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a b s t r a c t

In-site soil flushing and aeration are the typical synergetic remediation technology for contaminated
sites. The surfactant present in flushing solutions is bound to affect the aeration efficiency. The purpose
of this study is to evaluate the effect of surfactant frequently used in soil flushing on the oxygen mass
transfer in micro-nano-bubble (MNB) aeration system. Firstly, bio-surfactants and chemical surfactants
were used to investigate their effects on Sauter mean diameter of bubble (dBS), gas holdup (ε), volumetric
mass-transfer coefficient (kLa) and liquid-side mass-transfer coefficient (kL) in the MNB aeration system.
Then, based upon the experimental results, the Sardeing's and Fr€ossling's models were modified to
describe the effect of surfactant on kL in the MNB aeration. The results showed that, for the twenty
aqueous surfactant solutions, with the increase in surfactant concentration, the value of dBS, kLa and kL
decreased, while the value of ε and gas-liquid interfacial area (a) increased. These phenomena were
mainly attributed to the synergistic effects of immobile bubble surface and the suppression of coales-
cence in the surfactant solutions. In addition, with the presence of electric charge, MNBs in anionic
surfactant solutions were smaller and higher in number than in non-ionic surfactant solutions.
Furthermore, the accumulation of surfactant on the gaseliquid interface was more conspicuous for small
MNB, so the reduction of kL in anionic surfactant solutions was larger than that in non-ionic surfactant
solutions. Besides, the modified Fr€ossling's model predicted the effect of surfactant on kL in MNB aeration
system with reasonable accuracy.
© 2023 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights reserved.

1. Introduction

Contaminated sites ruin the balance of ecosystem, cause health
issues to humans, and are widespread all over the world. Many
remediation technologies have been used to achieve an environ-
mentally sound and cost-effective remediation of contaminated
sites [1e3]. As a typical one, in-site soil flushing and aeration have
always been used synergistically to remediate the contaminated
soil and groundwater. At first, flushing solution including surfactant
is injected into the contamination region to remove chemical
pollutants from the soil. Then, aeration is carried out to introduce
oxygen into the groundwater to keep the pollutant-degrading
bacteria alive. In this way, the pollutants in groundwater can be
removed by metabolic activities of microorganisms. During the

process of synergetic remediation, in-site soil flushing and aeration
are interrelated. In other words, the surfactant in flushing solution
is bound to affect the aeration efficiency.

The effect of surfactant on the oxygen mass transfer during
aeration has been widely studied, and it has been found that sur-
factant always hinders the transfer of oxygen. However, the mech-
anisms explaining the decrease in oxygenmass transfer are still not
well-understood. Various authors have identified the decrease in
mass transfer due to hydrodynamic modifications brought by sur-
factants, such as an increase in the interfacial rigidity that decreases
the renewal rates close to the bubble and decreases its terminal
velocity [4e6] or amodification of the velocityfield surrounding the
bubble [7]. Furthermore, the decrease in the oxygen mass transfer
due to physicochemical modifications of solution has also been re-
ported [8,9]. These conclusions are based on the study of common
bubbles,whichoccur in conventional aerationprocess. Recently,fine
bubbles have attracted more and more attention. As a typical fine
bubble, micro-nano bubble (MNB) with the diameter of less than
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200 mm have been widely used in the wastewater treatment sys-
tems.However, no correlationwith the influenceof surfactanton the
oxygen mass transfer in MNB aeration was found in present litera-
ture. In addition, Painmanakul et al. [10] and Sardeing et al. [11]
found that the effect of surfactant on mass transfer was closely
related to the bubble diameter. Rosso and Stenstrom [12] further
highlighted that the accumulation of surfactant on the gaseliquid
interface of bubble with small diameter was more than that of
bubble with larger diameter. Kelsall et al. [13], Garner and Ham-
merton [14], Lee andKim [15] and Parkinson et al. [16] reported that,
the smaller the bubble size, the quicker the immobilization of the
surface of bubble due to the adsorption of surfactants.Moreover, the
studies of Cuenot et al. [17] and Takemura [18] revealed that sur-
factants adsorbed more homogenously on the surface of small
bubbles. That is, the effect of surfactants on the oxygenmass transfer
for common bubbles is different from that of finer bubbles. There-
fore, it is necessary to study the effect of surfactants on the oxygen
mass transfer during MNB aeration process.

Over the past decades, related research about the effect of sur-
factant on the oxygen mass transfer has been done mostly for
chemical surfactants. Only a few studies have focused on bio-
surfactants. However, bio-surfactants have become popular in soil
flushing due to their biodegradability, low toxicity, effectiveness as
well as enhanced biodegradation of organic contaminants [19].
Because the effect of bio-surfactant on the oxygen mass transfer
remains important, but at the same time, an unexplored scientific
area [20,21], it is of great significance to study the effect of bio-
surfactant on the oxygen mass transfer during MNB aeration.

In this work, sodium dodecyl benzene sulfonate (SDBS), triton
X-100 (TX-100), rhamnolipid (RHA) and saponin (SAP)were used as
surfactants. More specifically, the selected chemical surfactants
(SDBS and TX-100) and bio-surfactants (RHA and SAP) are the most
frequently used in soil flushing. The research focused on studying
the effect of surfactants on the oxygen mass transfer in MNB
aeration systems. For this purpose, bubble diameter (di), gas holdup
(ε) and volumetric mass-transfer coefficient (kLa) were measured
and analyzed with respect to different concentrations and types of
surfactants. Then, the kL was calculated in each aqueous surfactant
solution and compared with correlations of Fr€ossling's and Sarde-
ing's models for predicting the oxygen mass transfer.

2. Experimental

2.1. Materials

Compressed oxygen and nitrogen with the concentration of
99.9% each were used as the gas phases in this research. Deionized
water was used to make aqueous surfactant solutions. Surfactants
used in this research consisted of anionic surfactants (SDBS
(AR, CAS: 25155-30-0) and RHA (95% (mass), CAS: 147858-26-2))
and non-ionic surfactant (TX-100 (CP, CAS: 9002-93-1) and SAP
(60% (mass), CAS: 8047-15-2)), which were purchased from
Macklin Biochemical Technology Co., Ltd (Shanghai, China). Spe-
cifically, bio-surfactants included RHA and SAP, while the chemical
surfactants included SDBS as well as TX-100. Table 1 lists various
aqueous solutions prepared with different concentrations of sur-
factants. The critical micellar concentration (CMC) of these four
surfactants as well as the density (rL), dynamic viscosity (mL), static
surface tension (sL) and pH value of aqueous surfactant solutions
are presented in Table S1 of the Supplementary Appendix.

2.2. Methods

The experimental setup used in this study was identical to that
previously described for the study of oxygen mass transfer in an

MNB column [22]. Fig. 1 shows the schematic of the experimental
setup used in the current work. The bubble column had an inner
diameter of 260 mm and a height of 650 mm. An MNB generator
(XZCP-K-1.1, Yunnan Xiazhichun Environmental Protection Tech-
nology Co., Ltd., China) of pressurized dissolution type was used to
generate MNB in the experiments. A dissolved oxygen (DO) meter
(YSI ProSolo, USA)was immersed in the liquid phase tomeasure the
time-dependent DO concentration. A ruler (h ± 0.1 mm) was
attached to the outer wall of the bubble column to measure the
change in liquid height during the MNB aeration process.

Prior to the MNB aeration process, several rinsing cycles were
carried out for the cleaning of vessels. The experiments were con-
ducted at a controlled temperature of 25 �C. For the MNB aeration
process, 20 L of deionized water or aqueous surfactant solution at
25 �C was fed into the bubble column. The solution was de-aerated
by purging with nitrogen until only a minimum level of DO
(0.2 mg$L�1) remained in the vessel. Finally, when the nitrogen
bubbles disappeared, the MNBwas generated with the oxygen flow
rate of 1.8 L$min�1 and the solution flow rate of 20 L$min�1. All
MNB aeration experiments were conducted in triplicate, and the
standard deviation was less than 15% in all cases.

Before MNB aeration, a ruler (h ± 0.1 mm) was inserted into the
liquid to measure the liquid height at three different positions in
the bubble column. The same procedure was applied to measure
the liquid level after MNB aeration. The difference of liquid height
before and after the MNB generation (h0, h) was used to determine
gas holdup (ε). DuringMNB aeration, the concentration of DO in the
solution (C*) was monitored continuously using the DO meter.
Themeter could read DOwithin the range of 0e50mg$L�1 with the
accuracy of ±0.1 mg$L�1, whereas the reading frequency was one
reading every 2 s. The total time of measurement for oxygen was
long enough to reach the saturation concentration. After the MNB
aeration, the bubble diameter (di) of MNB and the volume per-
centage of MNB with different values of di were immediately
measured using a particle�size analyzer (Microtrac S3500, USA).
This analyzer allowed the detection of bubbles within the range of
0.01e2800 mm. The diffusion coefficient of oxygen (D) in the sur-
factant solution was measured at the free gas-liquid interface, and
the specific methodology used to obtain these parameters is
described in the previous studies [23].

3. Results and Discussion

3.1. Effect of surfactants on the interfacial area

Sauter mean diameter of bubble (dBS) is calculated by Eq. (1)
[24].

dBS ¼
P

nid3iP
nid2i

(1)

where di is the bubble diameter and ni is the number of bubbles
within the bubble diameter range of di. Fig. 2 shows the effect of
surfactants on the value of dBS of MNB. In deionized water, the dBS
of bubble was 45.53 mm. It has been found that MNB is negatively
charged and stable for long periods of time in liquid [25]. In the
surfactant solution, the increase in surfactant concentration
reduced the value of dBS. This was due to the fact that the mobility
on the surface of bubbles was restricted by the development of
surface tension gradient [26]. For this reason, the surface of bub-
bles could be considered immobile and the rate of film thinning
became very small. In addition, the surfactant molecules adsorbed
on the gaseliquid interface with the hydrophobic surfactant
moieties orientated towards the gas bubbles, whereas the
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hydrophilic surfactant moieties orientated towards the bulk liquid.
Due to this reason, the bubble coalescence was hindered and the
bubble stability was enhanced [27]. The simultaneous effect of

immobile bubble surface and suppression of coalescence led to the
generation of smaller bubbles in the surfactant solution. As shown
in Fig. 2, the dBS of bubbles in the surfactant solution with the c/
CMC of less than 1 was larger than that of bubbles in the surfac-
tant solution with the c/CMC of greater than 1. The reason for this
phenomenonwas that, when c/CMC was less than 1, the surfactant
concentration at the gaseliquid interface did not reach the
maximum value. For the low concentrations of the surfactant, the
coalescence suppression effect increased significantly with the
increase in surfactant concentration [28]. This means that the
amount of surfactant was not large enough to completely prevent
the coalescence of bubbles when c/CMC was less than 1. As the
value of c/CMC increased, the value of dBS decreased. When the c/
CMC was higher than 1 and the sL of surfactant solution remained
at a constant value (Table S1 in Supplementary Material), the value
of dBS kept on decreasing. The number of surfactant molecules also
played a crucial role in decreasing of the value of dBS. In addition, it
can also be seen from Fig. 2 that, for anionic surfactant solutions of
SDBS or RHA, the value of dBS decreased when the value of c/CMC
increased to 1, and this was accompanied by an overall reduction
in the mean size of bubble from 45 to 30 mm. In the case of non-
ionic surfactant solutions of TX-100 or SAP, there was also recog-
nizable decrease in the value of dBS with the increase in the value
of c/CMC to 1. There was a quite larger drop in dBS for anionic

Table 1
Concentrations of surfactants used in the current work

Aqueous solutions c/mol$L�1 c/g$L�1 c/CMC Aqueous solutions c/mol$L�1 c/g$L�1 c/CMC

Anionic surfactant SDBS 1.3602 � 10�4 0.0474 0.025 Non-ionic surfactant TX-100 2.396 � 10�5 0.0155 0.200
6.8010 � 10�4 0.2370 0.125 1.1981 � 10�4 0.0775 1.000
1.36019 � 10�3 0.4740 0.250 2.3962 � 10�4 0.1550 2.000
5.44077 � 10�3 1.8960 1.000 9.5848 � 10�4 0.6200 8.000
8.16116 � 10�3 2.8440 1.500 1.43771 � 10�3 0.9300 12.000

RHA 0.570 � 10�5 0.0035 0.025 SAP 6.039 � 10�5 0.0250 0.025
2.849 � 10�5 0.0175 0.125 3.0193 � 10�4 0.1250 0.125
5.698 � 10�5 0.0350 0.250 6.0386 � 10�4 0.2500 0.250
2.2790 � 10�4 0.1400 1.000 2.41546 � 10�3 1.0000 1.000
3.4185 � 10�4 0.2100 1.500 3.62319 � 10�3 1.5000 1.500

Note: The concentration of surfactant is abbreviated as c, while the ratio of c to CMC is abbreviated as c/CMC.

Fig. 1. Schematic of the experimental setup used in the current work [22].

Fig. 2. Effects of surfactants on the bubble diameter.
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surfactant solution than non-ionic surfactants. This difference
between the anionic and non-ionic surfactant solutions suggests
that the surface charge is an important factor during the pro-
duction of MNB. In ionic surfactant solutions, repulsive forces
were developed between the MNB due to the presence of electric
charge, which was similar to the case of salt solutions [27]. Coa-
lescence in ionic surfactant solution was inhibited to a greater
extent than the non-ionic surfactant solution. Therefore, smaller
bubbles appeared in the anionic surfactant solutions.

Gas holdup (ε) can be calculated using Eq. (2) [29].

ε¼h� h0
h

(2)

where h0 and h are the liquid heights before and after the MNB
aeration process, respectively. After MNB aeration, there was a
thick layer of foam in the surfactant solution with high concen-
tration of surfactant. Therefore, the value of ε in SDBS solutions
(5.44077 � 10�3 and 8.16116 � 10�3 mol$L�1), RHA solutions
(5.698 � 10�5, 2.2790 � 10�4 and 3.4185 � 10�4 mol$L�1), TX-100
solutions (1.1981 � 10�4, 2.3962 � 10�4, 9.5848 � 10�4 and
1.43771 � 10�3 mol$L�1) and SAP solutions (3.0193 � 10�4,
6.0386 � 10�4, 2.41546 � 10�3 and 3.62319 � 10�3 mol$L�1) were
not obtained in the experiment. On the contrary, foam did not
appear in the surfactant solution with low concentration. There-
fore, the ε in low-concentration surfactant solution could be ob-
tained using Eq. (2) and the corresponding results are shown in
Fig. 3. It could be observed that, regardless of the surfactant type
and concentration, the presence of surfactant resulted in an in-
crease in the value of ε. The main reason for this phenomenonwas
that dBS for surfactant solution was less than for deionized water
(Fig. 2), due to which, the bubble rise velocity in the surfactant
solution was smaller than that in deionized water. It is also worth
noticing that the ε in SDBS or RHA solutions was higher than that
in TX-100 or SAP solutions. The difference may be attributed to
the electric charge of ionic surfactants [30]. As discussed above,
electric charge potentially reduced the coalescence by increasing
the repulsive forces among MNB. Smaller and numerous bubbles
appeared in the anionic surfactant solutions compared to those in
the non-ionic surfactant solutions. Therefore, the value of ε in
anionic surfactant solutions was larger than that in the non-ionic
surfactant solutions.

3.2. Effect of surfactant on the mass transfer parameters

For the experimental apparatus in this research, it is worth
noting that oxygen absorption occurred in the bubble column, MNB
generator and connecting pipes. Furthermore, the mass transfer
rate was not uniform in the bubble column. Therefore, the value of
kLa in this research represented the local volumetric liquid-side
mass-transfer coefficient in the experimental apparatus including
bubble column, MNB generator and connection pipes. The effect of
surfactant on the value of kLa is shown in Fig. 4. The results showed
that, whatever the liquid phase was, the kLa value decreased with
the increase of surfactant concentration. Additionally, this variation
trend was more obvious when the value of c/CMC was less than 1.
This meant that the presence of surfactant, even in small amounts,
had significant effect on the mass transfer mechanism. Further-
more, the effect of non-ionic surfactant on the value of kLa was
greater than that of ionic surfactant. Moreover, RHA with the high
molecular weight had a more noticeable inhibitory effect than
SDBS. These results showed that the type and concentration of
surfactant had a direct effect on the oxygen mass transfer during
MNB aeration process. To understand these phenomena properly,
the gaseliquid interfacial area (a) and liquid-side mass-transfer
coefficient (kL) had to be considered separately.

It is worth mentioning here that the value a can be obtained
from the values of dBS and ε using Eq. (3) [31].

a¼ 6ε
dBS � ð1� εÞ (3)

The effect of surfactant on the value of a is shown in Fig. 5. The
values of a increased with the increase of surfactant concentration.
The increase was attributed to the increase of ε (Fig. 3) and the
decrease of dBS (Fig. 2). With large value of a and longer oxygen
mass transfer time (small bubble rise velocity), MNB in the sur-
factant solution should have a very high kLa value. However, the kLa
values in the surfactant solutions were lower than those in
the deionized water (Fig. 4). This phenomenon was mainly related
to the change of kL in the surfactant solution.

It is worth mentioning that the value of kL can be obtained from
the values of kLa and a using Eq. (4).

kL ¼
kLa
a

(4)

The kL in different surfactant solutions can be calculated using
Eq. (4), and the results are shown in Fig. 6. It can be seen from Fig. 6

Fig. 3. Effects of surfactant on gas hold-up (ε). Fig. 4. Effects of surfactant on the volumetric mass-transfer coefficient (kLa).
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that the value of kL for the surfactant solution was lower than that
for the deionized water. The low kL value in surfactant solution was
attributed to modifications of gaseliquid interface caused by the
accumulation of surfactant molecules. The accumulation led to a
reduction in the renewal of liquid elements, resulting in a decrease
in the value of driving force [32]. In addition, the accumulation
increased the liquid-phase mass transfer resistance. Therefore, kL in
the surfactant solutionwas less than that in deionized water. It also
can be seen from Fig. 6 that the reduction in the value of kL in the
anionic surfactant solution (SDBS or RHA) was greater than that in
the non-ionic surfactant solution (TX-100 or SAP). This was closely
related to the dBS of MNB. More specifically, MNB in anionic sur-
factant solution had smaller bubble diameter than in the non-ionic
surfactant solution. Smaller MNB had quite lower interfacial
renewal velocity, and once the surfactants had been adsorbed to the
surface, their hydrophobic tails inside the MNB would reduce the
internal gas circulation. In addition, surfactant molecules accu-
mulated at the bottom of MNB, creating a stagnation zone inside
the bubble [14]. These effects produced a significant decrease in the
value of kL in the anionic surfactant solution. As shown in Fig. 6, the
two anionic surfactants (SDBS and RHA) displayed different effects
on the value of kL. The molecular weight of the surfactant can be
used to explain this phenomenon. The low-molecule weight

surfactant migrates faster towards the bubble surface than the
high-molecular weight surfactant [4]. Due to this reason, SDBSwith
low molecular weight had a more noticeable inhibitory effect than
RHA.

3.3. Evaluation of the mass transfer model

In most studies, slip velocity models were used to analyze the
absorption process in bubble columns. Slip velocity models assume
a gross mean flow of fluid with respect to the bubble (slip velocity),
and this behavior develops a greater renewal of the liquid at the
bubble surface because of the bubble surface mobility rather than
the small-scale eddies of turbulent fields [33]. Regarding these
models, the models proposed by Calderbank and Moo-Young [34]
and Fr€ossling [35] have been employed in the last few years. These
models are applicable to gaseliquid systems with small bubbles
having diameters of less than 1.5 mm, or contaminated bubbles
with surface contaminants such as surfactants. The model devel-
oped by Fr€ossling is given by Eq. (5) [35].

kFrosslingL ¼0:6
ffiffiffiffiffiffiffi
vs
dBS

r
D2=3v�1=6 (5)

where vs is the slip velocity. In bubble columns, slip velocity is
assumed to be close to the single bubble terminal velocity (vt) [36].
In the current research, vt can be calculated using Stokes' law [27]
(Eq. (S1) in the Supplementary Material). Table S2 summarizes the
values of vt in different surfactant solutions. Moreover, D is the
diffusion coefficient of oxygen in the surfactant solution, as pre-
sented in Table S1, and y is the kinematic viscosity of aqueous
surfactant solutions.

In addition, Sardeing et al. [11] developed a model, which took
into account the presence of surface-active substances in
gaseliquid interface, as well as the surface activity and diffusivity
values corresponding to the solutes used to make the solutions.
When an adsorption step is involved in a global process, Langmuir
isotherm is commonly employed, which is given by Eq. (6).

Se ¼ Ge

G∞
¼ Kc

1þ Kc
(6)

where Se is the surface coverage ratio at equilibrium, c is the con-
centration of surfactant, and G∞ and Ge are the surface concentra-
tions at saturation and equilibrium, respectively. Furthermore, K is
the adsorption equilibrium constant of surfactant, as presented in
Table S3. Eq. (6) can be used to determine the value of the surface
coverage ratio and the influence of the surfactant concentration. In
Eq. (6), Se ¼ 0 corresponds to an interface free of surfactants
(deionized water in this work), whereas 0 < Se < 1 corresponds to a
non-saturated interface (low concentration of surfactant). More-
over, the condition of Se ¼ 1 in Eq. (6) corresponds to an interface
saturated with surfactants.

For the specific experimental conditions employed in the current
research, the predicted value of kL using this model must be
controlled between two limits, namely themass-transfer coefficient
for a free surface (Se ¼ 0) (k0L ), and the mass transfer for a saturated

surface (Se ¼ 1) (k1L ). According to these conditions, the Sardeing's
model for estimating the value of kL can be expressed as Eq. (7).

kSardeingL ¼ Sek1L þ ð1� SeÞk0L (7)

Under the present experimental conditions, k0L could be deter-

mined using Fr€ossling's model (Eq. (5)). Furthermore, k1L corre-
sponding to a saturated interface could be calculated by Eq. (8) [11].

Fig. 5. Effects of surfactant on the gaseliquid interfacial area (a).

Fig. 6. Effects of surfactant on the liquid-side mass-transfer coefficient (kL).
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k1L ¼1:744K�0:084kFrosslingL (8)

where kFrosslingL represents the value of kL calculated using
Fr€ossling's model.

Fig. 7 shows the comparison between the experimental and
predicted values of kL using Sardeing's or Fr€ossling's model. In
deionized water, the predicted kL values of the two models were
higher than the experimental kL values. This may be due to the
diameter of MNB. More specifically, the Fr€ossling's model was used
topredict the kL of bubblewith the diameter of less than1.5mm, and
Fr€ossling's model was based on the bubble with the diameter of a
few hundreds of a micron. However, the bubble diameter in this
research lied within the range of 25e50 mm. The renewal of the
liquid elements at the smallerMNB interfacewas different from that
at normalMNB. Therefore, the experimental kL valuesweredifferent
from the kL values predicted using the Sardeing's or Fr€ossling's
model. In aqueous surfactant solutions, the predicted kL values by
the twomodelswere also higher than the experimental kL values. As
discussed above, the accumulation of surfactant at the smaller MNB
interface was more conspicuous than at normal MNB. The bubble
size in this research was less than that in the research of Sardeing
et al. [11] and Fr€ossling [35]. This means that the Sardeing's or
Fr€ossling's model was not suitable for predicting the kL value of the
MNB aeration system.

In order to estimate the kL value in theMNB aeration system, the
Fr€ossling's model has to be modified. More specifically, the ratio of
the experimental values to calculated ones using Fr€ossling's model
is introduced, as given by Eq. (9).

fc ¼
kExperimental
L

kFrosslingL

(9)

In addition, Z, the Ohnesorge number, is given by Eq. (10).

Z¼ mL

ðrLdBSsLÞ0:5
(10)

where mL is the dynamic viscosity, sL is the static surface tension,
and rL is the density. In order to find the relationship between fc and

Z, the values of kExperimental
L (as shown in Fig. 6), kFrosslingL as shown in

Fig. 7), dBS (as shown in Fig. 2), mL, rL and sL (obtained from Table S1)
were used to calculate the values of fc and Z using Eqs. (9) and (10),

respectively. As shown in Fig. 8, the values of fc were plotted against
those of Z in Fig. 8.

In Fig. 8, the fc can be correlated with Z using Eq. (11).

fc ¼ 8:542� 10�10$Z�4:79 (11)

According to Eq. (9), kL can be calculated using Eq. (12).

kExperiment
L ¼ fc$k

Frossling
L (12)

The modified Fr€ossling's model is given by Eq. (13).

kModified Frossling
L ¼ fc$k

Frossling
L (13)

According to Eqs. (11) and (13), kModified Frossling
L can be calculated

using Eq. (14).

kModified Frossling
L ¼ 8:542� 10�10$Z�4:79$kFrosslingL (14)

The modified Sardeing's model can be expressed using Eq. (15).

kModified Sardeing
L ¼ Sek1L þ ð1� SeÞk0L (15)

where k0L can be calculated by the modified Fr€ossling's model (Eq.

(14)). Based on Eqs. (8) and (14), k1L can be calculated using Eq. (16).

k1L ¼1:744K�0:084kModified Frossling
L (16)

Fig. 9 shows the comparison of experimental kL values and the kL
values predicted using themodified Sardeing's or Fr€ossling's model.
It is clear that the values calculated using modified Fr€ossling's
model agreed with the most of experimental values within ±20%.
There was a deviation between the experimental kL values and the
values of kL predicted using the modified Sardeing's model. Ac-
cording to Sardeing et al. [11], the k1L values depended on the type of
surfactant. Moreover, Eq. (8) was obtained based on the experi-
mental data in the research of Sardeing et al. [11]. However, the
surfactants used in the current research were different from the
surfactant employed in their research. Therefore, the modified
Sardeing's model did not describe the variation in the experimental
kL values. In addition, the difference between the experimental and
predicted kL values clearly confirmed the need to complete the
empirical and/or theoretical correlations for determining kL in MNB
aeration systems. This condition is imperatively required to
describe and appropriately model the oxygen mass transfer.

Fig. 7. Comparisons of the experimental and predicted kL values using Sardeing's or
Fr€ossling's model. Fig. 8. Correlation between fc and Z.
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4. Conclusions

In this work, chemical surfactant and bio-surfactant, which are
the most frequently used in soil flushing, were used to study the
effect of surfactant on the oxygen mass transfer in an MNB aeration
system. Firstly, bubble diameter and gas holdup were measured to
study the effect of surfactant on the interfacial area. Then, volu-
metric mass-transfer coefficient and liquid-side mass-transfer co-
efficient were calculated to analyze the effect of surfactant on the
mass transfer parameters. Finally, modified Sardeing's and
Fr€ossling's models were employed to fit the experimental liquid-
side mass-transfer coefficient data. Based on the test results, the
following conclusions are drawn.

(1) Due to the immobile bubble surface and the suppression of
coalescence effect, there was a decrease in the value of dBS
and an increase in ε in the surfactant solutions. These vari-
ation trends were more obvious at higher surfactant con-
centrations. Furthermore, with the presence of electric
charge, smaller and more MNB appeared in the anionic sur-
factant solutions than in the non-ionic surfactant solutions,
thereby the value of ε in the anionic surfactant solutions was
higher than that in the non-ionic surfactant solutions.

(2) Becauseof the accumulationof surfactanton theMNBsurface,
the kLa and kL values decreasedwith the increase of surfactant
concentration. In addition, due to the small MNB in anionic
surfactant solutions, and the reason that the accumulation of
surfactant at smaller MNB interface was more conspicuous
than at bigger MNB, the hindrance effect of ionic surfactants
on the kL was greater than that of non-ionic surfactants.

(3) Whether in deionized water or surfactant solution, the Sar-
deing's or Fr€ossling's model was not suitable for predicting
the value of kL in MNB aeration. Although the modified
Fr€ossling's model described the effect of surfactant on kL in
MNB aeration system, it is necessary to complete the
empirical and/or theoretical correlations for determining kL
in the MNB aeration systems.
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Nomenclature

a gaseliquid interfacial area, L$m�1

C concentration of surfactant, mol$L�1

C* DO concentration at time t, g$m�3

D diffusion coefficient of oxygen in the surfactant
solution, m2$s�1

dBS Sauter mean diameter of bubble, m
di bubble diameter, m
h liquid height after MNB aeration, m
h0 liquid height before MNB aeration, m
K adsorption equilibrium constant of surfactant
kL liquid-side mass-transfer coefficient, m$s�1

kLa volumetric mass-transfer coefficient, s�1

k0L kL for a free surface (Se ¼ 0), m$s�1

k1L kL for a saturated surface (Se ¼ 1), m$s�1

kFrosslingL kL is calculated by Fr€ossling's model, m$s�1

kModified Frossling
L kL is calculated by modified Fr€ossling's model,

m$s�1

kModified Sardeing
L kL is calculated by modified Sardeing's model,

m$s�1

kSardeingL kL is calculated by Sardeing's model, m$s�1

Se surface coverage ratio at equilibrium
Ge surface concentration at equilibrium, mol$L�1

G∞ surface concentration at saturation, mol$L�1

vs slip velocity, m$s�1

vt terminal velocity of single bubble, m$s�1

ε gas holdup
mL dynamic viscosity of aqueous surfactant solution,

Pa$s
rL density of aqueous surfactant solution, kg$m�3

sL static surface tension of aqueous surfactant
solution, N$m�1

y kinematic viscosity of aqueous surfactant solution,
m2$s�1
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