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Hydrodynamic Effect of Surfactants on 
Gas-Liquid Oxygen Transfer 

Y. H. LEE, 
G. T. TSAO, 

An experimental investigation of the hydrodynamics at the surface region of 
the liquid reveals that the soluble surfactants (sodium lauryl sulfate, glucose 
oxidase, and bovine serum albumin) affect both the length and the velocity scales 
of liquid eddies approaching the surface, which results in a decrease in mass 
transfer. 

and 

P. C. WANKAT 
School of Chemical Engineering 

Purdue University 
West Lafayette, Ind. 47907 

SCOPE 

The effect of surfactant on gas-liquid mass transfer has been 
studied by numerous investigators due to its importance in 
industrial applications. For nonflow systems, surfactants were 
shown to exert considerable mass transfer resistances (Plevan 
and Quinn, 1966; Burnette and Himmelblau, 1970), whereas 
for flow systems such as falling films (Cullen and Davidson, 
1956), stirred cells (Goodridge and Robb, 1965; Springer and 
Pigford, 1970), and channel flows (Moo-Young and 
1973), an additional effect, namely, the hydrodynamic effect 
was reported. This “hydrodynamic effect” means that the sur- 
factant film at the surface of the liquid changes the interfacial 

hydrodynamics so that the mass transfer is reduced. Although 
it was shown theoretically (Davies, 1972) how the liquid eddy 
velocity is damped due to the surfactant, a detailed investiga- 
tion “hydrodynamic effect” has been d a c u l t  mainly due 
to experimental limitations. 

The objective of this study is to investigate the effect of some 
soluble surfactants on interfacial hydrodynamics for the oxy- 
gen absorption through a flat surface Of a stirred An 
oxygen Ultra-microProbe was used for estimating the length 
and the velocity scales of liquid eddies approaching the surface. 

CONCLUSIONS AND SIGNIFICANCE 

The hydrodynamic effect was shown to be further broken down to two effects: an increase in the length scale and a 
decrease in the “equivalent” velocity scale of liquid eddies 
approaching the surface. The details of the hydrodynamic Correspondence for this paper should be sent to Y. H. Lee, who is presently with the 

0001-1541-8042101008$00,75. QThe American Institute of Chemical Engineers, 
1480. 

Dept. of Chemical Engineering, Drexel University, Philadelphia, PA 19104. 
effect were different depending On the surfactant. 
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Figure 1. Overall experimental setup. 

EXPERIMENTAL 

The ultra-microprobe used i n  this study was esserltially an ex- 
tremely miniaturized polarographic oxygen sensor. The probe was of the 
same type used earlier (Biingay et al., 1973; Tsao and Lee, 197S), but 
was further refined (Lee et al., 1978) to have better spatial resolution and 
faster response time (90% response time of less than 50 Insec). Briefly, 
the ultra-niicroprobe consists of a long glass-insulated needle with a 
inembrane-covered sensing tip of less than 1 micron. It was shown (Lee 
et al., 1978) that the surfactants and other contaminants do not interfere 
with the inrastirenient when the probe is properly designed. Ari Ag- 
AgCl electrodr was used as the reference rlectrode. 

The surfacc active agents used were bovine serum albumin (BSA), 
glucosr, oxidase (GO). and sodiiiin lariryl sulfate (SLS). all of which were 
ofthe reagent grade. A Fischer Du Nrioy ring type tensionieter was used 
for the surface tension measurements. 

A fully-baffled stirred cell. constructtd from 73 inm I .  D. plexiglass 
tubing. 90 niin long, was risetl as the absorption cell. The cell had four 
bafRrs of 6..~-iiiin width and was equipped with a six-bladed turbine 
iinpellvr of .50-1nni diameter. Figure 1 shows the details of the experi- 

Initially. thr crll was thoroughly soaked and washed with distilled 
water to leach out most of the surfiace active matrrials present i n  the 
plrxigluss. A satisfactory condition was confirnied when no change i n  
ineastired surface tension was observed Iwfore and after each run. Since 
the polarographic srnsor rrquires a sinall amount of electrolyte i n  the 
solution. 0.2% by weight "aC1 was usrd as thr base solution for making 
up solutions of the desired siirfactant concentrations. The test solution 
\\'as stripped of the dissolwd oxygen b y  nitrogc.n-spargiiig hrfore each 
run .  Thr surfhcr arra for absorption w a s  small (2.5 nini  i n  diameter), s o  
the change i n  h i i l k  concentration nf the tlissolv4 oxygeii was very sinall 
for vach experinirntal run. 

After the iinprller speed was stabilizrd as indicated by a constant 
rrading on a digital RPM metc,r. thc prolit. was lowerrd by a mi- 
cromaiiiprilator (a high-precision niicrometrr) unt i l  the probe was 
placed at a prrdetrrniiiirtl drpth from thr liqiiiti stirface. The current 
output from thr probe was first amplifirtl with a picoamniete1- (Keithley 
~ l o d e l  41 7 with niodificatioii to illcorporate polarization voltagr soiirce) 
and thrn rc~ortletl on a FM recorder (Lockheed Model Store 4). The 
taped data was then tligitizcd with a hybrid computer (EAI 680 and CDC 
1700) and thr final niiinerical analysis w a s  prrfornied by CDC 6,500 
digital compiiter. &tails of the experimental procedures. thc data 
acqii i si t inn in e t hod s . and t hr coin pir tr r program s are available 
e I s e \ \ h r r  (Lrc,. 1977). 

Inental setllp. 
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Figure 2. Concentration fluctuation recordings at diff erent depths from the 
surface for a clean liquid at 60 RPM. 
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Figure 3. Normalized concentration profiles at the gas-liquid interface for 
a clean surface at different impeller speeds. 
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Figure 4. Concentration fluctuation recordings for different surfactant 
solutions at 100 pm below the liquid surface at 100 RPM. 
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1.01 I I L I I 
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Figure 5. Auto-correlation coefficient curve for estirnoting the averaged 
period, T .  

Extreme care was taken to avoid airy vibration of tlie stirred cell 
during the nieasiirvincwt. Up to 30 pin of low frequency ripples were 
detected at 1.50 RPM with a clean siirfict. hut the surface ripples were 
negligible when the surfactant was added. The position of the prohe 
where all the ineasiireinents wrre made was at the midpoint between 
the center and tlie wall of the opening (Figure 1). The iiirasiireinents 
were done at room teinperature which was maintained at 23 * 1°C. 

The iinpeller Reynolds niiinhrr covered in this study was 12.50 to 
6250, which corresponds to the transient region. Thr mass transfrr 
coefficient. kL. ranged froiii 0.4 x to 1.72 x lo-' c d s .  Ilighrr 
impeller s p r ~ d s  could not hc r i s c ~ I  dur to rxcessivr surface ripples. 

DATA ANALYSIS 

Figure 2 illustrates an example of concentration recordings at 
different depths (as indicated by the numbers on the right-hand 
side of Figure 2) from the surface of the liquid. By taking the 
mean values of concentration at different depths, concentration 
profiles were constructed. Figure 3 shows the concentration 
profiles for a clean water surface at different iinpeller speeds. 
The local mass transfer coefficients were then calculated froin 
the measured concentration profiles: 

where Do, c , ,  and cb are oxygen diffusivity. surface concentra- 
tion, and bulk concentration. respectively. The tliffiisivity of 
oxygen, D,,, for clean water was experiinentally determined as 
2.23 x lo-' cm2/s (Lee, 1977) which agrees well with the pub- 
lished data (St-Denis and Fell. 1971). Since the changes in 
oxygen diffusivity were very sinall (Lee, 1977) in the range of 
surfactant concentrations used, the diffusivity fnr the clean 
liquid was used throughout, 

Some of the concentration fluctuation nieasureineiits are 
given in Figure 4. It is shown that, givrn thr  saiiiv iiiipc,ller 
speed, the fluttuation frequency changes inarkedly upon adding 
the surfactants. In general. thc high-frcyuc.iicy coinponc~nt is 

o---O BSA, 150 RPM 
D-U GO, 60 P9K 

mass transfer 
coef f ic ient  

.length scale 

-a- 

I t l l l l  

50 in0 
SURFACTANT CONCENTRATION, PPM 

Figure 6. Relative values of k,, L, and V vs. surfactant concentrations (V 
ond L: 100 prn below surface). 

suppressed with the added surfactant, but the trend was differ- 
ent depending on the surfactant used. The method of obtaining 
hydrodynamic parameters from these data is given below. 

The length scale, L ,  of eddies approaching the liquid surface 
was estimated froin the auto-correlation of the fluctuating con- 
centrations. The method was essentially the saine as that used 
for obtaining Eulerian length stale of eddies (Hinze, 1959): ifthe 
liquid moves parallel to the surface with an average velocity of 
U, the length scale, L ,  becomes: 

L = UT 

where T is the statistically averaged period of fluctuation. It was 
shown (Hinze, 1959) that T is the area i i i ider a curve of auto- 
correlation coefficient, R(T),  plotted against the time lag. T.  
where, 

The R(T)  w a s  compiited from the digitized data via the fast 
Fourier transform method descrilwd by Bendat and Piersol 
(1971). Figure, 5 shows two exainples of R(T)  as a fnnction of T .  

The T was taken a s  the area under the curve R(T) froin 0 to T* 
(Figure Fj). 

If U is assumed to remain unchanged with the added surfic- 
tant, the change in L due to the surfartant can lw c.stiinated as: 

(4) 

rchcrP the sulwripts s and n designatc, with and without siirfic- 
tant. respectively. The abovcs assti tiiption of constant U is rea- 
sonable, Ixwuisr the vc,locity affected b y  th r  sitrf:,ictant is not tlw 
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Figure 7. Relative values of k,, L, and V vs. surfactant concentrations for 
SLS at 150 RPM (V and L: 100 p n  below surface). 

one parallel to the surface (i.e., U ) ,  but the one from the bulk to 
the surface (i.e., eddy velocity. V). 

The velocity scale, .V, of the liquid eddies was estimated 
indirectly from the existing model of the following form: 

k L  = c , d m  (5)  

where c I  is a constant which varied among investigators but is 
close to unity. The correlation of the form given i n  Eq. 5 ap- 
peared recently (Fortescue and Pearson, 1967; Brriinfield, 
1977). From Eqs. 4 and 5, the following expression was ob- 
tained: 

Equations 4 and 6 were used for estimating the effect of surfac- 
tant on interfacial hydrodynamics. Note, however. that the 
velocity scale used in this study corresponds to the “equivalent” 
rather than the actual V,  since it was evaluated indirectly. 

RESULTS AND DISCUSSION 

The relative values ofk,,, L andV vs. surfactant concentration 
are given in Figures 6 and 7. It is shown that the decrease i n  k L  
was caused by two effects: an increase in L and a decrease i n  V. 
For the inacroinolecular surfactants (BSA and GO), bothL andV 
were about equally affected; whereas, for SLS, the decrease i n  
velocity scale was more pronounced. According to Davirs 
(1972). the eddy velocity decreases due to surface pressure 
exerted by the surfwtants. The increase inL can be explained as 
follows: the reverse sprcading force of tlie surfktairt film is 

7c 

n 

I 

kL for BSA r 

I I , , ,  1 , 1 1 1  

50 100 
SURFACTANT CONCENTRATION, PPR? 

Figure 8. Surface tension and k~ vs. surfactant concentrotions (1 50 RPM). 

effective in suppressing low-eiwrgy eddies (sinall and slow cd- 
dies), and the resulting redistribution of eddy size caused an 
increase i n  L ,  which is a statistically averaged quantity. 

When a single surfactant is considered, the decrease. i n  sur- 
face tension, A u ~  due to tlie srii-factant appears to have a direct 
relationship with tlie k L  reduction (Figrire 8). This agrees with 
the observation of others (Moo-Young and Shodrt. 1973). Ho\v- 
ever, the same amoiiint of A u .  was slio\vn to cause different 
percentage of k L  reductions for different surfactants; a Au of 1.5 
dyne/cm caused approximately S% decrease in k,, for SLS. 
whereas k L  was reduced as much as 28% for BSA with the s m w  
A u  (Figure 8). Thus, it appcars that the diffvrencr i n  surfkc, 
tensioii, Au, between the clean and thc surf~~ctant-l~~[l(,ti stir- 
face. is not appropriatv fix relating \vithkL reductinn i n  gc~iieral. 

The above discussion for A u  implicitly assuined that thv 
surfactants recover their equililiririin surface tcnsion im- 
mediately after the disruption by the eddies approaching the 
surface. In reality, there may be a time lag brfnre the surfactant 
recovvrs its equilibrium siirf‘ace tension. If so. it is not the 
equilibrium but the effective value of Acr that i s  r(qxmsil)le for 
tlic liydrodynainic cffect. This (Au)),ff is expected to tlepvnd on 
the properties of the surfactant. Springer and Pigford (1970) 
postulated that (Au))rff is related with the time constant of rc- 
covery to equilibrium for a given siirf‘actant. and stated that a 
surfactant with a fast recovery time exhibits the hydrodynamic 
effect even at high liquid trirbulviice. M~~ijlioom ;UICI \’ogtland~~r 
(1974) showed that the recovery time is proportional to the 
gradient ofsurface tension with rcspect to the siirfactant concen- 
tration. and is in\,crsely proportinnal to the atlsoi-ption 
coefficient of the surfactant. If this approach is followed, the 
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Figure 9. Changes in kL, V,  and L vs. impeller speed for SLS (V and L: 100 
pm below surface). 

present study shows that the macromolecular surfactants (BSA 
and GO) have faster recovery time compared with SLS, which 
has a much lower molecular weight. 

The effect of impeller speed oil the hydrodynamic effect is 
shown in Figure 9 for 250 ppm of SLS. The hydrodynamic effect 
decreased with increase in iinpeller speed. For the mac- 
romolecular surfactants. the same tendency was not clearly 
observable in the range of iinpeller speeds employed. At 60 
RPM. 100 ppm of GO caused approximately 27% reduction in 
kL. which was fiirther broken down to 24% reduction in V and 
42% increase in L .  At lS0 RPM. 100 ppiu of BSA caused 39% 
increase in L and 40% decrease in V. which resulted in 34% 
decrease in k L  (Figure 6). Again. the inacroinolecular surfactants 
were shown to exert greater hydrodynamic effect compared 
with SLS. 

Note that the surface rene\val a s  postulated by Danckwerts 
(1951) was still effective even with the liquid surface covered 
with a suifactant. This agrees with the previous observation 
(Springer and Pigford. 1970). The analysis of the hydrodynamic 
effect b y  EqS. 4 and 6 \vas essentially based on this premise. Th? 
sinall penetration assuniption. often used for detei-mining the 
boundary condition for gas absorption. s e e m  to be valid. since 
the me.asured coiiceiitration I~oundary layer w a s  extremely thin 
even at low RPM. 

The hydrodynamic. effect of surfktants can be used in inter- 
preting the oxygen a1)sorptioii enhancenient for systems iiivolv- 
iiig respiratory enzyines or aerobic microbial cells. For such 
systems, the increased eddy exposure time due to the hy- 
drodynamic effect is expected to enhance oxygen absorption 
beyond the level of simple chemical absorption. This w a s  ob- 
served b y  Lee and Tsao (1972) for oxygen absorption into glu- 
cose solution. Of course. the inagiiitude of the enhancement 
depends on the reaction kinetics aiitl the liquid hydrodynamics. 
If the reaction rate due to the I)iologic.iilly active surfactant is 
negli ible, the hydrodynamic effect will dominate and the mass 

of a clean system. 
tran f e r  coefficient is expected to decrease even lower than that 
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NOTATION 

C = concentration of dissolved oxygen 
c, = concentration at the interface 
cb = concentration in the bulk 
c,  = constant 
Do = oxygen diffusivity in liquid 
kL = liquid phase mass transfer coefficient 
L = length scale of eddy 
R(T) = autocorrelation coefficient 
T = average period of fluctuation 
U = average liquid velocity parallel to the surface 
V = equivalent velocity scale of eddy 

Au = difference in surface tension between clean surface 

7 = time lag 

X = distance from the surface of liquid 

and surfactant-covered surface 

Subscripts 

0 = without surfactant 
S = with surfactant 
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