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Abstract Although the biosurfactant rhamnolipid has been

previously characterized as having low foam ability, its

fermentation is largely impeded by severe foaming. Hence,

the investigation of this paradox is critically important for

improving the mass production of rhamnolipid. Unex-

pectedly, the hydrophobic cell, instead of rhamnolipid, has

been claimed to explain such severe foaming in rhamno-

lipid fermentation. This study tried to systematically

investigate the severe foaming in fermentation, aiming to

propose an effective strategy for foam control. The over-

flowing foam sustained a super high stability in terms of

half-time for over 30 min. The major product of rhamno-

lipid largely contributed to the severe foaming in the fer-

mentation process whereas other products like cells elicited

much more limited effects. Furthermore, the foam stability

of the fermentation broth increased with rhamnolipid

concentration and noticeably increased with agitation

speed. In the classic Bikerman foam test system without

stirring, rhamnolipid showed foam stability as low as

Tween 20 which is well known for its poor foam stability.

However, in a stirring Bikerman system, rhamnolipid

exhibited a foam stability almost as high as sodium dodecyl

sulfate (SDS) at 10 g/L and even surpassed SDS at a higher

concentration of 20 g/L. Hence, the extraordinarily

increased foam stability of rhamnolipid with both agitation

and concentration could explain the severe foaming at its

late-stage fermentation when rhamnolipid-rich solution is

mechanically agitated.

Keywords Rhamnolipid � Foam properties � Agitation �
Foam stability

Introduction

Rhamnolipid (RHA), the best-known biosurfactant with

excellent surface/interfacial activities and environmentally

friendly properties, has a wide range of potential applica-

tions as detergents, antibacterial, antifungal, antibiofouling

agents, and pharmaceuticals [1–4]. In addition, our group

has recently extended its applications to the treatment of the

oily sludge [5] and demulsification of waste crude oil [6].

Nevertheless, the current fermentation of rhamnolipid at

a low yield and small scale causes a high production cost,

which is about ten times that of conventional surfactants [7,

8], and thus has largely inhibited its industrial applications.

Such limitations on the fermentation are largely due to the

severe foaming during fermentation [9–11]. Severe foam-

ing can inhibit cell growth and product accumulation by

reducing the bioavailability of substrates as well as the

mass transfer efficiency of oxygen [12]. More importantly,

the excessively accumulated foam can overflow from the

effluent gas outlet of the bioreactor and thereby have sev-

eral detrimental impacts to the fermentation, including the

loss of product, nutrients, and cells accompanied by a high

risk of contamination [11]. This foaming could hinder

fermentation and become a key factor for impeding scale-

up [11].

Although some approaches including anaerobic [13] or

solid fermentation [14, 15] have been developed to avoid
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foam formation, aerobic fermentation still seems to be the

sole approach for the high-yield production of rhamnolipid

[16]. Hence, effective foam control has become the most

urgently required technology in rhamnolipid fermentation.

In this respect, the identification of the factors for severe

foaming in the rhamnolipid fermentation has been the

subject of research [17]. Similar to other fermentations

where the secreted metabolites with high surface activity

(like biosurfactant, protein, etc.) cause severe foaming

under aeration [18], the biosurfactant rhamnolipid has been

accepted as the major component dominating the severe

foaming during fermentation [19–22]. However, a recent

study by Sodagari and Ju claimed that the hydrophobic cell

could contribute more to the foaming than rhamnolipid

itself in rhamnolipid fermentation [17].

In our opinion, rhamnolipid should be the dominant

component causing the severe foaming. Nevertheless,

rhamnolipid has been found to have low foaming ability in

comparison with conventional surfactants such as sodium

dodecyl sulfate (SDS) [23, 24]. Therefore, this paper will

systematically study the major contributions of broth

components (like rhamnolipid, cell, etc.) to the severe

foaming behavior in rhamnolipid fermentation and the

mechanism involved.

Materials and Methods

Rhamnolipid Fermentation

The strain of Pseudomonas aeruginosa ZJU211 (CCTCC

M209237) was isolated from heavily oil-contaminated soil

and applied to produce rhamnolipids [4]. The composition

of culture medium is shown in Table 1 [25]. The pH of

culture medium was 6.8. During the fermentation, 2 % of

oil was fed at 48 and 60 h during the fermentation.

The rhamnolipid fermentation was conducted in a 10-L

bioreactor (GUJS-10C, Eastbiotech, Zhenjiang, China)

with a work volume of 5 L. The mixture of oxygen and

nutrients was achieved by agitation under a speed of

300 rpm while a foam circulation system was set up. As

shown in Fig. 1, the overflowing foam was introduced via

the gas effluent pipe into a 100-L foam collector and then

subjected to stirring with a mechanical impeller to break up

the foam at 200 rpm. Then, the enriched culture broth,

namely the collapsed foam, was pumped back to the

bioreactor.

During the fermentation, the culture broth was sampled

for determination of rhamnolipid and cell content. In each

assay, the culture broth was centrifuged (H-1650R, Xian-

gyi, Hunan, China) for 15 min at 15,000 rpm (13,8009g)

and 15 �C. The supernatant was taken for measuring

rhamnolipid content using the anthrone–sulfuric assay [26]

while the sediment was suspended in deionized water for

detecting the cell content. The absorbance was then mea-

sured at 650 nm using water as a blank [27]. Optical

density (OD650) was converted to the cell concentration by

a standard curve.

Separation of Main Components From the Culture

Broth

For the 60-h culture broth which was rich in low carbon

substrates of oil, the components in the culture broth could

be categorized into three parts: rhamnolipid, cell, and the

residuals.

In cell separation, the 60-h culture broth was centrifuged

at 15,000 rpm for 15 min and separated into two parts:

(a) the supernatant, cell-free culture broth (labeled as

‘‘Cell-free’’) and (b) sediment (cell components). The cell

components after three washes with deionized water were

then resuspended in deionized water at an equivalent vol-

ume as the initial culture broth and were then ready for use

as a cell solution (labeled as component ‘‘Cell’’).

The cell-free culture broth obtained above was further

acidified to pH 2–3 and centrifuged at 15,000 rpm at 15 �C
for 5 min before the precipitated rhamnolipids were

removed. The supernatant free of either cell or rhamno-

lipids, after adjustment with 1 M NaOH to pH 7–8, is

labeled as ‘‘Others’’ in Fig. 3. After three purification steps

by dissolution–centrifugation–precipitation, the obtained

rhamnolipid precipitate with a purity of over 85 % and a

content of about 40 % was dissolved in deionized water at

the same rhamnolipid concentration as the initial culture

Table 1 Composition of

culture medium for producing

rhamnolipid

Medium composition (g/L)

Colza oil NaNO3 NaCl KCl CaCl2�2H2O KH2PO4 Na2HPO4�12H2O MgSO4 Trace element

54.0 10.0 1.0 1.0 0.1 6.5 11.0 0.25 2 ml/L

Trace element solution [g/L]

FeCl3�6H2O ZnSO4�7H2O CoCl2�6H2O CuSO4�5H2O MnSO4�H2O H3BO3 Na2MoO4�2H2O

0.08 0.75 0.08 0.075 0.75 0.15 0.005
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broth and was labeled as ‘‘RHA’’. The other rhamnolipid

solution at varying concentrations can be constituted by

dissolving rhamnolipid precipitates into a different volume

of deionized water.

Preparation of Various Culture Broths for Foaming

The cell-free culture broth was individually obtained after

the centrifugation as indicated above. The rhamnolipid-free

(‘‘R-free’’) culture broth was obtained by resuspending the

cell parts into the cell/rhamnolipid-free supernatant culture

broth. The culture broth in the absence of other compo-

nents (‘‘C-free’’) was obtained by suspending the cell and

rhamnolipid components together in deionized water at an

equivalent concentration to the initial culture broth.

Foam Generation

The typical Bikerman column was used to generate foams.

About 30 ml of surfactant solution or culture broth at pH 7.0

was used to fill a cylinder with an inner diameter of 4 cm and

a height of 30 cm, and then humidified N2 was sparged at a

flow rate of 150 ml/min for 2 min at 15 ± 2 �C.
To simulate the foam formation in the bioreactor, 5-L

foaming solution in a 10-L bioreactor (model JUGS-2,

Eastbiotech, Zhenjiang, China) installed with a stirring

impeller was used. The foam was produced through air

sparging at a flow of 0.5 L/min and stirring (0–300 rpm) at

15 ± 2 �C.

Evaluation of Foam Properties

The tested solution was evaluated in terms of foaming

ability as well as foam stability.

In the Bikerman foam test, the foam height (cm) in the

cylinder when gas flow immediately stopped was recorded

as an index for the evaluation of the foaming ability. The

foam stability was determined by the half-life time (min)

which is defined as the time in which the foam height

declined to half of its original value [28] at 15 ± 2 �C.
For culture broth in a 10-L bioreactor, the ratio of foam

rate/air rate (or the ‘‘over-run ratio’’) was taken as a measure

of foaming ability. The half-time (min) of the over-running

foam collected in the cylinder was selected as a criterion for

foam stability similar to the Bikerman foam test.

Another foam property, the average water content (w),

was measured by a gravimetric method. Foam was col-

lected using a beaker and the foam mass was then mea-

sured. The average water content of foam was calculated as

following (the mass of air was neglected while the density

of liquid (bulk foaming solution) was set at 1 g/ml):

W %½ � ¼ m

v
� 100

where V and m are the volume and mass of the collected

foam, respectively.

Data Analysis

All values presented in this study were given as

mean ± standard error (number of samples C3).

Results

Foam Stability of Fermentation Broth

Rhamnolipid fermentation was carried out as described in

Fig. 1 and then examined for foaming behavior by analyzing

the overflowing foam rate, accumulation volume, and water

content. Meanwhile, the culture broth was sampled to eval-

uate its foam properties, cell growth, and productivity.

The foaming behavior of culture broth at varying time

points in the fermentation is presented in Table 2. The

overflowing foam showed an increasingly flow rate with

fermentation time although the entering air flow rate had to

be continuously reduced because of the increasing volume

occupied by the foam in the collecting tank. At the late fer-

mentation stage after 48 h, the ratio of the overflowing foam/

air flow rate maintained a high level of 0.86 while the

accumulated foam approached 50–70 L in volume, indica-

tive of conditions difficult for foam collapse. Also, the

average water content of the foam increased with the fer-

mentation time, achieving a high steady-state value of about

4.5 % after 60 h of fermentation. It seems that the foaming

problem was getting much severer with the fermentation

time, in particularly at the late stage of fermentation.

Pump 

10-L 
bioreactor

100-L     
foam tank 

Air outlet 

Airdistributor

Foam flowAir inlet 

Impeller

Fig. 1 Diagram of the fermentation process
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The foam properties of the culture broth were assayed

using the typical Bikerman approach. Between 24 and 72 h

of fermentation, the foam height of the culture broth

increased slightly from 13 to 20 cm while the foam sta-

bility sharply increased from 4 min to about 30 min

(Fig. 2a); in contrast, before 24 h of fermentation, the broth

presented much more limited foaming ability (data not

shown). Correspondingly, both rhamnolipid productivity

and cell mass accumulation greatly increased with the

fermentation time, reaching about 30 g/L for rhamnolipid

and 12 g/L for cell at 72 h (Fig. 2b).

Major Component for Foam Formation in Culture

Broth

The fermentation broth was sampled at 60 h to identify the

major component of the foam. Rhamnolipid and cells etc.

were firstly isolated from the culture broth and then

respectively examined for their foaming ability and foam

stability in the typical Bikerman column.

The foaming ability of each component is presented in

Fig. 3a. The separated rhamnolipids showed similar

foaming ability (about 18 cm) as the culture broth. In

contrast, the cell sediments and the other components

showed very limited foaming ability of only 1 cm.

Foam stability is shown in Fig. 3b. The foam generated

from the constituted rhamnolipid solution manifested the

same stability as the culture broth in the absence of

whatever cells or other components, while the ‘‘R-free’’

and other two solutions, i.e., ‘‘Cell’’ and ‘‘Others’’, showed

much lower foam stability with a half-time of below 5 min.

It therefore seems that rhamnolipid is the major con-

tributing component for the severe foaming in fermentation.

Contribution of Rhamnolipid Content and Agitation

to Foaming in Fermentation

The impact of rhamnolipid concentration on foaming was

evaluated in the classic Bikerman foam test where the

precipitated rhamnolipid was used as the foaming solution.

As shown in Fig. 4, the foaming ability increased with the

rhamnolipid concentration, reaching a steady-state foam

height at 5 g/L of rhamnolipid concentration. In contrast,

the foam stability continuously increased with rhamnolipid

concentration, achieving about 35 min at a concentration

of 40 g/L.

The effect of agitation was then evaluated using 20 g/L

of precipitated rhamnolipid as the foaming solution in the

10-L bioreactor. As shown in Fig. 5, the half-time and

water content increased with the agitation while the bubble

size showed a decreasing trend. When the agitation was set

at a high stirring speed of 300 rpm, the generated foam

showed a much higher stability of 60 min and a high water

Table 2 Foaming during rhamnolipid fermentation at 10-L scale

Time (h) 10-L bioreactor with 100-L foam tank

Air flow rate

(L/min)

Foam flow rate

(L/min)

Foam/air flow

ratio

Water content

of foam (%)

Foam volume in the foam

tank within 1 h (L)

0 5.0 0 0 0 0

24 4.0 0.5 ± 0.2 0.125 1.5 ± 0.2 10–20

48 3.0 2.6 ± 0.1 0.866 2.2 ± 0.5 10–20

60 2.4 2.0 ± 0.2 0.833 4.5 ± 0.5 40–50

72 2.2 1.9 ± 0.2 0.864 4.4 ± 0.3 70–80
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content of about 5 %. In contrast, the foam generated under

no stirring presented a low stability of about 20 min and a

low water content of 1.83 % (Fig. 5a, b). According to the

morphologic observation, aeration alone (i.e., no stirring)

produced large and transparent bubbles (Fig. 5c), while the

extra stirring generated much finer and uniform bubbles

(Fig. 5d).

It seems that vigorous stirring together with rhamnolipid

concentration could largely increase foaming.

Comparison of Rhamnolipid Foaming Behavior

with Other Chemical Surfactants

Surfactants SDS and polysorbate (Tween 20), representing

strong foaming and weak foaming agents, respectively,

were used for evaluation of the foam properties in a Bik-

erman foam column under the same concentrations of 10

and 20 g/L. Surfactants showed the same foaming ability at

10 g/L (Table 3), and the further increase of concentration

to 20 g/L showed no significant difference (data not

shown). However, the three surfactants had very different

foam stability (Fig. 6a). At the same concentration of 10 g/

L, SDS manifested the highest foam stability of about

30 min while Tween 20 and rhamnolipid sustained a low

foam stability of 9–12 min. The further increase of con-

centration to 20 g/L enhanced the foam stability by around

20–40 % for each surfactant.

To confirm the impact of stirring (or agitation) on the

foam stability, the foam property was assayed in a Biker-

man foam column agitated at the bottom (300 rpm). As

shown in Fig. 6b, rhamnolipid exhibited a foam stability as

almost high as SDS at a concentration of 10 g/L and lar-

gely surpassed SDS at a concentration of 20 g/L. By

comparing Fig. 6b with Fig. 6a, it is evident that agitation

enhanced the foam stability for all the three surfactants,

especially for rhamnolipid. Rhamnolipid showed the

strongest impact of increasing surfactant concentration on

foam stability among the three surfactants. For example,

when the concentration increased from 10 to 20 g/L, the

foam stability of rhamnolipid increased from 36 to 57 min

while those of both Tween 20 and SDS had slight incre-

ment (less than 7 min).

It seems that rhamnolipid exhibits low foam stability (cf.

Tween 20) under no stirring but could significantly

aggravate foaming issues under stirring. The increasing

concentration further exacerbated the foam stability.

Discussion

The problem of foaming is serious issue in the fermentation

of rhamnolipid, as reflected by the almost equivalent

overflowing foam rate to the input air flow rate (Table 1).

To reduce the foam formation during fermentation, a very

low air rate (0.03 vvm) was applied and a large pressure of

0.09 MPa was further required to avoid the foam over-

flowing from the tank [29]. Even the use of a large foam
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storage tank for foam drainage could not solve the problem

generated by the high foam stability. The commonly used

mechanical foam breaker (stirring impeller) has a very

limited defoaming capability in rhamnolipid fermentation

[2, 30] and, unexpectedly, aggravated the already difficult

foam control, forming a dense airy emulsion which was

hard to break down [2]. Such severe foaming problems

have largely inhibited the production of rhamnolipid as

well as its industrial applications [11].

Severe foaming in fermentation largely depends on the

accumulation of rhamnolipid. According to our findings,

rhamnolipid, the main product in the fermentation broth,

was demonstrated to be the dominating component for

severe foaming (Fig. 3). This biosurfactant, particularly at

a high concentration, could generate highly stable foam by

forming abundant micelles which would intensively block

the Plateau channels and resist the foam drainage as well as

Table 3 Properties of tested

surfactants
Surfactant HLBa CMC (mg/L)a ST (mN/m)a Foam height (cm)b

SDS 40.0 2430 30.28 ± 0.36 20.2 ± 0.7

Rhamnolipid 10.9 40 30.12 ± 0.21 18.8 ± 1.8

Tween 20 16.7 60 37.13 ± 0.41 18.7 ± 2.1

HLB hydrophile–lipophile balance, CMC critical micelle concentration, ST surface tension at CMC
a Values obtained from Ref. [5]
b Values obtained by Bikerman foam test at a surfactant concentration of 10 g/L
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foam coalescence [31, 32]. The identified contribution of

rhamnolipid to severe foaming during fermentation is

totally the opposite to a previous claim according to which

cells, rather than rhamnolipids, were a dominant compo-

nent for such severe foaming [17]. This inconsistence

might be due to the different cells used in each study;

however, according to our own observation, the lack of

rinsing of isolated cells might more likely be the case. As

noticed, similar foaming occurred on the suspended cells

directly precipitated from culture broth (data not shown)

but not on the cells subjected to an extra rinse with water

(Fig. 3). Hence, the rhamnolipid residues attached on the

cell surfaces or blocked inside might explain the previously

reported foaming ability of the cells [17]. Cell together

with other components (like proteins) in the fermentation

culture broth could, to some limited extent, synergistically

improve the foam stability via blocking the Plateau chan-

nels with surfactant micelles [33].

Agitation was demonstrated to strengthen the foam

stability of rhamnolipid in the present study (Fig. 4),

explaining its negative influence on foam control during

fermentation. As noticed, the bubbles formed via vigorous

stirring feature wet films and a small and narrowly dis-

tributed bubble diameter (Fig. 5d). The vigorous agitation

supplies a high shear force, producing fine bubbles and/or

breaking the occasionally formed large bubbles into small

ones according to the theory of secondary foam formation

[34, 35]. Such a fine and wet film could greatly increase the

foam stability to about 60 min (Figs. 4 and 5) by pro-

longing the time for foam coalescence and drainage [36].

Hence, the stirring in the foam tank does not completely

break the foam, but actually aggravates the difficult foam

control by generating secondary foam with higher stability.

Interestingly, and according to the Bikerman foaming

test, rhamnolipid had low foam stability. In fact, rhamno-

lipid exhibited a foam stability as low as Tween 20, a poor

foaming surfactant (Fig. 6a), corresponding well with the

previous findings [23, 24]. This could be attributed to the

low HLB of rhamnolipid (Table 2), which indicates low

hydrophilicity, and thus it could not effectively resist the

foam drainage. Also, the thin adsorption monolayer of

rhamnolipid at the foam film surface [37, 38] could also

result in low foam stability. Nevertheless, the existence of

agitation turned rhamnolipid into a highly foaming sur-

factant and even made it surpass SDS at a concentration of

20 g/L (Fig. 6b). The significant increase in foam stability

of rhamnolipid with agitation and concentration might be

due to its capability of carrying more water (increased from

2 to 5 % with agitation) (Fig. 5b). Foams with higher water

content are usually more stable. In contrast, foams gener-

ated by SDS and Tween 20 experienced very limited

improvement in their water content (about 1 %) in the

presence of agitation (data not shown). The mechanism of

foam stabilization by the different surfactants under agi-

tation remains unclear and will need further study.

Hence, although the widely used mechanical foam

breaker performs well in the foam control of regular fer-

mentation [39], it should be avoided in rhamnolipid fer-

mentation. Instead, the reduction of agitation in either

bioreactor or foam tank would be a suitable approach to

reduce foam stability and thus facilitate foam control.

In conclusion, rhamnolipid, though having low foam

stability as compared with conventional surfactants, could

be the main agent in causing severe foaming during fer-

mentation, while the other components in the broth mani-

fested very limited impact. Vigorous agitation could

largely aggravate foaming issues, and this effect was more

significant in rhamnolipid fermentation. The correct inter-

pretation of the high foam stability would be very helpful

for developing an effective solution in the near future.
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2. Müller MM, Hörmann B, Syldatk C, Hausmann R (2010) Pseu-

domonas aeruginosa PAO1 as a model for rhamnolipid production

in bioreactor systems. Appl Microbiol Biotechnol 87:167–174

3. Reis RS, Pereira AG, Neves BC, Freire DM (2011) Gene regu-

lation of rhamnolipid production in Pseudomonas aeruginosa—a

review. Bioresour Technol 102:6377–6384

4. Sha R, Jiang L, Meng Q, Zhang G, Song Z (2012) Producing cell-

free culture broth of rhamnolipids as a cost-effective fungicide

against plant pathogens. J Basic Microbiol 52:458–466

5. Long X, Zhang G, Han L, Meng Q (2013) Dewatering of floated

oily sludge by treatment with rhamnolipid. Water Res

47:4303–4311

6. Long X, Zhang G, Shen C, Sun G, Wang R, Yin L, Meng Q

(2013) Application of rhamnolipid as a novel biodemulsifier for

destabilizing waste crude oil. Bioresour Technol 131:1–5

7. Lang S, Wullbrandt D (1999) Rhamnose lipids–biosynthesis,

microbial production and application potential. Appl Microbiol

Biotechnol 51:22–32

8. Mukherjee S, Das P, Sen R (2006) Towards commercial pro-

duction of microbial surfactants. Trends Biotechnol 24:509–515

9. Chen S-Y, Wei YH, Chang JS (2007) Repeated pH-stat fed-batch

fermentation for rhamnolipid production with indigenous Pseu-

domonas aeruginosa S2. Appl Microbiol Biotechnol 76:67–74

10. Timmis KN, McGenity T, Van Der Meer J, De Lorenzo V (2010)

Handbook of hydrocarbon and lipid microbiology. Springer,

Berlin Heidelberg

J Surfact Deterg (2016) 19:833–840 839

123



11. Pansiripat S, Pornsunthorntawee O, Rujiravanit R, Kitiyanan B,

Somboonthanate P, Chavadej S (2010) Biosurfactant production

by Pseudomonas aeruginosa SP4 using sequencing batch reac-

tors: effect of oil-to-glucose ratio. Biochem Eng J 49:185–191

12. Wu JY, Yeh KL, Lu WB, Lin CL, Chang JS (2008) Rhamnolipid

production with indigenous Pseudomonas aeruginosa EM1 iso-

lated from oil-contaminated site. Bioresour Technol

99:1157–1164

13. Zhao F, Shi R, Zhao J, Li G, Bai X, Han S, Zhang Y (2015)

Heterologous production of Pseudomonas aeruginosa rhamno-

lipid under anaerobic conditions for microbial enhanced oil

recovery. J Appl Microbiol 118:379–389

14. Neto DC, Meira JA, de Araújo JM, Mitchell DA, Krieger N
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