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A B S T R A C T  

This study aimed to in ves ti gate po ten tial bio sur fac tant pro duc tion of Stenotrophomonas aci daminiphila TW3 iso - 
lated from sed i ments con t a m i nated with palm oil soap stocks us ing low cost sub strates. The com bi na tion of 
cen tral com pos ite ro tat able de sign (CCRD) and re sponse sur face method ol ogy (RSM) was used to op ti mize bio - 
sur fac tant pro duc tion. The high est bio sur fac tant pro duc tion (2.31  g/ L) was ob tained un der the op ti mal con di - 
tions of 49.96  g/ L used palm oil as a car bon source, 3.00  g/ L NaNO 3 as a ni tro gen source and medium pH 6.0. 
RSM in creased the yield of bio sur fac tant up to 2.1 folds how ever, the pro duc tiv ity is still low fur ther im prove - 
ment is needed. The bio sur fac tant ob tained from the S. aci daminiphila TW3 was able to lower the sur face ten - 
sion of medium from 72 to 32  mN/ m. The bio sur fac tant was pu ri fied by liq uid col umn chro matog ra phy and 
iden ti fied as gly col ipid us ing thin layer chro matog ra phy, Fourier trans form in frared spec troscopy, Mass spec - 
trom e ter and Nu clear Mag netic Res o nance. The bio sur fac tant could re duce sur face ten sion of pure wa ter to 
32  mN/ m with a crit i cal mi celle con cen tra tion of 0.2  g/ L. It is an ef fec tive bio sur fac tant over a wide range of 
tem per a tures, pH and salt con cen tra tions. More over, the bio sur fac tant showed abil ity to en hance PAHs sol u - 
bil ity and re moved used lu bri cat ing oil con t a m i nated in sand. 

1 . Introduction 

Bio sur fac tants are mi cro bial com pounds that ex hibit ap par ent sur - 
face and emul si fy ing ac tiv i ties. They are am phiphilic com pounds con - 
tain hy dropho bic and hy drophilic moi eties which pro duced on liv ing 
mi cro bial cell sur faces, or ex creted ex tra cel lu lar ( Karanth et al., 
1999 ). Most bio sur fac tants are ei ther an ionic or neu tral, whereas 
those that con tain amine groups are cationic ( Santos et al., 2016 ). The 
hy dropho bic moi eties are based on sat u rated, un sat u rated or hy drox y - 
lated fatty acids, whereas the hy drophilic por tion can be mono - , di - , 
or poly sac cha rides, car boxylic acids, amino acids, phos phate or pep - 
tides ( Lang, 2002 ). Bio sur fac tants are am phi pathic mol e cules with 
both hy drophilic and hy dropho bic moi eties that con fer the abil ity to 
ac cu mu late be tween fluid phases, thus re duc ing sur face and in ter fa - 
cial ten sion at the sur face and in ter faces, re spec tively ( Santos et al., 
2016 ). A struc turally di verse group of bio sur fac tant com pounds are 

mainly clas si fied into four cat e gories, i.e., gly col ipid, fatty acid, 
lipopep tide and poly mer based on the struc ture ( Gudiña et al., 2013 ). 

In re cent years, bio sur fac tants are at tract ing at ten tion be cause 
they of fer sev eral ad van tages over syn thetic sur fac tant due to its 
lower tox i c ity, bet ter biodegrad abil ity and spe cific ac tiv ity at ex treme 
en vi ron ments ( De Almeida et al., 2016 ). Al though in ter est in bio sur - 
fac tants is in creas ing, these sur fac tants are not eco nom i cally com pet i - 
tive with their syn thetic coun ter parts. One pos si ble strat egy for re duc - 
ing cost is the use of low - cost re new able sub strate as car bon source 
for cell growth and bio sur fac tant pro duc tion, such as agri cul tural 
waste ( Kumar et al., 2016 ), food in dus tries waste ( Kaskatepe et al., 
2016 ), co - product from veg etable oil pro cess ing ( Solaiman et al., 
2004 ) and pol lu tant ( Ibrahim et al., 2013 ). These sub strates are nec es - 
sary for the pro duc tion of bio sur fac tants, which are con tain ing high 
con cen tra tion of car bo hy drates and lipids ( Benincasa, 2007 ). When 
us ing low - cost re new able sub strates in the pro duc tion processes, pro - 
duc tion costs can be greatly re duced, and the fi nal prod uct gen er ated 

* Corresponding author. 
E - mail address: suppasil. m@ psu. ac. th (S. Maneerat). 

https://doi.org/10.1016/j.bcab.2020.101628 
Received 9 April 2019; Received in revised form 28 March 2020; Accepted 24 April 2020 

https://www.sciencedirect.com/science/journal/18788181
http://www.elsevier.com/locate/bab
http://www.elsevier.com/locate/bab
http://www.elsevier.com/locate/bab
http://www.elsevier.com/locate/bab
http://www.elsevier.com/locate/bab
http://www.elsevier.com/locate/bab
http://www.elsevier.com/locate/bab
http://www.elsevier.com/locate/bab
http://www.elsevier.com/locate/bab
http://www.elsevier.com/locate/bab
http://www.elsevier.com/locate/bab
http://www.elsevier.com/locate/bab
http://www.elsevier.com/locate/bab
http://www.elsevier.com/locate/bab
http://www.elsevier.com/locate/bab
http://www.elsevier.com/locate/bab
http://www.elsevier.com/locate/bab
http://www.elsevier.com/locate/bab
http://www.elsevier.com/locate/bab
http://www.elsevier.com/locate/bab
http://www.elsevier.com/locate/bab
http://www.elsevier.com/locate/bab
http://www.elsevier.com/locate/bab
http://www.elsevier.com/locate/bab
http://www.elsevier.com/locate/bab
http://www.elsevier.com/locate/bab
http://www.elsevier.com/locate/bab
http://www.elsevier.com/locate/bab
http://www.elsevier.com/locate/bab
http://www.elsevier.com/locate/bab
http://www.elsevier.com/locate/bab
http://www.elsevier.com/locate/bab
http://www.elsevier.com/locate/bab
http://www.elsevier.com/locate/bab
mailto:suppasil.m@psu.ac.th
https://doi.org/10.1016/j.bcab.2020.101628
https://doi.org/10.1016/j.bcab.2020.101628
https://doi.org/10.1016/j.bcab.2020.101628
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bcab.2020.101628&domain=pdf


Biocatalysis and Agricultural Biotechnology 26 (2020) 101628

2

T. Onlamool et al. 

Table 1 
Ef fect of dif fer ent car bon and ni tro gen sources on growth and bio sur fac tant 
pro duc tion by S. aci daminiphila TW3 grown in MSM at room tem per a ture 
(30  ±  2  °C) and 150  rpm for 48  h. 

Final 
pH 

DCW (g/l)* ST (mN/m)* STR (%) 

   ST i ST f  

C - source 1%, NaNO 3 0.1% 
Glucose 3.3 0.54  ±  0.0 d ** 60  ±  0.3 59.7  ±  1.5 10.9  ±  1.5 c 

CS 4.2 0.75  ±  0.2 cd 67  ±  0.0 58.7  ±  1.2 12.4  ±  1.2 c 

Molasses 7.6 1.25  ±  0.1 a 60  ±  0.0 52.2  ±  0.3 13.1  ±  0.3 c 

UPO 6.3 1.11  ±  0.1 ab 52  ±  0.0 31.3  ±  0.6 39.7  ±  0.6 a 

Crude glycerol 7.0 0.87  ±  0.2 bc 35  ±  0.3 32.7  ±  0.6 6.7  ±  0.6 d 

Palm oil 
soapstock 

6.5 0.72  ±  0.1 cd 50  ±  0.3 33.2  ±  0.3 33.7  ±  0.3 b 

N - source 0.1%, UPO 1% 
(NH 4 ) 2 SO 4 6.9 0.57  ±  0.0 c 51.7  ±  1.5 47.8  ±  0.3 8.0  ±  0.3 d 

MSG 7.1 1.10  ±  0.1 a 51.8  ±  0.8 34.0  ±  0.5 33.3  ±  0.5 bc 

Urea 8.1 1.15  ±  0.1 a 52.0  ±  0.0 33.8  ±  0.8 34.9  ±  0.8 b 

Peptone 7.6 0.77  ±  0.2 cb 52.2  ±  0.3 36.3  ±  2.1 30.1  ±  2.1 c 

NaNO 3 6.3 1.15  ±  0.1 a 52.2  ±  0.3 31.8  ±  0.3 38.8  ±  0.3 a 

Yeast extract 6.1 0.85  ±  0.1 b 50.8  ±  1.0 33.7  ±  0.8 35.3  ±  0.8 bc 

Ab bre vi a tions; DCW, dry cell weight; ST i , the ini tial sur face ten sion of cul ture 
broth; ST f , the sur face ten sion of cul ture broth af ter cul ti va tion, STR, sur face 
ten sion re dud tion. ** Dif fer ent let ters in the same col umn within the same pa - 
ra me ter stud ied in di cate sig nif i cant dif fer ences ( p  <  0.05). *Val ues are given 
as mean  ±  SD from trip li cate de ter mi na tions. 

Table 2 
Ef fect of en vi ron ment fac tors on bio sur fac tant pro duc tion by S. aci daminiphila 
TW3 grown in MSM sup ple mented with used palm oil (1%) and NaNO3 
(0.1%) af ter cul ti vated at room tem per a ture (30  ±  2  °C) and 150  rpm for 
48  h. 

Final 
pH 

DCW (g/l)* ST (mN/m) * STR (%) *** 

   48h CMD - 1  

   ST i ST f ST f  

Shaking speed (rpm) 
100 6.6 0.21  ±  0.0 c ** 52.0  ±  0.5 31.7  ±  0.3 36.3  ±  0.8 30.3  ±  0.3 a 

150 6.8 0.79  ±  0.0 a 51.8  ±  0.3 31.7  ±  0.3 35.3  ±  0.6 31.8  ±  0.3 a 

200 6.5 0.65  ±  0.1 b 52.2  ±  0.3 31.8  ±  0.8 38.3  ±  0.6 26.5  ±  0.8 b 

Initial pH 
4 6.1 0.23  ±  0.0 c 51.2  ±  0.8 32.2  ±  0.6 41.7  ±  0.6 18.6  ±  0.6 c 

5 6.7 0.48  ±  0.3 bc 51.3  ±  0.6 31.8  ±  0.6 39.9  ±  0.8 22.3  ±  0.6 b 

6 6.6 0.64  ±  0.0 ab 52.2  ±  0.3 31.5  ±  0.5 36.1  ±  1.0 30.8  ±  0.5 a 

7 6.3 0.74  ±  0.1 a 52.3  ±  0.3 31.7  ±  0.3 36.8  ±  0.6 29.6  ±  0.3 a 

8 7.1 0.41  ±  0.1 bc 52.2  ±  0.5 31.2  ±  0.6 40.3  ±  0.3 23.2  ±  0.6 b 

Temperature (°C) 
30 6.0 0.78  ±  0.1 a 51.8  ±  0.3 31.3  ±  0.3 35.5  ±  0.5 31.5  ±  0.3 a 

37 6.2 0.78  ±  0.0 a 51.8  ±  0.3 31.7  ±  0.3 35.8  ±  0.3 30.9  ±  0.3 a 

45 6.6 0.35  ±  0.1 b 52.2  ±  0.3 35.0  ±  0.5 37.8  ±  0.3 27.5  ±  0.5 b 

Ab bre vi a tions; DCW, dry cell weight; ST i , the ini tial sur face ten sion of cul ture 
broth; ST f , the sur face ten sion of cul ture broth af ter cul ti va tion, STR, sur face 
ten sion re dud tion; DCW, dry cell weight. *Val ues are given as mean  ±  SD 
from trip li cate de ter mi na tions. **Dif fer ent let ters in the same col umn within 
the same pa ra me ter stud ied in di cate sig nif i cant dif fer ences (p  <  0.05). ***STR 
(%) was cal cu lated us ing ST f of CMD - 1 . 

is of high ag gre gated value. More over, the vol ume of waste dis - 
charged into the en vi ron ment de creased ( Accorsini et al., 2012 ). The 
strat egy to im prove pro duc tion is to op ti mize the growth me dia and 
cul ti va tion con di tions in or der to get max i mum pro duc tion 
( Mukherjee et al., 2006 ). Sta tis ti cal ex per i men tal strate gies such as 
fac to r ial de sign and re sponse sur face method ol ogy (RSM) have been 
used to op ti miza tion of prod uct yields. These sta tis ti cal ex per i ments 
can re duce the num ber of tri als and sav ing time ( Kiran et al., 2010 ). 

Thus, the aims of the pre sent study were to de ter mine the pro duc - 
tion of bio sur fac tant from Stenotrophomonas aci daminiphila TW3 iso - 
lated from palm oil soap stocks con t a m i nated sed i ments by us ing a re - 
sponse sur face method. In ad di tion, pu rifi ca tion, char ac ter i za tion and 
its po ten tial ap pli ca tion were also stud ied. 

2 . Materials and methods 

2. 1 . Materials 

All chem i cals and sol vents used in this study were an a lyt i cal 
grade. An thracene, phenan threne, naph tha lene and pyrene were pur - 
chased from Fluka (Darm stadt, Ger many). Sodium do de cyl sul fate 
(SDS) was pur chased from Bio Ba sic (Canada). Com mer cial sugar (CS) 
was pur chased from Mitr phol, Thai land and com mer cial monosodium 
glu ta mate (MSG) was pur chased from Aji nomoto, Thai land. Palm oil 
soap stock was kindly pro vided from the Pikun thong Royal De vel op - 
ment Study Cen tre, Narathi wat, Thai land. Used palm oil (UPO) was 
ob tained from can teen in Prince of Songkla Uni ver sity, Thai land. Mo - 
lasses was pur chased from the agency in Hat Yai, Songkhla, Thai land. 
Crude glyc erol was ob tained from biodiesel pro duc tion pi lot plant at 
Fac ulty of En gi neer ing, Prince of Songkla Uni ver sity, Songkhla, Thai - 
land. Used lu bri cat ing oil (ULO) was ob tained from mo tor cy cle me - 
chan i cal work shop around Prince of Songkla Uni ver sity, Songkhla, 
Thai land. 

2. 2 . Bacterial strain and cultivation condition 

The S. aci daminiphila TW3 used in the pre sent study was pre vi - 
ously iso lated from sed i ments con t a m i nated with palm oil soap stock 
and iden ti fied by 16S rRNA gene se quenc ing analy sis. The se quence 
was de posited in the Gen Bank data base ( http:// www. ncbi. nlm. nih. 
gov/ ) with ac ces sion num ber as AB905600. The mi cro bial strain was 
kept in 30% glyc erol at - 20  °C. To pre pare the seed cul ture, S. aci - 
daminiphila TW3 was streaked on a nu tri ent agar (Hi Me dia, In dia) 
plate, and in clu bated at 30  °C for 24  h. A sin gle colony was trans - 
ferred to 50  mL nu tri ent broth in the 250  mL Er len meyer flask. The 
seed cul ture was in cu bated in a ro tary shaker (Or bitek, Sci gen ics 
Biotech, In dia) at 30  °C and 150  rpm for 24  h. This was used as in ocu - 
lum at the 2% (v/ v) level. 

2. 3 . Factors affecting biosurfactant production 

For bio sur fac tant pro duc tion, a min eral salt medium (MSM) with 
the fol low ing com po si tion (g/ L) was used: K 2 HPO 4 , 0.8; KH 2 PO 4 , 0.2; 
CaCl 2 , 0.05; FeCl 2 , 0.01; MgCl 2 , 0.5; NaNO 3 , 1.0; NaCl, 5.0; and dis - 
tilled wa ter to 1000  mL ( Yin et al., 2005 ). pH of the medium was ad - 
justed to 7. Car bon and ni tro gen sources were added sep a rately. Cul ti - 
va tion was per formed in 250  mL flasks con tain ing 50  mL medium at 
room tem per a ture (30  ±  2  °C), and shaken in a ro tary shaker at 
150  rpm for 48  h. The ef fect of car bon and ni tro gen sources and 
growth con di tions (tem per a ture, ag i ta tion, and ini tial pH) was con - 
ducted in a se ries of ex per i ments chang ing one vari able at a time, 
keep ing the other fac tors fixed at a spe cific set of con di tions. The car - 
bon sources used were 10  g/ L of glu cose, CS, mo lasses, UPO, palm oil 
soap stock, and crude glyc erol with 1  g/ L of NaNO 3 as ni tro gen source. 
For eval u a tion ef fect of ni tro gen sources for the pro duc tion of bio sur - 
fac tant, (NH 4 ) 2 SO 4 , MSG, NaNO 3 , pep tone, urea and yeast ex tract 
were em ployed at a con cen tra tion of 1  g/ L with the op ti mum car bon 
source. The ef fect of en vi ron men tal fac tors such as tem per a ture (25 – 
45  °C), ag i ta tion speed (50 – 200  rpm) and ini tial pH (4.0 – 8.0) on bio - 
sur fac tant pro duc tion were also in ves ti gated. 

http://www.ncbi.nlm.nih.gov/
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Table 3 
Range of the pa ra me ters used for mod el ing the bio sur fac tant pro duc tion and 
the spec i fied codes for each pa ra me ter. 

Variables Coded values and the corresponding values of parameters 

 - α - 1 0 1 + α 

A: pH 5.32 6 7 8 8.69 
B: Used palm oil 9.77 20 35 50 60.23 
C: NaNO 3 0.99 1.5 2.25 3.0 3.51 

Table 4 
Ex per i men tal cen tral com pos ite de sign (CCD) runs in De sign - Expert 7.1 and 
cor re spond ing re sults (the re sponse). 

Run A 
pH 

B 
Used palm oil 
(g/L) 

C 
NaNO 3 
(g/L) 

Response 
biosurfactant (g/L) * 

Predicted 
biosurfactant (g/L) 

1 6 20 1.5 1.37  ±  0.03 1.42 
2 8 20 1.5 1.21  ±  0.03 1.22 
3 6 50 1.5 1.12  ±  0.06 1.11 
4 8 50 1.5 1.13  ±  0.02 1.16 
5 6 20 3 2.11  ±  0.05 2.13 
6 8 20 3 1.54  ±  0.09 1.64 
7 6 50 3 2.38  ±  0.10 2.48 
8 8 50 3 2.22  ±  0.11 2.24 
9 5.32 35 2.25 1.74  ±  0.06 1.82 
10 8.68 35 2.25 1.44  ±  0.05 1.45 
11 7 9.77 2.25 1.62  ±  0.08 1.68 
12 7 60.23 2.25 1.81  ±  0.10 1.93 
13 7 35 0.99 0.76  ±  0.06 0.80 
14 7 35 3.51 2.29  ±  0.05 2.31 
15 7 35 2.25 1.46  ±  0.07 1.48 
16 7 35 2.25 1.43  ±  0.08 1.48 
17 7 35 2.25 1.45  ±  0.04 1.48 
18 7 35 2.25 1.42  ±  0.09 1.48 
19 7 35 2.25 1.46  ±  0.05 1.48 
20 7 35 2.25 1.43  ±  0.01 1.48 

* Val ues are given as mean  ±  SD from trip li cate de ter mi na tions. 

2. 4 . Optimization and biosurfactant production using surface methodology 

The crit i cal con trol fac tors in flu enced the bio sur fac tant pro duc tion 
by S. aci daminiphila TW3 were used in the re sponse sur face method ol - 
ogy (RSM) based ex per i ments. Car bon source (UPO), ni tro gen source 
(NaNO 3 ) and en vi ron ment fac tor (ini tial pH) were se lected as in de - 
pen dent vari ables for the op ti miza tion of bio sur fac tant pro duc tion 
and cell growth. Ex per i ments were car ried out in 250  mL Er len meyer 
flasks con tain ing UPO, NaNO 3 and ini tial pH in var i ous con cen tra - 
tions. Each flask con tain ing 50  mL of ster il ized MSM medium which 
was in oc u lated with 2% (v/ v) mi cro bial cul ture. The flasks were in cu - 
bated for 48  h  at 30  °C in a ro tary shaker in cu ba tor at a speed of 
150  rpm. The cul ture broth sam ples were cen trifuged at 12,000× g for 
15  min. Bio sur fac tant sam ples were re cov ered by acid pre cip i ta tion 
fol lowed by mix sol vent (CHCl 3 :MeOH) ex trac tion ( Kiran et al., 2010 ). 
The dry weights of the bio sur fac tants were mea sured. 

The cen tral com pos ite de sign (CCD) was used in the pre sent study. 
It suites for fit ting a qua dratic sur face, which usu ally works to process 
op ti miza tion. It al lows es ti mat ing the sec ond de gree poly no mial of re - 
la tion ships be tween the fac tors and the de pen dent vari able and gives 
in for ma tion about in ter ac tion be tween vari ables in their re la tion to 
the de pen dent vari able. A 23 - factorial CCD with six ax ial points 
(α  =  0.5) and six repli ca tions at the cen ter points ( n 0  =  6) lead ing to 
a to tal num ber of 20 ex per i ments was em ployed to de ter mine the se - 
lected nu tri ents for the max i mum pro duc tion of bio sur fac tant. The 
vari ables were coded ac cord ing to the fol low ing Equa tion (1) . 

(1) 

Where x i is the coded value of the vari able, x 1 the real value of the 
vari able, x 0 the real value of x 1 at the cen tre point, k the num ber of 
fac tors and Δ x the step change value. A qua dratic model, Equa tion 
(2) , which in cludes all in ter ac tion term, was used to eval u ate the pre - 
dicted re sponse. 

Y i  =  β 0  +  Σ β i x i  +  Σ β ii x i 2  +  Σ β ij x i x j (2) 

Where Y i is the pre dicted re sponse, x i and x j the in put vari ables, β 0 the 
off set term, β i the lin ear ef fects, β ii the squared ef fects, and β ij the in - 
ter ac tion term. 

The ex per i ments were de signed by us ing the De sign - Expert ver sion 
7 soft ware (Stat - Ease Inc. Min neapo lis, USA) and per formed in trip li - 
cate. The poly no mial equa tions for the three re sponses were val i dated 
by the sta tis ti cal test called ANOVA (analy sis of vari ance), for de ter - 
mi na tion of sig nif i cance of each term in equa tion and to es ti mate the 
good ness or fit in each case. The de sign ex pert soft ware was per - 
formed for re gres sion and graph i cal analy sis of data ob tained. The op - 
ti mum level of se lected nu tri ents was ob tained by solv ing the re gres - 
sion equa tion and analy sis 3D re sponse sur face. F - test was em ployed 
to eval u ate the sta tis ti cal sig nif i cance of the qua dratic model; its qual - 
ity was ex pressed by the de ter mi na tion co ef fi cient of cor re la tion R 2 . 

2. 5 . Recovery and purification 

S. aci daminiphila TW3 was cul ti vated un der the op ti mal con di tion 
for bio sur fac tant pro duc tion. The su per natant was col lected by cen - 
trifu ga tion at 12,000× g for 15  min. Bio sur fac tant was re cov ered by 
dif fer ence sys tems based on chlo ro form/ methanol, 2:1 ( Kim et al., 
1997 ), salt pre cip i ta tion ( Satpute et al., 2010 ) and acid pre cip i ta tion 
fol lowed by sol vent ex trac tion (chlo ro form/ methanol, 2:1) ( Kiran et 
al., 2010 ). The method show ing high est bio sur fac tant ac tiv ity was se - 
lected to re cover bio sur fac tant of S. aci daminiphila TW3. The crude 
bio sur fac tant was pu ri fied us ing re verse - phase col umn chro matog ra - 
phy (Sep - Pak C8 car tridge; Wa ters, Mass a chu setts, USA) by step elu - 
tion with 50% ace toni trile and 100% ace toni trile. All frac tions were 
col lected, dried and de ter mined bio sur fac tant ac tiv ity by oil dis place - 
ment test ( Morikawa et al., 2000 ) and checked pat tern of each spot on 
thin layer chro matog ra phy (TLC). 

2. 6 . Chemical analysis of biosurfactant 

The ob tained bio sur fac tant was first iden ti fied by TLC. Bio sur fac - 
tant was spot ted on re verse phase sil ica gel F 254 TLC plates (Merck, 
Ger many). TLC plates were de vel oped us ing ethyl ac - 
etate:methanol:wa ter (1:2:0.1, v/ v/ v) as mo bile phase and vi su al ized 
with dif fer ent color de vel op ing reagents. TLC plate was sprayed with 
anisalde hyde reagent to de tect car bo hy drate ( Thanomsub et al., 
2004 ), with cop per sul fate reagent for de tect ing lipid ( Churchward et 
al., 2008 ), with nin hy drin reagent for pres ence of pep tide ( Joy et al., 
2017 ). It was then heated at 105  °C for 5  min. Rf of a com pound was 
mea sured which de fined as the dis tance trav eled by the com pound di - 
vided by the dis tance trav eled by the sol vent ( Rifai et al., 2018 ). 

Chem i cal char ac ter i za tion of bio sur fac tant was fur ther per formed 
by fourier - transform in frared spec troscopy (FT - IR) with Thermo Nio - 
co let, AVATAR 330. Ten mil ligrams of bio sur fac tant was milled with 
100  mg of KBr to form a very fine pow der. This pow der was then 
com pressed into a thin pel let which could be an a lyzed by FT - IR spec - 
tra mea sure ment in wave num ber range of 400 – 4000  cm −1 ( Najafi et 
al., 2010 ). Fur ther char ac ter i za tion of the bio sur fac tant was per - 
formed by 1 H and 13 C nu clear mag netic res o nance (NMR). A 1 H nu - 
clear mag netic res o nance (NMR) spec trum was recorded at 298  K on 
an AMX 300 NMR spec trom e ter (Bruker, 300  MHz). This was 
equipped with an As pect 3000 com puter (Bruker) locked to the deu - 
terium res o nance of sol vent, CDCl 3 with out spin ning. Data were 
recorded at 32  K (the num ber of data points per parts per mil lion of 
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Table 5 
The analy sis of vari ance (ANOVA) for bio sur fac tant pro duc tion, the ef fect of 
pH (A), Used palm oil (B) and NaNO 3 (C). Qua dratic re sponse sur face model 
fit ting. 

Source Sum of squares df Mean square F - Value p - value * 
Prob  >  F 

Model 3.320 9 0.369 209.79 <0.0001 
A - pH 0.139 1 0.139 78.78 <0.0001 
B – UPO 0.065 1 0.065 37.25 0.0001 
C – NaNO 3 2.636 1 2.636 1499.37 <0.0001 
AB 0.040 1 0.040 22.85 0.0007 
AC 0.041 1 0.041 23.28 0.0007 
BC 0.205 1 0.205 116.68 <0.0001 
A 2 0.050 1 0.050 28.47 0.0003 
B 2 0.152 1 0.152 86.36 <0.0001 
C 2 0.019 1 0.019 10.75 0.0083 
Residual 0.018 10 0.002 
Lack of Fit 0.012 5 0.002 2.10 0.2172 
Pure Error 0.006 5 0.001 
Cor Total 3.337 19 

R 2  =  0.9947, Pred R 2  =  0.9673, Adj R 2  =  0.99. *Val ues of “prob  >  Fˮ less 
than 0.05 in di cates model terms are sig nif i cant. 

the plot). Fi nal char ac ter i za tion of the bio sur fac tant was done by liq - 
uid chro matog ra phy - mass spec troscopy (LC - MS) with LCQTM quadru - 
pole ion - trap mass spec trom e ter (Finni gan MAT, San Jose, CA, USA) 
which uti lizes elec tro spray ion iza tion ( Thavasi et al., 2008 ). This uti - 
lizes ESI. The elec tro spray source was op er ated at ion iza tion source 
tem per a ture 80  °C, elec trolyte volt age 200  V, and spray in let tem per a - 
ture 120  °C. The equip ment was run in a pos i tive ion mode. 

2. 7 . Study of biosurfactant stability 

Ex per i ments were car ried out in glass test tubes 
(10  mm  ×  170  mm). The bio sur fac tant (0.8  g/ L) was dis solved in 
10  ml of dis tilled wa ter for test bio sur fac tant sta bil ity. The ef fect of 
pH was var ied at 2, 3, 4, 5, 6, 7, 8, 9 and 10 with 6  M HCl or NaOH 
so lu tions and al lowed to stand for 24  h  at 30  °C. The ef fect of tem per - 
a ture on the bio sur fac tant sta bil ity was stud ied at dif fer ent tem per a - 
tures (25, 30, 40, 50, 60, 70, 80 90 and 100  °C for 1  h while 110 and 
121  °C for 15  min) at pH 7. The ef fect of NaCl con cen tra tion (0, 1, 2, 
3, 4 and 5%), the ef fect of MgCl 2 and CaCl 2 con cen tra tion (0, 0.02, 
0.04, 0.06, 0.08 and 0.1%) on ac tiv ity of the bio sur fac tant were in ves - 
ti gated at pH 7 and 30  °C ( Silva et al., 2014 ). The re main ing bio sur - 
fac tant ac tiv ity was then de ter mined by sur face ten sion mea sure ment. 

2. 8 . Application of the biosurfactant for enhancement of polycyclic 
aromatic hydrocarbon (PAHs) solubility 

All ex per i ments were car ried out in glass test tubes 
(10  mm  ×  170  mm) with plas tic screw caps. The ef fects of bio sur fac - 
tants on the sol u bi liza tion be hav iors of naph tha lene, phenan threne, 
an thracene and pyrene were ex am ined. For the PAHs sol u bil ity ex per - 
i ment, ex cess PAHs (dis solved in ace tone) was dis trib uted into glass 
test tubes and re moved the ace tone sol vent. The bio sur fac tant was 
var ied at 0 – 3.2  g/ L (0 – 4 CMC) and dis solved in buffer (20  mM Tris - 
HCl, pH 7.0). Then, 3.0  mL of bio sur fac tant so lu tions were added in 
the sam ple tubes. The sam ple tubes were in cu bated overnight at 30  °C 
with shak ing (150  rpm) in the dark. The sus pen sions were cen trifuged 
at 13,000× g for 25  min. A PAHs in the aque ous phase were ex tracted 
with dichloromethane, and their con cen tra tions were an a lyzed by Ul - 
tra vi o let Spec tropho tom e try (UV2450, Shi madzu, Japan). The UV 
wave lengths of naph tha lene, phenan threne, an thracene and pyrene 
were 228, 254, 254 and 274  nm, re spec tively. All the tests were con - 
ducted in trip li cate ( Li et al., 2015 ). 

Fig. 1 . Three di men sional for the max i mum bio sur fac tant pro duc tion. a Bio - 
sur fac tant as a func tion of used palm oil and pH. b Bio sur fac tant as a func tion 
of NaNO 3 and pH. c Bio sur fac tant as a func tion of used palm oil and NaNO 3 . 

2. 9 . Application of the biosurfactant in used lubricating oil removal from 
contaminated sand 

Bio sur fac tant prop erty for en hance oil re cov ery was in ves ti gated 
us ing 800  g of acid washed sand (1 – 2  mm of di am e ter) im preg nated 
with 50  mL of ULO. Among of 20  g of the con t a m i nated sand were 
trans ferred to 250  mL flasks which were pro posed to the fol low ing 
treat ments: ad di tion of 60  mL aque ous so lu tions of the bio sur fac tant 
and sodium do de cyl sul fate (SDS), and ad di tion of 60  mL dis tilled wa - 
ter for con trol. These were done at the CMC of each com pound (0.8 
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Fig. 2 . Time course of growth and bio sur fac tant pro duc tion by S. aci daminiphila TW3 in op ti mal con di tion (UPO (49.96  g/ L), NaNO 3 (3.00  g/ L) and pH 6  at 
150  rpm for 30  °C) (Bars in di cate stan dard de riva tion from trip li cate de ter mi na tions). 

Fig. 3 . Crit i cal mi celle con cen tra tion (CMC) of bio sur fac tant de rived from S. aci daminiphila TW3. 

and 1.12  g/ L for bio sur fac tant and SDS, re spec tively). The tri als were 
in cu bated on a ro tary shaker (200  rpm) for 24  h  at 30  °C and cen - 
trifuged at 12,000× g for 20  min for the sep a ra tion of the laun der ing 
so lu tion and the sand. The amount of oil pre sent in the sand af ter the 
im pact of bio sur fac tant was gravi met ri cally de ter mined as the amount 
of ma te r ial ex tracted from the sand by hexane. The ex per i ment was 
car ried out at 25  °C, room tem per a ture (30  ±  3), 45 and 65  °C to as - 
sess the in flu ence of tem per a ture on bio sur fac tant - induced oil re cov - 
ery ( Saimmai et al., 2012 ). The per cent age of oil re moval was cal cu - 
lated us ing the equa tion ( Chaprão et al., 2015 ) as fol low: 

ULO removed (%) = (O i – O r ) / O i  ×  100 (3) 

Where O i is the ini tial ULO in the soil (g) be fore wash ing and O r is the 
ULO re main ing in the sand (g) af ter wash ing. 

2. 10 . Analytical methods 

2. 10. 1 . Biomass estimation 
Bio mass was de ter mined as cell dry weight. Ten mil li liters sam ples 

were cen trifuged at 12,000× g for 15  min. The cell pel let was washed 

twice with chilled dis tilled wa ter to re move residue from the cul ti va - 
tion medium. The bio mass ob tained was dried overnight at 105  °C. 

2. 10. 2 . Surface tension and CMC determination 
The sur face ten sion was mea sured with a Model 20 Ten siome ter 

(Fisher Sci ence In stru ment Co., PA, USA) at 25  °C. The cul ture broth 
sam ples were cen trifuged at 12,000× g for 15  min. The sur face ten - 
sion of su per natant was mea sured which com pared with con trol 
(medium with out in ocu lum). For de ter min ing the crit i cal mi celle di lu - 
tions, the cell free su per natant was di luted 10 - fold (CMD - 1 ) with dis - 
tilled wa ter. Crit i cal mi celle con cen tra tion (CMC) was de ter mined by 
plot ting the sur face ten sion ver sus con cen tra tion of bio sur fac tant in 
the so lu tion. Dif fer ent con cen tra tions of the bio sur fac tant in dis tilled 
wa ter were pre pared. The CMC was de ter mined from the in ter sec tion 
of re gres sion lines that de scribe two parts of the curve ( Saimmai et 
al., 2011 ). The va lid ity of these mea sur ing was con firmed by tak ing 
sur face ten sion mea sur ing of dis tilled wa ter (72  mN/ m) be fore each 
sam ple read ing. Be tween each mea sure ment, the plat inum ring was 
rinsed three times with wa ter, three times with ace tone, and al lowed 
to dry ( Wei et al., 2005 ). The per cent age of sur face ten sion re duc tion 
was cal cu lated us ing the equa tion as fol low: 
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Fig. 4 . Thin layer chro matog ra phy analy sis of bio sur fac tant pro duced by S. aci daminiphila TW3, a us ing Cu (SO 4 ) 2 reagent as a spray ing reagent for fatty acid de - 
tec tion, b us ing anisalde hyde as a spray ing reagent for sugar de tec tion and c TLC pro files of the frac tions col lected dur ing the re verse - phase col umn sep a ra tion 
pro ce dure. 

Surface tension reduction (%) = (ST i – ST f ) / ST i  ×  100 (4) 

Where ST i is the ini tial sur face ten sion of cul ture broth and ST f is the 
sur face ten sion of cul ture broth af ter cul ti va tion ( Chaprão et al., 
2015 ). 

2. 11 . Statistical analysis 

The data was cal cu lated with mean val ues and stan dard de vi a tions 
(means  ±  SD) were de ter mined from trip li cate de ter mi na tions. Sta tis - 
ti cal sig nif i cance of the re sults were eval u ated by one way ANOVA 
(an a lyt i cal of vari ance) and Dun can mul ti ple tests (p  <  0.05) us ing 
SPSS 10. 

3 . Results and discussion 

3. 1 . Factors affecting biosurfactant production 

Car bon sources are im por tant fac tor for bio sur fac tant pro duc tion 
of mi cro bial. The type of car bon sub strate used for bio sur fac tant pro - 
duc tion has been re ported to in flu ence both the qual ity and quan tity 
of bio sur fac tants ( Das et al., 2009 ; Abouseoud et al., 2008 ). S. aci - 
daminiphila TW3 was cul ti vated in MSM sup ple mented with dif fer ent 
car bon source: glu cose, CS, mo lasses, UPO, crude glyc erol and palm 
oil soap stock. The high est dry cell weight of S. aci daminiphila TW3 ob - 
tained were found not sig nif i cantly dif fer ence when us ing mo lasses 
(1.25  g/ L) and UPO (1.11  g/ L) as the car bon source (p  >  0.05). How - 
ever, the high est sur face ten sion re duc tion value was ob tained when 
UPO (39.7%) was used as car bon sub strate ( Table 1 ). Bio sur fac tant 
pro duc tion of mi crobes by se creted ei ther ex tra cel lu lar or at tached to 
parts of cells, pre dom i nantly dur ing growth on wa ter - insoluble sub - 
strates ( Desai and Banat, 1997 ). Al though sug ars are eas ily uti lized by 
var i ous mi crobes for cell growth be cause the sol u bil ity of sugar in wa - 
ter is higher than that of other car bon sources. How ever, the de - 
creased of cell growth and bio sur fac tant pro duc tion were ob served 
when us ing CS and glu cose as car bon sub strate due to the de crease of 
pH of the medium. This phe nom e non prob a bly be cause the mi crobe 
pro duced sec ondary acid metabo lites such as uronic acid ( Healy et al., 
1996 ). In ad di tion, the de crease of pH af fected on bio sur fac tant caus - 
ing pre cip i tate which cor re late with poor sur face ten sion ( Das et al., 
2014 ). These re sults showed that UPO was the most suit able car bon 

source sup port ing bio sur fac tant pro duc tion by S. aci daminiphila TW3 
prob a bly due to S. aci daminiphila TW3 was iso lated from sed i ment 
con t a m i nated with palm oil soap stock. S. aci daminiphila TW3 pre - 
ferred to use wa ter - insoluble car bon source for pro duc ing bio sur fac - 
tant more than wa ter - soluble car bon source. This ob tained re sult was 
in ac cor dance with pre vi ous re sult re ported by Gargouri et al. (2017) 
who con firmed that Stenotrophomonas sp. B - 2 was able to pro duce bio - 
sur fac tants when grow ing on wa ter - insoluble sub strates. Ac cord ingly, 
UPO was cho sen for fur ther stud ies for bio sur fac tant pro duc tion by S. 
aci daminiphila TW3. 

Ni tro gen sources play an im por tant role in the pro duc tion of bio - 
sur fac tant by mi croor gan isms. In this study, S. aci daminiphila TW3 
was cul ti vated in MSM con tain ing UPO as a car bon source sup ple - 
mented with dif fer ent ni tro gen source (1.0  g/ L): NaNO 3 , (NH 4 ) 2 SO 4 , 
urea, yeast ex tract, MSG and pep tone. The high est dry cell weight of 
S. aci daminiphila TW3 was not dif fer ence when us ing MSG (1.01  g/ L), 
urea (1.15  g/ L) and NaNO 3 (1.15  g/ L) as a ni tro gen source 
(p  >  0.05). How ever, the high est sur face ten sion re duc tion (38.8%) 
was ob tained when us ing NaNO 3 as a ni tro gen source ( Table 1 ). S. 
aci daminiphila can pro duce ni trate re duc tase for re duce ni trate to ni - 
tro gen source ( Assih et al., 2002 ). Ni trate first un der goes dis sim i la tory 
ni trate re duc tion to am mo nium and fol lowed as sim i la tion by glu t a - 
mine - glutamate me tab o lism was oc curred when us ing NaNO 3 as a ni - 
tro gen source and also stim u lated bio sur fac tant pro duc tion ( Rashedi 
et al., 2005 ). Mulligan and Gibbs (1989) re ported that NaNO 3 had an 
ef fected for glu t a mine syn thetase ac tiv ity and also en hanced bio sur - 
fac tant pro duc tion by Pseudomonas aerug i nosa . For the next ex per i - 
ments, NaNO 3 was cho sen as the ni tro gen source to in crease bio sur - 
fac tant pro duc tion. 

Shack ing speed, ini tial pH and in cu ba tion tem per a ture on bio sur - 
fac tant pro duc tion are also im por tant fac tors on cell growth and pro - 
duc tion of sec ondary metabo lites. Our re sults in di cated that S. aci - 
daminiphila TW3 was able to grow well at shak ing speed at 150  rpm 
and showed the high est cell dry weight of 0.79  g/ L ( Table 2 ). How - 
ever, it was found that the shak ing speed at 100 and 150  rpm un af - 
fected bio sur fac tant pro duc tion by S. aci daminiphila TW3 ( p  >  0.05). 
The shack ing speed at 150  rpm was se lected for bio sur fac tant pro duc - 
tion. Ad di tion ally, the ini tial pH of medium af fected on cell growth 
and bio sur fac tant pro duc tion. The high est dry cell weight pro duc tion 
by S. aci daminiphila TW3 was ob tained when cul ti vated at pH 7 
(0.74  g/ L) and 6 (0.64  g/ L) (p  >  0.05). More over, the high est dry cell 
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Fig. 5 . The spec trum of the pu ri fied bio sur fac tant by S. aci daminiphila TW3. a FT - IR spec trum and b LC - MS spec trum. 



Biocatalysis and Agricultural Biotechnology 26 (2020) 101628

8

T. Onlamool et al. 

Fig. 6 . NMR spec trum pro file of the pu ri fied bio sur fac tant by S. aci daminiphilla TW3. a 1 H NMR, b 13 C NMR. 

weight of S. aci daminiphila TW3 was ob tained when cul ti vated at pH 7 
(0.74  g/ l) and 6 (0.64  g/ l) ( Table 2 ). This re sult demon strated that S. 
aci daminiphila TW3 was able to grow well in medium ini tially ad - 
justed to nearly the neu tral pH. In ad di tion, tem per a ture is one of the 
crit i cal pa ra me ters that have been con trolled in bio process. S. aci - 
daminiphila TW3 gave the high est cell dry weight of ap prox i mately 
0.78  g/ L and the sur face ten sion re duc tion value (p  >  0.05) at 30 – 
37  °C. It was found that cell dry weight and sur face ten sion re duc tion 

re duced when S. aci daminiphila TW3 was in cu bated at 45  °C. Ac cord - 
ingly, the in cu ba tion tem per a ture at 30  °C was se lected for cul ti va tion 
S. aci daminiphila TW3. 

3. 2 . Optimization and production of biosurfactant 

Medium com po si tion such as car bon source and ni tro gen source as 
well as pH of medium strongly in flu ences cell growth and the syn the - 
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Table 6 
Ef fect of tem per a ture, pH and salt con cen tra tion on sur face ten sion (ST) of 
bio sur fac tant (BF) from S. aci daminiphila TW3 com pared with SDS. 

ST (mN/m) *** SDS 

 BF  

Temperature 
30 32.00  ±  0.0 a * A ** 38.50  ±  0.5 aB 

40 32.00  ±  0.0 aA 38.83  ±  0.3 aB 

50 32.17  ±  0.4 aA 48.00  ±  0.5 bB 

60 32.00  ±  0.0 aA 48.83  ±  0.8 bcB 

70 32.33  ±  0.4 aA 48.83  ±  0.3 bcB 

80 32.17  ±  0.4 aA 49.50  ±  0.5 cB 

90 32.17  ±  0.4 aA 49.50  ±  0.5 cB 

100 32.33  ±  0.4 aA 49.33  ±  0.6 cB 

110 32.33  ±  0.4 aA 49.00  ±  0.5 cB 

121 32.00  ±  0.0 aA 49.50  ±  0.5 cB 

pH 
2 36.83  ±  0.3 dA 51.00  ±  1.0 bB 

3 36.83  ±  0.3 dA 49.67  ±  0.3 bB 

4 35.17  ±  0.3 cA 49.67  ±  0.3 bB 

5 33.83  ±  0.3 bA 39.50  ±  0.5 aB 

6 32.00  ±  0.0 aA 39.17  ±  0.8 aB 

7 32.17  ±  0.3 aA 39.33  ±  0.6 aB 

8 31.67  ±  0.6 aA 39.50  ±  0.5 aB 

9 31.33  ±  0.6 aA 53.50  ±  0.5 cB 

10 31.17  ±  0.6 aA 56.00  ±  0.5 dB 

11 34.33  ±  0.3 bcA 60.83  ±  0.3 eB 

12 37.67  ±  0.3 dA 62.67  ±  0.3 fB 

ST (mN/m) *** 
BF SDS 

NaCl (%) 
1 32.00  ±  0.0 aA 39.33  ±  0.3 acB 

2 32.33  ±  0.3 abA 38.50  ±  0.9 abB 

3 32.00  ±  0.0 aA 38.33  ±  0.3 aB 

4 32.33  ±  0.3 abA 39.67  ±  0.6 abB 

5 32.67  ±  0.3 bA 39.83  ±  0.3 bB 

MgCl 2 (%) 
0.2 32.50  ±  0.0 aA 39.17  ±  0.3 abB 

0.4 32.17  ±  0.3 aA 38.33  ±  0.8 aB 

0.6 32.17  ±  0.3 aA 39.00  ±  0.9 abB 

0.8 32.33  ±  0.6 aA 39.83  ±  0.3 aB 

1.0 32.83  ±  0.3 aA 39.33  ±  0.8 abB 

CaCl 2 (%) 
0.2 32.50  ±  0.3 aA 39.17  ±  0.8 aB 

0.4 32.17  ±  0.3 aA 40.67  ±  0.6 bB 

0.6 32.17  ±  0.3 aA 42.50  ±  0.5 cB 

0.8 32.33  ±  0.6 aA 42.67  ±  0.3 cB 

1.0 33.17  ±  0.3 bA 43.0 1.0 cB 

* Dif fer ent let ters in the same col umn within the same pa ra me ter stud ied in di - 
cate sig nif i cant dif fer ences ( p  <  0.05). ** Dif fer ent let ters in the same row 
within the same pa ra me ter stud ied in di cate sig nif i cant dif fer ences 
( p  <  0.05). ***Val ues are given as mean  ±  SD from trip li cate de ter mi na tions. 

sis of bio sur fac tants ( Santos et al., 2002 ). Ac cord ingly, op ti miza tion of 
these pa ra me ters can im prove the bac te r ial ef fi ciency for bio sur fac - 
tant pro duc tion. The RSM is gen er ally uti lized as a sta tis ti cal de sign to 
model the bio sur fac tant pro duc tion and their in ter ac tion. Range of pa - 
ra me ters of UPO, NaNO 3 and pH for bio sur fac tant pro duc tion are 
shown in Table 3 . As a re sult, 20 ex per i ments were per formed in 
which for each ex per i ment two ad di tional runs were done to es ti mate 
an er ror for re pro ducibil ity ( Table 4 ). The cul ture sam ples were col - 
lected at 48  h. De sign - Expert ver sion 7 sug gested a qua dratic equa tion 
for in creas ing of bio sur fac tant pro duc tion as fol low: 

BF  =  5.20545 – 0.87659 (A) - 0.09241 (B)  +  0.46557 
(C)  +  0.00472 (A) (B) - 0.09538 (A) (C)  +  0.014234 (B) 
(C)  +  0.058939 (A2)  +  0.000456 (B2)  +  0.064369 (C2) 

(5) 

Where A, B and C coded val ues per tain ing to the pH, UPO and 
NaNO 3 , re spec tively. 

ANOVA re sults of the qua dratic model could ad e quately be used to 
de scribe the bio sur fac tant pro duc tion un der a wide range of op er at ing 
con di tions ( Table 5 ). In this case, A, B, C, AB, AC, BC, A 2 , B 2 and C 2 

were iden ti fied as sig nif i cant terms. For the fit model, there was ex - 
pressed with R 2 value of 0.9947 and model could ex plain that 99.47% 
of the vari abil ity in the re sponse. The model was sig nif i cantly with 
p  <  0.0001. The ad justed R 2 value of the model was 0.99 and pre - 
dicted R 2 value was 0.9673. The ad justed R 2 value was 0.99 which 
sup ported the ac cu racy of the model. In bio sur fac tant pro duc tion 
model, the Pred R 2 of 0.9673 is in rea son able agree ment with the Adj 
R 2 (0.99). 

Three di men sional re sponse sur face curves were plot ted to study 
the in ter ac tion of vari ables on bio sur fac tant pro duc tion. The bio sur - 
fac tant pro duc tion re lated with the fac tor of pH (A), UPO (B) and 
NaNO 3 (C) through the qua dratic model in equa tion (5) . Fig. 1 a 
showed the in ter ac tion ef fect of pH (A) and UPO (B) on bio sur fac tant 
pro duc tion at fixed NaNO 3 con cen tra tion of 2.25  mg/ L. The bio sur fac - 
tant pro duc tion in creased when UPO was the high est used (50  g/ L) 
while pH was near 6. How ever, the bio sur fac tant pro duc tion by the S. 
aci daminiphila TW3 de creased when al ka line con di tion and the low est 
UPO was used. Fig. 1 b showed the ef fect of NaNO 3 (C) and pH (A) on 
bio sur fac tant pro duc tion on fixed UPO of 35.00  mg/ L. The in creas ing 
of NaNO 3 con cen tra tion at low pH leads to high bio sur fac tant pro duc - 
tion. On the other hand, the bio sur fac tant de ceased when NaNO 3 con - 
cen tra tion was the low est used (1.5  g/ L). Fig. 1 c re vealed the in ter ac - 
tion ef fect of UPO (B) and NaNO 3 (C) on bio sur fac tant pro duc tion at 
fixed pH of 7. Bio sur fac tant pro duc tion grad u ally in creased with in - 
creas ing NaNO 3 con cen tra tion and UPO con cen tra tion reach ing a fi nal 
plateau value near 3  g/ L for NaNO 3 and 50  g/ L for UPO. 

The high est bio sur fac tant pro duced by S. aci daminiphila TW3 was 
ob tained when us ing the main three fac tors as fol low: UPO (49.96  g/ 
L), NaNO 3 (3.00  g/ L) and pH (6). The pre dicted max i mum yield of the 
bio s u fac tant was 2.44  g/ L. The ver i fi ca tion test was com pared with 
the pre dicted val ues ob tained from the model. In the op ti mum con di - 
tions, the ac tual yield of bio s u fac tant (2.31  g/ L) was ob tained. The 
agree ment be tween pre dicted value and ver i fi ca tion test of bio sur fac - 
tant con firms the sig nif i cance of the model. In this con fir ma tory run, 
the er rors be tween the re sults ob tained from val i da tion ex per i ment 
was 5% for bio sur fac tant pro duc tion. In con clu sion, the bio sur fac tant 
pro duc tion by S. aci daminiphila TW3 in creased to 2.1 folds higher 
than that of the orig i nal (1.1  g/ L). There fore, RSM can ef fec tively op - 
ti mize the pro duc tion of the bio s u fac tant. How ever, the pro duc tiv ity 
of bio sur fac tant by S. aci daminiphila TW3 is still very low fur ther im - 
prove ment is needed. Few re ports have been pub lished on the use of 
used veg etable oil as sub strates for bio sur fac tant pro duc tion. Haba et 
al. (2000) stud ied rham no lipid pro duc tion by Pseudomonas aerug i nosa 
47T2 us ing waste fly ing oils, and a 2.7  g/ L rham no lipid could be 
achieved. Oliveira et al. (2009) found that Pseudomonas al cali genes 
pro duced higher amount of bio sur fac tant us ing medium sup ple mented 
with 3% (v/ v) palm oil as a sole source of car bon and en ergy. 

The growth ki net ics and bio sur fac tant pro duc tion of the S. aci - 
daminiphila TW3 are shown in Fig. 2 . S. aci daminiphila TW3 started to 
pro duce bio sur fac tant from the be gin ning of the ex po nen tial growth 
phase and con tin ued all over the sta tion ary phase. Dur ing log phase, 
sur face ten sion of cul ture medium rapidly de creased and reached a 
min i mum sur face ten sion (32  mN/ m) as the cul ti va tion time ap - 
proached 18  h. The bio sur fac tant yield reached a max i mum (2.31  g/ 
L) at a cul ti va tion time of 48  h. S. aci daminiphila TW3 reached sta tion - 
ary growth phase af ter 48  h of in cu ba tion. Thus, bio sur fac tant pro - 
duc tion by S. aci daminiphila TW3 is cor re lated with mi cro bial growth. 
Growth - associated pro duc tion of bio sur fac tant has also been de scribed 
in growth ki net ics of Ser ra tia marcescens ( Roldán - Carrillo et al., 2011 ), 
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Fig. 7 . Ef fect of bio sur fac tant con cen tra tion pro duced by S. aci daminiphila TW3 on sol u bi liza tion of PAHs (naph tha lene, pyrene, an thracene and phenan threne) 
(Bars in di cate stan dard de riva tion from trip li cate de ter mi na tions). 

Bacil lus sp. ( Heryani and Putra, 2017 ) and Pseudomonas sp. ( Arino et 
al., 1996 ). 

3. 3 . Recovery and purification of biosurfactant 

The bio sur fac tant was re cov ered from the cul ture su per natant us - 
ing acid pre cip i ta tion (pH 2 – 4), salt pre cip i ta tion (50% – 80% am mo - 
nium sul fate), sol vent ex trac tion (chlo ro form/ methanol, 2:1) and acid 
pre cip i ta tion (pH 2) fol lowed by sol vent ex trac tion. Among four re - 
cov ery sys tems, acid pre cip i ta tion (pH 2) fol lowed by sol vent ex trac - 
tion (chlo ro form/ methanol, 2:1) ex hib ited a greater of sur face ten sion 
(32  mN/ m) and low CMC (0.2  g/ l) ( Fig. 3 ). Bio sur fac tant with lower 
CMC value is con sid ered to be more ef fi cient due to a smaller amount 
of bio sur fac tant is needed to de crease the sur face ten sion ( Domingues 
et al., 2017 ). It can be con cluded that the acid pre cip i ta tion fol lowed 
by sol vent ex trac tion was the best method for re cov ery of bio sur fac - 
tant from su per natant of S. aci daminiphila TW3. The multi - step re cov - 
ery for bio sur fac tant will be pos si ble to ob tain the prod uct at any re - 
quired de gree of pu rity. Fig. 3 shows the sur face ten sion de creased 
from 72  mN/ m (for DI wa ter) to a min i mum value of 32  mN/ m as the 
bio sur fac tant con cen tra tion was in creased. Ac cord ingly, the CMC of 
this bio sur fac tant was 0.2  g/ l. The bio sur fac tant ob tained from S. aci - 
daminiphila TW3 showed a lower CMC value than that of the bio sur - 
fac tant from Pseudomonas aerug i nosa S6 (0.86  g/ l) ( Suryanti et al., 
2010 ), Pseudomons aerug i nosa UCP0992 (0.7  g/ l) ( Silva et al., 2010 ) 
and Rhodococ cus sp. PM L026 (0.25  g/ l) ( Wei et al., 2005 ). 

The ob tained bio sur fac tant was spot ted on TLC plate. It was de - 
tected by anisalde hyde and cop per sul fate reagent, in di cat ing the 
pres ence of car bo hy drate ( Fig. 4 a) and lipid ( Fig. 4 b) in the bio sur fac - 
tant com pound. Af ter wards, it was pu ri fied by col umn chro matog ra - 
phy us ing re verse phase col umn chro matog ra phy (C8). Frac tions 1 – 10 
and frac tions 11 – 30 were eluted with 50% ace toni trile and 100% ace - 
toni trile, re spec tively. All frac tions were checked on TLC plate, the 
frac tions con tain ing the same spot were com bined and con cen trated. 
Two com pounds (Rf 0.5, 0.7) had bio sur fac tant ac tiv ity when tested 
with oil dis place ment test. The com pound of Rf 0.7 (frac tion 6) and Rf 
0.5 (frac tion 14 – 15) had the di am e ter of clear zone of 45  mm and 
33  mm, re spec tively ( Fig. 4 c). Ac cord ingly, com pound with Rf 0.7 
was cho sen for fur ther char ac ter i za tion. 

3. 4 . Chemical characterization of the biosurfactant 

The mol e c u lar com po si tion of the pu ri fied bio sur fac tant (the com - 
pound of Rf 0.7) was first eval u ated by FTIR. It showed ma jor peak at 
3433  cm - 1 in di cated the pres ence of O – H stretch ing vi bra tions ( Fig. 
5 a). CH 2 /C – H asym met ric vi bra tions were found at 2925 and 
2853  cm - 1 which con firmed the pres ence of alka nes (C – H). The pres - 
ence of a C O, and C – O bond was found at 1724 and 1132  cm - 1 , re - 
spec tively. CH and CH 2 de for ma tion was found at 826 and 722  cm - 1 . 
The FT - IR spec tra of bio sur fac tant was nearly the same as those re - 
ported for other gly col ipid bio sur fac tant pro duced by Strep to myces sp. 
MAB36 ( Manivasagan et al., 2014 ) and Bacil lus sp. Lz - 2 ( Li et al., 
2015 ). The above struc ture of bio sur fac tant ob tained was fully sup - 
ported by its mass spec tro met ric analy sis. Analy sis of the in tact mol e - 
cules with LCQ - MS re vealed four mol e c u lar ion peaks with mol e c u lar 
masses [M + H] + of 722 ( Fig. 5 b). This find ing was in ac cor dance with 
Abdel - Mawgoud et al. (2010) who re ported gly col ipid has mol e c u lar 
mass in rang ing of 302 – 803  Da. The dif fer ences of the com po si tion of 
the gly col ipid were based on the amount of un sat u rated fatty acids in 
the sub strate ( Benincasa and Accorsini, 2008 ). To con firm the struc - 
ture of the gly col ipid, 1 H and 13 C NMR of sam ple al lowed of as sign 
the mol e cule to the sugar and fatty acid moi eties. Fig. 6 a shows the 
1 H NMR spec trum of the bio sur fac tant from S. aci daminiphila , demon - 
strat ing two well - defined re gions. The spec trum con firms the pres ence 
of a long aliphatic chain (CH 2 at 1.85 – 1.25  ppm). The sig nals of 4.95 
and 5.31  ppm at trib uted to the gly co sidic bond of the two sugar mol e - 
cules. The sig nals at 7.2  ppm at trib uted to the resid ual sig nal of the 
sol vent (CDCl 3 ). Fig. 6 b is a 13 C NMR spec trum of the bio sur fac tant, 
which shows the pres ence of two =CH - groups in the fatty acid chain 
moi ety cor re spond ing to sig nals at 129.731  ppm. In ad di tion, sev eral 
– CH 2 - groups in the fatty chain moi ety res onated at 20.78 – 30.48  ppm. 
The spec trum also re vealed sig nals of glu cose - C - 1′ at 103.98  ppm, 
glu cose - C - 1″ at 102.34  ppm, glu cose - C - 6′ at 63.92  ppm and glu cose - C - 
6″ at 62.29  ppm; the other car bon atoms of glu cose res onated be - 
tween 69.67 and 82.67  ppm. This in for ma tion from NMR con firmed 
the gly col ipid na ture of the bio sur fac tant. Sim i lar char ac ter is tic spec - 
tral peaks of NMR were also ob served in bio sur fac tant ob tained from 
dif fer ent sources ( Raza et al., 2009 ). To our best knowl edge this is the 
first re port of pro duc tion of the gly col ipid from Stenotrophomonas aci - 
daminiphila . 
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Fig. 8 . Mi cro bial en hanced used lu bri cat ing oil re moval of the bio sur fac tant (0.8  mg/ L) pro duced by S. aci daminiphila TW3 un der dif fer ence tem per a tures (Bars 
in di cate stan dard de riva tion from trip li cate de ter mi na tions). 

3. 5 . Study of biosurfactant stability 

The ap pli ca tion of bio sur fac tants have po ten tial as al ter na tives in 
a va ri ety of ap pli ca tions de pends on their sta bil ity at dif fer ent tem per - 
a ture, pH, and salin ity. The re sults of sta bil ity study be tween the bio - 
sur fac tant from S. aci daminiphila TW3 in com par i son with SDS are 
shown in Table 6 . It was found that the sur face ten sion of bio sur fac - 
tant pro duced by S. aci daminiphila TW3 was ther mostable at 30 – 
121  °C ( p  >  0.05). The sur face ten sion of SDS was in crease at higher 
tem per a tures (50 – 121  °C). The bio sur fac tant was found to be more ef - 
fec tive than SDS in de creas ing the sur face ten sion of wa ter as well as 
ther mal sta bil ity. There fore, it can be con cluded that this bio sur fac - 
tant main tains its sur face ten sion prop er ties in the range of tem per a - 
tures be tween 30 and 121  °C. Gly col ipid bio sur fac tant sta bil ity at ex - 
treme tem per a tures was also re ported by Singh and Tiwary (2016) 
and White et al. (2013) for Pseudomonas oti tidis P4 and Rhodococ cus 
sp. PM L026, re spec tively. 

The pH sta bil ity of bio sur fac tant was stud ied in range of pH 2 – 12. 
The sur face ten sion of the bio sur fac tant re mained rel a tively sta ble to 
pH changes be tween pH 6 – 10 ( Table 6 ). The ac tiv ity of bio sur fac tant 
de creased ob vi ously with de creas ing pH (<5). While, sur face ten sion 
of SDS was sta ble be tween pH 5 – 8. It was found that the ac tiv ity of 
both bio sur fac tant and SDS could re duce sur face ten sion of wa ter in 
al ka line con di tion. These re sults in di cate that in creas ing pH has a pos - 
i tive ef fect on bio sur fac tant ac tiv ity. This could be caused by a bet ter 
sta bil ity of fatty acid sur fac tant mi celles in the pres ence of NaOH at 
higher pH val ues ( Khopade et al., 2012 ). 

The ef fect of salts on the sta bil ity of bio sur fac tant was also stud - 
ied. The sur face ten sions of the bio sur fac tant and SDS were sta ble in 
1 – 4% (w/ v) of NaCl ( p  >  0.05). Lit tle changes of sur face ten sion were 
ob served in in creased con cen tra tion of NaCl up to 5% ( Table 6 ). The 
sur face ten sion of bio sur fac tant and SDS were sta ble in 0.2 – 1% of 
MgCl 2 ( p  >  0.05). Ad di tion ally, the bio sur fac tant ac tiv ity was sta ble 
in 0.2 – 0.8% (w/ v) of CaCl 2 , while SDS ac tiv ity sig nif i cantly de creased 
when in creas ing con cen tra tion of CaCl 2 . Salt in mi cel lar so lu tion 
shows both ef fect of elec tro sta tic re pul sion and com pet i tive counter 
ion con den sa tion ( Maiti et al., 2009 ). More over, the ad di tion of more 

CaCl 2 have rad i cal ef fect on the mi cel liza tion phe nom e non ( Maiti et 
al., 2009 ). The sim i lar find ing re port of these re sults in di cate the good 
com pound sta bil ity for this bio sur fac tant at high ionic strength en vi - 
ron ment ( Ayed et al., 2014 ). Thus, tem per a ture, pH and ionic strength 
ex per i ments are aligned about the sta bil ity of pro duced bio sur fac tant, 
which sug gest the po ten tial ap pli ca tion of the ob tained bio sur fac tant 
in the ex treme en vi ron ment. 

The bio sur fac tant was found to re tain sur face ac tive prop er ties un - 
der the ex treme con di tions. The bio sur fac tant ex hib ited ex cel lent sta - 
bil ity over the eval u ated range of tem per a ture, pH and salin ity which 
in di cat ing pos si bil ity of its us age un der spe cific en vi ron men tal con di - 
tions. The ob tained re sults were in ac cor dance with Sen et al. (2017) 
stud ied sophorolipid pro duced by Rhodotorula bab je vae YS3. The sta - 
bil ity of the sophorolipid was es ti mated over a wide range of pH (2 – 
10), salin ity (2 – 10% NaCl) and tem per a ture (at 120  °C for time in ter - 
vals of 30 up to 120  min). In ad di tion Luna et al. (2013) re ported that 
the prop er ties of sophorolipid pro duced by Can dida sphaer ica 
UCP0995 from in dus trial wastes showed sta ble sur face ten sion re duc - 
tion and emul si fy ing ac tiv ity at dif fer ent pH (2 - 12), tem per a ture (5 – 
120  °C), and NaCl con cen tra tions (2 – 10%). 

3. 6 . Application of the biosurfacant for enhancement of polycyclic 
aromatic hydrocarbon (PAHs) solubility 

PAHs are wide spread en vi ron men tal pol lu tants that are en vi ron - 
men tally per sis tent with var i ous struc tures and var ied tox i c ity. PAHs 
are low sol u bil ity in wa ter but are very sol u ble in most or ganic sol - 
vents be cause they are highly lipophilic ( Abdel - Shafy and Mansour, 
2016 ). In the pre sent study, the en hance ment of PAHs sol u bil ity by 
bio sur fac tant from S. aci daminiphila TW3 is shown in Fig. 7 . The in - 
creas ing bio sur fac tant con cen tra tion in range 0 – 3.2  mg/ L sig nif i cantly 
in creased (p  <  0.05) of PAHs sol u bil ity com pared to the con trol (DI 
wa ter). It was found that bio sur fac tant in flu ence naph tha lene sol u bil - 
ity more than phenan threne, an thracene and pyrene. Con sid er ing the 
mol e c u lar size of PAHs, they are com posed of mul ti ple aro matic ring. 
A naph tha lene struc ture con sists of a fused pair of ben zene rings and 
low mol e c u lar weight. For most PAHs, an in crease in mol e c u lar 
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weight and an gu lar ity of the PAH mol e cule are cor re lated with in - 
creased hy dropho bic ity and elec tro chem i cal sta bil ity. Hy dropho bic ity 
and mol e c u lar sta bil ity are fac tors that con tribute to the per sis tence of 
PAHs in the en vi ron ment ( Makkar and Rockne, 2003 ). The con cen tra - 
tions of bio sur fac tant was 3.2  mg/ L (4 times of CMC) showed the 
high est naph tha lene sol u bil ity at 4.4  mg/ L (12 times higher than con - 
trol). In ad di tion, the gly col ipid was able to sol u bi lize pyrene, 
phenantrene and an thracene was 6.5, 3 and 4 times higher than con - 
trol treat ment, re spec tively. The re sults in di cate that the pres ence of 
bio sur fac tant has a sig nif i cant im pact on sol u bi liza tion of PAHs. When 
the con cen tra tion is above the CMC, hy dropho bic pol lu tants can read - 
ily par ti tion into the hy dropho bic core at the cen ter of a mi celle, thus 
in creas ing hy dropho bic or ganic com pounds aque ous con cen tra tion 
through mi celle sol u bi liza tion ( Zhou and Zhu, 2007 ; Bezza and 
Nkhalambayausi Chirwa, 2015 ). 

3. 7 . Application of the biosurfactant in used lubricating oil removal from 
contaminated sand 

Used lu bri cat ing oils (ULOs) are clas si fied as haz ardous wastes 
which the abil ity of ULO to ad sorb and en trained within the pore 
space sur round ing the soil grains. These hin ders the re moval and 
degra da tion of these com pounds ( Guiyun et al., 1997 ). In the pre sent 
study, the abil ity of bio sur fac tant to en hance ULO re moval from con t - 
a m i nated sand was ex am ined in com par i son with those of syn thetic 
sur fac tant (SDS). With the in creas ing tem per a tures, both SDS and bio - 
sur fac tant showed a sig nif i cant in crease (p  <  0.05) re moval of ULO 
from con t a m i nated sand. Bio sur fac tant was able to re cov ery 5.7% of 
ULO from con t a m i nated sand at 25  °C, 15% at room tem per a ture 
(30  ±  2  °C), 15% at 45  °C and 17% at 60  °C ( Fig. 8 ). The syn thetic 
sur fac tant (SDS) was found to be less ef fi cient. In the case of con trol 
(DI wa ter), the re cov ery rate only 5 – 9% could be ob tained in all tem - 
per a tures tested. These re sults have im pli ca tions for the po ten tial use 
of a bio sur fac tant pro duced by S. aci daminiphila TW3 to en hance ULO 
re moval from en vi ron ment. How ever, it is im por tant not to rule out 
that ef fi ciency of the re moval could be vary de pend ing on the char ac - 
ter is tic of the con t a m i nants and site char ac ter is tics ( Silva et al., 
2010 ). Waste ULO hy dro car bon com pounds bind to soil com po nents 
and are dif fi cult to re move and de grade. Bio sur fac tants can emul sify 
hy dro car bons for en hanc ing their wa ter sol u bil ity, de creas ing sur face 
ten sion and in crease the dis place ment of oil sub stances from soil par - 
ti cles ( Sobrinho et al., 2008 ). In pre vi ous stud ies, a bio sur fac tant from 
Pseudomonas cepa cia CC T6659 demon strated the abil ity to re move ap - 
prox i mately 12 – 16% of mo tor oil im preg nated in sand ( Rocha e Silva 
et al., 2014 ). In ad di tion, a bio sur fac tant pro duced by P. aerug i nosa 
showed high per cent age re movals of diesel from sand sam ples, but 
lower rates (less than 20%) were found when pe tro leum was tested 
( Silva et al., 2010 ). 

4 . Conclusions 

In the pre sent study, the op ti miza tion of the bio sur fac tant pro duc - 
tion from S. aci daminiphila TW3 which was iso lated from soil con t a m i - 
nated with soap stocks is re ported. The growth char ac ter is tics were ob - 
tained and stud ies on the prop er ties of the bio sur fac tant in di cate the 
pos si bil ity of its en vi ron men tal and in dus trial ap pli ca tion. The spec tra 
ob tained from FT - IR spec troscopy, NMR, and GC - MS con firmed the 
pre sent of gly col ipid in the sam ple. The po ten tial of ob tained bio sur - 
fac tant for en vi ron men tal and in dus trial used was shown by study ing 
its phys i cal prop er ties such as the sur face ten sion and CMC as well as 
its sta bil ity to harsh en vi ron men tal con di tions like salin ity, pH and 
tem per a ture. The prop er ties of the ob tained bio sur fac tant have po ten - 
tial ap pli ca tions es pe cially for mi cro bial en hance oil re cov ery and/ or 
re duc ing the in ten sity of en vi ron men tal con di tions. 

CRediT authorship contribution statement 

Theer awat On lam ool: Con cep tu al iza tion, Method ol ogy, Data cu - 
ra tion, Writ ing - orig i nal draft. Ati pan Saim mai: Vi su al iza tion, Val i - 
da tion. Narue mon Mee boon: In ves ti ga tion, Soft ware. Sup pasil Ma - 
neerat: Su per vi sion, Vi su al iza tion, Writ ing - re view & edit ing. 

Declaration of competing interest 

All au thors read, ap proved the man u script and de clare that there 
is no con flict of in ter est. 

Acknowledgments 

We are grate ful to the Higher Ed u ca tion Re search Pro mo tion Na - 
tional Re search Uni ver sity Pro ject of Thai land, Of fice of the Higher 
Ed u ca tion Com mis sion for pro vid ing a schol ar ship to T. O. This work 
was sup ported by the Na tional Re search Coun cil of Thai land and the 
Grad u ate School of Prince of Songkla Uni ver sity . 

References 

Abdel - Mawgoud , A. M. , Lépine , F. , Déziel , E. , 2010 . Rhamnolipids: diversity of 
structures, microbial origins and roles . Appl. Microbiol. Biotechnol. 86 , 1323 – 1336 . 

Abdel - Shafy , H. I. , Mansour , M. S. M. , 2016 . A review on polycyclic aromatic 
hydrocarbons: source, environmental impact, effect on human health and 
remediation . Egypt. J. Pet. 25 , 107 – 123 . 

Abouseoud , M. , Maachi , R. , Amrane , A. , Boudergua , S. , Nabi , A. , 2008 . Evaluation of 
different carbon and nitrogen sources in production of biosurfactant by Pseudomonas 
fluorescens . Desalination 223 , 143 – 151 . 

Accorsini , F. R. , Mutton , M. J. R. , Lemos , E. G. M. , Benincasa , M. , 2012 . Biosurfactants 
production by yeasts using soybean oil and glycerol as low cost substrate . Braz. J. 
Microbiol. 43 , 116 – 125 . 

Arino , S. , Marchal , R. , Vandecasteele , J. - P. , 1996 . Identification and production of a 
rhamnolipidic biosurfactant by a Pseudomonas species . Appl. Microbiol. Biotechnol. 
45 , 162 – 168 . 

Assih , E. A. , Ouattara , A. S. , Thierry , S. , Cayol , J. - L. , Labat , M. , Macarie , H. , 2002 . 
Stenotrophomonas acidaminiphila sp. nov., a strictly aerobic bacterium isolated from 
an upflow anaerobic sludge blanket (UASB) reactor . Int. J. Syst. Evol. Microbiol. 52 , 
559 – 568 . 

Ayed , H. B. , Jridi , M. , Maalej , H. , Nasri , M. , Hmidet , N. , 2014 . Characterization and 
stability of biosurfactant produced by Bacillus mojavensis A21 and its application in 
enhancing solubility of hydrocarbon . J. Chem. Technol. Biotechnol. 89 , 1007 – 1014 . 

Benincasa , M. , 2007 . Rhamnolipid produced from agroindustrial wastes enhances 
hydrocarbon biodegradation in contaminated soil . Curr. Microbiol. 54 , 445 – 449 . 

Benincasa , M. , Accorsini , F. R. , 2008 . Pseudomonas aeruginosa LBI production as an 
integrated process using the wastes from sunflower - oil refining as a substrate . 
Bioresour. Technol. 99 , 3843 – 3849 . 

Bezza , F. A. , Nkhalambayausi Chirwa , E. M. , 2015 . Biosurfactant from Paenibacillus 
dendritiformis and its application in assisting polycyclic aromatic hydrocarbon (PAH) 
and motor oil sludge removal from contaminated soil and sand media . Process Saf. 
Environ. Protect. 98 , 354 – 364 . 

Chaprão , M. J. , Ferreira , I. N. S. , Correa , P. F. , Rufino , R. D. , Luna , J. M. , Silva , E. J. , 
Sarubbo , L. A. , 2015 . Application of bacterial and yeast biosurfactants for enhanced 
removal and biodegradation of motor oil from contaminated sand . Electron. J. 
Biotechnol. 18 , 471 – 479 . 

Churchward , M. A. , Brandman , D. M. , Rogasevskaia , T. , Coorssen , J. R. , 2008 . Copper (II) 
sulfate charring for high sensitivity on - plate fluorescent detection of lipids and 
sterols: quantitative analyses of the composition of functional secretory vesicles . J. 
Chem. Biol. 1 , 79 – 87 . 

Das , P. , Mukherjee , S. , Sen , R. , 2009 . Substrate dependent production of extracellular 
biosurfactant by a marine bacterium . Bioresour. Technol. 100 , 1015 – 1019 . 

Das , P. , Yang , X. - P. , Ma , L. Z. , 2014 . Analysis of biosurfactants from industrially viable 
Pseudomonas strain isolated from crude oil suggests how rhamnolipids congeners 
affect emulsification property and antimicrobial activity . Front. Microbiol. 5 . 

De Almeida , D. G. , Soares Da Silva , R. de C. F. , Luna , J. M. , Rufino , R. D. , Santos , V. A. , 
Banat , I. M. , Sarubbo , L. A. , 2016 . Biosurfactants: promising molecules for petroleum 
biotechnology advances . Front. Microbiol. 7 , 1718 . 

Desai , J. D. , Banat , I. M. , 1997 . Microbial production of surfactants and their commercial 
potential . Microbiol. Mol. Biol. Rev. 61 , 47 – 64 . 

Domingues , P. M. , Almeida , A. , Serafim Leal , L. , Gomes , N. C. M. , Cunha , Â. , 2017 . 
Bacterial production of biosurfactants under microaerobic and anaerobic conditions . 
Rev. Environ. Sci. Biotechnol. 16 , 239 – 272 . 

Gargouri , B. , Contreras , M. del M. , Ammar , S. , Segura - Carretero , A. , Bouaziz , M. , 2017 . 
Biosurfactant production by the crude oil degrading Stenotrophomonas sp. B - 2: 
chemical characterization, biological activities and environmental applications . 
Environ. Sci. Pollut. Res. 24 , 3769 – 3779 . 

Gudiña , E. J. , Rangarajan , V. , Sen , R. , Rodrigues , L. R. , 2013 . Potential therapeutic 
applications of biosurfactants . Trends Pharmacol. Sci. 34 , 667 – 675 . 

http://refhub.elsevier.com/S1878-8181(19)30454-2/sref1
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref1
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref2
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref2
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref2
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref3
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref3
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref3
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref4
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref4
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref4
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref5
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref5
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref5
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref6
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref6
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref6
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref6
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref7
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref7
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref7
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref8
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref8
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref9
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref9
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref9
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref10
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref10
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref10
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref10
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref11
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref11
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref11
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref11
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref12
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref12
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref12
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref12
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref13
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref13
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref14
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref14
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref14
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref15
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref15
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref15
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref16
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref16
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref17
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref17
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref17
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref18
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref18
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref18
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref18
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref19
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref19


Biocatalysis and Agricultural Biotechnology 26 (2020) 101628

13

T. Onlamool et al. 

Guiyun , B. , Brusseau , M. L. , Miller , R. M. , 1997 . Biosurfactant - enhanced removal of 
residual hydrocarbon from soil . J. Contam. Hydrol. 25 , 157 – 170 . 

Haba , E. , Espuny , M. J. , Busquets , M. , Manresa , A. , 2000 . Screening and production of 
rhamnolipids by Pseudomonas aeruginosa 47T2 NCIB 40044 from waste frying oils . 
J. Appl. Microbiol. 88 , 379 – 387 . 

Healy , M. G. , Devine , C. M. , Murphy , R. , 1996 . Microbial production of biosurfactants . 
Resour. Conserv. Recycl. Glob. Environ. Biotechnol. 18 , 41 – 57 . 

Heryani , H. , Putra , M. D. , 2017 . Kinetic study and modeling of biosurfactant production 
using Bacillus sp . Electron. J. Biotechnol. 27 , 49 – 54 . 

Ibrahim , M. L. , Ijah , U. J. J. , Manga , S. B. , Bilbis , L. S. , Umar , S. , 2013 . Production and 
partial characterization of biosurfactant produced by crude oil degrading bacteria . 
Int. Biodeterior. Biodegrad. Spec. Iss. 81 , 28 – 34 3rd International Symposium on 
Applied Microbiology and Molecular Biology in Oil Systems . 

Joy , S. , Rahman , P. K. S. M. , Sharma , S. , 2017 . Biosurfactant production and concomitant 
hydrocarbon degradation potentials of bacteria isolated from extreme and 
hydrocarbon contaminated environments . Chem. Eng. J. 317 , 232 – 241 . 

Karanth , N. G. K. , Deo , P. G. , Veenanadig , N. K. , 1999 . Microbial production of 
biosurfactants and their importance . Curr. Sci. 77 , 116 – 126 . 

Kaskatepe , B. , Yildiz , S. , Kaskatepe , B. , Yildiz , S. , 2016 . Rhamnolipid biosurfactants 
produced by Pseudomonas species . Braz. Arch. Biol. Technol. 59 . 

Khopade , A. , Biao , R. , Liu , X. , Mahadik , K. , Zhang , L. , Kokare , C. , 2012 . Production and 
stability studies of the biosurfactant isolated from marine Nocardiopsis sp. B4 . 
Desalination 285 , 198 – 204 . 

Kim , H. - S. , Yoon , B. - D. , Lee , C. - H. , Suh , H. - H. , Oh , H. - M. , Katsuragi , T. , Tani , Y. , 1997 . 
Production and properties of a lipopeptide biosurfactant from Bacillus subtilis C9 . J. 
Ferment. Bioeng. 84 , 41 – 46 The Society for Fermentation and Bioengineering . 

Kiran , G. S. , Thomas , T. A. , Selvin , J. , 2010 . Production of a new glycolipid biosurfactant 
from marine Nocardiopsis lucentensis MSA04 in solid - state cultivation . Colloids Surf. 
B Biointerfaces 78 , 8 – 16 . 

Kumar , A. P. , Janardhan , A. , Viswanath , B. , Monika , K. , Jung , J. - Y. , Narasimha , G. , 
2016 . Evaluation of orange peel for biosurfactant production by Bacillus 
licheniformis and their ability to degrade naphthalene and crude oil . 3 Biotech 6 , 43 . 

Lang , S. , 2002 . Biological amphiphiles (microbial biosurfactants) . Curr. Opin. Colloid 
Interface Sci. 7 , 12 – 20 . 

Li , S. , Pi , Y. , Bao , M. , Zhang , C. , Zhao , D. , Li , Y. , Sun , P. , Lu , J. , 2015 . Effect of 
rhamnolipid biosurfactant on solubilization of polycyclic aromatic hydrocarbons . 
Mar. Pollut. Bull. 101 , 219 – 225 . 

Luna , J. M. , Rufino , R. D. , Sarubbo , L. A. , Campos - Takaki , G. M. , 2013 . Characterisation, 
surface properties and biological activity of a biosurfactant produced from 
industrial waste by Candida sphaerica UCP0995 for application in the petroleum 
industry . Colloids Surf. B Biointerfaces 102 , 202 – 209 . 

Maiti , K. , Mitra , D. , Guha , S. , Moulik , S. P. , 2009 . Salt effect on self - aggregation of 
sodium dodecylsulfate (SDS) and tetradecyltrimethylammonium bromide (TTAB): 
physicochemical correlation and assessment in the light of Hofmeister (lyotropic) 
effect . J. Mol. Liq. 146 , 44 – 51 . 

Makkar , R. S. , Rockne , K. J. , 2003 . Comparison of synthetic surfactants and 
biosurfactants in enhancing biodegradation of polycyclic aromatic hydrocarbons . 
Environ. Toxicol. Chem. 22 , 2280 – 2292 . 

Manivasagan , P. , Sivasankar , P. , Venkatesan , J. , Sivakumar , K. , Kim , S. - K. , 2014 . 
Optimization, production and characterization of glycolipid biosurfactant from the 
marine actinobacterium, Streptomyces sp. MAB36 . Bioprocess. Biosyst. Eng. 37 , 783 – 
797 . 

Morikawa , M. , Hirata , Y. , Imanaka , T. , 2000 . A study on the structure – function 
relationship of lipopeptide biosurfactants . Biochim. Biophys. Acta BBA Mol. Cell 
Biol. Lipids 1488 , 211 – 218 . 

Mukherjee , S. , Das , P. , Sen , R. , 2006 . Towards commercial production of microbial 
surfactants . Trends Biotechnol. 24 , 509 – 515 . 

Mulligan , C. N. , Gibbs , B. F. , 1989 . Correlation of nitrogen metabolism with biosurfactant 
production by Pseudomonas aeruginosa . Appl. Environ. Microbiol. 55 , 3016 – 3019 . 

Najafi , A. R. , Rahimpour , M. R. , Jahanmiri , A. H. , Roostaazad , R. , Arabian , D. , Ghobadi , 
Z. , 2010 . Enhancing biosurfactant production from an indigenous strain of Bacillus 
mycoides by optimizing the growth conditions using a response surface 
methodology . Chem. Eng. J. 163 , 188 – 194 . 

Oliveira , F. J. S. , Vazquez , L. , de Campos , N. P. , de França , F. P. , 2009 . Production of 
rhamnolipids by a Pseudomonas alcaligenes strain . Process Biochem. 44 , 383 – 389 . 

Rashedi , H. , Jamshidi , E. , Assadi , M. M. , Bonakdarpour , B. , 2005 . Isolation and 
production of biosurfactant from Pseudomonas aeruginosa isolated from Iranian 
southern wells oil . Int. J. Environ. Sci. Technol. IJEST Heidelb. 2 , 121 – 127 . 

Raza , Z. A. , Khalid , Z. M. , Banat , I. M. , 2009 . Characterization of rhamnolipids produced 
by a Pseudomonas aeruginosa mutant strain grown on waste oils . J. Environ. Sci. 

Health Part A Tox. Hazard. Substain. Environ. Eng. 44 , 1367 – 1373 . 
Rifai , N. , Horvath , A. R. , Wittwer , C. T. , Hoofnagle , A. , 2018 . Principles and Applications 

of Clinical Mass Spectrometry: Small Molecules, Peptides, and Pathogens . Elsevier . 
Rocha e Silva , N. M. P. , Rufino , R. D. , Luna , J. M. , Santos , V. A. , Sarubbo , L. A. , 2014 . 

Screening of Pseudomonas species for biosurfactant production using low - cost 
substrates . Biocatal. Agric. Biotechnol. 3 , 132 – 139 . 

Roldán - Carrillo , T. , Martínez - García , X. , Zapata - Peñasco , I. , Castorena - Cortés , G. , Reyes - 
Avila , J. , Mayol - Castillo , M. , Olguín - Lora , P. , 2011 . Evaluation of the effect of 
nutrient ratios on biosurfactant production by Serratia marcescens using a Box - 
Behnken design . Colloids Surf. B Biointerfaces 86 , 384 – 389 . 

Saimmai , A. , Sobhon , V. , Maneerat , S. , 2012 . Production of biosurfactant from a new 
and promising strain of Leucobacter komagatae 183 . Ann. Microbiol. 62 , 391 – 402 . 

Saimmai , A. , Sobhon , V. , Maneerat , S. , 2011 . Molasses as a whole medium for 
biosurfactants production by Bacillus strains and their application . Appl. Biochem. 
Biotechnol. 165 , 315 – 335 . 

Santos , A. S. , Sampaio , A. P. W. , Vasquez , G. S. , Anna , L. M. S. , Pereira , N. , Freire , D. M. G. , 
2002 . Evaluation of different carbon and nitrogen sources in production of 
rhamnolipids by a strain of Pseudomonas aeruginosa . Appl. Biochem. Biotechnol. 98 
( 100 ) , 1025 – 1035 . 

Santos , D. K. F. , Rufino , R. D. , Luna , J. M. , Santos , V. A. , Sarubbo , L. A. , 2016 . 
Biosurfactants: multifunctional biomolecules of the 21st century . Int. J. Mol. Sci. 17 , 
401 . 

Satpute , S. K. , Banpurkar , A. G. , Dhakephalkar , P. K. , Banat , I. M. , Chopade , B. A. , 2010 . 
Methods for investigating biosurfactants and bioemulsifiers: a review . Crit. Rev. 
Biotechnol. 30 , 127 – 144 . 

Sen , S. , Borah , S. N. , Bora , A. , Dek , S. , 2017 . Production, characterization, and antifungal 
activity of a biosurfactant produced by Rhodotorula babjevae YS3 . Microb. Cell 
Factories 16 , 95 . 

Silva , E. J. , Rocha e Silva , N. M. P. , Rufino , R. D. , Luna , J. M. , Silva , R. O. , Sarubbo , L. A. , 
2014 . Characterization of a biosurfactant produced by Pseudomonas cepacia 
CCT6659 in the presence of industrial wastes and its application in the 
biodegradation of hydrophobic compounds in soil . Colloids Surf. B Biointerfaces 
117 , 36 – 41 . 

Silva , S. N. R. L. , Farias , C. B. B. , Rufino , R. D. , Luna , J. M. , Sarubbo , L. A. , 2010 . Glycerol as 
substrate for the production of biosurfactant by Pseudomonas aeruginosa UCP0992 . 
Colloids Surf. B Biointerfaces 79 , 174 – 183 . 

Singh , P. , Tiwary , B. N. , 2016 . Isolation and characterization of glycolipid biosurfactant 
produced by a Pseudomonas otitidis strain isolated from Chirimiri coal mines, India . 
Bioresour. Bioprocess. 3 , 42 . 

Sobrinho , H. B. S. , Rufino , R. D. , Luna , J. M. , Salgueiro , A. A. , Campos - Takaki , G. M. , Leite , 
L. F. C. , Sarubbo , L. A. , 2008 . Utilization of two agroindustrial by - products for the 
production of a surfactant by Candida sphaerica UCP0995 . Process Biochem. 43 , 
912 – 917 . 

Solaiman , D. K. Y. , Ashby , R. D. , Nuñez , A. , Foglia , T. A. , 2004 . Production of 
sophorolipids by Candida bombicola grown on soy molasses as substrate . Biotechnol. 
Lett. 26 , 1241 – 1245 . 

Suryanti , V. , Hastuti , S. , Wahyuningsih , T. D. , Mudasir , M. , Muliawati , D. I. , 2010 . 
Biosurfactants production by Pseudomonas aeruginosa using soybean oil as substrate . 
Indones. J. Chem. 9 , 107 – 112 . 

Thanomsub , B. , Watcharachaipong , T. , Chotelersak , K. , Arunrattiyakorn , P. , Nitoda , T. , 
Kanzaki , H. , 2004 . Monoacylglycerols: glycolipid biosurfactants produced by a 
thermotolerant yeast, Candida ishiwadae . J. Appl. Microbiol. 96 , 588 – 592 . 

Thavasi , R. , Jayalakshmi , S. , Balasubramanian , T. , Banat , I. M. , 2008 . Production and 
characterization of a glycolipid biosurfactant from Bacillus megaterium using 
economically cheaper sources . World J. Microbiol. Biotechnol. 24 , 914 – 925 . 

Wei , Y. - H. , Chou , C. - L. , Chang , J. - S. , 2005 . Rhamnolipid production by indigenous 
Pseudomonas aeruginosa J4 originating from petrochemical wastewater . Biochem. 
Eng. J. 27 , 146 – 154 . 

White , D. A. , Hird , L. C. , Ali , S. T. , 2013 . Production and characterization of a trehalolipid 
biosurfactant produced by the novel marine bacterium Rhodococcus sp., strain 
PML026 . J. Appl. Microbiol. 115 , 744 – 755 . 

Yin , B. , Gu , J. - D. , Wan , N. , 2005 . Degradation of indole by enrichment culture and 
Pseudomonas aeruginosa Gs isolated from mangrove sediment . Int. Biodeterior. 
Biodegrad. 56 , 243 – 248 . 

Zhou , W. , Zhu , L. , 2007 . Efficiency of surfactant - enhanced desorption for contaminated 
soils depending on the component characteristics of soil - surfactant – PAHs system . 
Environ. Pollut. 147 , 66 – 73 . 

http://refhub.elsevier.com/S1878-8181(19)30454-2/sref20
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref20
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref21
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref21
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref21
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref22
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref22
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref23
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref23
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref24
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref24
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref24
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref24
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref25
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref25
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref25
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref26
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref26
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref27
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref27
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref28
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref28
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref28
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref29
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref29
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref29
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref30
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref30
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref30
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref31
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref31
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref31
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref32
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref32
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref33
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref33
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref33
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref34
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref34
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref34
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref34
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref35
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref35
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref35
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref35
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref36
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref36
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref36
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref37
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref37
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref37
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref37
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref38
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref38
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref38
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref39
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref39
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref40
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref40
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref41
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref41
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref41
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref41
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref42
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref42
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref43
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref43
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref43
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref44
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref44
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref44
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref45
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref45
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref46
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref46
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref46
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref47
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref47
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref47
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref47
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref48
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref48
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref49
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref49
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref49
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref50
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref50
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref50
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref50
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref51
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref51
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref51
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref52
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref52
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref52
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref53
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref53
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref53
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref54
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref54
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref54
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref54
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref54
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref55
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref55
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref55
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref56
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref56
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref56
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref57
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref57
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref57
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref57
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref58
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref58
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref58
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref59
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref59
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref59
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref60
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref60
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref60
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref61
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref61
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref61
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref62
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref62
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref62
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref63
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref63
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref63
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref64
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref64
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref64
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref65
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref65
http://refhub.elsevier.com/S1878-8181(19)30454-2/sref65

	Enhancement of glycolipid production by Stenotrophomonas acidaminiphila TW3 cultivated in low cost substrate
	1. Introduction
	2. Materials and methods
	2.1. Materials
	2.2. Bacterial strain and cultivation condition
	2.3. Factors affecting biosurfactant production
	2.4. Optimization and biosurfactant production using surface methodology
	2.5. Recovery and purification
	2.6. Chemical analysis of biosurfactant
	2.7. Study of biosurfactant stability
	2.8. Application of the biosurfactant for enhancement of polycyclic aromatic hydrocarbon (PAHs) solubility
	2.8. Application of the biosurfactant for enhancement of polycyclic aromatic hydrocarbon (PAHs) solubility
	2.9. Application of the biosurfactant in used lubricating oil removal from contaminated sand
	2.9. Application of the biosurfactant in used lubricating oil removal from contaminated sand
	2.10. Analytical methods
	2.10.1. Biomass estimation
	2.10.2. Surface tension and CMC determination

	2.11. Statistical analysis

	3. Results and discussion
	3.1. Factors affecting biosurfactant production
	3.2. Optimization and production of biosurfactant
	3.3. Recovery and purification of biosurfactant
	3.4. Chemical characterization of the biosurfactant
	3.5. Study of biosurfactant stability
	3.6. Application of the biosurfacant for enhancement of polycyclic aromatic hydrocarbon (PAHs) solubility
	3.6. Application of the biosurfacant for enhancement of polycyclic aromatic hydrocarbon (PAHs) solubility
	3.7. Application of the biosurfactant in used lubricating oil removal from contaminated sand
	3.7. Application of the biosurfactant in used lubricating oil removal from contaminated sand

	4. Conclusions
	CRediT authorship contribution statement
	Acknowledgments
	References


	fld125: 
	fld126: 
	fld175: 
	fld187: 
	fld188: 
	fld212: 
	fld219: 
	fld224: 
	fld274: 
	fld296: 


