so2, R = 1.313 atm ft 3/(lbmol K)) gives 

The usual function of the Schmidt group is used to permit 

applicability of the equation to any diffusing substance. 

If the cyclone wall is wetted over a height Z we obtain 

This contribution is added to the portion (kGA)d of the droplets. 

2.6. Numerical solution 

(2.32) 

(2.33) 

The set (2.19) to (2.25) of 7 first order non-stiff differentiel 

equations can be solved with the aid of numerical methods whose area 

of stability does not need to be limited (Veltkamp & Geurts (1979)). 

Preferenee was given to a Bashforth-Moulton metbod (no self seeking 

step) consisting of a third order Adams-Bashforth predietor 

(2.34) 

with a third order Adams-Moulton corrector (correcting only once) 

(2.35) 

f is the function being integrated, h the step increment and zn the 

approximation of the dependent variable, zn = z0 + nh. 



cyclone dimensions 

cyclone radius R 

axial outlet radius R1 
vortex locator radius R1 
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gas entrance duet height x width 
vortex locator height 

cyclone wall wetted height Z 

Calculation parameters 

entrance location (rd,ed,zd) 

entrance velocity (vrdO'vSdO'vzdO) 
gas phase density Pc 
liquid phase density pd 

gas phase viscosity uc 

0.05 m 
0.02 m 
0.02 m 

0.05 x 0.02 i 
0.05 m 

0.15 m 

(0.004 m, 0, 0) 
(0.3 m/s, 0, 0) 
1.3 k9 m-3 

103 kg m-3 

1.8 10-5 Pa s 

1.0 ' gas phase Schmidt number Sec 
gas phase diffusivity D 0.256 10-4 m2 s-1 

gas phase velocity profile coefficient n 

integration step increment h 

Table 2. 1. Model calculation entrance data 

r t ed"rd vzd 
-----=;-

m s m m m s ms ms 

0.004 0.000 o.ooo 0.0000 0.30 0.00 0.00 
0.005 0.002 0.000 0.0000 0.29 0.00 0.04 
0.010 0.020 0.005 0.0045 0.39 0.64 ' 0.46 
0.015 0.028 0.017 0.0091 0.95 1.45 0.66 
0.020 0.032 0.031 0.0119 1.!:8 2.23 0.76 
0.025 0.035 0.047 0.0141 2.17 2.69 0.83 
0.030 0.037 0.1Xi2 0.01!:8 2.62 2.81 0.87 
0.035 0.039 0.078 0.0175 2.93 2.82 0.91 
0.040 0.040 0.094 0.0190 3.15 2.00 0.94 
0.045 0.042 0.111 0.0204 3.32 2.77 0.97 
O.()f{) 0.043 0.127 0.0219 3.44 2.73 0.99 

0.52 
o. 1 10-3 m 

Re 

ms 

0.00 0 
1.38 30 
5.43 118 
9.64 209 

13.92 D2 
11.88 257 
10.!:8 229 
9.69 210 
9.01 195 
8.48 184 
8.05 174 

Tab1e 2.2. Partiele trajectory calculation for dd = 0.3 mm 

at vGi = 10 m/s (vrdO = 0.30 m/s) 

Cu Sh 

0.00 0.0 
2.04 5.2 
1.02 8.3 
0.00 10.4 
0.69 12.1 
0.73 10.8 
o.n 10,8 
0.79 10.4 
0.82 10.1 
0.84 9.9 
0.86 9.7 
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VGi (krf)w 
----:;- 3-=1 m s m s 

10 0.00121 
20 0.00201 
]) 0.00267 
40 0.00329 

Table 2.3. (kGA)w as a function of the gas entrance 

velocity vGi after Johnstone & Silcox (1947) 

dd VGi 1 Sht krfliPL A/iPL 
----:;- .- -- ----:;-

mm m s s 1 1 sm 

0.03 10 0.0268 3.2 4 5360 1.451 103 
20 0.0152 3.7 9.574 103 3040 
}) 0.01]3 4.0 7.829 10 2260 
40 0.0093 4.3 6.876 103 1860 

0.10 10 0.0293 5.2 3 1758 2.3}) 103 
20 0.0194 6.2 1.861 103 1164 
}) 0.0153 7.0 1.643 103 918 
40 0.0129 7.6 1.507 10 774 

0.}) 10 0.0434 8.6 6.352 1~ 868 
20 0.0296 10.6 5.355 let 592 
}) 0.0235 12.1 4.835 1()2 470 
40 0.0199 13.3 4.491 1 398 

1.00 10 0.0679 15.8 1.653 1~ 407 
20 0.0466 20.1 1.435 1 200 
}) 0.0370 22.9 1.})5 1~ 222 
40 0.0313 25.2 1.211 1 lffi 

Table 2.4. Droplet flight time 1, Sht' (kGA)d/iPL and A/iPL as a function 
of droplet diameter dd and gas entrance velocity vGi 
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The starting values for the first an second integration point, and 

z2 , are found as follows: z1 with an Euler-predictor and trapezium 

rule-corrector, z2 with a second-order Adams-Bashforth predietor and a 

third order Adams-Moulton corrector. The order of the method is three, 
3 i.e. in a certain point rn r0 + nh it appears that y(r) = z(r) + Ch 

holds when h approaches zero. y(r) is the exact value of the dependent 

variabie and C some constant. 

The error is estimated by conducting several integrations with halved 

step increment, The obtained data permit further corrections by so 

called h3 extrapolation. 

The Bashforth-Moulton algorithm is very suited for accurate 

integration over long intervals. Senden & van Ginneken (1978, 1979) 

choosed a Runge-Kutta methad to solve a similar problem (Particle 

trajectories in a zig-zag air clasifier). Reference is made to 

Veltkamp & Geurts (1979) and RC-Informatie PP-3.4.1/2 (1976). 

Starting from a certain radial position in the cyclone, the 

calculation runs as fellows: the tangential velocity of the continuous 

phase v6 is a function of the radius, the axial velocity V is 
c 2 . ze 

constant (v ~ vG. A./(nR )) and the radial velocity v = 0. The ze 1 1 · re 
slip velocity lv I is obtained from the local velocity components of -s 
both phases according to (2.11). The momentary and local value of Sht 

is obtained from Re p ldd/).J and the applying Schmidt number. c . c 
The relation of Clift & Gauvin (2.13) provides the drag coefficient CD 

and (2.26) delivers the drag-acceleration la 1. Subsequently, the -s 
numerical algorithm determines the differences in , position 

and the contribution to Sht'T while moving through a radial distance 

increment according to differential equations (2.18) to (2.24). 

The obtained value of kGA/~L' after multiplication with the liquid 

supply ~L and added to the contribution of the liquid film on the 

cyclone wal!, can be compared with corresponding experimental values. 

We must bear in mind that the model treated here is based on the 

assumption of draplets being introduced as such. In our experiments, 

under certain conditions it was observed that were formed 

breaking up into draplets at some distance from the axis. 
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dd Su VGi Re max 

1 
--:;-

1 mn ms 

0.03 8.7 103 10 17 

2.9 104 30 61 
0.10 10 86 

8.7 104 30 274 
0.30 10 302 

2.9 105 30 928 
1.00 10 1008 

30 3282 

Surface tension number Su and maximum Re number 

during droplet flight 
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2.7. Results and discussion 

Data on entrance conditions for evaluating the model are given in 

Table 2.1. 

Table 2.2 pres~nts numerical results of a partiele trajectory 

calculation in case of a gas entrance velocity vGi = 10 m/s and a 

(uniform) droplet diameter dd = 0.3 mm. The effect of the radial 

injection velocity vrdO is slight, as long as it does not exceed a 

value of about 0.5 m/s. 

The contribution of the liquid film at the cyclone wall to gas phase 

mass transfer is shown in Table 2.3. It should be noted that relation 

(2.33) after Johnstone & Silcox (1947) is based on measurements at 

relatively low gas velocities. 

Table 2.4 summarizes the droplet trajectory calculations for a range 

of gas entrance veloeities and droplet diameters. 

Fig. 2.5 to 2.8 graphically shows partiele velocity and -trajectory as 

a function of flight time and radial position. On reaching the cyclone 

wall, dropletshave covered a distance of er·R = 7.5 to 28.8 cm along 

this wall in the horizontal plane (2rr•R = 31.4 cm). 

High veloeities are reached, although they are relatively low during a 

large part of the flight time. Obviously, components in radial and 

tangential direction add rnain contributions to the slip veliocity 

vector. It is concluded that the tangential velocity profile with 

respect to the radius (vec(r)) is gas phase rnass transfer deterrnining. 

One can clearly recognize this from the Sht vs t plots (Fig. 2.5 t/m 

2 .8). 

At high slip veloeities the drag coefficient increases due to 

flattening off of the drops' front. On the base of the surface tension 

number of Rughes & Gilliland (1952) and the reached maximum of the 

Reynolds number (Table 2.5, Fig. 2.4) it is concluded that deviations 

from spherical shape behaviour will occur if dd > 1.0 mm while the 

assumptions are allowed if dd < 0.3 mm. 

Larger drops probably break up into smaller ones (redispersion). 

The values of (kGA)d/~L show that (kGA)d decreases with gas entrance 

velocity. The decrease of A due to shorter contact times obviously 

overrules the increase of kG owing to higher slip velocities. A 

cyclone spray scrubber shows a strong effect with regard to smaller 

droplet diameters, being an important advantage over classic spray 

towers. 
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Fig. 2.6. Droplet flight and momentary Sherwood number from model 
calculations for dd = 0.30 mm and vGi = 30 m/s' 
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Finely divided sprays are applicable since the centrifugal field 

intrinsically provides for an excellent phase separation. 
- . 2 

From relation (2.30) we have (kGA)d/~L = 6(Sht•T)D/dd. 

For sufficiently high Re it
2
appears Sht ~ dd•v~c• for

2
a given radial 

distance to cover we have T ~ 1/ar. Supposing ar ~vee leads to 

T ~ 1/vec or (taking vee ~ vGi) 

(2.36) 

(kGA)d/~L vs vGi reasonably obeys the trend following from this rough 

estimate. 

Obtained values of (kGA)d/~L relate to monodispersed droplets. 

A liquid spray moving in the cyclone will probably not consist of 

uniform droplets. Assuming a droplet diameter distribution with 

respect to numbers described by a function f(dd) (Fig. 2.10) leads to 

a gas side mass transfer according to 

(2.37) 

(2.38) 

or (2.39) 

Hence, gas side mass transfer to a spray can be evaluated from the 

model calculations if the number distribution of droplet diameters is 

known. 

We must bear in mind that the influence of transfer of momenturn from 

dispersed dropiets to gas phase has not been incorporated. In 

particular the liquid flow rate, not being a relevant parameter in the 

model calculations under consideration, will play a part in this. 

In section 4.5 a comparison of model calculations with experimental 

data will be given. 



24 

5 0 10 20 30 40 50 5 

t 10 10 

kGA 

q,L 

dd • 4 
10 - IQ 

mm 

[!] 0.03 
(!) 0.10 

~ "" 0.30 
1.00 

3 3 
+ 10 - 10 -

2 
10 - 2 

10 
0 I 0 20 30 40 50 

VGi 
-+-

(m/s) 

Fig. 2.9. Gas phase mass transfer in dependenee 
on droplet diameter and gas entrance 
velocity from model calculations 

+ the nUlliber fraction of droplets with 

f(dd) diameter between dd alid dd+ädd is f(dd)-.'idd 

0 

Fig. 2.10. Droplet size distribution 
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2.8. Scale up considerations 

Larger gas- and liquid feed rates may be handled and sufficient mass 

transfer capacity may be obtained in a cyclone spray scrubber through 

upscaling rather than operating several units in parallel. The effect 

of increasing the cyclone radius and of higher pressures on gas side 

mass transfer to the liquid spray was investigated by means of the 

model described earlier. 

Calculations were carried out for combinations of cyclone radii of 

0.05, 0.15 and 0.50 m, pressures of 1, 3 and 10 bar, gas entrance 

veloeities of 10, 20, 30 and 40 m/s and droplet diameters of 0.1, 0.3 

and 1.0 mm. 

The cyclone pressure determines the density of the gas phase swirling 

through the cyclone and enhances drag forces according to (2.7). Gas 

phase diffusivity will decrease if pressure increases, These effects 

were accounted for by means of a proportional dependenee of gas phase 

density, and by an inverse proportionality of gas phase dHfusion, 

with respect to cyclone pressure, Gas phase viscosity was taken 

constant. The assumptions are allowed in case of moderate pressures 

and temperatures. It is expected that the influence of liquid phase 

density is small. 

The results of the numerical calculations are plotted in Fig. 2.11. 

Fitting by linear least squares regression provided a contribution of 

the liquid droplets to gas phase mass transfer expressed by 

0.73 ( 2.40) 

The cyclone pressure is expressed in (bar) for convenience. Equation 

(2.40) fits the numerical calculations within about 20 %. The 

contribution of the liquid film at the wall of the CSS according to 

(2,33) should be added. 

Entrance data are presented in Table 2.1, with exception of 

D -4 2 -1 -5 = 0.2 10 m s and uc = 2.0 10 Pa s. Cyclone proportions in 

relation to the diameter remain unchanged. 
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Substitution of (2.30) into (2.40) delivers 

D 
Sh 0.73 ( G,1 bar) 

t•T=-6- 2 -1 
m s 

R 0.77 -0.78 -0.39 d 0.80 
(_ç_) (____Q_) ( VGi ) (_i) (2.41) 
m 105Pa m s-1 m 

We must bear in mind that the gas phase diffusivity varies inversely 

with respect to the gas pressure. Obviously from (2.40), presuming 

that a constant gas mass flow is led through the cyclone, kGA/~ 

varies proportional to p-0 •39 if the pressure is increased. The extent 

of redispersion of liquid droplets after leaving the spray nozzles, 

which can not be predicted by the model, will probably increase with 

cyclone pressure originating from larger shear stresses. The exponent 

of the droplet size illustrates the importance of the degree of liquid 

dispersion. 

For practical applications, cyclone pressure loss is of importance. 

Cyclone pressure loss is due to 

~ difference in velocity of the gas in the inlet and outlet ducts 

- expansion of the gas when it enters the cyclone chamber 

kinetic energy of rotation in the cyclone chamber 

wall friction of the gases in the cyclone chamber 

- contraction, friction and exit losses in the exit duet system 

Normally, for dust collecting cyclones, the loss as kinetic energy of 

rotation of the high velocity gas stream in the cyclone system is 

reponsible for most of the pressure losses, and this may amount to 

several times the inlet velocity head. Kinetic energy of rotation may 

be recovered by installation of scroll exit designs. For high 

veloeities this may amount to a reduction of 10 to 20 % of the 

pressure loss. 

During the experiments, the pressure loss was smaller when the spray 

was introduced than it was with the dry cyclone. This was also noticed 

by Johnstone & Silcox (1947). This does probably originate from swirl 

velocity profile alteration. 
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2.9. Conclusion 

The calculations show that very high volumetrie gas side mass transfer 

rates kGA are attainable if the dropiets are sufficiently small. 

Application of finely divided sprays strongly increases both the 

droplet-gas interfacial area A and the gas phase partial mass transfer 

coefficient kG (Table 2.4). High gas side mass transfer coefficients 

are of importance for certain applications, as will be shown in 

section 5. 

A CSS provides mainly cross flow of the gas and liquid streams, and 

therefore mass transfer corresponding to only slightly more than one 

theoretica! plate may be accomplished in one single unit. 

Consequently, the advantages of counter flow in approaching saturation 

of both phases can not be obtained. The number of units available even 

in a short height may be quite large, however, and almost complete 

absorption of a solute gas can be obtained if the proper solvent is 

selected. 

Overall counter flow may be approached by cascading several units. 

The contribution of the spray to the value of the interfacial area in 

our experimental 100 mm diameter CSS will be quite small in comparison 

with the surface of the film at the wall. This can be deduced from 

A/~L values taken from Table 2.4 by substituting liquid supplies in 
-5 3 the experimentally attainab1e range up tö about 2 10 m /s. The 

geometrical wetted wall area is 2nR•Z = 2n•O.OS•0.15 = 0.047 m2• 

The effect of the spray zone on the volumetrie gas phase mass transfer 

rate is considerable in comparison to the contribution of the liquid 

whirling down the wall, as follows similarly from values of kGA/~L 

from Table 2.4 and (kGA)w from Table 2.3. 

liquid loadings offer an advantage owing to the decreasing 

relative effect of the liquid film at the cyc1one wall. 

Calculations ·have shown that a cyclone spray scrubber can be scaled up 

to larger dimensions, however the allowable pressure drop may be a 

limiting factor. 
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3. Study on chemical absorption kinetica in a laminar jet absorber 

3.1. Introduetion 

Phase contact areas in gas-liquid systems can be determined by means 

of the absorption of a gas phase component, accompanied by chemical 

reaction with a liquid phase reactant. 

In the appropriate regime the absorption rate is determined by 

chemicaland physical properties only, independent of hydrodynamical 

conditions determining the liquid phase mass transfer coefficient k1 , 

and in good approximation expressed by 

where k1 (= k2CB) is the pseudo first-order reaction rate constant. 

An extensive discuesion will be given in 3.4. 

From considerations of selectivity, thermal stability and the 

possibility for continuous measuring, preferenee was given to the 

chemically enhanced absorption of carbon dioxide in aqueous 

monoethanolamine solutions for the determination of phase contact 

areas in the experimental CSS. 

* 

(3.1) 

For that purpose we need to know the values of CA' k2 and DA (either 

* separate or as combination CA/(k1DA)) in dependenee upon carbon 

dioxide partial pressure, temperature and carbonation ratio. 

* However, no consensus exists about the values of solubility CA and 

diffusion coefficient DA in the amine solution when evaluating 

reaction rate constants from experiments in inhomogeneous systems 

(liquid jet, -film or -pool), Reported rate constants at 25 °C show a 

* considerable scatter, even after correction for different CAibA values 

(Blauwhoff (1982)). 

Moreover, publisbed data are merely confined to uncarbonated 

solutions, with the exception of those of Hikita et al (1979). 

* Therefore we decided to measure the physico-chemical group C /(k2DA) 

at varying carbon dioxide pressure pA' temperature, amine 

concentration CB and carbonation ratio a by means of a laminar jet 

absorber. 

Originating from the simultaneous absorption of carbon dioxide and 

hydrogen sulphide into aqueous diisopropanolamine solutions, similar 
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experiments were conducted with regard to the C02/DIPA system. 

The featured contact times, comparable to drop flight times in the 

experimental CSS, and the small amounts of amine salution needed make 

the laminar jet absorber a suitable choice. 

3.2. The laminar jet absorber 

Fig. 3.1 shows the cross-section of the laminar jet absorber. The 

thermostated jet-ehamber (F) is enclosed between upper- and lower 

flange (E and L respectively) by means of three pull-bars. The slide 

tube (A) is passed through a double 0-ring seal within a 

two-dimensional traverse mechanism (B,C,D,E) by means of an 0-ring 

gland seal. Contact pressure of the sliding surfaces of the traverse 

is provided by a spring-loaded ring (C). The jet length is adjusted by 

slackening the slide tube in the double 0-ring seal and sliding it 

into the appropriate position. 

The jet is formed in a diaphragm (G), 0.100 mm thick with a right 

circular hole of ~ 1.089 mm carefully cut by spark machining, fixed by 

an eye screw (G) between two PTFE-rings. This design proves to 

minimize boundary-layer formation, i.e. the jets produced have a flat 

velocity distribution. Any variation in diameter is confined to a 

height equal to about 0.1 jet diameter from the orifice plate. 

By means of three adjustment screws (D), the liquid jet is aligned to 

the receiver (K), consisting of a 15 mm long ~ 1.10 mm stainless steel 

capillary placed on a piece of glass tube. The face of the receiver is 

ground flat and polished. The downstream end is connected to a 

constant-level device, vertically adjusted such that (see Fig. 3.2) no 

liquid spills over (a) and no gas entrainment occurs (b), Within a 

relatively small area of liquid-flow and level device height, which 

must be found experimentally, it is possible to fulfil these 

conditions (c). This requires a very stable liquid flow, being 

realized by means of a centrifugal pump (Stuart) connected to a 

voltage stabilizer (Philips) or by using a constant-level device 

located at 7 m above the absorber. The liquid flow is adjusted by 

means of a needle-valve and a calibrated rotameter. 

The bottorn plate (L) contains the gas entrance- and exit ducts (I and 

J respectively) and an outlet for spilled liquid. 

The contact time depends on the jet length (3 - 100 mm). 
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liquid in 

J\: slide tube, B: slider, C: pressure ring, D: adjustment screw 
(3 at 180°), E: upper flange, F: thermostated jet chamber, 

G: eye screw, H: diaphragm, 1: gas inlet, J: gas outlet, 
K: liquld receiver, L: lower flange, M: support 

Fig. 3.1. laminar jet absorber (measures in mm) 

(a) 

11quid 
overflow 

(b) 

gas 

entrainment 

(c) 

Fig. 3.2. Liquid jet receiver operation 
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The jet length is measured using a x-z microscope (The Precision 

Tool & Instrument Co. Ltd., Type 2158), the jet diameter with a 

measuring-ocular to be mounted on this (accuracy better than 0.01 mm). 

In that case, the jet chamber (F) is temporarily removed. 

The absorber is placed on a massive (concrete) table to avoid 

vibrations as much as possible. 

3.3. Physical absorption of oxygen in water 

The physical absorption of a sparingly soluble gas in a liquid jet 

with a flat velocity profile is governed by Higbie's penetration 

theory (Bird, Stewart & Lightfoot, Transport Phenomena (1960)). The 

oxygen mole flux, averaged with respect to the contact time, is 

Substituting 

(3.2) 

and N0 
(3.3, 3.4) 

t 

we obtain 

. 2 

* . Do 1. t 
4(C0 - c~ )I{ 2 Je ) 

2 2 <l>L 
(3.5) 

So ~c0 •<l>L plotted versus the square root of the jetlength (ljet will 

yield ~ straight line through the origin if plug flow appears and if 

the penetration·model is valid here. This was verified experimentally 

by means of the experimental set-up shown in Fig. 3.1 and Fig. 3.3. 

The oxygen concentrations in entering and leaving water flows were 

determined by membrane amperometric {MEAM) oxygen analyzers (see 

Barendrecht (1965)), 

The water was thermostated át 20.0 °C in supply vessel V, the oxygen 

stripped off with nitrogen. Via an electric 3-way valve K either 

nitrogen or air (eventually pure oxygen) was led through the jet 

chamber. The liquid flow amounted toabout 4.75 10-6 m3/s, the jet 

diameter 0.88 ± 0.01 mm. The results are presented in Fig. 3.4. 

A small part of the jet is obviously ineffective, probably·due to 
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Fi9. 3.3. Physical absorption of oxygen into water 
in a laminar jet absorber 
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accumulation of surface active components at the receiver end of the 

jet and/or entrance- and receive-effects. This part is neglegi-bie (in 

particular compared to wetted-wall columns) as the intercept of the 

abcissa figures lt. t = 0.12 cm! or 1. t = 0.014 cm. Least squares 
Je Je . -9 2; 

regression yields a diffusion coefficient of 2.17 10 m s for 02 in 

water at 20.0 °C, this is in the range of values cited in recent 

literature. 

A boundary condition of the penetration theory is C t = Cb for x + ~, x, 
i.e. the penetration depth must be an order of magnitude smaller then 

the jet radius. Defining the penetration depth as the distance x0•01 
from the surface where 

b 1 * b C ·t - C = 100 (C - C ) 
xO.Ol' 

(3.6) 

applies, yields with the concentration profile according to 

c -eb 

~;t_ eb = erfc(2/(Dt)) (3.7) 

and a table of the error function to x0•01 ~ 3.61(Dt). 

Substituting D0 = 2.17 10-9 m2/s and t = 10-2 s (maximum gas-liquid 

contact time) l~ads to a penetration depth x0 •01 = 0.017 mm, about 4 % 

of the jet radius. In case of chemically enhanced absorption the 

penetration depth of the gas phase component will even be considerably 

smaller. 

The effective liquid phase mass transfer coefficient varies from 
-4 . -4 I 5.3 10 to 16.6 10 m s. It is concluded that the conditions in the 

laminar jet absorber are such that plug flow may be assumed and that 

absorption experiments may be interpreted according to the penetration 

theory. 

3.4. Gas absorption accompanied by chemica! reaction 

3.4.1. Chemica! absorption regimes 

Several theories and models, proposed for descrihing mass transfer 

processes, can be utilised for the description of absorption processes 

with or without chemica! reaction under specified physical conditions. 
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It appears that the film model and approximations based on Higbie's 

penetration theory lead to nearly the same quantitative predictions 

(Danckwerts & Sharma (1966)). 

Van Krevelen & Haftijzer (1948) gave numerical solutions based on the 

film theory applied to irreversible second order reaction of the type 

A + vB + products in the liquid phase. 

Brian et al (1961) and Pearson (1963) presented corresponding 

solutions after Higbie's penetration theory. 

Concentration profiles of absorbed gas phase component and liquid 

phase reactant respectively, applicable to different regimes, are 

shown in Fig. 3.5. 

Brian et al (1961) presented numerical solutions, based on the 

penetration theory, by plotting the enhancement factor E = NA/(kL~CL) 
as a function of the Hatta number Ha = /(k2CBDA)/kL with parameters 

kL represents the mass transfer coefficient during exclusive physical 

absorption. This yields a close range of curves, each representing a 

certain value of w. 
Within an accuracy of about 10 %, depending on the ratio DB/DA, E can 

be treated as a function of Ha with xlw as the only parameter 

(Danckwerts & Sharma (1966), Brian et al (1961)). 

At increasing Ha, E approaches the asymptote = xlw. 
The film model yields similar curves, with asymptote Ei = xw (van 

Krevelen en Boftijzer (1948, 1953)). 

In case of equal Ei, solutions based on Higbie's penetratien theory 

and the film model respectively coincide, i.e. the results of the 

penetratien theory apply to the film theory if xlw is replaced by xw. 
Fig. 3.6. is in accordance with a numerical evaluation after the 

penetration theory by Brian et al (1961) within about 10 % as 

mentioned earlier. 

Considering the different regimes in view of the film theory, at low 

Ha (< 1) the chemica! reaction hardly speeds up the absorption rate 

(E = 1). If the concentration of the liquid phase reactant in the 

liquid layer adjacent to the surface decreases neglegibly, the 

dissolved gas phase component undergoes a pseudo first order reaction 

(Fig. 3.5.b). 



!: General c:ast 

c•l-----t-- c~ 
A 

~: Instantanecus reaction 

.1----+--~ c• 

~: Pseudo first-order 

!.: Inoependent of c; 

Fig. 3.5. Concentration profiles of gas phase component and 
liquid phase reactant during absorption and second-order 
reaction according to the film theory 
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Fig. 3.6. Enhancement factor for second order reaction 
according to the penetration theory 
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For Ha > 1, 

1(1 

applies within 10 % accuracy if the condition Ha ~ tCl + xw) is 

fulfilled. 

(3.8) 

When also Ha ~ 5 then the enhancement factor is approximately given by 

The factor 5 is arbitrary, but ensures that (3.9) is accurate to 

within a few percent. This case is illustrated by Fig. 3.5.c. 

(3.9) 

eB represents the concentratien of the non-volatile liquid phase 

reactant. For sparingly soluble gas absorption, eB in the liquid 

surface elements is nearly the same as the concentratien in the bulk 

liquid which in turn can be nearly constant over the gas-liquid 

contact period. In these circumstances, the bimolecular reaction 

bacomes in effect a pseudo first order one, that is, k2eB = k1• 

The absorption rate is independent of the liquid phase mass transfer 

coefficient k1 and depends further on the specific interfacial area. 

At higher reaction rate constants, i.e. Ha ~ 10(1 + xw), the reaction 

rnay be considered instantaneous and the enhancement factor approaches 

the asymptotic value of (Fig. 3.5.d) 

1 + xw (3.10) 

* In case of eB >> A the absorption rate becornes independent of the gas 

phase component partial pressure (Fig. 3.5.e) following frorn 

E. 
1 

and therefore 

(3.11) 

(3.12) 
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the liquid phase reactant diffusion towards the interface is then rate 

determining. 

Based on the penetration theory, the following enhancement factors 

analogous to (3.10) and (3.11) are obtained (Emmert & Pigford (1962), 

Danckwerts (1970)): 

E. 
~ 

1 
(1 + xw)lw 

(3.10 1
) 

(3.11') 

Thomas (1966) reports for (3.10) 

Thomas & Nicholl (1969)) gave E. 
~ 

= 1 + xlw, Nijsing et al (cit. by 

1/lw (1 +x). 
Danckwerts & Sharma (1966) refer to experiments related to small 

packed towers indicating that the penetration theory (3.10') better 

represents the facts. 

3.4.2. Contact time criteria 

Danckwerts solved the transient diffusion equation with boundary 

conditions applicable to penetration and (pseudo) first order 

irreversible reaction of a gas phase component in a liquid, from which 

a minimum contact time criterion can be obtained, 

Solving 

with boundary conditions t = 0 x > 0 C = 0 

* x = 0 c = c 
t> O{X="' C=O 

leads to 

-k1t 

QA = c:l(k1D) t {(1 + 2~ 1 t)erfl(kl t) + ;(
11

k
1 
t)} 

(3.14) 

(3.15) 
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* For pseudo first order reaction kLE = CA~k2CBDA) within 5 % if 

k2CBt > 10. In case of carbon dioxide absorption into aqueous MEA 
4 -1 solutions k2CB ~ 10 s • The condition to be satisfied (among others) 

becomes therefore t > 10-3 s. 

Taking the average liquid side coefficient for physical absorption 

according to Higbie gives 

Ha = 

4 -1 4 9 -3 

(3.16) 

With k2CB ~ 10 s , Ha ~ 3 yields t > n k ~ ~ 10 s. 

A measure for the gas ~hase component penetratien depth x0•01 , defined 

by C t ~ 0.01 C , can be estimated from the concentratien 
xo 01' =OO 

profiiê tDanckwerts (1950)) (3.17) 

In the first order regime (3.17) can be approximated by 

C -x/(k1/D) 
--::;:- = e 
CT 

(3.18) 

which also follows from the film theory. 

Substitution of data applying for absorption of carbon dioxide into 
-9 2 4 -1 aqeous MEA (D = 2 10 m /s and k2~ = 10 s ) gives 

-3 
xO.Ol = 2 10 mm. 
Amine depletion in the liquid layer adjacent to the surface determines 

the upper limit of the contact time. The condition to be satisfied is 

Ha <Ei or (Danckwerts & Sharma (1966)) (3.19) 
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Substituting <; = 1.0 kmol/m3, DB/DA::: 0.6 (Thomas & Furzer (1962), 
* 3 Brian et al (1967)) and CA = 1/30 kmol/m (pure, atmospheric co2) 

results in t < 10-2 s. 

Gas-liquid contact times in the laminar jet absorbêr are located 

between these extremes. The measurements in the experimental CSS are 

conducted with 0.15 - 0.20 bar co2 and CB = 1.5 kmol/m3 providing an 

upper limit of 0.88 - 0.50 s. 

* As an alternative the relation CA/(k2<;DA) << kLCB' being reported by 

Mehta & Sharma (1970) as the condition to be satisfied, can be 

checked. 

However, the absorption process persists in obeying first order 

behaviour if the time scale of interfacial turbulence, supplying fresh 

amine from liquid bulk to surface, appears to be smaller then the time 

after which amine depletion manifests itself. This is obvious in case 

of carbon dioxide absorption in aqueous monoethanolamine solutions 

(Brian et al (1967), Thomas & Nicholl {1969), Sada et al {1977, 

1982)). 

Brian et al (1967) measured an increase of physical propylene 

desorption from MEA solutions when conducted simultaneously with 

chemical carbon dioxide absorption, the latter process not being 

influenced by the former. The physical desorption enhancement is 

presumably caused by interfacial turbulence driven by surface tension 

gradients owing to the chemical absorption. 

This effect will be of influence during the simultaneous messurement 

of phase contact area and liquid side mass transfer coefficient by 

means of chemically enhanced and pure physical absorption of two gas 

phase components. The achieved values of A en kL apply to identical 

physical and hydrodynamica! conditions (dispersion characteristics 

like bubble size distribution and gas hold up), kL however can deviate 

sharply from values obtained by conducting separate experiments 

featuring sole physical absorption. Reference is made to similar 

remarks of Robinson & Wilke (1974) and Beensckers (1977). 

In the case under consideration separate experiments were carried out, 

yielding kLA values applying exclusively to physical absorption. 

It should be noted that application of (3.9) is allowed only if gas 

phase mass transfer resistance is neglegible. This is checked up in 

Appendix 1. 



42 

3.5. Chemically enhanced absorption of COl in aqueous monoethanolamine 

solutions 

3.5.1. Theoretica! 

3.5.1.1. Reaction mechanism 

The carbamate formation due to reaction between carbondioxide and 

primary and secundary amines in aqueous solution takes place according 

to the overall reaction 

(3.20) 

in recent literature usually written as 

(3.21) 

(3.22) 

the first step being first order with respect to both carböndioxide 

and amine and rate controlling, while the proton abstraction (3) is 

virtually instantaneous. The equilibrium constant of reaction 3.21. is 

of order 10- 102 m3/mol (Danckwerts & McNeil (1967)). 

The proton can also be accepted by an other base. In case of 

monoethanolamine (MEA) R1 = H- and R2 = HOCH2CH2-. 

Experimental evidence (Alvarez-Fuster et al (1981), Blauwhoff (1982)) 

points to a mechanism involving the formation of a so called 

zwitterion (after Caplow, cit. by Danckwerts (1979)): 

(3.23) 

and subsequent proton abstraction by a base B, which may be the amine 

itself, H
2
0 or OH-: 

(3.24) 
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Assuming a quasi steady-state concentration of zwitterion leads to 

r = k_1 
1 +rrc 

b B 

(3.25) 

DkbCB representing the contribution to proton abstraction of all bases 

present, the carbamate formation rate is therefore governed by 

r 
(3.26) 

In case of MEA 

(Danckwerts (1979)) leading to a reaction being first order in both 

carbon dioxide and amine according to r = k C C 2_co2 R1R2NH. 
The alkalinity of aqueous amine solutions ar1ses from the reaction of 

the amine with water to generate hydroxyl ions. The consumption of 

carbon dioxide due to bicarbonate formation, 

immediately followed by dissociation into carbonate, 

can be considerable. The rate of this reaction is very well known 

(Pinsent et al (1956)): 

* I 3 -1 1 log (k0H- (m mol s- )) 2895 
16.635 - (T/K) 

(3.27) 

(3.28) 

(3.29) 
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Formation of carbonic acid according to 

is very slow (k = 0.025 10-3 m3 mol-1 s-1) at 25 °C (Pinsent et al 

(1956)), 

This reaction will have a neglegible effect on absorption rate, 

If the carbonation ratio a < 0.5 (a = moles co2 absorbed/moles 

* * 

(3.30) 

amine-N) then kH 0 , k08-c08- << k2CR R NH in case of MEA, the removal 

of carbon dioxid~ owing to (3.27) and f3,30) being neglegible compared 

with the consumption of C02 by (3.20) (Danckwerts & McNeil (1967), 

Blauwhoff (1982)). 

Formation of the alkylate ion foliowed by attack of carbon dioxide on 

this ion produces an ester of carbonic acid 

OH - + R1R3C-CNH H20 + R1R3C-CNH (3.31) + 

I + 

6-OH 

R1R3C-CNH + co2 + R1R3C-CNH (3.32) 
I_ + 

I -
0 0-CO . 2 

Danckwerts & McNeil (1967) state that the reaction of carbon dioxide 

with an ethanol group to form a substituted carbonic acid will occur 

to a significant extent only if the pH is greater than 11, and is thus 

unimportant in even slightly carbonated solutions. Blauwhoff (1982), 

by using data of Jensen & J~rgensen (1954), calculated that (3.31) and 

(3,32) contribute neglegibly to the co2 consumption for MEA and also 

for diisopropanolamine (DIPA) if pH < 12 •. · 

As a consecutive reaction with respect to (3.21) may occur 

(3.33) 

From absorption experiments using a laminar , a wetted wall column 

and a quiescent liquid absorber, Sada et al (1976) concluded that the 

reaction according to (3.33) becomes noticable only if 

Ha = l(k2CBDA)/kL > 200. 



Sha""" (1964) 

Clarke (1964) 

Sada, k-zawa I 
Butt (1976) 

Hikita, Asai, lshikawa I 
Honda (1977) 

A1varez-Fuster, Midoux, 

Leurent I Charpentier (1980) 

Laddha & Danc kwerts ( 1981 ) 

Experimenta 1 system 

laminar jet 

Cs = 1 103 mo1/m3 

1. = 0.0148 0.0707 m 
J -3 

dj = 0,67 - 1. 79 10 m 
t = 4 - 60 10-3 s 

laminar Jet 

1 J = 0.010 0.080 ~3 
dJ • 1.11- 1.22 10 m 
•L = 2.5 10-6 .,-3/s, T = 25 •c 
c8 • 1.6 - 4.87 103 mo 1/m3 

pure co2 at 0.105 105 and 

1aS Pa resp 

laminar jet 
r • 25 •c 
c8 • o.245- 1.905 103 mol/m3 

rapid mixing method of 

Hartridge & Roughton (1923) 

8.86 mo1/m3 aqueous MEA + 
6.43 mo1/m3 aqueous co2 

wetted wall co1um~ 

1 =0.06-0.14m,d =0.0156m 
~ = 1 4.6 10-6 ,.3,; 

t • 0.24 - 0.54 s, T = ZO 'C 

Cs = 0.2 - 2.02 103 m.;>l/m3 

5 Pco = 0.025 - 0.074 10 Pa 
2 

stirred vessel 

" o.092 ... T • zs •c 
Cs • 0.49- 1.71 103 mo1/m3 

pure co2 at 103 Pa 

Diffusion coefficient & solubility Rate constant 

• C IO for co2 in pure water 
37.5 'C: 1.25 10-3 mol ,.-2 s-t 

45 'C: 1.15 10-3 0101 ,.-2 s-t 

vis.cosity correction l4.l = const 

OA • 011 0 in aqueous MEA 

of lnvo,ved concentration: 
c81oo3 mol ,.-3) 1.637 3.283 4.871 

-9 2/ ) o,. o/(10 m 5 1.52 1.39 1.2(; 
c/- 33 mo1/m3 in pure \<liter 

at 25 •c and 0,954 105 Pa 

OA and o8 from Clarke (1964) 

and Thomas & rurzer ( 1962) 

Dg/DA = 0. 588 
CA from correlation of 

Sada & Kito (1972) 

OA = DÄ/(1-kx), OA (Co2 in pure 
water) = 1. 9 10-9 i Is at 20 •c, 
k = 4.11 (from N20 analogy), 

x = mo1e fraction MEA, 

Dg • 1.10 10-9(1-7.67•) m2/s 
C • 0.379 10-3 mol m3 Pa-1 at 20 't 

(.....tllco - 1,43(111"'bl11 0 2 2 

18 •c: 5.1 m3 mol-1 s-1 

25 •c: 7.6 .. 3 mol-1 .-1 

35 •c: 9.7 .,3 mol-1 .-1 

k2 Cs k2 

mol i m3 mol-1 ,-1 mol ,.-3 ,.3 mol-1 ,-1 

1639 

3189 

8,24 

8.00 

4873 8. 70 

at Pco • 10
5 

Pa 
2 

1600 

3238 

7.44 

7.35 

4823 7.69 

at Pco • 0.105 105 Pa 
2 

Measuring method 

soap film meter 

soap film meter, 

amine titrimetric, 
1 iquid co2 content goschrom 

after boiling in 

ortho phosphoric acid 

soap fllm meter, 

amine titrimetric 

ther'llal effect in 

react ion channe 1, 

amine titrimetric, 
initia! co2 precipitative 

gas chromatographic co2 
determination in entering 

and leaving gas, initia! 

liquid carbamate after 

pyro1ysis in injection block, 

amine acid titration 

pressure record i ng 

Table 3.1. Selected literature data on chemical carbon dioxide absorption into aqueous MEA solutions 
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Comparison with penetration theory based numerical solutions 

consirlering (3.20) and (3.33) yields k2 , 11 /k2 in the order 10-5 • 

Emmert & Pigford (1962) note that, although the carbamate formation is 

most important in influencing the absorption rate, eventual chemica! 

equilibrium favors the formation of carbonate. 

Similarly, Danckwerts & McNeil (1967) state that the removal of C02 
due to (3.27) and (3.30) causes partial reversal of reaction (3.20), 

leading to the slow hydralysis of carbamate to amine and bicarbonate: 

(3.34) may be obtained as (3.27)-(3.22), (3.30)-(3.22) or 

(3.33)-(3.30). 

(3.34) 

This was verified experimentally by Emmert & Pigford (1962) 

(electrical conductivity measurements) and Danckwerts & McNeil (1967) 

(using arsenite-ion H2As03 as a catalyst for (3.30)). The effect 

appears to be neglegible at low carbonation ratios (a < 0.4). 

On the condition that the consumption of carbon dioxide due to reaction 

with H
2
0, OH- or the ethanol group can be neglected, description with 

overall reaction (1) and an irreversible, second order kinetics 

r = k2CCO CR R NH fits the facts. 

For monoethaÀotamine this applies in case of moderate carbonation 

ratio, contacttime and/or liquid phase hold-up, pH, temperature and 

without utilising a catalyst accelerating (3.30) i.e. (3.34). 

3.5.1.2. Literature review 

For irreversible second order reaction in the pseudo first order 

regime, the absorption rate can be expressed by 

* . The parameters CA' k2 and DA separately (or in the combination 

(3.35) 

* CAI(k2DA)) of the carbon dioxide-monoethanolamine system depend upon 

carbon dioxide partial pressure, temperature and, to a lesser degree, 

on amine concentration and carbonation degree. 
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Evaluation of reaction rate constauts from experiments in 

inhomogeneons systems (i.e. absorption from a gas phase into a·liquid 

* jet, -film or -pool) requires actual valnes of solubility CA and 

diffusion coefficient DA in the amine solution. 

When comparing reaction rate constauts from literature, we need to 

* bear the applied valnes of CA and DA in mind as no consensus exists 

about them. 

Reported reaction.rate constauts at 25 °C show a considerable scatter, 

* even after correction for different CAIDA valnes (Blauwhoff (1982)). 

Data published in recent literature however (Laddha & Danckwerts 

(1981), Donaldson & Nguyen (1980) and Alvarez-Fuster et al (1980)) 

agree quite well with measurements of Hikita et al (1977) in a 

homogeneons system. 

Hikita et al (1977) used a method, developed by Hartridge & Roughton 

as early as 1923, consisting of a rapid mixing within about 3 10-4 s 

of two liquid flows containing the separately solved reactants, 

foliowed by passing through an observation channel. The reaction rate 

is estimated from the minor temperature effects owing to the reaction 

heat evolved, after correction for viscous heat dissipation and heat 

losses. 

Table 3.1 summarizes a selection from literature data on the reaction 

between carbon dioxide and aqueous monoethanolamine solutions. 

Measurements reported in literature are confined to not or only 

slightly carbonated solutions, except Hikita et al (1979). 

3.5.2. Experimental 

Danckwerts (1950) gave the analytica! solution for unsteady absorption 

in a stagnant medium accompanied by pseudo first-order irreversible 

reaction 

-klt 

{(1 + 2~1t)erfv(klt) + v(~klt)} (3.15) 

Carbon dioxide absorption rates were determined volumetrically, using 

thermostated soap-film flowmeters. 
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fig. 3.7. Chemically enhanced absorption of carbon dioxide 
into aqueous amine solutions in a laminar jet absorber 



49 

Experimentally, we obtained the rnalar absorption rate ~A (mol/s) = 
2 QA (mol/m )•Ajet/t in dependenee on the jet length. We can derive 

The relation 

dt 

applies within 2 % if k1t > 4 (Danckwerts (1950)), hence 

* 1 d~A 
CAv'(k1DA) = 1rd. dl. 

J J 

(3.36) 

(3.37) 

(3.38) 

relates the desired parameter combination c:v'(k1DA) to the slope 

d~/dl.. 

With c! = 1.0 kmol/m3 we obtain at 20 °C k2C~ ~ 5 103 s-1 yielding the 

condition t > 0.8 10-3 s for this series of measurements. 

The establishment of a stationary carbon dioxide concentratien profile 

in the liquid layer adjacent to the interface needs some time, 

implicating this bottorn limit for the contact time. For very small k1t 

(<< 1) (3.15) approaches Higbie's penetratien theory 

The asymptote of (3.15), where (3.35) applies intercepts the ordinate 

according to 

or 

~A 

D 
1 * '( A ~Av k) 

1 

Lateron we recur to this. 

Attempts were made to suppress any potential amine depletion using 

C02/N2 mixtures with ~CO = 0.1 bar in addition to the experiments 

applying pure, atmosphertc co2. 

(3.39) 

(3.40) 
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Equation (3,38) is transformed to a differential equation during 

absorption of carbon dioxide from some enclosed initia! volume Vt=O of 

* C02/N2 mixture, owing to the change of CA caused by the declining 

carbon dioxide partial pressure: 

(3.41) 

(3.42) 

V - V 
t t= 

(3.43) 

Integration yields 

V - V 
V 1 t=O t=oo V V 

t=ro n Vt - Vt:oo - t + t=O 

It should be noted that (3.41) to (3.44) are based on the. assumption 

of ideal gas· phase mixing in the volume Vt (jet chamber + soap film 

flowmeter) and absence of gas phase mass transfer resistance. 

The course of Vt with time provides the required parameter He /(k2DA). 

Scriven & Pigford (1958) state that the gas immediately adjacent to 

the jet surface is very nearly saturated with water vapour even if the 

feed gas is dry, since they found no significant effect of 

presaturating the supplied gas with water vapour. We used dry C02• 

The water vapour pressure in equilibrium with gaseous MEA solutions 

proves to be proportional to the mole fraction of water, according to 

Raoult, as noticed by Blauwhoff et al (1983) during experiments using 

a stirred cel! absorber. The carbon dioxide pressure adjacent to the 

jet surface was determined accordingly from atmospheric pressure and 

temperature. 

In case of runs employing C02/N2 mixtures, the carbon dioxide partial 

pressure was determined by means of a katbarometer (Appendix A5.2.). 
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A flow-through electrical conductivity cell is included in the liquid 

supply. Appendix A5.1 is concerned with the relation between the 

carbon dioxide load a•CMEA in dependenee on temperature, amine 

concentratien and electrical conductivity. The liquid-flow is adjusted 

with the aid of a flowmeter to about 290 ml/min (the exact value is 

not relevant), the jet diameter being 0.88 ± 0.01 mm, Due to the high 

velocity of the liquid jet (about 8 m/s) and the short falling time, a 

decrease of the diameter owing to gravitational acceleration could not 

be measured. 

Absorption runs were carried out using the experimental set-up shown 

in Fig. 3.1 and Fig. 3.7. Amine solutions were prepared from distilled 

water, free from oxygen and carbon dioxide, to which vacuum distilled 

MEA was added, Initia! amine concentratien was controlled by 

titrimetric analysis using standard hydrochloric acid and methylorange 

indicator. 

A messurement was introduced by purging during several minutes with 

the appropriate gas phase, followed by locking in of the gas between 

the electrical valve on one side and a soap film on the other side, 

Subsequently, the decay of the enclosed gas volume in relation to the 

time was determined in triplo. 

In case of absorption from lean carbon dioxide mixtures the volume 

decline is not proportional to the time, hence requiring more 

volume-time observations. 

Finally, we evaluated 

1 1 

Tidjet VM,C02 /((1-2a)~A) 

The results obtained from absorption of pure, atmospheric C02 are 

presented in Fig. 3.8.1 to 4 and summarized in Table 3.2. 

(3.45) 

The relation between molar absorption rate $co and jet length ljet is 

always linear, the absorption process obviousl~ obeys pseudo 

first-order behaviour. Measured absorption rates vary from 0.4 10-5 to 

3.6 10-5 mol/s. All runs present a certain intercept of the ordinate, 

Due to the increased viscosity of aqueous amine solutions (Thomas & 
Furzer (1962)) a small liquid cone is formed upon the liquid receiver 

which, added to the theoretica! ordinate intercept according to 

(3.40), increases the effective jet length with a few millimeters. 
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~ t Ptot Pro Ct c* vt~D) m/(~D) nvt>l) 
~ 2 

--3 
I!Dl m oe Pa 1ol Pa I!Dl 002 - :-'2 -1 I!DFm s 5/2 1 ~ -1 ms:-"2 3 -1 -1 m llDl s m liD s 

llDl M:A 

920 20 1016 993 0 3.633 10-3 89.14 10-6 3.864 10-5 5.322 
0.087 3.542 86.900 5.075 
0.20 3.001 85.89 4.940 
0.30 3.169 85.89 4.047 
0.41 3.001 65.46 2.872 

1520 20 1005 ~ 0 3.403 10-3 84.40 10-6 3. 711 10-5 5.173 
0.085 3.254 00.73 4.731 
0.20 3.235 00.26 4.676 
0.30 3.207 79.53 4.594 
0.41 3.210 79.63 4.603 

920 25 1010 978 0 3.820 10-3 96.77 10-6 3.519 10-5 7.561 
0.10 3.700 93.73 7.093 
0.21 3.600 93.48 7.075 
0.30 3.671 93.00 6.985 
0.40 3.769 95.00 7.326 

1475 25 1026 994 0 3.656 10-3 91.11 10-2 3.392 10-5 7.214 
0.10 3.592 89.56 6.966 
0.20 3.583 89.30 6.930 
0.30 3.573 89.03 6.893 
0.38 3.244 00.86 5.682 

1) mlD at 25 oe according to Blauwhoff (1982). mlD at 20 oe is 
calcu1ated from mlD values at 25 oe after correction of D according 
to Stokes-Einstein (Dll/T = constant, using data of Thomas & Furzer 
(1962)) and correction of m based on Henry coefficients app1ying 
for eo2 in water, i.e. (miD)20 = 1.080(miD)25• 

* Table 3.2 •. eAI(k2DA) and second order rate constant k2 for chemically 
enhanced absorption of carbon dioxide into aqueous 
monoethanolamine so1utions 
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* Table 3.2 contains the values of CAI(k2DA) obtained from all the runs. 

k2 is determined utilising the value of Pco /(RT) mCO loCO • Blauwhoff 

(1982) presented mCO loCO , measured and catculated e~ployfng the 

N20/C02 analogy, by ~eans2of a polynomal function of the MEA 

* concentratien at 25 °C. The value of CCO loCO at 20 °C is here 

obtained by correction based on Henry co~fficfents for carbon dioxide 

in pure water and the Stokes-Einstein relation. Values of reaction 

rate constauts are merely calculated for the purpose of comparison 

with literature data. 

* CAI(k2DA) decreases at increasing carbonation ratio, pointing to a 

salting out effect (Fig. 3.9). The scatter, being larger in case of 

higher carbon dioxide load, can be accounted to the increasing 

relative error in (1 2a) if a approaches the value 0.4. The 

carbonation ratio, obtained from electrical conductivity measurements, 

contains an error of a few percent. 

Accurate analysis methods, such as described in Appendices A5.4 and 

A5.5, were not yet available during the laminar jet measurements. 

The estimated reaction rate constants may be compared with data from 

literature, e.g. Blauwhoff (1982). 

Fig. 3.10 shows the carbon dioxide absorption in dependenee of the jet 

length for the absorption experiments using carbon dioxide/nitrogen 

mixtures with Pco = 0.100 105 Pa. The absorption rates are 

significantly low~r then might have been expected from earlier 

measurements employing pure carbon dioxide. Obviously, carbon dioxide 

absorption in the jet chamber leads to depletion in the gas adjacent 

to the jet for lack of gas phase mixing. The dashed lines apply to the 

absorption rate in absence of gas phase mass transfer resistance. The 

effect can be avoided through absorption of co2 at reduced pressure 

(Clarke (1964)), or by taking care of sufficient mixing of the jet 

chamber gas contents (Babu et al (1984)). 

However, the data obtained employing pure C02 give no rise to suspect 

amine depletion in the liquid boundary layer, being the background for 

experiments using lean carbon dioxide mixtures. 
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3.6. Chemically enhanced absorption of COl into agueous 

diisopropanolamine solutions 

3.6.1. Theoretica! 

3.6.1.1. Reaction mechanism 

The reaction between C02 and diisopropanolamine (DIPA) in aqueous 

salution can be written as (Danckwerts (1979), Alvarez-Fuster et al 

(1980)) 

Here, R- = CH
3

CH(OH)CH2• 

Only a few kinetic investigations have been published in open 

literature (Sharma (1964), Groothuis (1966) and Blauwhoff 

(3.46) 

(3.47) 

(1982, 1983)). Danckwerts (1979) proposed a mechanism for the reaction 

of C02 with DEA that describes the kinetic data of DIPA (having a 

molecular structure analogous to DEA) known up to now. 

The reaction involves the formation of a zwitterion, after Caplow 

kl 
co2 + R2NH t R2NH+coo-

-1 

and the subsequent removal of a proton by a base B 

k 
R2NH+coo- + B +b R2NCOO- + BH+ 

Assuming a quasi steady-state zwitterion concentration leads to 

r = 

EkbCb represents the contribution to proton removal by all bases 

present in the solution: the amine itself, H20 and OH-. 

(3.23) 

(3.24) 

(3.25) 
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In parallel, 002 consumption due to bicarbonate formation occurs 

* k -
C02 + OH- QH HC03 (3.27) 

The rate of this reaction is well known, Pinsent et al (1956) gave the 

expression: 

( * /( 3 -1 s-1)) log koR- m mol 
2895 

16.635 - (T/K) (3.29) 

The formation of carbonic acid originating from reaction of C02 with 

water is neglegible (k = 0.025 10-3 m3 mol-1 s-1 at 25 °C 

(Pinsent et al (1956)) in comparison to (3.47) and (3.27). 

The overall rate equation for C02 in aqueous DIPA solutions becomes 

r = 

Blauwhoff (1982) measured the pressure decrease with time due to 

absorption of pure C02 at reduced pressure into aqueous DIPA, 

fulfilling the conditions of the first order reaction regime. 

(3.48) 

The values of the reaction rate constauts were determined by means of 

* a regression technique, k08- was taken from Pinsent et al (1956)). 

It was concluded that 

(3.49) 

Hence, (3.48) can be simplified to (3.50) 

The apparent reaction order in DIPAis about 1.7, indicating that the 

mechanism is not simple and straightforward. The apparent reaction 

* rate k - k C decreases with rising carbonation ratio. 
ov OH- OH-



Shanaa (1964 ), 

Danckwerts & Shanaa (1966) 

Groothuis ( 1966) 

81auwhoff ( 1982) 

Blauwhoff (1982) 

Experimenta 1 system 

1aminar jet 
-2 

Ij • 1.48- 1.09 10_
3

,. 
dj • 0.67 - 1.79 1[) 11 

t • 4 - 60 10-3 s 
c
8 

• 1 10-3 mo1/ra3 

T • 15, 25 and 35 •c 

stirred cell 

' 0,048 m, T • 25 •c 
c8 • 2 103 mo1/m3 

pure co2 at 0.0167 105 Pa 

wetted wall column 

1w • 0 - 0.14 11, dw • 0.024 11 

T - 25 •c 
3 3 c8 • 0.55 - 2.33 10 ml/m 

atmospheric C02/N2 mixture 

lliffusion coefficient & so1ubilitv 

0 • 0.53 10-9 r.Z /s, 
11 • 322 10-5 Pa s. and 
He • 0,34 10-3 mol ,.-3 Pa - 1 

at 25 ·c 
viscos ity correct ion 011 • const 

identical to Shama (1964) 

m.IO/(m s-t) • 

3,63 10-5 9.48 10-9 Cg/(mo1 ,.-3) 

from (mllllco • 1. 43(m.IO)N 0 
(m.IO)N 0 ex~rimenta lly 2 

2 

stirred cell ibid 
;, o. 10 m, T • 25 •c 

. 3 3 c8 • 0.334 - 2.905 10 mo1/m 

pure co2 at decreasing 

pressure 

Rate constant 

15 •c: 0.230 m3 mo1-1 s-1 

25 •c: 0.400 (0.4401))m3 moJ-1 .-1 

35 •c: 0.680 m3 mo1-1 s - 1 

k
2 

• 0.450 (0.5501)) m3 mo1-1 s-1 

at 25 •c 

as secend order rate constant 

ca •2 

mol m-3 m3 mo1-1 s - 1 

1150 0.263 

1120 0.401 

2330 0.485 

at 25 •c 
according to Zwitterion mechan1sm 

kz 1 103 mol ,.-3 -l 
-.---'~.--•• (-- + ) 
m3 mo1-l ,-l 0.630 0.550 C

8 

fit of (3.50) with 

k1kH
2
o • 0.813 10-6 .. 6 mo1-2 ,-l 

k::1 
klkOH_ = 4.1110-2 m6 mol-2 ,-l 

k::1 
klk[)JPA = 144.6 10-6 ,.6 mol-z s - 1 

~ 
* k from Pinsent et al (1956) 
OH-

at 25 •c 

l) with mw'!) acording to Blauwhoff (1982) 

Measvri ng method 

soap f 11m meter 

constant Pco in cell, 

absorption r~te from gas supp ly 

pressure decrease 

gas chromatographic C02 
determination in entering 

and leavi ng gas, 

C02 + carbollate + 
(bi )carbonate in liquid 

titrimetric, 

amine titrimetric 

co2 pressure decreose 
in ce 11 i f 3 < Ha < E 1, 

amine titrimetric 

1 b d · "d absorpt1"on 1"nto aqueous DIPA solutions Table 3.3. Literature data on chemica car on 10x1 e 
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Blauwhoff accounts this to a decrease of the hydroxyl ion 

concentration. In aqueous solution the reaction of C02 with DIPA is 20 

to 40 times slower in comparison with MEA. 

At contact times encountered in the laminar jet absorber and in the 

experimental CSS the absorption process therefore takes place in the 

transition region between pure physical absorption (Ha < 0.3) and the 

pseudo first-order reaction regime (Ha > 3 within 5 %). 
Employing the penetratien theory provides ~ = 2/(DA/nt) and using 

-1 3 I 3 k2CDIPA ~ 200 s (Blauwhoff (1982) at CDIPA = 10 mol m ) at laminar 

jet contact times (10-3 to 10-2 s) delivers 

0.40 < Ha (3.51) 

Taking flight times of 30 - 300 urn droplets from the model 

calculations applied to the experimental 100 mm diameter experimental 

CSS (T = 0.008- 0.036 s) leads to 1.1 <Ha< 2.4. In this transition 

region the analytica! solution of Danckwerts (1950) for unsteady state 

absorption with first order irreversible reaction based on penetratien 

theory assumptions can be applied 

(3.15) 

Experimentally obtained data were therefore interpreted according to 

this relation. 

3.6.1.2. Literature review 

A limited number of investigations on the reaction rate of èo2 with 

aqueous diisopropanolamine solutions has been reported in literature, 

Kinetic data were obtained. by means of a laminar jet absorber, stirred 

cells and a wetted wall column. Sharma & Danckwerts (1964, ·1966) and 

Groothuis (1966) fitted their data in accordance with a second order 

reaction with respect to carbon dioxide and DIPA, Blauwhoff (1982) 

applied the Zwitterion mechanism. The available data are presented in 

Table 3.3. 
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3.6.2. Experimental 

Measurements were carried out using the experimental set up shown in 

Fig. 3.1 and Fig. 3.7. The liquid flow was stabilised by rneans of a 

constant level device, located at about 7 m above the jet cell. 

A float construction periodically enabled return of surplus liquid to 

the starage vessel, so preventing air and dust to he carried along. 

Commercially available diisopropanolarnine may contain slight arnounts 

of prirnary arnines, rapidly consuming C02 in cornparison to DIPA. For 

this reason, purchased 95 - 97 % DIPA was purified twice by vacuurn 

distillation. 

Absorption rates of pure, atmospheric carbon dioxide into solutions 

containing 1.0 kmo1Im3 DIPA were measured at varying carbonation 

ratios (a ~ 0.0 - 0.4 mol C02/mol DIPA) at temperatures of 20.0 and 

25.0 °C respectively. The liquid flow was adjusted to about 

280 ml/min, giving a jet diameter of 0.916 ± 0.025 mm independent of 

jet length. 

The relation between carbon dioxide load, temperature, DIPA 

concentratien and electrical conductivity was deterrnined ~nalogous to 

the calibrations carried out for the C02/MEA system. 

Measured absorption rates appeared to be about five times lower then 

during corresponding measurements using MEA. 
-6 -6 

~CO varies from 1 10 to 6 10 mol/s. 

The ~btained data, ~A as a function of jet length ljet' were subject 

to a non-linear least squares regression in order to obtain the 

apparent pseudo first-order reaction rate constant k 1 and ~ A,l.=O 
according to (3.52) J 

-k1t 

~A + i(Tik1t)} + ~A,lj=O 

where t (3.53) 

~A,l.=O accounts for absorption due to entry- and exit effects, and 

provdd to he very small for all runs. The regression analysis was 

carried out by means of a numerical Gauss-Newton-Choleski algorithm 

available from the software library, 
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+ 0.26 + 0.26 
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Molar absorption rates ~CO , measured as a function of the length 

1. t' and the obtained reg~ession curves are represented graphically 
Je 

in Figs. 3.11.1 and 2. The ordinate intercept according to (3.40) is 

larger in both relative and absolute sense, due to the low reactivity 

of DIPA compared with MEA. The spread in the data is also larger in 

comparison to the experiments related to monoethanolamine. 

The obtained results agree very well with those measured by Blauwhoff 

(1982) in a wetted .wall column and a stirred cell. Sharma (1964) and 

Groothuis (1966) reported considerably higher rate constants. This did 

probably arise from traces of relatively fast reacting primary amines 

(mainly MEA). Sharma mentions the use of "Technical Grade" amines, 

Groothuis gave no information about this. Reference is made to 

Table 3.4. 

C0JPA t Ptot Poo2 a 

rool oe uf Pa ltf Pa 1001 002 

972 20 1010 

972 25 1010 

rool DIPA 

0.00 0.667 10-3 
0.13 0.645 
0.21 0.572 
0.26 0.661 
0.30 0.562 
0.42 0.822 
0.00 0.572 10-3 
0.13 0.553 
0.21 0.569 
0.26 0.639 
o.30 o.ssa 
0.42 0.797 

nv01) 

ms,-

0.166 10-6 2.925 10-5 
0.1a:J 
0.142 
0.164 
0.140 
0.204 

o. 145 10-6 2. 729 10-5 
0.140 
0.144 
0.161 
0.151 
0.201 

0.321 
0.301 
0.235 
0.315 
0.230 
0.489 

0.283 
0.262 
0.276 
0.350 
0.305 
0.542 

1) mlD at 25 oe according to Blauwhoff (1982). mlD at 20 oe is 
ca1cu1ated from mlD values at 25 oe after correction of D according 
to Stokes-Einstein (Du/T = constant, using data of Thomas & "Furzer 
(1962)) ~nd correc~ion of m based on Henry coefficients app1ying 
for eo2 ln water, 1.e. (m/D)20 = 1.072(m/D)25" 

Table 3.4. * Apparent eAI(k2DA) and -second order rate constant k2 for 
chemically enhanced absorption of carbon dioxide into 
aqueous diisopropanolamine solutions 
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4. Mass transfer in a cyclone spray scrubber 

4.1. Introduetion 

4.1.1. Experimental 100 mm diameter cyclone spray scrubber 

In order to verify the expectations an experimental cyclone spray 

scrubber of diameter 100 mm was constructed in which centrifugal 

fields of order 103 g were attainable. The design was based on 

guidelines of Stairmand (1951) for high-efficiency dust separating 

cyclones and of Nonhebel (1969) for mist cyclones (Fig. 4.1). 

The cyclone used in our experiments has a tangential top-entrance and 

an axial bottorn-exit of the gas phase. The top flange is fitted with a 

vortex locator to stabilize the spinning gas phase. A baffle ring 

attached around the exit pipe prevents leaked liquid, which creeps up 

the exit pipe under the influence of preeesaion currents, from leaving 

the cylone with the gas. 

Liquid was introduced in the cylindrical part of the cyclone (the 

cyclone chamber) via different types of spray devices mounted in the 

top flange: 

40 jets leaving radially from 0,25 or 0.50 mm diameter holes in a 

tube, 

- by an ultrasonic piezo-electric device producing ~ 50 ~m droplets. 

The PTFE sealing ring between the tangential gas inlet and the 

cilindrical glass wall could be replaced by a hollow ring, at the 

inner side fitted with a porous wall through which liquid could be 

introduced directly at the cyclone wall. In this method, the 

contribution to mass transfer of the liquid film at the cyclone wall 

could be estimated separately. 

A cyclone spray scrubber has the advantage that once the droplets are 

collected on the wall they are not re-entrained so long the cyclone is 

operated correctly. A conical base is therefore not necessary. The 

rotating speed of the gas at the cyclone wall must not exceed a 

certain critical value, otherwise the film of collected liquid will be 

torn away and re-entrained in the gas flow. 

Liquid, impinged on the wall, is drained away through an adjustable 

vertical slit. The liquid level in the annulus is controlled by a 

floating-device, enabling liquid to return to the supply vessel and 

preventing gas from being carried along (Fig. 4.2). 
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Fig. 4. l.a. Experimental 100 mm diameter cyclone spray scrubber 



liquid fnlet 

40 x ;, 0.25 mm 

9 x 10 = 90 rnm 

Fig. 4.1.c. Spray tube with 40 perforations 
of diameter 0.25 mm 

Fig. 4.1.b. Ultra sonic piezo electrit spray device 
(Lecnler GmbH + Co KG, Fellbacn FRG) 
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In this method, mass transfer processes are confined to spray and film 

in the cyclone only. 

In practical applications liquid is collected at the bottorn of the 

cyclone, to which vertical plates are attached to prevent the liquid 

from severe spinning. 

The 100 mm experimental cyclone could be operated with gas flows up to 

40 1/s and liquid supplies up to 20 ml/s. The maximum gas flow rate is 

limited by the perf~rmance of the blower, the attainable liquid supply 

is determined by the capacity of the drain system (slit, ducts and 

liquid level controller). 

It should be noted that our cyclone was mereley intended for 

investigation purposes and therefore only accomplishment of 

differential mass transfer as of importance. In order to make a 

sufficiently accurate experimental evaluation of mass transfer 

characteristics like kLA as well as kGA possible, both the 

establishment of near equilibrium and a situation of immeasurable mass 

transfer should be avoided. Cyclone dimensions and experimental 

methods depend on these critera. 

4.1.2. Arrangement of gas- and liquid flows 

Fig. 4.2 shows schematically the gas- and liquid circuits in which the 

experimental CSS is embodied. 

Liquid was thermostated and made free from oxygen and carbon dioxide 

by a nitrogen purge. The liquid supply to the cyclone was delivered by 

a centrifugal pump and read from a flow meter. The gear pump was able 

to provide the high supply pressure necessary for several spray 

devices, i.e. hollow cone centrifugal nozzles. 

Liquid leaving the cyclone was recycled to the supply vessel via a 

float-device cantrolling the liquid level in the cyclone 

liquid-receiver annulus (Fig. 4.1). Flow-through type electrical 

conductivity measuring cells were installed in the liquid-entrance and 

-exit duet of the cyclone. Small liquid sample flows could be led via 

MEAM-type oxygen electrades positioned in flow-through cells. 

The gas circuit was built from 2" diameter Quick-fit glass tubing. Gas 

entrance velocities, based on the cyclone entrance duet cross 

sectional area (Ai = 2 x 5 cm2) of up to 40 m/s (i.e. 40 1/s) could be 

reached. 
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The gas flow rate was established by a by-pass and determined with the 

aid of a Annubar®, a kind of improved Pitot-tube yielding a pressure 

difference corresponding with the average gas velocity in the entrance 

duet cross section. The gas tempersture was controlled by a 0.5 m2 

gas-cooler connected to a cryostate. 

The circuit could be operated in a full-recycle mode {during physical 

oxygen absorption and during chemically enhanced absorption of carbon 

dioxide in monoethanolamine solutions) or in a one-pass-only mode 

{during kGA measurements), In case of simultaneous absorption 

experiments applying H2S, the blower pressure side was connected to 

the outside atmosphere via an open 4" diameter ventilation duet in 

order to keep the remainder of the circuit below ambient pressure so 

preventing leakage of hydragen sulphide, 

N2, C02 and H2S were supplied at the blower suction side. Gas phase 

analysis was carried out by means of a thermal conductivity cell (C02 
in mixtures with N2), a paramagnetic oxygen monitor and two gas 

chromatographs fitted with a flame ioniaation detector for organic 

components in air and a thermistor thermal conductivity detector for 

C02/H2S/N2 mixtures respectively. 

4.2. Mass transfer at the gas side of the interface 

4.2.1. Introduetion 

The gas-side mass transfer resistance can be evaluated from completely 

gas phase controlled mass transfer experiments or from measurements 

where the liquid side mass transfer resistance is known. In the 

non-chemical method usually a highly soluble gas or vapour such as 

ammonia, ethanol, acetone, methyl ethyl ketone, etc. is absorbed in 

water. However, in this method the rate of absorption depends on the 

residence time distributions of both gas and liquid phase. There is 

normally an appreciable resistance to mass transfer in the liquid 

phase. The absorption rate can be made independent of the liquid phase 

residence time distribution, and the liquid side resistance can be 

substantially reduced, by absorbing the gas into a solution of a 

reagent with which it reacts rapidly. Suitable chemical systems are 

lean ammonia gas with sulphuric acid or dilute so2 with aqueous sodium 

hydroxide, 
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However, due to the extremely high gas phase mass transfer 

coefficients encountered in a cyclone spray scrubber (kG up to about 

0.25 m/s) there is still an appreciable liquid side resistance which 

must be taken into account. 

Therefore, preferenee was given to the evaporation of an organic fluid 

(1,2-ethanediol or n-butanol) with a low vapour pressure at ambient 

temperature. The measurements were based on gaschromatographic 

analysis of the gas phase. Calculations show that thermal effects due 

to evaporation from the surface of the droplets are neglegible. 

Appendix 3 gives a calculation about thermal effects during the 

evaporation of 1,2-ethanediol. 

4.2.2. Theoretica! 

According to the film model, mass transfer at a surface increment dA 

of the gas-liquid interfacial area is given by 

(4.1) 

The gas phase residence time distribution must be known in order to 

evaluate the value of kGA through integration. A CSS features cross 

flow of gas and liquid spray and, in addition, cocurrent flow of gas 

and the spinning liquid film at the wall. The appropriate gas phase 

residence time distribution is therefore not simple and 

straightforward. Using the logarithmic mean driving force based on 

terminal conditions and assuming a constant liquid surface,temperature 

we obtain 

(4.2) 

The assumption of plug flow, on which (4.2) is based, does not 

introduce significant errors since gas phase concentrations vary only 

slightly on passage through the experimental CSS (equipped with only 

one spray nozzle). Hence, the volumetrie mass transfer coefficient kGA 

can be estimated from the gas phase concentrations of the involved 

component and the gas flow rate. 
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4.2.3. Experimental 

Gas-side mass transfer measurements were carried out using the 

experimental set-up shown in Fig. 4.1. Fresh air, taken from the 

laboratory air conditioning, was passed through the cyclone only once 

and subsequently vented to the outside atmosphere, The entering gas 

phase did not contain organic vapour in this method. 

The liquid supply was adjusted by means of calibrated rotameters, the 

desired gas flow rate was established by partially closing the blower 

by-pass valve, 

An Annubar®yields a pressure difference corresponding to the average 

gas velocity in the cyclone entrance duet cross sectional area. 

Thermal effects due to heat transfer between air and organic liquid 

were eliminated through proper adjustment of the cryostate 

temperature. The cryostate tempersture could be set by the tempersture 

of the gas in the cyclone entrance duet. 

Gas samples were taken automatically from the cyclone gas outlet in 

2 - 5 minute intervals and were analysed by means of a 

gaschromatograph. Details and calibration are being dealt with in 

Appendix A5.3. 

Registration was made of ambient pressure, cyclone pressure, gas flow 

rate, liquid supply and the temperatures of both phases at entrance 

and exit respectively. 

4.2.4. Results and discussion 

Gas phase mass transfer measurements for two methods of liquid 

introduetion are shown in Fig. 4.3 and 4.4. The contribution of the 

liquid film at the cyclone wall (wetted wall height Z = 0.15 m) was 

determined separately and is presented in Fig. 4.5. 

The perforated tube introduces 40 liquid jets from 40 holes of ~ 0.25 

mm, distributed over a height of 0.1 m, At low gas flow rates, the 

liquid jets reach the wall slightly bended but unbroken. In this case 

the cyclone wall is only partly wetted. Comparison of Fig. 4.3 with 

Fig. 4.5. shows that at low gas flow rates, gas-side mass transfer is 

even lower than the contribution of a completely wetted cyclone wall. 
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At increasing gas velocities, the jets start to break up at increasing 

distance from the wall. This causes a steep increase of kGA due to the 

combined effect of the increasing gas-side mass transfer coefficient 

and the better dispersion of the liquid, which overrules the influence 

of a shorter droplet flight time. At high gas flow rates, the liquid 

is dispersed to a finely divided spray immediately after leaving the 

perforations. The observed liquid behaviour agrees with values of kGA 

obtained from 1,2-ethanediol measurements. 

The piezo electric spray device consists of a conical $hape over which 

the supplied liquid spreads. A piezo electric crystal vibrates the 

cone at ultrasonic frequencies, which cause the liquid to ripple and 

to leave the cone as a finely divided spray. The draplets produced 

have a narrow size distribution with an average diameter of about 

50 um. The height of the spray zone is about 15 mm. The experiments 

using the piezo electric spray device were accomplished using 

n-butanol. 1,2-ethanediol proved to be unsuitable due to its high 

viscosity. 

The experimental CSS was designed to be able to measure differential 

mass transfer. As a consequence, the concentration in the air leaving 

the cyclone did nat exceed a level corresponding to about 8 % of the 

saturation concentration. Comparison with perforated tube data shows 

that considerably higher gas phase mass transfer was achie\red at low 

gas flow rates. 

In case of the perforated tube, dispersion of the liquid originates 

from high spin veloeities of the gas phase. The piezo electric device 

directly introduces a finely divided spray. The measurements invalving 

the perforated tube and the liquid film at the cyclone wall show a 

significant influence of the liquid flow rate. From the model 

calculations, a gas phase mass transfer kGA being proportional to the 

liquid supply might have been expected. 

In case of the piezo electric spray device, kGA appears to be 

inversely proportional to the liquid flow rate, but this is somewhat 

uncertain in view of scatter of the data points. 

Applying interfacial area values obtained from experiments conducted 

under similar conditions, gas-side mass transfer coefficients kG 

varying from 0.03 to 0.3 m/s were obtained. This is significantly 

higher than generally found in gas-liquid contacting devices. 
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The velocity at which the gas enters the cyclone determines the 

centrifugal force on the spray droplets, and therefore it effects the 

radial velocity of the drops. This in turn determines the area of the 

drops available for mass transfer per unit volume of the gas and 

influences the value of the gas-side coefficient. 

In case of liquid introduetion as jets, the extent of dispersion will 

depend upon both gas swirl velocity and liquid flow rate. 

4.3. Mass transfer at the liquid side of the interface 

4.3.1. Introduetion 

The volumetrie liquid-side mass transfer coefficient ~A was 

determined by means of physical absorption of oxygen (from air) into 

water. The value of kL as such can not be measured directly, but may 

be evaluated from chemically enhanced absorption experiments, 

conducted simultaneously or separately, which provide us with the 

values of the interfacial area A. 
The involved chemica! reaction may influence the hydrodynamics of the 

liquid layer adjacent to the surface. In this case, separate 

measurements for the determination of k1A and A respectively were 

carried out, see section 4.4.1. 

Due to the complicated liquid hydrodynamics in the cylone spray 

scrubber, no attempts have been made to predict the mass transfer in 

the liquid phase theoretically. 

4.3.2. Theoretica! 

In case of absorption of (air-) oxygen into water the resistance to 

mass transfer is confined to the liquid phase only, which follows from 

the Biot number for mass transfer 

Bi 
m (4.3) 

* Substituting Sh = k dd/D » 2, (de /ded) "' 30 (oxygen solubility in c c _9 2c 
water at 20 oe), Dd = 2.17 10 m /s (oxygen in water at 20 oe, 

evaluated from laminar jet absorber experiments, see section 3.3) 
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and De 2 10-5 m2 /s (oxygert in air at 20 °C) leads to 

* D dC -5 
"'3 105 Bi c c 2.0 10 30 

» if<dc ) m d d 2.2 10-9 
(4.4) 

Bim is the ratio of the internal to the external resistance to mass 

transfer of stagnant liquid spheres. The high slip veloeities result 

in an increase of the liquid-phase mass transfer rate due to internal 

circulation, but the condition Bim >> 1 will he met ju$t as well. 

During contact with an interfacial surface increment dA with allied 

local liquid phase mass transfer coefficient kL' according to the film 

theory we have 

~dC 

where C 

yields 

C0 L (mol/m3). Assuming c* to he constant, integration 
2' 

* CL - C 
~ ln(-*~---=L=--•-=-i) 

CL - C L,u 

(4.5) 

(4.6) 

Hence, the volumetrie liquid-side mass transfer coefficient follows 

from the oxygen concentrations in the liquid phase and the liquid flow 

ra te. 

4.3.3. Experimental 

Gas phase oxygen concentration decay due to mass transfer in the CSS 

is neglegible, even when measuring with a closed gas circuit. 

Preferenee was given to this method, since evaporation and 

condensation effects during the absorption process are excluded owing 

to saturation of the air with water vapour (Fig. 4.2). Thermal effects 

give rise to undefined oxygen saturation concentr?tions of the liquid 

phase. 

The oxygen contents of water streams entering and leaving the cyclone 

were determined by means of membrane-amperometric (MEAM) cells, 

consisting of a galvanic system Ag-anode/KCl-gel/Au-kathode surrounded 
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by an oxygen permeable polythene membrane, in contact with the medium 

to be measured (Barendrecht (1965)) 

Applying a sufficient voltage across the electredes causes a current 

to flow according to the electrode reactions: 

cathode: 02 + 2 HP + 4 e + 4 OH- (4.7) 

anode Ag + Cl- + AgCl + e (4,8) 

The established current is proportional to the oxygen activity in the 

surrounding medium on condition that the oxygen diffusion through the 

membrane is transfer rate determining and if no concentratien gradient 

exist in the adjacent liquid layer, For that reason, the MEAM-cells 

were placed in flow-through cuvets, the flow being controlled by 

rotameters. 

It is desired to calibrate and to measure at identical temperatures 

due to the differing temperature coefficients of the cell thermistor, 

concerned with temperature correction, and the oxygen diffusivity in 

the rilembrane. 

After adjustment of air- and water supplies a balance is established 

between oxygen absorption in the CSS on one side and desorption in the 

recycle vessel on the other side. Observations were made when this 

situation was reached. 

* The value of the equilibrium concentratien C depends on oxygen 

partial pressure and liquid temperature for pure water. The oxygen 

saturation concentratien is often nearly approached, potentially 

increasing the effect of errors in measured concentrations, In such 

* cases the difference C - Cu is most accurately determined from the 

change in Cu after closing the nitrogen supply to the recycle vessel, 

increasing C to the saturation value and making the step visible. 
u * From equation (4.6) it follows that the appropriate value of C is not 

* * needed, the ratios C./C and C /C resp. and th~ liquid flow rate are 
l. u 

sufficient for calculation of kLA' For this reason, the method 

described provides us with all the essential data. In this method, the 

calibration of the MEAM cells becomes less critica!. Other 

requirements are linearity of the analyzers and the signals of both 

analyzers being equal when measuring the same flow. The latter was 

easily checked by interchange of the electrodes. 
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4.3.4, Results and discussion 

Liquid side mass transfer measurements at several gas- and liquid flow 

rates are presented in Fig. 4,6 to 4.8. The experimental data related 

to the porous injector indicate the same effect of liquid dispersion 

in dependenee on gas swirl veloeities as noticed earlier in section 

4.2.4. 

At low gas flow rates, no spray is formed and the cyclone wall is only 

partially wetted. At higher gas flow rates, breaking up of the liquid 

jets to small droplets becomes effective and liquid-side mass transfer 

rates, comparable to those achieved when using the piezo electric 

device, were attained. Figs. 4.8. shows the large contribution of 

oxygen absorption into the liquid film at the inner wall of the CSS. 

This was predicted by model calculations, and is explained by the 

relative short contact time of the droplets (in the order of 20 ms). 

From corresponding experiments, providing values of the interfacial 

area, liquid-side mass transfer coefficients varying from 5 10-5 to 
-4 5 10 m/s were evaluated. These values are in the range of those 

encountered in gas-liquid contactors with low to moderate slip 

veloeities between both phases, which offers the opportunity for 

reaching high kG/k1 ratios in a cyclone spray scrubber. 

The effect of liquid flow rate on mass transfer in the liquid film at 

the cyclone wall is small, as might have been expected. Higher gas 

flow rates lead to increasing tangential velocity components in the 

liquid film and cause rippling of the sarface which enhance the 

liquid-side mass transfer coefficient through turbulence. From 

interfacial area measurements is was concluded that the li,quid 

film-gas contact area hardly depends Qn gas- and liquid flow rate. 
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4.4. Chemical measurement of the interfacial area 

4.4.1. Introduetion 

Westerterp (1963) and Yoshida (1963) proposed a chemical method for 

the determination of interfacial areas and liquid phase mass transfer 

coefficients separately from (at least) two experiments. 

Whenever absorption is accompanied by chemica! reaction, the chemical 

reaction may effect the overall absorption rate capability of the 

system in several ways, the exact effect being dependent upon the 

relative magnitudes of the reaction rate and the physical transfer 

rate capability of the system. The volumetrie liquid phase mass 

transfer coefficient for absorption without chemical reaction, kLA' 

can be measured by physical absorption (or desorption). A neglegible 

gasphase resistance, compared to the liquidphase resistance, is a 

condition to be satisfied, see Appendix 1. 

In that case the absorption mole flux is given by 

Separately, or simultaneously, an absorption process accompanied by a 

moderately fast reaction of the gas phase component in the liquid

phase is carried out. 

In the appropriate regime the chemical absorption rate solely depends 

on physical and chemical properties of the involved system, i.e. 
< 

independent of hydrodynamic conditions (~), see chapter 3: 

(4.10) 

Here k1 is th: (pseudo) first order reaction rate constant. 

The product C~l(k 1DA) can be evaluated from experiments in a suitable 

laboratory apparatus with a known interfacial area or may be found in 

the literature. 

The chemically enhanced absorption of oxygen into aqueous sulphite 

solutions (Co2+ catalysed) and of carbon dioxide into aqueous sodium 

hydroxide are often applied. The o2;so; system appeared to be 

unsuitable for experiments in the experimental CSS, see Appendix A2. 
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In sectien 3.5 the chemically enhanced absorption of carbon dioxide 

into aqueous monoethanolamine (MEA) solutions has been dealt with. 

From considerations of reaction kinetics and the possibility of 

continuous measuring, based on the electric conductivity of the amine 

solution, this proved to be a suitable reaction system for efficient 

measurement of interfacial areas in the CSS. 

Aqueous solutions of MEA (or DEA, TEA) are widely used on industrial 

scale for the remaval of co2 from 'gas streams due to their low 

volatility, thermal stability and high reactivity. The reaction 

between co2 and MEA is reversible, so regeneratien of amine and carbon 

dioxide through heating is possible. 

The determination of gas-liquid interfacial areas using the C02-MEA 

reaction couple is rarely mentioned in literature (Sharma & Danckwerts 

(1970)). 

4.4.2. Experimental 

From equation (4.10) we obtain 

A 
(4.11) 

The liquid flow was read from calibrated rotameters. Electrical 

conductivity messurement of the amine salution entering and leaving 

the experimental CSS respectively provides the absorbed amount of 

carbon dioxide. Reference is made to Fig. 4.2. Appendix 5.1 deals with 

the calibration of the relation between the carbon dioxide laad a~ 
in dependenee on temperature, total amine concentratien ~ and 

electrical conductivity K. 

The carbon dioxide equilibrium concentratien at the liquid surface 

* Cco fellows from its partial pressure in the gas phase and the 

appfopriate Henry-coefficient at the existing liquid temperature. 

The carbon dioxide fraction of the gas circuit atmosphere was 

determined by means of a thermal conductivity detector (TCD), the 

partial pressure during absarptien fellows after correction for water, 

condensed in a 0 °C cold trap, pressure difference between cyclone and 

surroundings and temperature. 
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Calibration data and other details are described in Appendix 5.2. 

* The group CCO l(k2DCO ) follows from the data obtained by absorption 

experiments u~ing a l~minar jet absorber. An extensive treatment is 

given in sections 3.4 and 3.5. 

The log mean concentration of not-carbonated amine based on terminal 

conditions was substituted in (4.11). These conditions were evaluated 

from total amine concentration and carbon dioxide load, determined by 

titration and conductivity measurements respectively. 

The desired gas velocity was established by means of the by-pass 

valve. The gas flow was obtained with the aid of an Annubar®. 

The ratio between carbon dioxide- and nitrogen supply determines the 

fractional amount of carbon dioxide inside the gas circuit 

(10 - 20 %). Gas phase carbon dioxide concentration decay in the CSS 

due to absorption taking place is neglegible, the amine conversion 

during one passage did not exceed 5 %. 

Several devices were employed for introducing the liquid flow into the 

experimental cyclone such as perforated pipes (containing 40 holes 

with diameter 0.25 or 0,5 mm) and a piezo-electric spray device. 

Measurements were conducted for combinational series of liquid- and 

gas flow. Dwing to the low liquid hold up, the steady state was 

reached within only about one minute after adjustment of the desired 

flows. 

During every run, carried out for a certain combination of gas- and 

liquid supplies, registration was made of ambient pressure, cyclone 
® 

pressure, the Annubar pressure difference and the liquid flow rate. 

The temperatures of both liquid and gas on entrance and exit of the 

cyclone, the electrical conductivities of the amine solution on 

entering resp. leaving the cyclone and the katbarometer signal (pCO ) 

were recorded continuously. The values of the interfacial area were2 

calculated using a file consisting of all,the collected data, 

calculation algorithms were used to take care of tempersture 

corrections and interpolstion of kinetic and calibration data. 
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4.4.3. Results and discussion 

Interfacial areas, obtained by means of the carbon dioxide

monoethanolamine reaction system, have been plotted in Figs. 4.9 to 

4.11. As could have been expected from the model calculations, in our 

experimental CSS the contribution of the liquid spray to the value of 

the interfaciel area is relatively small compared to the area of the 

liquid film. The droplet-gas interfaciel area can not be evaluated 

directly, as there is not always complete wetting of the cyclone wall. 

The geometrical wetted area of the cyclone wall amounts to 

2nR•Z = 0.0407 m2• Liquid introduetion directly to the inner side of 

the cyclone chamber leads to values for the gas-liquid interfacial 

area being up to 50 % higher. Obviously, this is caused by rippling of 

the liquid surface and some additional absorption in the liquid 

receiver annulus. The contact area between the liquid film at the 

cyclone wall and the gas phase is nearly independent of the liquid 

supply, except at the lowest gas- and liquid flow rates, and shows a 

small effect of the gas entrance velocity (Fig. 4.11). 

At high swirl veloeities of the gas phase, the extent of dispersion of 

the liquid phase on entrance becomes less important. Liquid might 

therefore be introduced into the cyclone chamber through simple, low 

pressure drop injectors since efficient spray formation is. 

accomplished by the swirling gas phase at sufficient gas entrance 

rates. 

4.5. Comparison of model calculations with experimental data 

From comparison of Fig. 4.3 to 4.5 (kGA) ~ith the corresponding plots 

Fig. 4.9 to 4.11 (A) it is concluded that the liquid spray, despite of 

the relatively small spray-gas interface, strongly contributes to gas 

side mass transfer. This ·is an important advantage of a cyclone spray 

scrubber in comparison with swirl tubes (i.e. wetted wall tubes with 

rotating gas flow) since there is hardly any contact between the core 

of the rotating gas and the liquid film at the wall of a swirl tube. 

The average kG/k1 ratio of a CSS can be increased by increasing the 

relative contribution of the mass transfer through the spray-gas 

interfaciel area. 
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This may he achieved by 

- enlarging the cyclone diameter (droplet flight time) 

- increasing the liquid supply (spray-gas interfacial area) 

increasing the gas swirl velocity (enhancing kG but decreasing 

droplet flight time) 

increasing the dispersion degree of the liquid 

Cyclone spray scrubbers with a large diameter are in advantage over 

our small diameter experimental CSS, which shows a dominating effect 

of the liquid film at the wall with regard to liquid side mass 

transfer and the interfacial area. This was predicted by the model 

calculations. When interpreting results obtained from the theoretica! 

model, the assumptions on which it is based should be considered. The 

calculations described 

behaviour of a single, 

gas phase (based on the 

It was assumed that the 

in chapter 2. 

rigid droplet 

ex perimental 

liquid phase 

we re essentially based on the 

in a presumed flow pattern of 

data of ter Linden). 

is supplied in the form of 

monodispersed droplets. It is therefore inherent to the assumptions 

that kGA, kLA and A are proportional to the liquid supply. Effects 

originating from breaking up of liquid jets or redispersion of 

existing draplets could not be predicted by the model. 

the 

From the model calculations it was concluded that transfer at the 

liquid film swirling down at the cyclone wall dominates in case of 

interfacial area-measurements and for physical absorption of oxygen. 

The contribution of the spray to the values of kGA' kLA and A was 

evaluated as the difference between data obtained from separate runs, 

hence containing accumulated scatter. 

The model prediets a decrease of
1

kGA with increasing gas entrance 

velocity (approximately kGA ~ v-2 ). The decrease of flight time due to 

enhanced droplet acceleration towards the wall overrules the increase 

of kG due to larger slip velocities. Experimentally an increase of kGA 

caused by the important effect of the gas swirl velocity on liquid 

dispersion was obtained, in particular in case of introduetion of 

liquid jets. It is to be expected that large diameter cyclone spray 

scrubbers better obey the calculations by the model since the relative 

contribution of the liquid film at the cyclone wall to mass transfer 

decreases if the radius of the cyclone and the liquid supply are 

increased. 

In our smal! CSS a transient situation of liquid dispersion exists 

during a relatively large part of the flight time. 
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5. Simultaneous absorption of COl and HlS into agueous amine solutions 

5.1. Introduetion 

An advantage of the CSS was demonstrated by the selective absorption 

of a specific component from a gas mixture into a reactive liquid. 

This is possible if the transfer of the component to be absorbed 

preferably is gas phase controlled, the absorption of the other 

components being determined by phenomena occuring in the liquid phase. 

Simultaneous chemical absorption of C02 and H2S into aqueous DIPA 

solutions is an example of such a process and is of industrial 

importance (Haimour & Sandall (1984), Blauwhoff & van,Swaay (1982), 

Secor & Beutler (1967), Ouwerkerk (1978), Sigmund et al (1981)). Claus 

units converting H2S into elemental sulphur require an acid gas feed 

with at least 20 to 25 % H2S. A higher H2S/C02 ratio reduces operation 

costs, simplifies operations and reduces equipment sizing and capital 

costs. 

The main factors determining the selectivity in favour of H2S 

absorption are: 

- the rate and kinetica of the reactions between the involved acid 

gases and the amine solutions, 

- the mass transfer of H2S and C02 into the solutions, depending on 

the type of conteetor and 

- chemical and physical equilibria 

as mentioned by Blauwhoff (1982). 

The reaction between H2S and amines is accomplished by a proton 

exchange and can therefore be regarded as reversible and 

instantaneous, the equilibrium being established throughout the 

liquid. The reaction of carbon dioxide with primary and secundary 

amines (such as MEA and DIPA respectively) proceeds at finite speed. 

Under the circumstances during simultaneous absorption in the 

experimental cyclone, carbon dioxide absorption into aqueous MEA 

proceeds according to the conditions of the pseudo first-order regime. 

A comprehensive treatment of the kinetica of the carbon dioxide-MEA 

reaction is given in section 3.5. 

In view of the first item mentioned above, DIPA will yield a better 

selectivity in favour of H2S than the other primary and secondary 
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amines (e.g. MEA) due to steric hindrance or blockage by the molecule 

itself of its reactive sites for co2 consuming carbamate formation. 

According to the second item, the high gas phase mass transfer 

coefficients in a CSS result in a high selectivity foT hydragen 

sulphide absorption. 

In practical applications for selective H2S removal, the gas phase C02 
partial pressure will exceed the H2S pressure by perhaps an order of 

magnitude at inlet conditions, but changes to several orders of 

magnitude as H2S is preferently absorbed in the contactor. As 

absorption occurs and both H2S and co2 contents in the liquid 

increase, the increase in back pressure of both salution components 

will have a greater effect in decreasing the H2S absorption rate than 

the co2 rate. This effect was neglegible in our experimental 100 mm 

diameter CSS. 

Prediction of the molar fluxes of H2S and C02 during simultaneous 

absorption can be very complicated owing to reversible and mutually 

interacting reactions in the liquid phase. A vast body of analytica!, 

approximate analytica! and numerical models dealing with simultaneous 

chemica! absorption has been accumulated in literature during the last 

twenty years, see section 5.2.3. 

In order to elucidate the choice of the applied chemica! system and 

matching experimental conditions, the mechanism of simultaneous 

chemica! absorption will be explained and a literature review will be 

given. 

5.2. Theoretica! 

5.2.1. Reaction mechanism 

The reaction between H2S and alkanolamines in aqueous salution is 

accomplished by a proton exchange only and can be regarded as 

instantaneous, the equilibrium being established everywhere in the 

liquid. 

with equilibrium constant 

(5.1) 
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(5.2) 

R1 = H- and R2 = HOCH2CH2- in case of MEA, R1 = R2 = CH3CH(OH)CH2- in 

case of DIPA. 

Regarding the reaction of H2s with MEA as a first-order reaction of 

proton transfer, the rate constant is 2.8 106 - 3.0 107 m3 mol-1 s-1 

(Baraev et al (1981)). 

The absorption of carbon dioxide into an aqueous solution of a 

secundary alkanolamine like DIPA is mainly determined by the carbamate 

formation 

(5.3) 

The reaction rate will be lower in comparison to primary amines like 

MEA due to steric bindrance of the reactive site. 

The relative contribution of the bicarbonate formation 

(3.27) 

can be considerable at low concentrations of secundary amines. 

Danckwerts (1979) explains the mechanism of the reaction of carbon 

dioxide with the analog diethanolamine (DEA) by means of Caplows' 

zwitterion mechanism. This mechanism has been extensively dealt with 

elsewhere, see section 3.5.1.1. 

Proton removal by DEA itself was taken into account by Laddha & 
Danckwerts (1981). The experimental data were fitted according to the 

overall reaction rate expression 

r = (3.25) 

in which kb representing the proton abstraction rate constant and CB 

the base concentation. 

Blauwhoff (1982), interpreting experiments using a stirred cell 
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absorber, also accounted for proton abstraction by H20 and 

hydroxyl-ions. Moreover, the consumption of carbon dioxide arising 

from bicarbonate formation (3.27) was included. 

This provides an overall carbon dioxide reaction rate composed from 

both carbamate and bicarbonate formation according to 

r 

In contrast to MEA, for DIPA it appears (Blauwhoff (1982)) 

1 

so (5.4) can be simplified to (5.5) 

r 

Up to now, this relation fits the data available in the open 

literature (See section 5.2.3.). 

(5.4) 

With decreasing DIPA concentration, the reaction becomes first order 

with respect to amine. Blauwhoff (1982) observed an apparent carbamate 

formation reaction order of about 1.7 with respect toamine during co2 
absorption in slightly carbonated 334 - 2905 mol/m3 DIPA solutions. 

In the simultaneous absorption experiments, carbon dioxide was allowed 

to absorb and react in amine solutions without amine depletion, i.e. 

the reaction in the liquid layer adjacent to the surface could be 

treated as a pseudo-first order with respect to carbon dioxide. 

The appropriate first order rate constants were obtained from 

experiments using a laminar jet absorber using amine solutions of 

equal concentration a range of carbon dioxide loadings. The apparent 

pseudo first order reaction rate constant forms part of the 

* physico-chemical group CA/(k1DA)' which was evaluated from the 

laminar jet absorber experiments (Section 3.5 and 3.6). 
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5.2.2. Simultaneous absorption mechanism 

The mechanism of simultaneous chemica! absorption will be explained by 

means of the film theory. For convenience, we consider the absorption 

of two gases, one of them (component A, e.g. H2S) reacting 

instantaneously, the other (component B, e.g. C02) reacting at finite 

rate. The reactive liquid contains reactant C. Both reactions are 

considered to be irreversible, unless stated otherwise. 

Three regimes may be distinguished, depending on the acid component 

concentrations in the gas phase, mass transfer and amine reactivity: 

1. A reaction plane exists in the liquid layer adjacent to the 

surface where A and C react instantaneously. B reacts in a 

diffuse zone behind this reaction plane. cà = 0 (Fig. 5.1.). 

According to the film theory and assumptions mentioned 

previously, this situation is governed by 

A+ vAC + prod. irreversible and instantaneous 

B + vc + prod. irreversible, r8 = k2CBCC B 
2 . 2 

0 <x < x D d CA D d CB 
p A--= B--=0 

dx2 dx2 

2 2 
1 D d CC D d CB 

k2CBCC x <x < ó - c--- B--= p vB dx2 dx2 

with boundary conditions 

x 

x 

x 

0 

x p 

ó 

{ 
CA = 0 

dCA 
-vADA dx I 

x 
p 

(5.6) 

(5.7) 

(5.8) 

(5.9) 

(5.10) 

(5.11) 

(5.12) 
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and 

(5.13) 

(5.14) 

2. A finite liquid phase reactant concentratien at the interface 

exists. C~ > 0 (Fig. 5.2.). The reaction plane is located at the 

interface. The absorption rate of the component reacting 

instantaneously is determined by mass transfer in the gas phase. 

In this case, (5.8) to (5.12) are replaced by 

2 2 

0 <x < 0 
1 D d CC D d CB 

k2CBCC (5.8'-5.9') - c--· B-- .. 
Va dx2 dx2 

with boundary conditions 

x = 0 CA = 0 
i 

~ .. eB 
i 

cc = cc (5.10 1-5.11') 

x= 0 eB = o b 
cc = cc (5,12 1

) 

In case 1 as well as case 2 the absorption rates of both gas 

phase components are mutually dependent due to interaction of the 

reactions in the liquid boundary layer. 

3. At low partial pressures of the acid gas components the 

suppletion of liquid phase reactant C is sufficient in order to 

avoid depletion, C~ = C~ (Fig. 5.3.).,The absorption rates of 

both gas phase components are mutually independent in this 

regime: 

if the reaction between B and C takes place in the so called 

pseudo first-order regime. 

(5.15) 

(5.16) 
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Numerical or approximate analytica! solutions are necessary in order 

to estimate absorption rates in regime 1 and 2. Experimental 

condi~ions were chosen such that absorption and reaction took place 

according to regime 3, 

5.2.3. Literature review 

Simultaneous abso+ption of two gases in a reactive liquid was studied 

for the first time by Roper, Hatch & Pigford (1962). They considered, 

based on the pentration theory, the absorption of two gases reacting 

at finite rate with each other or reacting instantaneously with a 

liquid phase reactant. As might be expected a mutual enhancement resp. 

slowing down of the absorption of both gases occurs. 

Astarita & Gioia (1965) considered the absorption of H2S and co2 into 

an aqueous salution containing OH-, i.e. instantaneous reaction of H2S 

with co; resp. co2 and HC03 with OH- in two reaction planes described 

by the film theory with all diffusion coefficients being the same. 

Goettler & Pigford (1968) absorbed so2 and co2 in aqueous NaOH in a so 

called single wetted-sphere absorber and described this process with 

the aid of the film theory, presuming an instantaneous overall 

reaction of so2 with OH- and a diffuse reaction zone where co2 reacts 

relatively slowly with OH-. They linearized the concentration profile 

of the liquid phase reactant between reaction plane and bulk. 

Good agreement with experiments was however only achieved after 

adaptation of stoechiometric coefficients and introduetion of square 

roots of diffusion ratios according to the penetration theory. 

In a series of succeeding studies (Ouwerkerk (1968), Onda et al 

(1970), Goettler & Pigford (1971), Ramachandran & Sharma (1971), 

Cornelisse, Beenackers & van Swaay (1977), Hikita et al (1979), 

Cornelisse et al (1980), Cornelissen, A. (1980), Barreto & Farina 

(1982), Astarita & Savage (1982), Aiken (1982) and Haimour & Sandall 

(1984)) approximate analytica! solutions were presented for the case 

of simultaneous absorption in a liquid containing a component reacting 

instantaneous and at finite rate respectively with the two absorbed 

gas phase species. Under certain conditions, this situation 

corresponds to the absorption of H2S and co2 in aqueous amines, 

Cornelisse, Beensckers and van Swaay (1977) summarized the applied 

linearizations. They established a good agreement in the calculated 
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absorption enhancement factors of the component reacting at finite 

velocity according to Ouwerkerk (1968), Goettler & Pigford (1971) and 

their own, numerical model. The solutions of Onda et al (1970) and 

Ramachandran & Sharma (1971) were acceptable under asymptotic 

conditions only. 

Hikita et al (1979) proposed an approximate analytic solution, 

applying a linearised profile equation for the component reacting at 

finite rate in the area of coexistence with liquid phase reactant. 

Their calculations show a good agreement with the numerical solutions 

of Ouwerkerk (1968), Goettler & Pigford (1968), Cornelisse et al 

(1977) and considerable deviations with regard to those of 

Ramachandran et al (1971). 

Cornelisse, Beenackers, van Beekurn & van Swaay (1980) modelled the 

simultaneous absorption of co2 and H2S into amine solutions with due 

observance of the reversibility and strong interactions between the 

occuring reactions (film model for the gas phase, penetratien model 

for the liquid). This led to the predietien of the forced desorption 

phenomenon - i.e. on eertsin conditions, absorption of one component 

gives rise to desorption of the other component although absorption 

would be expected from the global driving force - being experimentally 

verified later. 

A Lewis two-film model applied to the H2S/C02 absorption into tertiary 

amines was constructed by Cornelissen (1980). The reversible character 

of the instantaneous H2S-amine reaction was incorporated, the 

co2-amine resetion was assumed irreversible and of pseudo-first order. 

In case of tertiary amines, a considerable amount of the absorbed co2 
reacts in the liquid bulk, primary and secondary amines on the other 

hand react almost exclusively in the boundary layer. Cornelissen shows 

that diffuse resetion zones may be replaced by mathematically 

equivalent resetion planes.for H2S and COÏ respectively. This 

procedure replaces the governing differential equations by a set of 

easily solvable algebraic equations. The model was verified by 

absorption experiments with 1.65 103 mol/m3 DIPA solutions on a 11 cm 

diameter valve tray. 

Baraev et al (1981) investigated C02/H2S absorption in MEA solutions 

in equipment with vertical conta~t grids (1.2 v% H2S, 0.6 v% 002 in 

15.3 m% aqueous MEA solutions). They observed a gas phase controlled 

H2S transfer, except in the lower region of the absorber. The degree 
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of selectivity (K8) of the process was estimated from the ratio of 

mass transfer units on an overall gas phase base (N
0

G) according to 

(5.17) 

Fig. 5.4. shows the experimentally obtained values of Ks as a function 

of the superficial gas velocity win the absorber. 

Baraev et al evaluated numerical values of K up to 16 at superficial s 
gas veloeities up to 3 m/s. whereas K in industrial plate and packed 

s 
absorbers was only 3 to 6. 

Similarly to Hikita et al (1979). Barreto & Farina (1982) proposed 

approximate analytica! solutions derived from a series expansion resp. 

a perturbation solution without making assumptions with regard to 

concentratien profiles. The approximations agree with numerical 

solutions and with approximations given by Hikita et al (1979). 

Astarita & Savage (1982) modelled the parallel instantaneous 

reversible reactions with a liquid phase reactant of two acid 

components absorbed from the gas phase. The analysis was based on the 

film theory assuming equal diffusivities and taking mutual reaction 

equilibrium into account. and predicted a negative absorption 

enhancement factor. 

Aiken (1982) presented numerical solutions for selective H2S removal 

from C02/H2s mixtures into MEA. In view of application in spray 

absorbers (probably having a turbulent atmosphere). gas phase transfer 

limitation with respect to H2S was excluded. 

Bendall. Aiken & Mandas (1983) investigated the joint .absorption of 

co2 and H2S in buffered carbonate solutions in an experimental spray 

absorber (mean droplet diameter 50 um). 

Haimour & Sandall (1984. to be published) presented a numerical study 

of the absorption of co2• H2S in DEA according to the penetration 

theory. 

Blauwhoff (1982) investigated experimentally the absorption of H2S and 

co2 in three distinguishable regimes of interaction: neglegible. 

intermediate and extreme mutual interaction. In the latter case. 

forced desorption was observed. A good agreement with numerically 

evaluated models based on both film- and penetration theory was found. 
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Absorption experiments using 2 - 6 % co2, 0.04 - 0.1 % H2S and 

2.0 kmo1Im3 DIPA in a stirred cell resp. a wetted wall column were 

situated in the regime of neglegible interaction i.e. no depletion of 

liquid reactant occurs. 

In case of pseudo first-order reaction (3 < Ha < Ei) the selectivity 

towards H2S, defined by 

s (5.18) 

may be expressed as follows 

(5.19) 

From this equation it follows that the selectivity will increase with 

increasing gas phase mass transfer coefficient. This was confirmed by 

the experiments mentioned earlier (Fig. 5.5). 

It is concluded that simultaneous absorption of C02 and H2S in aqueous 

MEA or DIPA solutions in the neglegible interaction regime is a 

suitable method for demonstrating the importance of the high gas phase 

mass transfer coefficients achieved in a CSS. 

The absorption rates of the acid components and the selectivity may be 

predicted from measurements for the determination of kGA, A 

and from the absorption kinetics. 
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5.3. Experimental 

5,3,1. Determination of the acid gas load of aqueous amine solutions 

Prior to the verification experiments, methods have been developed for 

the quantitative analysis of co2 and H2s in aqueous amine solutions 

(i.e. MEA, DIPA) and in the gas phase. 

Verbrugge (1979) and Blauwhoff (1982) applied a titrimetric method, 

essentially being a variant of a method developed by Jones et al 

(1965) for the determination of carbon in steel. The analysis was 

based on desorption of the acid gases in an excess of acid, foliowed 

by renewed absorption in a MEA solution. The color change of a 

thymolphtalein indicator in this absorbens was reverted by adding 

tetra-n-butylammoniumhydroxide. The amount of sample was 100 Ul to 

5 ml. This method is reliable and accurate, but time consuming. 

Moreover, separate analysis of C02 and H2S requires two titrations, 

the first for the determination of the sum co2 + H2S, the second for 

co2 alone, This may lead to an accumulation of errors originating from 

deviátions in injection volume. 

The method is outlined in Appendix A5.4. 

Alvarez-Fuster et al (1980) mentioned the gas chromatographic 

determination of the liquid phase carbamate content from the amount of 

co2 liberated after thermal decomposition in a heated injection block. 

We attempted to make use of the reversibility of the reaction in the 

injection block of a gas chromatograph kept at a sufficiently high 

tempersture (150- 250 °C), but below the decomposition tempersture of 

MEA and DIPA. This was foliowed by the delay of water and amine in a 

Tenax-GC column (still at injection block temperature) and subsequent 

separation of C02 and H2S. However, the reproducability of this method 

proved to be insufficient, in particular for H2S, perhaps owing to 

adsorption at/or resetion with the injection block material, The 

eluted peaks showed no tailing. 

Isaacs et al (1977) used 7 M sulphuric acid for desorbing the acid gas 

content of the liquid phase during their study of the solubility of 

hydrogen sulphide and carbon dioxide in aqueous DIPA solutions. 

In our case, a fast and reliable analysis proved to be possible by 

injection of 5- 100 ul liquid sample into a tiny desorber, insertèd 

in the carrier gas line to a gas chromatograph column where co2 and 
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H2S are separated. The desorber (or micro-scrubber) contained about 2 

ml 6 molar sulphuric acid at room temperature. The eluted peaks showed 

some tailing due to the non-instantaneous stripping process and peak 

broadening in the desorber dead space, the resolution on a 0.5 m 

Porapak-T column (Rath & Schmidt (1979), Rath & Wimroer (1980)) being 

amply sufficient, see Fig. 5.7. 

The determination of H2S and C02 in N2, being the continuous gas phase 

led through the experimental cyclone, was carried out using the same 

column by means of a 8-way gas-injection valve. The analysis took 

about 5 minutes. Details are given in Appendix 5.5. 

5,3.2. Selective H2S absorption in aqueous amine solutions in a CSS 

The simultaneous absorption experiments were carried out in the 

neglegible interaction regime, applying amine solutions with very low 

acid gas loadings, Consequently, the build up of a carbon dioxide and 

hydrogen sulphide back pressure in the liquid phase is limited to a 

neglegible level (lsaacs, Otto & Mather (1977)). This permits the 

reactions in the liquid phase to be considered as irreversible for the 

purpose of absorption rate prediction. The reaction between H2S and 

amines in aqueous solution involves proton transfer only, the 

equilibrium according to (5.1) and (5.2) exists therefore throughout 

the liquid phase. 

The absorption of hydrogen sulphide is entirely gas phase controlled, 

the absorption rate being expressed by 

(5.20) 

The absorption of carbon dioxide is controlled by chemica! reaction in 

the liquid phase. In the experimental CSS, chemically enhanced 

absorption of co2 into 1 molar DIPA occurs in the transition region 

between pure physical absorption (Ha < 0,3) and the pseudo first-order 

regime (Ha > 3). 

Consirlering absorption to liquid droplets moving from the cyclone axis 

to the wall, assuming rigid sphere behaviour and taking flight times 

from the model calculations, leads to 1.1 <Ha < 2.4. 

Similar considerations apply to carbon dioxide absorption into the 
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liquid film swirling down the cyclone wall. 

In this transition regime, the average absorption rate is expréssed 

according to the penetratien theory by the analytical solution of 

Danckwerts (1950) 

* 1 
-k1t 

NA = C/(k1DA) {(1 + 2k t)erfv(k1 t) + t7c1Tk1 t)} (5.21) 
1 

or NA * zCAI(k1DA) (5.22) 

z = f(k1t), t is the contacttime of a liquid phase element with the 

gas phase and k1 the apparent pseudo-first order reaction rate 

constant. The apparent value of z for. carbon dioxide transfer in the 

entire experimental CSS, i.e. absorption into both spray and film, is 

not known due to lack of knowledge about the actual contact times of 

liquid film elements with the gas phase. For this reason it does not 

make sense to attempt to predict the carbon dioxide and hydragen 

sulphide absorption flux by employing accurate numerical or 

approximate analytical solutions, taking reversibility and mutual 

interaction into account. 

A measure of the involved contact times can be obtained by applying 

kL = 2v(DA/(nt)), according to Higbie, to values of ~A and A measured 

on comparable conditions, 

However, predietien of carbon dioxide absorption rates in case of DIPA 

is still less accurate in comparison to MEA. 

During ·simultaneous absorption of hydrogen sulphide and carbon dioxide 

into aqueous MEA solutions in the regime of neglegible interaction, 

the condition Ha > 3 will always be met due to the high reactivity of 

MEA, i.e. z 1. 

For the aim of generality the transition-region factor z will be 

implemented in subsequent absorption rate expressions. 

The interfacial area is obtained from the amount of absorbed C02 
according to (5.16) 

A (5.23) 
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Using the selectivity factor defined by 

and substituting the co2 absorption flux 

where 

yields (compare (5,19)) 

Using measured quantities, we obtain 

and 

G 
A CH S 

2 

L G 
OCH S CCO 

2 2 
S=-G--1-

CH s occo 
2 2 

(5.18) 

(5.24) 

(5.25) 

(5.26) 

(5.27) 

(5.28) 

The simultaneous absorption experiments were carried out using the 

experimental set up around the 100 mm diameter CSS shown in Fig. 4.2. 

The gas circuit is completely closed, except of an open duet to the 

atmosphere outside the laboratory connected to the pressure side of 

the blower. 
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In this method, the pressure everywhere inside the gas circuit was 

kept below ambient pressure so preventing leakage of hydrogen 

sulphide. 

103 mol/m3 amine solutions were prepared in 15 lit~r batches from 

distilled water, free from oxygen and carbon dioxide, to which vacuum 

distilled MEA or DIPA was added. The total amine concentratien was 

determined by titrimetric analysis with standard hydrochloric acid and 

a methylorange indicator, During the final series of simultaneous 

absorption runs, these solutions were led through the CSS only once. 

Nitrogen was continuously supplied to the circuit and bubbled through 

the storage vessel in order to avoid degradation of the amine 

solutions arising from contàct with (air-) oxygen. 

Carbon dioxide and hydrogen sulphide were fed to the circuit at the 

blower suction side. 

In brief, a run proceeded as follows. 

The desired gas flow was adjusted, the gas temperature was made equal 

to the liquid temperature by means of the kryostate. With assistance 

of a thermal conductivity cell, the carbon dioxide supply was adjusted 

in such a way that a gas-phase concentratien of 2,0 - 4.0 % was 

obtained. 

The gas phase hydrogen sulphide content was established similarly to a 

level of 0.10 - 0.25 %, but its supply was opened only if amine 

solution was led through the cyclone. Owing to the high absorption 

rate, stabilization of the gas phase hydrogen sulphide concentration 

appear~d to be very rapid. The electrical conductivity of the solution 

leaving the cyclone responded almost immediately to a change of the 

hydrogen sulphide supply. 

The amine solution flow was adjusted to the desired rate, and the 

steady state was waited for by means of the electrical conductivity of 

the liquid phase and the thermal conductivity of the gas phase. By 

closing the carbon dioxide- or the hydrogen sulphide supply, mutual 

independenee of both absorption processes could be checked on the base 

of the electrical conductivity of the solution. A steady state was 

usually obtained within one minute. 

Gas phase, entrance- and exit liquid were sampled and subsequently 

analysed. Prior to and after the experiments, the solution was 

analysed for total amine by titration with a standard hydrogen 

chloride acid solution using methyl orange as an indicator, 
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During each run registration was made of ambient pressure, cyclone 

pressure, gas flow (based on the Annubar pressure difference), liquid 

flow (rotameter), cyclone entrance- and exit temperatures of both 

liquid and gas, and the acid gas contents of both phases. 

5.4. Results and discussion 

The selectivity for hydrogen sulphide according to (5.18), obtained 

from four series of experiments, was plotted as a function of the 

partial gas-side mass. transfer coefficient in Fig. 5.8. A plot versus 

the cyclone gas entrance velocity is given in Fig. 5.9. 

The enhancement factor for carbon dioxide absorption as a function of 

liquid temperature, amine concentration, gas phase carbon dioxide 

content and acid gas loading of the solution was estimated from data 

obtained from our separate kinetics study (Chapter 3). Calculations 

were carried out using log mean averaged gas phase concentrations. The 

concentration decay of H2S in the gas phase was calculated from the 

amount absorbed into the amine solution. During the runs, presented in 

Table 5.1 and 5.2, up to 30 % of the hydrogen sulphide present in the 

entering gas stream was absorbed. 

The selectivity depends on the amine reactivity with regard to carbon 

dioxide and on the partial (gas side) mass transfer coefficients 

attained in the contacting device. The former factor is illustrated by 

the difference between the runs using DIPA and MEA respectively, the 

latter·is obvious from the effect of the gas entrance velocity. 

The reaction betwe~n hydrogen sulphide and amines in aqueous solution 

is of an equilibrium nature. As absorption occurs and the acid gas 

loading increàses, a hydrogen sulphide back pressure will be built up 

in the amine solution. Reference is made to Lawson & Garst (1976) and 

Isaacs, Otto & Mather (1977) who investigated the hydrogen 

sulphide-carbon dioxide-amine equilibrium. Practically attainable 

H2S/C02 ratios in the amine solution leaving the absorber are 

therefore limited. The conditions during the simultaneous absorption 

demonstration experiments were be chosen such that this effect was 

almost excluded. In practical applications, such as a classic tray 

absorber, this situation will exist only at the upper trays where the 

freshly regenerated amine solution comes into contact with a gas phase 

containing the smal!, remaining traces of acid gas components. 
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Fig. 5.9. Selectivity in favour of H2S vs gas entrance 

velocity from simultaneous absorption 
experiments in a ~ 100 mm cyclone spray scrubber 
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From the studies of Baraev et al (1981), Blauwhoff (1982) and the 

experiments presented here it is concluded that the efficiency· of a 

certain class of gas-liquid contact operations, such as the selective 

removal of hydrogen sulphide by amine solutions, can be improved by 

decreasing the gas side mass transfer resistance to the lowest 

possible level everywhere in the contactor. 

In the CSS gas side mass transfer coefficients and selectivity factors 

were found which are considerably higher then those published so far 

(Fig. 5.8 and 5.9). 

A CSS features mainly cross flow of the gas and liquid , and 

therefore mass transfer corresponding to only about one theoretical 

plate may be accomplished in a single unit. Consequently, the 

advantages of countercurrent flow in approaching equilibrium of both 

phases can not be obtained. Global counter flow may be approached by 

cascading several cyclone units, but owing to the more complicated 

equiprnent and liquid handling and routing in particular, the 

advantages of simplicity will disappear. 



TG, in TG, oot TL,in \,oot Yro ' Y~ · Cm t \s.out \ \ Pc~looe "G.~ A s 
-- -- ~~ 2'00 --

"C oe "C "C %v %v -3 -3 10-6m3s-1 -3 3 -1 nmHtJ 
--1 

1 IIDl m 11Dl m 10 m s m s-

25.1 25.0 24.5 24.5 4.22 0.147 6.7 19.3 6.76 10.7 - 16 0.0427 0.0574 92 
25.2 24.3 23.5 23.7 3.42 0.060 6.1 9.8 6.76 17.3 -29 0.0463 0.0638 99 
25.6 25.4 24.0 24.4 3.48 0.112 8.3 26.3 6.76 22.6 -64 0.0497 0.0869 100 
25.5 25.6 23.8 24.3 3.58 0.2:ll 8.1 62.3 6.76 26.0 -87 0.0603 0.0031 132 
26.0 25.8 24.2 24.5 3.06 0.243 6.8 63.9 6.76 :ll.7 -100 0.0583 0.0022 128 
27.0 25.8 24.8 25.4 2.57 0.251 4.3 60.9 6.76 36.2 -188 0.0700 0.0627 154 

-3 . 5 
C[)IPA = 953 IIDl m , Patrn = 1.007 10 Pa 

24.1 24.0 21.5 22.8 3.65 0.221 4.5 23.4 9.75 10.3 -15 0.0485 0.0597 çe 
24.2 24.2 23.2 23 •. 1 3.21 0.201 4.5 27.4 9.75 17.6 -:ll 0.0524 0.0687 100 

...... 
N 

24.3 24.0 23.5 22.8 2.52 0.1ffi 4.2 36.9 9.75 23.0 -63 0.0649 0.0021 133 
26.0 25.7 24.8 24.7 2.34 0.212 3.4 35.1 9.75 26.1 -82 0.0594 o.orn 124 
26.5 26.0 25.0 25.0 2.01 0.185 3.2 39.6 9.75 28.8 -113 0.0710 0.0006 148 
28.0 27.8 24.8 25.5 1.53 0.164 2.4 33.7 9.75 35.9 -183 0.0677 O.I.Bl3 141 

0 -3 5 p COIPA = 1040 IID1 m , Patrn = 1.012 10 a 

Table 5.1 Simultaneous absorption of H2S and C02 into aqueous diisopropanolamine solutions 



25.5 24.5 
25.9 25.5 
26.8 26.2 
27.5 26.8 
27.8 27.3 
27.8 27.5 

24.5 24.5 
24.4 24.4 
24.4 24.4 
24.4 24.5 
24.5 24.7 
24.2 24.8 

6.29 
4.63 
3.83 
3.52 
3.18 
3.26 

r~o__ 990 -3 5 1I'EA = nul m , Pa'bn = 1.105 10 Pa 

24.8 24.7 
24.7 24.3 
25.0 24.6 
25.0 24.9 

7.1 26.6 
7. 7 27.5 

24.0 24.1 
24.5 24.2 
24.5 24.4 
24.4 24.5 
24.4 24.6 
24.6 24.7 

4.13 
2.64 
3.74 
3.&1 
3.07 
3.42 

0.34 
0.27 
0.17 
0.29 
0.32 
0.31 

0.23 
0.21 
0.19 
0.23 
0.3) 
0.27 

74.5 
&1.7 
54.7 
&1.1 
40.2 
46.2 

22.4 
15.7 
31.5 
3).6 
JJ.l 
28.5 

46 
54 
48.8 

107.7 
1~ 
111.3 

18.1 
20.6 
35.4 
43.1 
60.4 
67.1 

6.00 
6.80 
6.80 
6.00 
6.80 
6.80 

10.2 
10.2 
10.2 
10.2 
10.2 
10.2 

14.3 
19.3 
24.5 
27.4 
3).6 
38.7 

14.3 
19.3 
24.5 
27.4 
3),6 
38.7 

- 15 
-JJ 

62 
-83 
-100 
-184 

- 15 
-29 
-64 
-84 
-112 
-187 

0.035 0.0704 
0.0569 0.~5 
0.~ 0.0846 
0.0027 0.0000 
0.0018 0.0758 
O.On3 0.0863 

0.0459 0.0468 
0.0524 0.0::00 
0.0721 0.0732 
0.~9 0.0763 
0.~56 0.0867 
0.0054 0.0742 

Tab1e 5.2 Simultaneous absorption of H2S and co2 into aqueous monoethanolamine solutions 

12 
20 
22 
lJ 
29 
28 

16 
18 
25 
24 
22' 
33 



Symbols 

a 

.2. 

A 

Ad 
c 
CD 
c p 
d 

D 

E 

4J 
.8. 
h 

H 

He 

kL 

kG 

k1 

k1' k_1 

k2 

kb 

k(lH-
K 

1 

m 

N 

p 

Q 
r 

rd 

Re 

Rd 
R 

s 
Sht 
t 

T 

V 

V 
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thermal diffusion coefficient À/pep 

acceleration (vector) 

phase contact area 

cross sectional droplet area 

molar concentration 

drag coefficient 

heat capacity at constant pressure 

diameter 

mass diffusion coefficient 

enhancement factor NA/(kLöCL) 

drag force (vector) 

acceleration of gravity (vector) 

heat transfer coefficient 

rnalar enthalpy 

Henry coefficient 

physical liquid-side mass transfer coefficient 

gas side mass transfer coefficient 

first-order reaction rate constant 

zwitterion formation/reversal rate constants 

second order reaction rate constant 

proton remaval rate constant 

bicarbonate formation rate constant 

equilibrium constant 

length 

* * dimensionless solubility CL/CG 

rnalar flux 

pressure 

molar quantity per unit surface 

reaction rate 

location radius dispersed particle' 

cyclone radius 

droplet radius (Rd !dd) 

gas constant 

selectivity 

Sherwood number averaged over flight time t 

time 

tempersture 

velocity 

volume 

2 -1 m s 
-2 m s 

2 
m 

2 
m 

mol m-3 

m 
2 -1 m s 

1 

N 
-2 m s 

W m-2 K-l 

J mol-1 

mol m-3 Pa-l 
-1 m s 

m s 
-1 s 

-1 

m3 mol-1 s-1, s-1 

m3 mol-l s-l 

m3 mol- 1 s-1 

m3 mol-l s-l 

(mol m-3)6\1 

m 

1 

mol -2 
m 

Pa 

mol -2 m 
-3 mol m 

m 

m 

s 

K, °C 
-1 m s 

3 
m 

-1 s 

-1 s 
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Greek symbols 

a carbonation ratio (mol co2/mol total amine) 1 

6 boundary layer thickness m 

e angle rad 

K electrical conductivity -1 n-1 m 

À thermal conductivity W m-l K-l 

11 dynamic viscosity Pa s 

V stoechiometric coefficient 1 

p mass kg -3 m 

0 surface tension Pa m 

l contact time s 

<P volumetrie flow ra te 3 -1 m s 

<i> molar flow ra te mol -1 s 

x * CB/(vCA) 1 

w DB/DA 1 

Sub/superscripts 

A, B, C reactants 

G gas phase 

L liquid phase 

c continuous phase 

d dispersed phase 

D drag 

b bulk 

i in, interface 

u out 

p reaction plane 

s slip 

0 initia! value at t 0 

0 overall 

j, jet laminar jet 
c* equilibrium concentration at the interface 

M mol ar 

m average of m 

:!.. vector 
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Dimensionless numbers 

Bih 
hcRd 

.. -À-
d 

Biot for heat transfer 

oe * c 

Bi 
kcRd<ocd) 

Biot for mass transfer m 
Dd 

Fo = 
À 1" ad' 

<pe-)d 2 = -2-
P Rd Rd 

Fourier for heat transfer 

Ha 
l(klDA) 

kL 
Hatta modulus 

Nu 
hcdd 

=-À- Nusselt 
c 

Pr Prandtl 

Re 
pcvsdd 

=---
\.lc 

Reynolds for a sphere 

Sc 
\.lc 

=-D-
pc c 

Schmidt 

Sh 
kcdd 
-D- Sherwood 

c 

Su 
_ pcocdd 
- u2 

c 

Surface tension number 

(Hughes & Gilliland (1952)) 
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Appendix 1 

Al. Required gas-phase mass transfer during chemically enhanced 

absorption of carbon dioxide from mixtures with nitrogen into aqueous 

amine solutions 

In the pseudo first-order regime, the absorption rate 

determined by processes confined to the liquid phase if 

1 

1 
RT 

solely 

-3 -3 -1 Substituting He : 0.38 10 mol m Pa (eo2 in water, 20 oe), 

(ALl) 

(Al.2) 

-9 2 DL = 1.9 10 m /s (eo2 in water, 20 oe) (Alvarez-Fuster (1980)) and 
4 -1 k2eB ~ 10 s lead? to the condition to be satisfied 

(R 8.314 J mol-l K-1) 

.l 

kG » (104 1.9 10-9) 
2 

0.3810-3 8.314 293 "' 4 10-3 m/s 

eonsidering transfer to a 1 mm diameter droplet gives, using 

DG 0.16 10-4 m2/s (eo2 in air, 25 oe) 

(A1.3) 

(Al.4) 

The figures originating from the mathematical model for mass transfer 

between dispersed liquid phase and gas phase in the cyclone show that 

this condition will be amply satisfied. 
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Appendix 2 

A2. The oxygen-sulphite system 

The cobalt catalysed oxidation of sulphite solutions is a well-known 

reaction used for measuring interfaciel areas in gas-liquid 

contactors. The knowledge about the kinetics is not complete, the net 

reaction is however 

kso= 
so; + to2 + 

3 so~ (A2.1) 

The reaction rate can be varied by more then two decades by changing 

the temperature, pH and, in particular, the cobalt concentration, 

Traces of copper ions strongly decrease the reaction rate, 

Reith & Beek (1973) presented a review dealing with the o2;so; 
reaction system. They measured that the reaction is of zero order in 

sulphite, first order in cobalt and second order in oxygen on boundary 

conditions 

0.2 5 1.0 < Po /(10 Pa) < 
2 

15 < T/(°C) < 60 

3 w-3 < c 
2 

/(mol m-3) < 
Co + 

3 

7.5 < pH/(1) < 8.5 

3 -3 3 0.4 10 < c80=/(mol m ) < 0.8 10 
3 

Within these boundaries, according to the relation following from the 

film or penetratien theory, the absorption rate can be expressed by 

(A2.7) 

the sulphite supply from liquid bulk to the interface being sufficient 

to prevent depletion in the liquid layer adjacent to the surface, 

An advantage of the system is that air can be used as the oxygen 

source. 

Several experiments using this reaction system were carried out. 



123 

To achieve an appropriate extent of the reaction (about 10 % sulphite 

oxidation) it appeared necessary to apply a high Co2+ concentràtion, 

oxygen partial pressure and pH: C 2 ~ 1 mol/m3, p0 ~ 105 ~a and 
Co + 2 

pH = 8.5 respectively. T ~ 30 °C was taken for both gas and liquid. 

The pK value of sulphate is lower then the corresponding value of 

sulphite, leading to a pH decrease of the solution as the sulphite 

conversion rises. This phenomenon was corrected for by adding 2 molar 

NaOH to the recycle vessel by means of an automatic pH controlled 

titrator •. 

The amount of absorbed oxygen, i.e. the amount of sulphite present 

respectively on entrance and exit of the experimental cyclone spray 

scrubber was determined iodometrically according toNEN 3104.S0~.1. 

An oxygen monitor (paramagnetic principle) provides, after correction 

for pressure and water condensed in a 0 °C cold trap, the oxygen 

partial pressure in the cyclone. The oxygen equilibrium concentration 

at the liquid side of the interface follows from this oxygen pressure 

and the appropriate Henry coefficient at the existing temperature. 

Physical and chemical data, being dependent upon concentrations, 

temperature, pH etc., are taken from Reith & Beek (1973). 

Measurements, carried out using the o2;so; system, are confined to 

only one combination of gas- and liquid flow rate. A classic 

centrifugal spray nozzle, producing a hollow liquid cone breaking into 

small droplets, was applied. Table A2.1 summarizes the results. 

Run Geometrie wetted Measured interfacial 

wall area (m2) 2 no. area (m ) 

1 0.047 0.052 

2 0.047 0.046 

3 0.047 0.056 

4 0.047 0.056 

5 0.032 0.050 

6 0.016 0.025 

-3 3 . 40 m/s) and ~G = 40 10 m /s (1.e. VGi 
-5 3 4L = 0.83 10 m /s. 
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The fresh, not oxidated sulphite solution entering the cyclone has a 

clear, pink color (owing to the solved CoS04). The liquid leaving the 

cyclone contains a brown-gray precipitate. On the base of data, 

collected in Gmelins Handbuch, it was concluded that this precipitate 

probably consists of cobalt hydroxide and oxidation products of this 

hydroxide. According to Charlot & Bordoni precipitation of Co2+ as 

hydroxide starts at pH= 6.8 to 7.0. Cobalt(II)hydroxide exists in the 

unstable, blue modification a-Co(OH) 2 (Feitknecht), being slowly 

transferred into the stabie pink-red modification s-Go(OH) 2 (Fricke, 

HÜttig, Weisser & Milligan). The formation of Co(OH) 2 can be 

explained by the hydration of Co2+ ions. At increased pH a 

condensation process leads to the formation of colloidal gels of 

cobalt(II)hydroxide: 

(A2.1) 

Subsequently, this hydroxide may.be oxidated by 02• According to 

Lottermoser, Co(OH) 2 can turn brown at partial oxidation fo~ming 

Co203•H20. Final produkt of the Co(OH) 2 oxidation by o2 in aqeous 

solution is brown, unsolvable CoOOH. According to Feitknecht & Bedert, 

oxidation of S-Co(OH) 2 leads to formation of CoOOH directly, oxidation 

of a-Co(OH) 2 gives the green intermediate 4Co(OH) 2 •CoOOH 

desintegrating to S-Co(OH) 2 and CoOOH after some time. In lean Co(OH) 2 
solutions, stabie CoS04 •3Co(OH) 2•4H20 (blue) may be formed from 

hydrolysis (Feitknecht, Fischer). 

We found that water, in which Na2S03/CoS04 solutions are prepared, 

must be brought to an appropriate pH level previously in order to 

prevent the formation of blue or green precipitates. 

The cobalt catalysis is probably influenced by the phenomena described 

previously, which implicates that the real existing reaction rate 

constant is not known on the imposed conditions. 

It is concluded that the cobalt catalysed sulphite oxidation is not a 

suitable system for measurements in the experimental cyclone spray 

scrubber, in view of the problems arising at the required cobalt 

concentration, oxygen partial pressure and pH. 
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The vapour pressure at the surface of a liquid droplet depends on the 

surface temperature. The liquid surface temperature is not directly 

accessible, only the average liquid temperatures at entrance and exit 

are experimentally obtainable. 

Differences between surface- and average temperature originate from 

temperature differences between gas- and liquid phase on entrance and 

from heat withdrawal at the surface owing to evaporation. 

In case of 1,2-ethanediol the latter can be neglected due to its very 

low vapour pressure (~ 0.10 mm Hg at 25 °C (Dean (1972)). Employing 

the temperature response charts of Schneider (1963) provides to what 

extent droplet bulk- and droplet surface temperature approach each 

other and the temperature of the surrounding gas respectively. 

Required parameters are the Biot number for heat transport and the 

Fourier contact time of the droplet. This approach assumes rigid 

sphere behaviour, i.e. absence of internal circulation. 

h R hcdd À 
Bi=~ and Nu hence 8 . Nu c 

h >a =-À- ' 1 h =2T 
c ä 

(A3.1, 2, 3) 

From the relations of Ranz & Marshall 

Nu 2 + 0.58 Re1 / 2Pr1/ 3 (A3.4) 

and Sh = 2 + 0.58 Re112sc113 (A3.5) 

substituting Pr = 0.7 and Sc 1.6 we obtain 

Nu= 2 + 0.76(Sh 2) (A3.6) 

(A3. 7) 

Fo -6 2 0.1 10 m /s (A3.8) 
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Bih and Fo are determined using values of Sht and droplet flight time 

taken from model calculations. The temperature at R = 0.8 is taken as 

a measure for the droplet bulk temperature. 

T - T TI - T 
~ V • Fo R/Rd=0.8 0 R Rd=1.0 0 

Cl. 

10-3 m ---:r 1 Ta - To T a - TO m s 

0.03 10 0.15 10 0.97 0.98 
30 0.19 4.4 0.88 0.90 

0.10 10 0.23 1.0 0.46 0.48 
30 0.31 0.53 0.35 0.38 

0.30 10 0.38 0.16 0.26 0.27 
30 0.53 0.08 0.13 0.19 

Table A3.1 Relative response of bulk- and surface temperat.ure of a 

liquid drop after Fourier time Fo on a step (Ta T0) in 

the temperature of the surrounding gas 

These estimations hold for rigid spheres. Internal circulation, 

probably in the early stages of drop life, strongly increases the 

effective Àd so improving temperature equalization. This is of 

importance for larger droplets only, surface and bulk temperature 

approach each other closely presuming dd ~ 0.30 mm. Small droplets 

rapidly reach the temperature of the surrounding gas, whereas larger 

droplets tend to retain their initial temperature. 

On the condition that both phases are supplied at equal temperatures, 

and that heat withdrawal from the droplet surface due to evaporation 

can he neglected, the interfacial temperature may he determined from 

the log mean temperature based on terminal conditions. 

cp,L 

~ 
DG 

\ 
log (p/mm Hg) 

Ur, 
Sc 

llHvap 

= 2.421 103 J kg-1 K-1 ak 20 oe (A3.1) 

= 1109 kg m-3 at 20 oe (A3.2) 

= 0.98 10-5 m2 s-1 in air at 23 oe (A3.3) 

= 0.255 W m-l K-1 at 23 oe (A3.4) 

= 8.2621- 2197.0/(212.0 +Toe) 25- 112 

p = 0.10 mm Hg at 25 oe (A3.5) 

18.5 10-3 Pa s at 23 oe (A3.4) 

1.41 for mixtures largely composed of air (A3.7) 

= 57.0 103 J mol-1 (A3.2) 

Table A3.2 Physical data of 1,2-ethanediol 



cp,L 

Pr, 
DG 

\ 
log (p/mm Hg) 

l.JL 
Sc 

lili vap 
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= 2.415 103 J kg-1 K-1 at 25 °C (A3.1) 

= 809.8 kg m-3 at 20 oe (A3.2) 

0.90 10-5 m2 s-1 in air at 20 oe (A3.7) 

0.157 W m-1 K-1 at 23 oe (A3.4) 

7.4768- 1362.4/(178.8 + T °C) 15 131 °C, 

p = 4.2 mm Hg at 20 °C (A3.5) 

2.95 10-3 Pa s at 20 °C (A3.4) 

1.72 for mixtures largely composed of air 

43.6 103 J mol-1 (A3.2) 

Tahle A3.3 Physical data of n-hutanol 

Tahle A3.4 

= 103 J kg-1 K-1 at 15 oe (A3.2) 

= 1.29 kg m-3 at 15 °C (A3.2) 

= 0.0253 W m-1 K-1 at 15 °C (A3.2) 

= 1. 79 10-5 Pa s at 15 °C (A3.2) 

Physical data of air 

A3.1. Beilstein, Handhuch der Organischen Chemie, 1. Band, Springer 

Verlag, Berlin (1941) 

A3.2. Handhook of ehemistry and Physics, 61st Ed., CRC Press, Florida 

(1981) 

A3.3. Approximation hased on correlation of Wilke & Lee in Perry, 

J.H., Chemica! Engineers Handhook, 4th Ed., McGraw-Hill Book 

Co., New York (1963) 

A3.4. Landolt-Bornstein, Zahlenwerte und Funktionen aus Physik usw., 

6. Auflage, VI. Band, 5. Teil 

A3.5. Dean, J.A., Lange's Handhook of Chemistry, 11th Ed., McGraw-Hill 

Book Co., New York (1972) 

A3,6. Schneider, P.J., Temperature response charts, John Wiley & Sons 

Inc., New York (1963) Charts 37 

A3.7. Coulson, J.M., Richardson, J.F., Chemica! Engineering, Vol. 1, 

2nd Ed., Permagon·press, Oxford (1970) 
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Appendix 4 

A4. Thermal effects during the chemically enhanced absorption of 

carbon dioxide into agueous amine solutions in a laminar jet absorber 

Danckwerts (1950) presented an analytica! salution for the 

concentratien distribution when a gas-phase component diffuses into a 

stagnant liquid where it undergoes a irreversible first order 

reaction. When k1t is sufficiently large, from (3.17) we obtain 

c 
x 

---::;::- = e 
c~ 

Defining the layer where Cx < C C 

it fellows x=xo.1 

(A4.1) 

* 0.1 C as the reaction zone, 

(A4.2) 

The main part of the reaction heat is liberated in this layer, causing 

a temperature difference in comparison to the liquid bulk. In case of 

heat penetratien from the liquid surface the temperature gradient is 

mainly located in the area where 

According to the penetratien theory the temperature profile is 

leading to 

T 
erfc{~} 

Zl(aT) 

2.34/(aT) 

0.1 erfc(l.17) 

(A4.3) 

(A4.4) 

(A4.5) 
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The ratio between the depths of the reaction zone and the thermal 

layer is therefore 

c 
x0.1 
-T--

(A4.6) 

x0.1· 

Applied to the absorption of C02 in aqueous MEA solutions in the 

laminar jet absorber, from A4.6 we obtain ratios smaller then 0.1 
-9 2 -9 2 (Using DA ~ 2 10 m /s, a 1.5 10 m /s (Sharma (1964), 

-3 -2 b 2 4 -1 
T = 3 10 - 1 10 s, k~ = k2CB = 5 10 - 10 s at a = 0 - 0.4, 

C~ 0.9- 1.5 103 mol/m and T = 20- 25 °C). 

Assuming the reaction heat be liberated at the liquid surf.ace, an 

upper boundary for the temperature increase follows from 

(A4.7) 

Heat effects due to the physical absorption of co2 in the liquid phase 

are neglected. Hence, we obtain 

~T 
(A4.8) 

6 3 3 For MEA, substitution of (Pc ) ~ 4.2 10 J/(m K), ~H~ ~ 55 10 J/mol 
* p 3 1 - 1 (Pinsent et al (1956)), CAI(k2DA) ~ 3.8 10- mol 2 m- 2 s- and 

c~ = 0.9 - 1.5 103 mol/m3 yields temperature increases 

of 0.17 - 0.44 

This increase in .surface temperature leads to a local decrease of the 

* carbondioxide solubility CA and an increase of the reaction rate 

constant k2 and the ditfusion coefficient DA. 

From the experiments using MEA at 20 resp. 25 °C a temperature 

* coefficient for CAI(k2DA) of 1 - 2 %/°C can be obtained. 

It is concluded that thermal effects during laminar jet measurements 

with aqueous MEA solutions lead to an error of maximum 1 % in the 

* obtained values for CAI(k2DA). 

Assuming the same reaction heat, in case of DIPA solutions temperature 

effects will be about four times smaller. 
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Appendix 5 

A5. Analytica! methods 

A5.1. Relation between electrical conductivity and carbon dioxide load 

of agueous monoethanolamine solutions 

A5.1.1. ealibration 

The extent of conversion of ethanolamine with carbon dioxide is 

determined continuously by measuring the electrical conductivity of 

the inlet- and outlet streams. Calibration takes place by absorbing 

known amounts of carbon dioxide in amine solutions of known 

concentratien and temperature. The procedure is as follows. The cell 

constant of a carefully prepared and cleaned conductivity cell is 

determined by means of 0.100 molar aqueous Kel solution at 25.0 oe, 

which has a conductivity about half way the maximum of measuring 

range, 

olar MEA) are prepared using vacuum-distilled amine and de-ionised 

water, liberated from oxygen and carbon dioxide. The total amine 

concentratien is determined by titration using standard sulphuric or 

hydrogen chloride acid, The gas burette including the duet to the 

absorption vessel up to valve A are purged and filled with pure carbon 

dioxide (Fig. A5.1.1). 

With the aid of a level device, containing a carbon dioxide saturated 

acid solution, the gas pressure is equalised to atmospheric pressure. 

Initially, 15 - 20 cm Hg of vacuum is applied to the absorption vessel 

allowing the carbon dioxide to enter the vessel. The carbon dioxide is 

supplied in 250 or 500 ml batches. After ~losing valve A, the 

manometer shows the extent of absorption and permits to check the 

presence of inert components. The electrical conductivity is recorded 

continuously. The cyclus goes on until a sufficient carbonation ratio 

is reached. Finally, the cell constant is checked over using the 

standard Kel solution mentioned earlier. 

The relation between a·~A and the electrical conductivity K·has been 

determined for MEA concentrations of 1.0, 1.5 and 2.0 103 mol/m3 at 

20.0 and 25.0 oe. A parabalie regressioncurve obviously fits the 

facts very well (Fig. A5.1.2, 3) 
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F 

vac. 

t 

D 

A, 8, C: valves, D: electrical conductivity measurment, E: magnetic 

stirrer, F: mercury manometer, G: 500 ml gas burette, H: level device, 
I: absorption vessel 

Fig. A5.1.1 •. Monoethanolamine carbonation set-up 
for electrical conductivity calibration 
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A5.1.2. Time dependency of the electrical conductivity 

A carbonated amine solution shows slow equilibrium establishment, 

subsequent- and parallel reactions. Reference is made to section 

3.5.1.1. (Reaction mechanisms). Emmert & Pigford (1962) observed that 

the electrical conductivity of freshly prepared solutions containing 

carbon dioxide and monoethanolamine changed upon standing for several 

hours. This effect was more noticable with low amine concentrations. 

They refer to rate constants for the carbamate to carbonate reversion 

reported by Lund & Faurholt (1948), being experimentally confirmed by 

their conductivity measurements. According to Emmert & Pigford, we 

measured an increase with time of the electrical conductivity of 

carbonated MEA solutions. A 1.5 rnolar MEA solution with ~ 0.3 showed 

a 5 % increase upon standing for 72 hours at 25 oe. 

Influence frorn the subsequent reaction studied by Sada et al (1976) 

does not need to be expected, as this becomes noticable only if 

Ha > 200. During the rneasurernents in the experimental ess the Hatta 

nurnber is 10 to 20 tirnes lower. During experirnents in the experirnental 

100 mm diameter ess time effects are neglegible in view of the 

rneasuring time. 

A5.1.3. Temperature dependency of the electrical conductivity 

The electrical conductivity strongly depends on temperature, This 

dependency can be described quite well by means of the ternperature 

coefficient (oK/OT)T in 
1 

For fresh solutions of several MEA concentrations, ranging 

0.72- 2.0 mol/1, and several carbonation ratios (ll = 0.08 
1 OK 

coefficient (K oT) 20oe = (2.44 ± 0.06) % was measured. 

(A5.1.1) 

frorn 

- 0.23) a 

For old solutions (72 hours at 25 °e) (oK/OT)T seerns to depend on the 

carbonation ratio, i.e. the higher the carbon Àioxide load the lower 

the temperature coefficient. In this case, the coefficient varies from 

2.3 to 3.0 %. 

eareful therrnostating and/or temperature correction is therefore 

necessary during rneasurement of the extent of reaction by rneans of 

conductivity rneasurements. 
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.s .s 
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Curves are regression parabolas aC~EA = a + bK + cK2 
0 

CMEA 

kmol/m3 a b c 

[!) 0.918 -0.0063 0.02247 0.000408 
(!) 1.474 -0.0100 0.02556 0.000383 
<!I 1.991 -0.0109 0.02782 0.000482 

Fi~ •. A5~1.2; Carbon dioxide load vs measured electrical 
conductivity of aqueous monoethanolamine 
solutions at t = 20.0 °C 
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I:MEA 
kmo11m3 a b c 

[!] 0.918 -0.0060 0.01969 0.000359 
(!) 1.474 -0.0138 0.02355 0.000312 
<!>. 1.991 -0.0100 0.02467 0.000407 

Fig. A5.1. 3. Carbon dioxide load vs measured electrical 
conductivity of aqueous monoethanolamine 
solutions at t = 25.0 °c 
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A5.2. Determination of the gas phase carbon dioxide partial pressure 

A small gas sample is taken from the entrance duet to the experimental 

cyclone spray scrubber and led through a thermal conductivity detector 

after passing a 0 °C cold trap to remove water through condensation. 

Preferenee was given to a diffusion type cell with 8 filaments (Gow 

Mac 30-S-8 with Gow Mac Power Supply 405-C:l) since the signal of this 

kind of TCD does not depend on the gas flow rate, i.e. within a 50 to 

1000 ml/min range according to specifications. 

The relative deflection values for co2, N2, 02 and H20 are -0.143, 

-0.001, 0.006 and 0.068 respectively relative to H2 (approximate 

values applying to 1 % in air). The cold trap stahilizes the water 

vapour content to a constant level of about 0.60 %. During chemically 

enhanced carbon dioxide absorption experiments, oxygen is almost 

completely driven out of the gas circuit due to the suppletion of N2 
and co2• This was checked by means of a oxygen monitor, based on the 

paramagnetic principle. 

The method was calibrated using C02/N2 mixtures of known composition, 

The participating gas flows were adjusted by means of rotameters and 

accurately measured by means of soap film flow meters, 

An example of a calibration curve is presented in Fig. A5.2.1. 

The carbon dioxide partial pressure at the liquid surface in the 

cyclone follows from the measured volume fraction of carbon dioxide, 

the cyclone pressure Pcss and the water vapour pressure in equilibrium 

with the liquid sprayed in the cyclone according to 

css 
Pco 

2 

(A5.2.1) 



t 
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2 
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2 

Fig. A5.2.1. Carbon dioxide content óf co2;N2 mixtures 
vs thermal conductivity detector signal 
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AS.3. Quantitative determination of 1,2-ethanediol and n-butanol in air 

From the cyclone gas inlet and -outlet small gas streams are led 

through a sample duet (3 mm inner diameter PTFE) to an injection valve 

(Fig. AS.3.1). Sample duet and injection valve are maintained on 

elevated temperature (60 oe) to avoid condensation and/or adsorption. 

Samples are injected on the gaschromatographic column by means of time 

switch, electric valve and pneumatic cilinder. Kwantification is 

accomplished by integration of the amplified signal by an electronic 

programmabie integrator (Shimadzu R-e1B). 

The methad is calibrated by injection of air, saturated with 

1,2-ethanediol or n-butanol at a relevant temperature. Air is led 

through a stirred vessel, thermostated at about 60 oe, containing the 

appropriate liquid. In a long reflux condensor, placed on the vessel, 

the air is carefully caoled down to a well-known temperature, 

providing a well-known component saturation concentration, and 

subsequently led to the gaschromatograph (Fig. AS.3.2). 
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-------, 

8-way valve 

0. 5 m lil 2 1!111 60·80 mesh Tenax-GC 

Fig. A5.3.1. Sampling and analysis for the determination 
of 1,2-ethanediol and n-butanol in air 

Fig. A5.3.2. Saturation of air with 1,2-ethanediol 
or n-butanol at T °C 

I sample out 

I 
I 
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A5.4. Titrimetric determination of acid gas loading of agueous amine 

solutions 

The liquid sample, 100 Ul (Verbrugge (1979)) or 1 to 5 ml (Blauwhoff 

(1982)), is injected through a septurn in an excessof boiling 2 N 

sulphuric acid. In this sour environment the chemically bonded acid 

gas components are liberated and quantitatively stripped off from the 

salution by an inert gas carrier (N2) (Fig. A5.4.1). 

In the absorption cell, 002 and H2S are absorbed again in ~ 0.3 N MEA 

in N-N'-dimethylformamide (DMF) solvent containing a thymolblue 

indicator (Fig. A5.4.2). 

co2 and H2S are absorbed according to 

(A5.4.1) 

(A5.4.2) 

These reactions tend to change the color of the absorption salution 

from deep blue to green-yellow, but is kept the same by addition of 

0.01 N tetra-n-butylammonium hydroxide (TBAH) (or 

tetra-n-methylammonium hydroxide, TMAH) in methanol/iso-propanol. 

Addition of capper sulphate to the sulphuric acid precipitates the 

sulphur as CuS due to the instantaneous reaction 

(A5.4.3) 

therefore preventing H2S from reaching the titration cel! and allowing 

co2 to be determined separately. 

The methad was calibrated using standard sodium carbonate solutions. 

The titration is automated by means of stabilized light source, band 

pass filter (maxima! transmission ~ 1 %at 570 nm), photoresistor, 

camparator and motor burette (Fig. A5.4.1,3). 

At a sample volume of 250 ul and a C02 + H2S loading of about 

0.01 mol/mol DIPA in 1 molar DIPA the reproducability is 2 3 %. 
Higher loadings and/or larger sample columes make this increase to 

better than 1%. 
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B 

A: Nitrogen flow indicator, B: strip vessel with boiling 2 N sulphuric acid, 
C: septum, 0: condensor, E: absorption ce11, F: magnetic stirrer, G: light 
source, H: light filter, 1: lOR, J: comparator, K: motor burette 

Fig. A5.4.1. Acid gas loading analysis set-up 
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Fig. A5.4.2. Absorption cell 
(measures in mm) 

Fig. A5.4.3. Detector block 
(measures in mm) 
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Nitrogen, 50 - 100 ml/min 

2 N H2so4 (C02 + H2S determination) 

2 N H2So4 + Cuso4 (C02 determination) 

950 ml N-N'-dimethylformamide (DMF) 

+ 50 ml monoethanolamine (MEA) 

+ 5 ml thymolblue solution 

0.01 N tetra-butylammonium hydroxyde 

in methanol/iso-propanol (dilution of a 

0.1 N solution in methanol with iso-propanol 

Thymolblue, 120 mg in 50 ml DMF 

Zeiss FI 100 + Fiber optie bundle 

+ lens attachment in detectorbleek 

Carl Zeiss S 57 E, ~ 1 % transmission 

at 570 nm 

Burette Radiometer Copenhagen Autoburet ABU 12 

Sample volume typical 250 ul 

Table A5.4.1. Analysis conditions 
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AS.S. Gas chromatographic determination of the acid gas loading of 

agueous amine solutions through desorption in sour environment 

This method is based on liberating the chemically bound acid gas 

components co2 and H2S from th~.amine in a sour environment, like 

Jones et al (1?65), Verbrugge (1979) and Blauwhoff (1982). 

In this case however, the removed components are subsequently carried 

to a gas chromatographic column, separated and kwantified (Fig. 

A5.5.1), The micro-desorber contains about 2 ml 6 N sulphuric ,acid 

(Fig. AS.S.2). 

Carrier gas (Helium) is bubbled through the acid, stripping off the 

acid gas components after injection of a loaden liquid sample. The 

desorption process, being not instantaneous, and the dead space in the 

scrubber cause some tailing. 

Carrier gas fed to the separation column contains a srnall amount of 

water vapour, due to the contact with sulphuric acid, reaching the 

detector after a delay of about 30 minutes. 

At that moment, the analysis must be postponed until the water has 

been driven out of the column by means of increasing the temperature. 

Allowing a certain water content in the carrier gas provides a 

continuons availability indeed, but leads to less reproducable results 

despite the very low water vapour pressure in equilibrium with 

6 N H
2
so4 • 

The metbod is calibrated using pure, gaseous co2 and H2s or standard 

solutions of sodium (bi)carbonate. The tenability of these solutions 

is limited, In addition, this method was checked up with the 

titrimetric method (A5,4). 

The applied thermistor-reD appeared to have an equal sensitivity for 

both co2 and H2s. 
Reproducability is satisfying, the quantitative error in a series of 

determinations being less then 5 % and the relative error in the 

mol C02/mol H2S ratio being less then 2 %, mainly arising from 

deviations in the injected sample volume. 

The analysis takes about 4 minutes. 
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desorber 
L-sample 

8-way valvè 
G-sample 

Fig, A.5.5. 1. Gas chromatograph system 

35 

50 

Fig. A5.5.2. Micro-desorber 
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Desorber liquid 6 N H2so4, 2 ml 

Gaschromatograph Perkin-Elmer 226 

Detector Gow-Mac JDC-133 Thermistor microcell + 

Gow-Mac Power Supply 9999-D:1 

Detector tempersture 30 °C 

Integrator Shimadzu CR1-B 

Separation column: Material Stainless steel 

Column 80 - 100 mesh Porapak-T 

Dimensions 1 to 2 m, ~ 2 mm 

Tempersture 40 - 90 °C 

Carrier gas Helium, 20 ml/min 

Sample volume 25 Ut 

Table A5.5.1. Analysis conditions 

The co2 and H2S content of the gas phase is determined by means of a 

sample loop and a 8-way gas valve (Fig. A5.5.1) • 

• 
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Summary 

A cyclone spray scrubber (CSS) is a high-intensity gas-liquid 

contacting device. Large centrifugal accelerations are achieved in a 

cyclone due the rotating flow of the continuous medium. Advantage may 

be taken of this to separate finely divided dust particles from a gas 

stream. In a CSS, gas is introduced tangentially, swirls through the 

cyclone chamber and leaves axially at the opposite side. A dispersed 

liquid phase is supplied centrally along the axis of the cyclone by 

means of some spray device. Drag forces, exerted by the gas phase on 

the droplets, induce tangential velocity components which cause the 

draplets to accelerate to the cyclone wall. The liquid impinges on the 

wall, flows down as a film and is drained away. Phase motion in a CSS 

involves high slip veloeities between gas- and liquid phase, providing 

high partial mass transfer coefficients at the gas side of the phase 

contact boundaries. 

Finely divided sprays may be applied, since the centrifugal forces 

ensure a good phase separation. Such small, internally stagnant, 

liquid draplets limit liquid side mass transfer. 

A CSS features cross flow of spray and gas and cocurrent flow with 

respect to the liquid film collected at the chamber wall. As a 

consequence, mass transfer corresponding to only one theoretical plate 

may be accomplished in one single unit, but cascading of several units 

to obtain global countercurrent flow is possible. 

A cyclone spray scrubber may be of interest for those contact 

operations where high gas side mass transfer coefficients, low liquid 

hold-up, short contact times and a good phase separation are of 

importance. 

Such processes are e.g. the absorption of a highly soluble gas phase 

component and the quenching of hot reactor gases. 

This thesis describes an investigation on mass transfer in a CSS. 

Measurements were conducted in a ~ 100 mm experimental cyclone in 

order to estimate the parameters descrihing its mass transfer 

behaviour, i.e. gas- and liquid side mass transfer coefficients kG and 

kL (in terms of the film theory) and the interfacial area A. 

A generally applicable chemical method, based on chemically enhanced 

absorption of carbon dioxide into aqueous monoethanolamine solutions, 
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was developed in order to measure interfacial areas in gas-liquid 

contactors. Physico-chemical data were collected with the aid of a 

laminar jet absorber. This device enables accurate measurement of the 

gas absorption rate into a thin (~ 1.0 mm), 10 to 100 mm long liquid 

jet moving with a speed of about 8 m/s under well defined conditions. 

The characteristics of the CSS were demonstrated by simultaneously 

absorbing H2S and co2 into aqueous amine solutions. 

This is a process of considerable industrial importance since 

Claus-units converting H2S into elemental sulphur are more efficient 

as the feed gas, o btained from regenerating the amine solution, 

contains a larger H2S fraction. 

The reaction between hydragen sulphide and aqueous amines is 

accomplished by proton transfer only and is instantaneous, the 

absorption of H2S is therefore essentially limited by gas phase mass 

transfer. Reaction of C02 with amines occurs with finite speed, 

depending on steric hindrance of the amine, the absorption rate being 

controlled by diffusion and reaction in the liquid phase. 

Simultaneous absorption runs using aqueous diisopropanolamine (DIPA) 

and monoethanolamine (MEA) have shown indeed that the selectivity in 

faveur of H2S can be greatly increased by taking advantage of the high 

gas phase mass transfer coefficints encountered in a cyclone spray 

scrubber. 
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Samenvatting 

In de procesindustrie wordt een grote varieteit aan apparatuur 

gebruikt voor het uitvoeren van processen waarbij een gas en een 

vloeistof met elkaar in contact komen. Een representant van deze 

klasse van apparatuur is de "cyclone spray scrubber" (CSS) of 

sproeicycloon. 

In een cycloon kunnen grote centrifugaalkrachten gegenereerd worden 

door de roterende stroming van de continue fase. Hiervan kan gebruik 

gemaakt worden om bv. stof af te scheiden uit een gasstroom. 

De (continue) gasfase wordt bij een CSS tangentiaal ingevoerd, vindt 

roterend zijn weg door het apparaat en wordt aan de andere zijde 

afgevoerd. Centraal, langs de as van de cycloon, wordt de vloeistof in 

disperse vorm geintroduceerd. De vloeistofdruppeltjes worden 

meegesleurd door de gasfase en hun beweging krijgt een tangentiale 

snelheidscomponent. Door de geinduceerde centrifugaalkrachten bewegen 

de druppeltjes met toenemende snelheid naar de wand van de cycloon, 

vormen een vloeistoffilm en worden vervolgens afgevoerd. De beweging 

van beide fasen in een CSS kenmerkt zich door zeer hoge slipsnelheden 

tussen gas- en vloeistoffase, zich manifesterend in hoge partiële 

stofoverdrachtscoëfficiënten aan de gaszijde van de fasengrenzen. 

Kleine vloeistofdruppeltjes met een groot specifiek oppervlak kunnen 

toegepast worden. Dergelijke druppeltjes neigen tot interne stagnatie, 

die de stofoverdrachtscoëfficiënt aan de vloeistofzijde van het 

contactoppervlak begrenst. 

In een CSS treffen we een combinatie van kruisstroom (dispersie) en 

gelijkstroom (vloeistoffilm aan de wand) aan. De per eenheid te 

realiseren stofoverdracht is derhalve gelimiteerd tot ongeveer de 

instelling van het fasenevenwicht. Een CSS is interessant voor die 

klasse van gas-vloeistofprocessen waarbij hoge 

overdrachtscoëfficiënten aan de gaszijde, korte contacttijden, een 

lage vloeistoffase hold-up en een goede fasenscheiding na de 

contactoperatie van belang zijn. Voorbeelden vormen de absorptie van 

een goed oplosbaar gas en de quenching van hete reactorgassen. 

Het in dit proefschrift beschreven onderzoek is gericht op de 

stofoverdrachtskarakteristieken van een CSS. Daartoe zijn in een 

experimentele cycloon met een diameter van 100 mm metingen uitgevoerd 
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ter bepaling van de stofoverdrachtscoefficienten aan de gaszijde van 

het contactoppervlak (kG in termen van de filmtheorie), de 

vloeistofzijde (kL) en het fasencontactoppervlak (A). De metingen zijn 

getoetst aan een model dat de beweging van beide fasen in een CSS 

beschrijft. 

Veel aandacht is besteed aan de ontwikkeling van een efficiënte 

chemische methode voor de bepaling van gas-vloeistof 

contactoppervlakken, gebaseerd op de chemisch versnelde absorptie van 

kooldioxide in waterige mono-ethanolamine oplossingen. Ter bepaling 

van fysisch-chemische parameters werd een laminar jet absorber 

geconstrueerd. In een dergelijke laboratoriumabsorber kan de 

gasabsorptiesnelheid in een tot 10 - 100 mm lange ~ 1 mm 

vloeistofstraal, die zich met een snelheid van ca. 8 m/s voortbeweegt, 

onder nauwkeurig bekende condities gemeten worden. 

De specifieke eigenschappen van een CSS zijn gedemonstreerd door het 

uitvoeren van een selectief absorptieproces. De selective absorptie 

van H2S uit gasmengsels die co2 bevatten is van industriëel belang. 

Naarmate het gas, dat bij regeneratie van het amine vrijkomt, een 

hogere concentratie H2S bevat kan dit efficiënter geconverteerd 

worden naar elementaire zwavel in een Claus-unit. 

De reactie van wat erstofsulfide met amines in waterige oplossingen 

verloopt vrijwel i nstantaan (protonoverdracht), de absorptie van H2S 

wordt derhalve gel imiteerd door gasfase stofoverdracht. De reactie 

tussen kooldioxide en amines verloopt daarentegen met eindige 

snelheid, de opname van co2 wordt· bepaald door diffusie en reactie in 

de vloeistoffase. 

De metingen met de experimentele CSS tonen aan dat een sterke 

selectiviteitsverbetering geëffectueerd wordt door hoge slipsnelheden 

tussen gas- en vloeistoffase. 
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